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ABS TRACT

Left/right asymmetry was investigated during the development of the 
early avian embryo with particular reference to the normal asymmetry of 
the heart, which loops to the embryo's right-hand side. The structure 
of the pre-looped and post-looped heart was studied using light and 
electron microscopy. In the pre-looped heart, the right and left 
myocardial wall were of equal thickness. In the looping heart the right 
wall had thinned in comparison to the left. The direction of rotation 
in right and left looped hearts was examined using fluorescent 
carbocyanine dyes and viewed with a confocal microscope. The direction 
of rotation was found to be the same as the direction of looping.

The situs of multiple embryos was studied by dividing the 
unincubated quail blastoderm in ovo. Singles, twins and triplet embryos 
were formed. Twins and triplets showed great variation in their 
orientation to each other. The majority of embryos had normal situs of 
the heart and body but lk% showed left-hand looping of the heart. No 
universal mechanism controlling situs was found at this stage.

Areas of precardiac mesoderm were exchanged in the stage ^-6 embryo, 
in order to form double-right and double-left sided embryos. At stage 
6, double-left sided embryos and controls formed right-sided loops, 
whereas the situs of hearts in double-right sided embryos approximated 
randomness. Left-handed heart loops were formed by cutting the right 
splanchnopleure at stage 8-9. following the work of Lepori.

Teratological agents were applied both in ovo and in vitro. Retinoic 
acid was applied systemically and locally to form a right/left gradient 
using formate beads. Retinoic acid gave a dose-dependent and stage- 
related spectrum of heart malformations, including altering the situs. 
No significant difference was found in heart shape resulting from a 
right or left gradient. Methoxamine, |SFGF, heparininase and ultra
violet light caused malformations of the heart but no significant 
alteration in the situs of the heart.
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CHAPTER ONE
GENERAL INTRODUCTION

In this thesis, the subject of handed asymmetry will be investigated. 
Handed asymmetry refers to consistent left/right differences in the 
body plan. Important examples are the dextral looping of the heart in 
vertebrates, the asymmetrical ciliary structures in ciliated protozoa 
(Frankel, 1991) and asymmetrical cell cleavage in the early molluscan 
embryo (van den Biggelaar, 1991)* Handed asymmetry requires a mechanism 
by which the left side is distinguished from the right. It must 
therefore be treated separately from mechanisms forming structures that 
are mirror-images of each other, for example the right and left hands 
in vertebrates, or random asymmetry, where the right or the left side 
can be chosen at random, for example paw use in mice (Collins, 1975)* 

This chapter outlines the effects of disruption of the left/right 
axis, theories for the formation and control of situs, the timing of 
left/right differences in the embryo, molecular handedness and the 
relation between laterality in twins and language ability.

Situs Inversus in Humans and Nice
In humans, situs inversus is a rare condition seen in 1: 10,000 people 
(Torgerson, 19̂ 9)* Individuals show complete reversal of the left/right 
body plan, i.e. transposition of the viscera and blood vessels, lung 
lobation and the position of the postcaval and hepatic portal veins.
The condition follows an autosomal pattern of inheritance. Cardiac, 
venous and visceral malformations are commonly found with the situs 
inversus condition (Campbell and Deuchar, 1966). Situs inversus is a 
condition associated with several autosomal recessive disorders such as 
immotile cilia syndrome (Afzelius, 1976), Kartagener ’syndrome* 
(Kartagener and Stucki, 1962), asplenia or polysplenia (Arnold et al., 
1983). Asplenia, polysplenia and Kartengers ’syndrome* are closely 
related genetically and have been seen within sibships (Polhemus and 
Schafer, 1952).

Immotile cilia syndrome and Kartegener's syndrome are caused by the 
cilia and the flagella of the individuals lacking dynein arms, on the
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outer doublets of the axonemal complex (Afzelius, 1976), this prevents 
their motility. Characteristics of the syndrome are chronic sinusitus, 
bronchiectasis and situs inversus. Asplenia and polysplenia (Ivemark 
syndrome) are associated with bilateral left-sidedness and right 
sidedness respectively. These are also seen in a small percentage in 
the situs inversus mouse and are associated with abnormal heart 
development.

In the mouse, laterality determination is affected by the autosomal 
recessive gene, inversus viscerum, iv. The mice were first discovered 
by Hummel and Chapman (1959) and later work by Layton (1976) 
established that a single gene locus was involved. The mutant allele is 
recessive and shows incomplete penetrance. Homozygous animals are 30% 
situs solttus and 30°% situs inversus. Situs inversus animals may show 
complete reversal of the left/right body plan (Figs. 1,2, Hummel and 
Chapman, 1959) or heterotaxia, in approximately 40% of the animals, 
where the organs of normal and inverted asymmetry occur in one animal 
(Brown et al., 19̂ 9)• Heterotaxia shows that asymmetry can be 
determined independently by different organs and even within a single 
organ, such as the heart. The situs of the offspring is independent of 
that of the parents, is not affected by the genetic background nor by 
the maternal enviroment (Brown et al., 1990)* The iv/iv mouse was found 
to be a good model for the situs inversus condition in humans.

Theories of the control of left/right asymmetry.
Several theories have been proposed for the formation of the left/right 
axis, taking examples from many species. The most comprehensive is that 
of Brown and Wolpert (1990). This is a three step model based on the 
fundemental assumption that handedness is imparted by an asymmetrical 
molecule. The three steps are:- 1) conversion, in which the molecular 
asymmetry is transmitted to the cellular level; 2) random generation of 
asymmetry, which causes handed asymmetry by biasing the conversion 
process; 3) interpretation, by which organs act upon the right/left 
information. There could be direct genetic control of the direction of 
handedness at the conversion level. This theory is discussed in detail 
in Chapter 3-
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Another important theory is that of Morgan and Corballis (1978) 
based on dominance of the left side of the organism over the right.
This idea has a long history of observations and many supporters (Von 
Woellworth, 1969* Rawles and Williers, 193*0* Corballis and Morgan 
(1978) propose an asymmetrical maturational left/right gradient exists 
coupled with inhibition, with the left side leading. This gradient can 
be reversed by external cues. The asymmetry is not directly coded for 
by genes, but the genetic effects are indirect acting on some basic 
asymmetry in the cytoplasm. In order to have left/right asymmetry it is 
necessary to have either an asymmetrical gradient or an asymmetrical 
reading mechanism. In the later cases cells should be able to read the 
sign of the gradient’s spatial derivative (Morgan, 1991)* A mutation 
could increase the probability of a left/right reversal without 
disturbing the left/right gradient by interfering with the ability of 
cells to read the gradient (Morgan, 1978). In situs inversus the 
gradient can be thought of as being abolished or flattened to the point 
where it is unreadable, the direction of asymmetry is therefore due to 
chance.

Examples of organs showing left dominance include the following:- 
the habencular nuclei in the vertebrate brain are found in the dorsal 
anterior diencephalon. In frogs, the habencula are of different shapes, 
with the left having two nuclei and the right side one; the tusk of the 
narwhahl develops from the left tooth only; the left but not right 
ovary in birds is functional; the control of bird song is on the left 
side of the brain; the left cerebral hemisphere is dominant in man.

Dahlberg (1943) suggested that a gene could determine asymmetry 
without determining the direction of that asymmetry i.e. the gene does 
not provide positional information. An example of this is the spotting 
pattern on the wings of the beetle, Bruchus quadrimaculatus (Stern, 
1955)* The normal female has two black spots on both wing cases.The 
mutant female has two black spots and two red spots, but the colour of 
the spots that appear on the right of left wing case is at random.

Examples of alleles that specify for dextrality and sinistrality 
are rare. Polincansky (1982) reported different right and left
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populations of flatfish. The population of starry flounder is 100# 
sinistral in the seas off Japan and 100# dextral off the U.S.A. In 
Drosophila melanogaster artificial selection for directional asymmetry 
has been surprisingly ineffective (Raff and Kaufman, 1983). It can be 
concluded that genetic variation for directional asymmetry is absent. 
Maternal-effect genes have been implicated in the formation of the 
antero-posterior (Akam, 1987) and dorso-ventral axes (Anderson, 1987). 
No evidence has been found for and right/left differences in the early 
stages of the egg, nor a left/right axis of gradient.

The two theories by Frankel and Yost suggest locations for the 
storing of left/right axial information in the early embryo. Frankel 
(1990) reversed the handedness of the nematode, by micro manipulation 
at the 6-cell stage. This showed that blastomeres in the right side 
were equivalent to those on the left, and hence the large differences 
in fates between the homologous derivatives of these cells must be due 
to cell interactions. Intracellular positional information must exist 
in the ciliate surface region, with different surface regions being 
non-equivalent (Lewis and Wolpert, 1976).

Recently Yost (1990a,b, 1992) proposed that extracellular 
substances are involved in the formation of the left/right axis. In 
Xenopus laevist cytoplasmic rearrangements during the first cell cycle 
after fertilization are thought to establish left/right asymmetry in 
some regions of the embryo. Yost suggests that the ectoderm of the 
associated basal extracellular matrix may transmit this left/right 
axial information to the cardiac mesoderm and the visceral endoderm. 
Yost states that ’the ability to generate asymmetry is separate from 
the acquisition of the ability to distinguish left from right’. This 
has been shown experimentally by treatment with several compounds 
including heparinase, at the biastula/early gastrula stage which 
results in random orientation of the left/right axis. However treatment 
at the late gastrula/neurula stages with |J-xyolside inhibits the 
generation of asymmetry (Yost, 1990a, 1990b.)

Timimg of the appearance of right/left differences in the embryo.
From many observations on the development, of amphibians and molluscs
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in particular, authors in general agree that right/left differences 
exist in the embryo from very early stages. The spiral cleavage pattern 
of the cells in worms and molluscs is visible as early as the second 
cell division. In the snail Lymnaea, the dextrality and sinistrality of 
the cleavages and the shell are determined by maternal genes (Boycott 
and Diver, 1923). Freeman and Lundelius (1982) found that an injection 
of cytoplasm from a dextral (wild-type) egg reverses the early cleavage 
pattern of sinistral eggs, but one from sinistral eggs does not 
influence dextral ones. The pattern of cleavage is irreversibly fixed 
before the first cell cleavage. Donohoo and Kafatos (1973) reported 
different proteins in cell lines from the first two blastomeres of the 
snail Ilyanassa suggesting that genetic material can be affected by 
pre-existing asymmetries.

Spemann and Falkenburg, (1919) from their work on amphibian 
development concluded that the right/left differences were present 
probably before the oocyte is even fertilised. Handedness has been 
determined in the nematode Caenorhabditis elegans by the 6-cell stage 
and dictates the handedness of the embryo throughout development. 
Reversing the handedness by micro-manipulation at the 6-cell stage, 
gave mirror-imaged, but otherwise normal adults (Wood, 1991). In C. 
elegans, the microfilament element of the cytoskeleton was found to 
play an important role in the generation of zygotic asymmetry. Pulsing 
the zygotes with the microfilament inhibitor, cytochalasin D, showed 
that the microfilaments are required for a specific event at one 
critical time interval in the cell cleavage process, such as the 
generation of an asymmetric spindle structure. Microfilaments were 
found not to be necessary for normal development before or after these
events or for the maintenance of asymmetries after they have been
established. Hill and Strome (1988) suggested that microfilaments may 
be providing spatial cues that determine the position of the mitotic 
spindle.

In birds and mammals, laying down of the three body axes also 
occurs soon after fertilisation. In the chick, at approximately the 
time that the egg is laid, 20 uterine hours, the hypoblast starts to
grow out from the prospective posterior side of the blastoderm.
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Therefore with the establishment of the dorso-ventral axis (ventral 
side of the blastoderm faces the yolk), and the antero-posterior axis, 
the right/left axis is defined. In mice, the blastoderm begins to 
implant in the uterus after 4 days of development. Smith (1980, 1985) 
sectionned mouse conceptuses in utero and proposed that the three axes, 
dorso-ventral, antero-posterior and right/left were already specified 
by the time the blastocysts implanted into the uterus. These axes were 
thought by the author to be maintained throughout the development of 
the foetus. Recently the ideas of Smith (1980, 1985) have been 
challenged. Gardner (unpublished data) explored the relationship 
between the antero-posterior axis in the blastocyst and that in the 
foetus. He found that the orientation of the axis was determined in the 
blastocyst, but not the polarity. This indicates that at this stage in 
development, the left and right sides of the blastocyst are not 
specified.

Molecular Handedness
To understand how cells develop a sense of handedness is very 
important. Several theories have proposed that this is dependent on 
components or organelles within the cytoplasm of the cell being handed. 
It is therefore of great interest to look at the handedness at the 
molecular level. Enatiomeres are two forms of one structure exactly the 
same in shape but with either right or left handedness. The most well 
known is the helix with a right or left screw sense. The helix is a 
shape found very commonly in nature including examples within a great 
size range, such as the a helix, the tobacco mosaic virus, 
microtubules, cotton fibres and eel skin (Galloway, 1991)* Fisher 
(1894) found that biomolecules such as proteins and DNA, are composed 
of D-sugars and L-amino acids. These forms are known to be more stable 
than their corresponding enantiomers (Mason, 1988). Exceptions have 
been found such as the D-amino acids in the pepitoglycans of bacterial 
outer coats, in some antibiotics, d-alaine in a neuropeptide and 
dermorphin in the skin of some amphibians. Amino acids link together to 
form polymers. These normally either coil into an a-helix or form part 
of a p-sheet. Due to the nature of the L-amino acids, the a-helix and



the p-sheet twist in a right handed direction. The shape of the a- 
helices and the {5-sheets govern the way in which they pack together to 
form compact sheets (Chothia et al., 1977)* At the next level of 
structure, the proteins group to form ’assemblies'. These are thought 
to show that the asymmetrical nature of the constituent amino acids has 
little or no influence on the large designs (Chothia, 1991)* This is 
due to the mixture of proteins making up an assembly and the non- 
uniform way in which they are joinned together.

Twins and Laterality
Conjoinned twins often show reversed or impaired asymmetry. The right 
twin shows a higher frequency than the left in heart defects, commonly 
right isomerism (Seo et al., 1985)* This information has played an 
important part in the development of the theory of Morgan and Corballis 
(1978). It also fit with the theory proposed by Brown and Wolpert 
(1990). in which the right side is already determined before the 
twinning event has taken place and hence the right side cannot form a 
new left side.

Monozygotic twins show a 2-3 fold higher chance of having heart 
defects than dizygotic twins (Burn and Corney, 1984) and monoamnoitic 
twins show mirror-image patterns of thumb sucking and tooth eruption. A 
cause of this may be disruption of laterality, with the heart being the 
organ most sensitive to disruption. There was no clear association of 
left handedness with heart defects (Burn, 1991)» nor were handedness 
and situs inversus related (Torgersen, 1950).

Human left-handedness and Language
Approximately 8% of the human populations is left-handed. It is 
regarded to be a stable behavioural polymorphism. Handedness in an 
individual is thought to be influenced both genetically, as it is found 
in families, and environmentally. Human left-handedness does not fit 
into a Mendelian model. Two models so far have proved adequate to 
describe the distribution of handedness, one by Annett (1978) and one 
by McManus (1985). Both models are based on the fact that one genotype 
does not control handedness, but results in randomness. Annett (1978)
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proposed a gene for right but not left-handedness. In absence of this 
right-handed gene laterality is determined by randomisation.

Language functions have been known for a long time to be localised 
in the left hemisphere of the brain. Left-handedness was thought to be 
linked to the mirror-image of this, but in fact 3% of right handers and 
30% of left-handers have language functions localized in the right 
hemisphere.

Specific Aims
In the following chapters, the left/right situs of the early avian 
embryo will be investigated, with particular reference to the direction 
of heart looping. In chapter 3. areas of precardiac mesoderm were 
exchanged between the right and left sides of the embryo to form double 
right and double left sided embryos. The structure of the pre-looped 
and post-looped heart tube is presented in chapter 4. Disrupting body 
situs by cutting the early quail blastoderm was attempted in chapter 3> 
In chapters 6 and 7 the teratogenic and developmental effects of 
retinoic acid, methoxamine, ultra-violet light, bFGF and heparinase 
were investigated.
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Chapter 1. Figure 1
Fig. 1. Photograph of three 8.5 day mouse conceptuses homozyogus for 
the iv gene. The two embryos with the tail flexed normally to the 
right side of the head are situs solitus ,while the embryo with the 
tail flexed to the left of the head and the heart looped to the left, 
shows situs inversus. The embryos have been disec ted out form the 
decidual tissue of the uterus but are in the vascularised yolk sac 
membranes. The embryos are viewed from the ventral side and hence the 
right side of the embryo is on the observor's left.
The negative was kindly provided by Dr.N.Brown.
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Chapter 1. Figure 2
Fig. 2. Photograph of embryos homozygous for the iv gene to show the 
direction in which the heart has looped. The 9*5 day embryos have 
been disected out from the yolk sac membranes. The embryo on the left 
of the photograph has the heart looped normally i.e. to its right- 
hand side and is situs solitus. The embryo on the right of the 
photograph has its heart looped to the left of the body and shows 
situs invevsus.
The negative was kindly provided by Dr.N.Brown.
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CHAPTER TWO

Materials and Methods
Introduction
This chapter describes the methodology for the techniques that were 
used most frequently in the following work. Throughout the work, 
fertilised White Leghorn x Sykes Tinted eggs from a local breeder 
(Needle Farm, Waltham Cross, Herts.) were incubated at 38 +/“ 1°C, and 
the embryos staged according to Hamburger and Hamilton (1951)* except 
for the pre-primitive streak stages where the terminology of Eyal- 
Giladi and Kochav (1976) was used. Both in ovo and in vitro culture 
techniques were used, principally the New (1955) culture method. Where 
possible in ovo techniques were applied, because more experiments could 
be performed than when in vitro methods were followed and the 
development of the embryos could be monitored and allowed to continue 
to whatever stage was required. Following experimental procedures, 
fixed embryos were usually processed and embedded in epoxy resin, as 
this was found to give the best sections, especially of embryos at 
early stages of development.

Culturing on the vitelline membrane (New, 1955)
New (1955) developed the in vitro technique of culturing the chick 
blastoderm while attached to the vitelline membrane. This method was an 
improvement over those methods previously available, where the 
blastoderm was cultured without the vitelline membrane, endoderm 
surface down, on a plasma (Waddington, 1932) or agar (Spratt, 19̂ 7) clot. 
Waddington (1952) saw that the blastoderms did not expand normally over 
the surface on the clot nor did a normal blood circulatory system 
develop. The New culture technique was used here most successfully to 
culture embryos from the primitive streak stages up to stage 13 or lb.
It was also used to culture blastoderms of pre-primitive streak stages, 
but in these the blastoderm was not well attached to the vitelline 
membrane. A major advantage of this method over in ovo techniques was 
that the blastoderm was exposed ventrally, allowing manipulations which 
could not be performed in ovo without damaging the vitelline membrane,
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which in most cases leads to death of the embryo. A disadvantage was 
that embryos would not develop beyond stage 13 or 14. Development was 
restricted by the limited expansion of the blastoderm due to the size 
of the glass ring. Only glucose and salts are present in the medium 
hence there is no extensive energy supply available.

The New culture technique was carried out in aseptic conditions and 
all the glassware, instruments and solutions were sterile. The blunt 
end of the egg was wiped with 70# alcohol and cracked open with a pair 
of blunt forceps, to make a hole approximately 3 cm wide. The thick 
albumen was then scooped out using the blunt forceps, and the thin 
albumen collected in a sterile Petri dish. The yolk was tipped out into 
a large dish containing Pannett and Comptons solution (1924) to a depth 
of 3cm (see Fig. 1). Chick Ringers solution was used in the preparation 
of unincubated blastoderms.

To remove the blastoderm from the yolk while it is attached to the 
vitelline membrane, the yolk was grasped with the blunt forceps on the 
side away from the blastoderm and the membrane cut around the equator 
just above the midline. Using two pairs of fine forceps, the cut edge 
of the membrane was gently pulled back over the surface of the yolk.
The membrane with the blastoderm attached was then floated into a watch 
glass held below the surface of the solution and the watch glass 
transferred to a sterile Petri dish. With pre-primitive streak stage 
blastoderms that are not well attached to the vitelline membrane, the 
yolk underlying the blastoderm can be lifted with the blastoderm to 
support it.
Using a dissecting microscope at low power, the vitelline membrane 

was spread out with the blastoderm on the upper surface, with its 
ventral side exposed. A glass ring approximately 2.5 cm in diameter was 
placed on the membrane and the edges of the membrane were pulled up and 
over the ring so that the blastoderm remained in the centre. The excess 
membrane was cut away. Any yolk that stuck to the membrane was gently 
pipetted away with Pannett and Comptons solution. All excess saline 
solution was removed from the glass ring to allow respiration of the 
embryo. The saline solution under the glass ring was replaced with thin 
albumen which provides a source of nutrients and gives support to the
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vitelline membrane. To provide a moist chamber for development, pieces 
of dampened, sterile tissue were added to the Petri dish. Before 
operations or treatment, the embryos were incubated for 1 hour to allow 
the membranes to stretch tautly across the ring. After treatment the 
embryos were incubated at 37 °C for 24-36 hours.

Application of teratogenic agents.
Eggs were windowed under aseptic conditions. A small hole was pierced 
in the blunt end of the egg. The eggs were placed on their sides and 
the top surface was wiped with 70# alcohol. A 1cm groove was made 
parallel to the long axis of the egg through the shell and the shell 
membrane. A piece of sellotape was stuck over the groove. Using small- 
bladed scissors, a 1.5 cm hole was cut around the groove and the piece 
of shell removed. The teratogenic agent was applied at varying 
concentrations, made up to lOOpl in culture medium, for example Minimum 
Essential Medium (MEM, Gibco), by gently dripping the solution onto 
the blastoderm. The hole in the shell was sealed with another piece of 
sellotape and the egg incubated until the required stage was reached.

Injection of the teratogenic agent
1) In ovo
Eggs were windowed as above and injected using a 1 ml sterile syringe 
(Sabre) and sterile needle, 0.5mm x 25mm (Sabre). The tip of the needle 
was pushed through the yolk sack membrane close to the outside edge of 
the blastoderm. The needle was then angled so that the contents of the 
syringe were released under the middle of the blastoderm. The needle 
was withdrawn through the entry hole and the egg sealed with sellotape 
and incubated until the required stage was reached.

2) In vitvo
Embryos were cultured on the vitelline membrane and staged. 
Concentrations of the teratogen were made up in lOOpl of culture medium 
and gently pipetted onto the blastoderm. The embryos were then 
reincubated to the required stage.

26



Scott's Vital Staining
Whole unfixed embryos were placed in 0.005% Nile Blue A in Tyrodes 
saline, for 5 mins at 37°C. The embryos were then rinsed in Tyrodes 
saline.

Photography of Wholemounts
1) Using a dissecting microscope and camera set-up.
Embryos were fixed, using 1/2 strength Karnovsky's solution, on the 
glass rings for a minimum of 1 hour at room temperature, to prevent 
distortion of the shape of the embryo. Embryos were then removed from 
the rings and washed in 3 x 5 min changes of 0.1M phosphate buffer. 
Specimens could be photographed stained and cleared or unstained. 
Embryos were stained in a filtered dilute (1:10-1:20) solution of 
anthracene blue in 5% aluminium potassium phosphate. The tissue was 
washed in 3 x 10 min changes of distilled water and then dehydrated for 
1/2 hour with 2 changes, in each of the following alcohols (IMS) :- 
50%, 70%, 30%. The final dehydration was in 3 x 10 min changes of 
absolute ethyl alcohol (Hayman Ltd). Specimens were cleared in methyl 
salicylate (BDH) and photographed using a Olympus (0M4) camera fitted 
to a Zeiss dissecting microscope with Pan F film (Ilford).

2) Using an Inverted Microscope (Axiovert 405M, Zeiss)
Embryos were fixed on the glass ring using 1/2 strength Karnovsky's 
solution for a minimum of 1 hour at room temperature. They were then 
washed in 0.1M phosphate buffer and inverted in a Petri dish of buffer. 
Photographs were taken using HP5 film (Ilford).

Development and Printing of films.
Films were developed in Microphen (Ilford) at 20°C for the recommended 
number of minutes depending on the ASA of the film, fixed in Hypam 
(Ilford) for 5 min and washed in running water for 1/2 hour. They were 
then rinsed in 2 changes of distilled water and air dried. Negatives 
were enlarged and printed on photographic paper, grades 1-4 (Agfa- 
Gevaert) using an automatic machine (Rapidoprint DD3700, Agfa-Gevaert).
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Preparation of tissue for light and electron microscopy examination
The procedure given below is to prepare tissue for electron microscopy. 
Tissue for light microscopy was pre-stained with anthracene blue and 
therefore the osmication and uranyl acetate staining steps were not 
required.

The specimens was fixed in 1/2 strength Karnovsky's solution for a 
minimum of 1 hour at room temperature, washed in 0.1M phosphate buffer 
and osmicated using a solution of 1% osmium tetraoxide in 0.1M 
phosphate buffer, for 1 hour in the dark at 4°C. The specimen was 
washed in 0.1M phosphate buffer and 0.1M sodium acetate before being 
stained in a solution of 4# uranyl acetate in 0.1M sodium acetate 
buffer for 45 mins at 4°C. After washing in sodium acetate buffer the 
specimen was dehydrated through graded alcohols to absolute ethyl 
alcohol, and passed through propylene oxide and a 50:50 mixture of 
propylene oxide and epoxy resin. The specimen was left for 12 hours in 
epoxy resin then changed to a fresh batch and embedded in moulds. The 
resin was polymerised by baking at 60°C overnight.

For light microscopy, 1 or 2pm sections were cut with glass knives 
using an Ultramicrotome (Huxley, Cambridge Scientific Instruments). For 
electron microscopy, sections were cut using an Ultramicrotome (Huxley, 
Cambridge Scientific Instruments) and a diamond knife and transferred 
on to grids. They were then stained for 4-5 mins in a lead citrate 
solution, washed in distilled water and air dried.
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Solutions 
Pannet and Comptons solution (1924)

Solution A Solution B
48.4 g NaCL 1.2 g NaHpPOii.2H20
6.2 g KC1
6.3 g CaCl2 2.8 g Na2HP0i,.2H20
5.5 g MgCl2.6H20

Dissolved in 600ml distilled water
Dissolved in 400ml distilled water
60ml portions of solution A and 90ml portions of solution B were 
autoclaved separately. 1350 ml of a 1% glucose solution was made up and 
autoclaved. Immediately before use the cooled solutions A and B were 
added to the glucose solution.

Chick Ringers Solution
29g NaCl 
0.72g CaCl2 
1.48g KC1
The above were dissolved in 4l of distilled water.

1/2 Strength Karnovsky’s Fixative
lg of paraformaldehyde (2%) was heated to dissolve in 22ml of distilled 
water with 2 or 3 drops of 1M sodium hydroxide solution (NaOH). This 
solution was cooled before adding 25ml of 0.2M phosphate buffer and 5“1 
of 25# gluteraldehyde (Agar Scientific Ltd.).

Phosphate Buffer (pH 7.3) for Karnovsky’s fixative 
1 part 0.2M KH^O^
4 parts 0.2M Na2HP0/j

4% buffered formol saline (pH 7*0)
10ml of 40# formaldehyde (BDH) was added to 90ml of buffer and 0.25 ml 
of 25# gluteraldehyde.
Buffer for 4$ buffered formol saline (pH 7.0) 
lg NaH2P0  ̂
lg Na2HP0/j 
8.5g NaCl
Dissolved in 1000ml of distilled water.
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Scott's Vital Staining 
Tyrodes (1910) Saline
8 g NaCl 0.05 g NaH2P04.2H20 0.2 g KC1
0.2 g CaCl2 1.0 g NaHCO^ 1.0 g glucose
0.1 g MgCl2 .6H20 
Dissolved in 11 distilled water.

Lead Citrate solution
Lead nitrate Pb(N0^)2 l*33g
Sodium citrate Na2(C^H^0y),2H20 l-76g
Carbon dioxide-free distilled water 30ml
To convert the lead nitrate to lead citrate the mixture was shaken 
vigorously to form a uniform suspension. 8ml of 1M sodium hydroxide, 
diluted to 50ml, was added until the lead citrate dissolved and the 
solution became clear, pH 12.
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Chapter 2, Figure 1
Fig. 1. Explanting the chick blastoderm for culturing on the 
vitelline membrane (New, 1955)*
A The egg yolk was placed in a dish of Pannett and Compton’s solution 
cut near the equator and the vitelline membrane pealed off with the 
blastoderm attached.
B Prepared culture seen from above showing the embryo ventral side 
up, in the middle of the glass ring.
C Prepared culture in side view, showing the vitelline membrane 
supported on the thin albumen.
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CHAPTER THREE

Development of left/right handedness in the chick precardiac mesoderm 
and the effect on the direction of the bulbo-ventricular heart loop.

Introduction
Within a few hours of development of the chick embryo, the three body 
axes have been determined: dorso-ventral, antero-posterior and 
right/left. The dorso-ventral axis is the first to be determined by the 
orientation of the blastoderm in relation to the yolk. The first 
indication of the antero-posterior axis is seen in the very early two- 
layered blastoderm (stage XI, Eyal-Giladi and Kochav, 1976), with the 
formation of Roller's sickle at the future posterior side. Out of this, 
the hypoblast grows anteriorly and later the axis is more clearly 
defined by the primitive streak. Once the first two axes are in place, 
so, by definition is the third, the left/right axis. However the time 
at which handedness, that is when the two sides, right and left become 
different, is not known.

The first clear indication of the differences between left and 
right sides is seen during the looping of the early heart. However, 
there have been reports of visible handed asymmetries as early as stage 
k and 5* Wetzel (1929) observed that in the chick at the primitive 
streak stage, the node is asymmetric. The node can be seen to consist 
of two parts, with the right-hand part being bigger than the left. 
Stalsberg (1969b) measured the axial deviations in early chick embryos 
and found that in the majority of those at stage 5* the primitive 
streak curved to the right-hand side. Lepori (1966a) found a similar 
shift of the primitive streak to the right-hand side and that during 
the shortening process of the primitive streak, movements occurred 
faster on the left-hand side as compared to the right. In the early 
neurula rat embryo, Long and Burlingame (1936) observed asymmetry in 
the embryonic axis, with the head and tail ends of the neural fold 
inclined slightly towards the right. Stalsberg (1969b) concluded that 
the heart primordia fused in a plane to the right of the body midplane,
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as measured through the notochord. Lepori (1969) thought this was due 
to the asymmetric closing of the foregut caused by the faster movement 
of the left splanchnopleure as compared to the right.

The formation of the heart involves the development and migration 
of three important structures the endoderm, the mesoderm and the 
endocardial layer. As early as stage 5 the heart myocardial primordia 
can be distinguished using light microscopy, as two oval areas on the 
right and left sides of the primitive streak (Drake and Jacobson, 1988, 
see Fig. 1). The precardiac mesoderm is epithelial and appears to 
migrate as an intact layer (Rosenquist and DeHaan, 1966, Stalsberg and 
DeHaan, 1969). The cells are held together by apical junctional 
complexes and later intercalated discs (Spira, 1971)* At stage 5» 
movement of the precardiac cells within the heart-forming areas is 
chaotic, with no apparent directional organization (DeHaan, 1964). 
Between stages 6 and 8, cells become more orientated and move in an arc 
towards the midline (Fig. 1). During migration of the precardiac 
mesoderm the lateral plate mesoderm splits into somatic and splanchnic 
layers with the coelomic cavity in-between. The splanchnic mesoderm 
forms in close association with the endoderm of the foregut and 
together are called the splanchnopleure.

There is a close relationship between the endodermal and mesodermal 
cells, with the two layers interdigitating (Linask and Lash, 1986). The 
endodermal layer is essential for the migration of the mesoderm, as 
the precardiac mesoderm actively migrates over the endoderm (DeHaan, 
1964, Rosenquist and DeHaan, 1966, Linask and Lash, 1986). The endoderm 
is also necessary for the maturation of the cardiac myocytes (Renaud 
and Le Dourin, 1968, Le Dourin and Renaud, 1969» and Le Dourin, 1974).

The mechanisms by which the precardiac mesoderm migrates along the 
endoderm towards the anterior intestinal portal (AIP) have been 
investigated by several authors. An early idea (DeHaan, 1963) was 
that the endodermal cells changed shape at the time the precardiac 
mesoderm migrates and hence provides the precardiac mesoderm with 
orientating cues. This idea is based on the concept of 'contact 
guidance' (Weiss, 1961). Linask and Lash (1986) were unable to find any 
evidence for changes in endodermal cell shape. They proposed a
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mechanism whereby the precardiac mesoderm migrated up an increasing 
gradient of fibronectin found at the mesodermal/endodermal interface. 
This is based on the concept of ’haptotaxis' (Carter, 1965)•
Further evidence for this came from the observation that embryos 
treated with anti-bodies to fibronectin showed disrupted migration of 
the precardiac mesoderm (Linask and Lash, 1988). Recently Easton et al. 
(1990) investigated the possibility that ’chemotaxis' may play a role 
in the migration process. Chemotaxis can be defined as the control of 
migration by a gradient caused by a chemical diffusing through a 
solution from a source. Easton et al. (1990) found by grafting quail 
and chick precardiac mesoderm together in different orientations that a 
chemotactic substance was not exuded by the anterior part of the 
endoderm. They therefore concluded that chemotaxis was not involved in 
the migration of the precardaic mesoderm.

The formation of the tubular heart is very closely associated with 
the development of the head and the caudal movement of the AIP. The 
formation of the foregut begins with the development of the head fold 
at stage 6. The ventral lip of this fold forms the AIP. The foregut 
expands very rapidly between stages 6 and 11+ (Rosenquist, 1972). As 
the AIP moves caudally the folds are moved towards the midline and the 
two tubes fuse with the endocardial tubes inside (stage 9)* The foregut 
becomes encircled by mesoderm. Folding of the endoderm and the 
lengthening of the foregut are thought to be caused by tensions in the 
AIP, created by the regression of the primitive streak against the 
relatively fixed points of the anterior tip of the foregut and the 
notochord (Bellairs, 1953)* No evidence of differential mitotic 
activity being involved in the morphogenetic movements was found 
(Bellairs, 1955)•

As the myocardial layer migrates in a ventro-medial direction 
towards the AIP, it thickens and by the time the embryo has developed 5 
pairs of somites, the splanchnic mesoderm contains several cell layers. 
The cells are elongated and due to folding of the layers, the long axes 
of the cells are almost perpendicular to the cephalo-caudal axis of the 
embryo (Bruno, 1918). The myoblasts begin to differentiate into
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myocytes, between 8-10 pairs of somites, with the formations of thin 
and thick cytoplasmic filaments. At stage 10, the cell show well 
developed myofibrils with intercalated discs and Z bands. Cardiac 
muscle myoblasts do not fuse to form a syncytium but remain as a sheet 
of cell held together by cell-cell junctions. The cells now contain 
well developed Golgi apparatus, increased amounts of granular 
recticulum, glycogen and lipid. Granular endoplasmic recticulum present 
in a cell indicates a secretory function, with the myocardial cells 
known to secrete large amounts of extracellular material (Manasek, 
1968).

The origin of the endocardial layer of the heart has been debated 
by several authors. Sabin (1920) suggested that the endocardial cells 
are derived from the entire myocardial primordia and migrate to form 
the endocardial layer. This idea was supported by the autoradiography 
work of Rosenquist and DeHaan (1966), Orts-Llorca and Collardo (1968) 
and Stalsberg and DeHaan (1969). Manasek (1968) however, suggested that 
the endocardial cells were derived from more lateral areas of the 
splanchnic mesoderm.

As the heart develops, the primordial endothelial elements are 
seen in the splanchnic mesoderm, lateral to the precardiac mesoderm. By 
stage 7. these elements have anastomised into small, loose plexuses 
which by stage 8 have covered the whole cranial surface of the 
myocardial primordia. Large multiple tubular elements develop near the 
midline and at the midline a continuous endothelial sheet has formed by 
stage 10- (Drake and Jacobson, 1988). The development of the early 
blood vessels was investigated by Hirakow and Hiruma (1981) using 
scanning electron microscopy. The vena vitellina were first seen on 
both sides of the AIP at the k somite stage. The aorta doralis was seen 
from the cranial to the caudal area of the paired somites at the 6- 
somite stage, and by the 8-somite stage, the arteria vena and vena 
cardinalis were visible.

The heart forms from the fusion of the left and right precardiac 
areas above the AIP. Two separate heart tubes develop which later fuse 
to form a single tube (Fig. 1). This tube then undergoes the process of 
looping and twisting to the embryo's right-hand side. This direction of
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looping is a feature which has been conserved within the vertebrate 
phyla, from and including the Elasmobranchs onwards (Patten, 1922). The 
incidence of left-sided heart looping is rare in most species. In adult 
man the incidence of dextro-cardia is 0.01# (Torgersen, 1949), and is 
often associated with congenital heart disease (Campbell and Deuchar, 
1966).

The development of left/right asymmetry has recently been reviewed 
by Brown and Wolpert (1990)* They propose a mechanism for the 
conversion of asymmetries at a molecular level to the formation of 
right and left structures by specific tissues. This three-step 
mechanism involves the process of ’conversion’, in which a molecular 
handedness is converted to cellular handedness (see Fig. 2). A 
mechanism is required by which random asymmetry can be generated. This 
random asymmetry allows the formation of either the left and right 
variation on a structure with equal probability, but can be biased by 
the handedness generated by the conversion process (see Fig. 3) • 
Specific tissues would then use an ability to act upon the right and 
left bias and develop the appropriate form of the structure.

Central to the theory of Brown and Wolpert (1990) is the idea of 
randomization of left/right asymmetries. This was first proposed by 
Wilhelmi (1921), based on the twinning experiments of Spemann and 
Falkenburg (1919)* Support for the idea of randomization comes from the 
morphology of the mouse homozygous for the situs inversus viscerum 
mutation, (iv/iv). 50# of these mice show situs inversus. Brown and 
Wolpert (1990) explain this in terms of the right sides now being 
insensitive to ’conversion' and so handedness is random.

The mechanisms by which looping in the heart may occur have been 
studied by many authors, but no clear mechanism has emerged. The 
importance of the cytoskeleton, especially the actin bundles and 
myofibrils, was investigated by Manasek et al. (1972,1978), Icardo 
and Ojeda (1984), Icardo et al. (1982) and Itasaki et al.
(1989,1991)• The possibility that early differences between the right 
and left areas of precardiac mesoderm could effect the direction of 
looping was investigated by Salazar Del Rio (1974). He constructed
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embryos with either two right or two left areas of precardiac mesoderm 
at stage 5t and followed the development of the heart. He found that in 
the majority of cases, a right-sided heart loop was produced and 
concluded that at this stage the intrinsic properties of the areas of 
precardiac mesoderm which affected the direction of looping had not yet 
been determined. It is important to know when left and right 
differences are determined. The following experiments investigate the 
development of left/right handedness in the chick heart.
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Materials and methods
Formation of embryos with double-right and double-left sided areas of 
precardiac mesoderm and the controls.
Fertilized chick eggs were incubated at 38°+- 1°C to stages 4,5 or 6 
in accordance with Hamburger and Hamilton (1951)* The embryos were 
prepared as for New Cultures, (New, 1955)* The area of tissue used for 
grafting included that found by DeHaan (1963) to give rise to the heart 
(Fig. 4A,B). The prospective heart mesoderm together with the 
underlying endoderm was dissected out using tungsten needles. These 
pieces of tissue were transferred between cultures using a small 
tungsten spatula. The donor tissue was orientated wherever possible 
within the host along the same antero-posterior axis as the donor. 
However this could not be done with 100# accuracy as the tissue from 
stages 4 and 5 often contracted immediately after removal from the 
donor, making it difficult to orientate. However, this is not thought 
to be critical as the gradient of fibronectin, along which the 
precardiac cells migrate towards the head, is not effective until stage 
7 (Linask and Lash, 1986,1988). For each operated embryo, the right or 
left area of the precardiac mesoderm was removed and replaced with a 
piece of precardiac mesoderm from another embryo. Control embryos had 
either the right or the left area of precardiac mesoderm removed and 
replaced with a piece of tissue of the same sidedness (see Fig.4A). 
Double-sided embryos were formed by removing one area of precardiac 
mesoderm and replacing it with tissue from the opposite side (see 
Fig. 4B), giving double-right and double-left sided embryos. Both 
control and double-sided embryos were made, using donor tissue of the 
same or a different stage to that of the host embryo. The cultures were 
incubated for a further 24-36 hours at 37°C and 5% CO2.

Processing of specimens and analysis of results
Cultures were fixed in 1/2 strength Karnovsky’s (1965) solution for 4- 
12 hours, washed in distilled water, stained with Anthracene blue 
for whole mounts, photographed and assessed. The embryos were then 
dehydrated and embedded in araldite for transverse sectioning at 1pm
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thickness. Sections were stained with Toluidine blue. The results were 
assessed for statistical significance using the Chi-squared (X ) test 
corrected for small sample sizes: a probability of 1% or 5% was used as 
the level of significance.

Embryos of stage 4 and 5 were classed together as they are both 
developmentally pre-headfold, in contrast to stage 6. All statements of 
sidedness refer to those of the embryo.

Controls for grafting procedure
To control for the possible non-inclusion of the transferred tissue 
into the host, an additional group of experiments were performed. Here 
the precardiac mesoderm was removed from either the right or left side 
of the embryo, but no tissue was grafted into the embryo to replace it. 
Double grafting experiments to form embryos with a piece of right-sided 
precardiac mesoderm on the left side of the primitive streak and a 
left-sided piece of mesoderm on the right side of the streak were not 
attempted, due to the large amount of damage inflicted.
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Results
Criteria of different heart shapes
Five different criteria of heart shape were recorded :(1) right-hand 
bulbo-ventricular loop, (2) a heart normal in structure but with a 
left-hand loop, (3) cardia-bifida, (4) one abnormally shaped tube, (5) 
no recognisable heart tube. The side to which the body turned was also 
recorded, as a right-hand side turn, a left-hand side turn or no turn. 
Hearts classified in the first two categories have a normal structure 
and differed only in the direction of looping, to the right or to the 
left. All such hearts are called normal in this paper.

Only 40% of the embryos that survived the operations formed 
normal hearts (87/218). In almost all of double-sided and control 
embryos the most common heart malformation was cardia-bifida (see 
Fig. 5G,H,I). Cardia-bifida is the formation of two separate heart 
areas due to the disrupted migration of the precardiac mesoderm across 
the AIP. Where a tube formed, it often showed some degree of bending. 
The direction of bending was not recorded. From general observations 
the two heart tubes were seen to beat at different rates. The left-hand 
tube was usually observed to beat faster, as seen by other authors 
(DeHaan, 1959; Yada et al., 1985; Satin et al., 1988).

Control operations
The results of control operations between embryos of the same stage 
show that only 1/17 normally developed hearts had left-hand loops 
(Table 1). Grafting tissue between embryos of different developmental 
stages shows that all 12 of the normally developed hearts looped to the 
right (Table 2, Fig. 5A,B,C).

Double-sided embryos
Heart shapes of double-sided embryos (two areas of precardiac mesoderm 
of the same sidedness) are presented in Tables 1 and 2. Table 1 shows 
grafts between embryos of the same stage. In double right and left
sided embryos at stage 4 and 5t only 1/17 (6%) normally developed 
hearts looped to the left. This was formed by a double-right sided 
embryo. When the same grafts were done later at stage 6, 6/24 (25$)
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double-right sided embryos formed normal hearts but with left-hand 
loops (see Fig. 5DtE,F). No left-hand loops were developed by double
left sided embryos. Thus at both stages, all 7 left-hand looped hearts 
were formed from double-right sided embryos. However the difference in 
the number of right and left-hand looped hearts at stages 4-5 and 6 was 
not significant at the 5# probability level.

The results of double-sided grafts between host and donor embryos 
of different stages are shown in Table 2. Where the donor tissue was 
younger than the host, 4/7 normally developed hearts looped to the 
left. These 4 hearts were all seen in double-right sided embryos. When 
the donor tissue was older than the host embryo, 3/H normal hearts had
left-hand loops. Of these, 2 formed from double-left sided embryos in
which the older tissue was on the right-hand side. A summary of the 
numbers of right-looped and left-looped hearts in control and double
sided embryos is presented in Fig. 6. Between double-right and double
left sided embryos there is a significant difference, at the 1# 
probability level, in the number of hearts that looped to the right or 
to the left. Double-left sided embryos in 93# of cases developed right- 
hand loops, whereas in double-right sided embryos the number of right- 
hand loops 16(57#)» and left-hand loops 12(43#). was almost equal.

Controls for grafting operation
Table 3 presents the results of the additional group of control
experiments. In this group one side of the precardiac mesoderm was
removed and not replaced with a grafted piece of tissue. The heart 
therefore developed only from either the right or left precardiac 
mesoderm. Eleven out of the 32 embryos produced normally developed 
hearts that looped to the right, where the right precardiac 
mesoderm had been removed (Table 3) • When the left precardiac 
mesoderm was removed, only 5/32 developed normal hearts and these 
looped to the right. These hearts were typically smaller than those 
of the other control groups but appeared to be similar in every 
other respect. Left-hand loops were not present in either of these 
control groups (Table 3) • When excising one side of the precardiac 
mesoderm without regrafting, the formation of cardia-bifida was an
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indication that an insufficient amount of tissue had been removed.
A small isolated area of beating tissue was seen on the side where 
the operation had been performed.

Effect on the operational success, of the side of the host receiving 
the graft
The side of the host which receives the transplant appears to have 
some effect on the success of the integration of the precardiac 
mesoderm. Operations where tissue was transferred from left side to 
left side showed the highest percentage of survivors, compared to 
the number of embryos operated (95$) • The success rate in the other 
groups was approximately the same, about 78%. The percentage of 
embryos with normal hearts compared to those that had survived the 
operation was highest in transfers from one right side to another 
right side at 47#, whereas transfers from one left side to another 
left side were the least successful at 30# (Table 5) •

Direction of body turning
The direction of body turning, which is ususally to the right, 
and the association with heart shape were recorded (Table 4).
However in the majority of embryos the direction of turning was not 
seen. This is because embryos were fixed before stage 12 to allow 
easier identification of the heart shape, or they may have been 
mechanically prevented from turning by the cardia-bifida heart 
formation. 32 embryos were analysed, with the majority (23) turning 
as normal to the right. The remaining 9 turned to the left. Of 
these left-turning embryos, one had a normal heart which looped to
the right, six developed normal hearts that looped to the left, one
had an abnormal heart tube formation, and one embryo showed cardia- 
bifida. There is a significant difference at the 1# level, in the 
direction in which the heart looped, between the embryos that 
turned to the right and those that turned to the left. All the 
embryos that turned to the right with a normal heart, showed right- 
hand looping of the heart tube. Of the nine embryos that turned to the
left, seven had normally developed hearts and 6 of these looped to the
left.
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Discussion
Precardiac mesoderm was grafted between embryos, changing the 
sidedness of the tissue from which the heart would develop, to see if 
this influenced the direction of looping of the heart tube.

The most striking observation was that overall, double-right sided 
embryos developed many more left-looped hearts than double-left sided 
embryos, 12/28 normal hearts compared to 2/31. This was significant at 
the 1# level of probability using the X test. The two examples seen of 
double-left sided heart embryos forming left-looped hearts, occured when 
the stages of the host and donor tissue were different and the oldest 
tissue was on the right-hand side of the embryo.

In double-right sided embryos with donor and host tissue of the same 
age (Table 1), there is a difference in the number of left-looped hearts 
formed between operations carried out at stage 4-5 compared to 6. At 
stage 4-5, 13# of hearts had left-hand loops (1/8), whereas when the 
operation was performed at stage 6, closer to 50# (6/13) of normal 
hearts had left-hand loops. Therefore, there is a suggestion that an 
intrinsic change has occurred in the precardiac mesoderm between stages 
5 and 6 that later influences the direction of looping of the heart 
tube. However, these results are not significant at the 5# level of 
probability.

Control operations show that when a left and a right area of 
precardiac mesoderm were present in the correct left/right orientation, 
97# of the normal hearts looped to the right. An important observation 
is that this is true even when the stages of the precardiac mesoderm 
in the donor and the host are different. Therefore in these operations 
handedness is not due to one side developing slightly faster than the 
other. The ability to develop the correct handedness has not been 
destroyed by the operation.

The above results correlate well with those of Salazar Del Rio 
(1974). 90# of control operations resulted in right looped hearts. In 
double-sided embryos at stages 4-5» those with two left cardiogenic 
areas formed only right-looped hearts, whereas embryos with two right 
cardigenic areas developed a small number of left-looped hearts. He
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concluded that at these stages, intrinsic differences are not present 
in the precardiac mesoderm which influence the sidedness of the loop.

The stability in the formation of right-looped hearts by the fusion 
of two left sides can be explained by the process of conversion, in the 
three step model by Brown and Wolpert (1990). If the conversion process 
occurs relatively early in development and results in some stable 
change on the right-hand side, bisection of the embryo after this 
process allows the left side to undergo conversion again, and to 
respecify the right and left sides; development is therefore normal. 
But, if the right sides are already stably converted, there is now 
nothing to bias the generation of random asymmetry. Asymmetry develops 
randomly, with a 50:50 chance of a right-looped or a left-looped heart 
forming, as seen in the double-right sided embryos at stage 6 compared 
to stages 4 and 5* Another example of this can be seen in the twinning 
experiments of Spemann and Falkenburg (1919) using the newt Tritiums. 
They bisected the gastrula longitudinally, and found that half of the 
twins were normally orientated (left twins) but half showed situs 
inversus viscerum (right twins). This led Wilhelmi (1921) to suggest 
that the control of right and left structures had been lost in the 
right side, and was now due to chance.

Another theory of the development of left/right handedness is put 
forward by Corballis and Morgan (1978) and Morgan and Corballis (1978). 
They propose an asymmetric maturational left/right gradient with the 
left side leading. This is coupled with reciprocal inhibition, 'a 
mechanism for amplifying initially small developmental asymmetries into 
the qualitative asymmetries seen* (Corballis and Morgan, 1978).
Examples of this are the development of a speech mechanism in the left 
brain hemisphere only, the ovaries of birds, of which only the left is 
functional, and the formation of two as compared to one, habenular 
nuclei on the left side of the diencephalon of the frog Bana 
temporaria. Asymmetry is thought not to be directly coded for by genes, 
but that genetic effects are indirect, acting on a basic asymmetry in 
the cytoplasm. Situs inversus could be caused by abolishing the 
gradient so that the cell cannot read it, or by the reading mechanism
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of the cells being affected so that they read the gradient in the 
’wrong' way (Morgan, 1991). There does indeed seem to be some sort of 
left/right gradient, as shown for example by the differences in rate of 
heart beat. It is possible to account for our results in terms of a 
left or right gradient by assuming, for example that the graded 
differences in double-right embryos are too small or become dissipated, 
with the result that looping is random. However this gradient theory is 
unlikely because the handedness of twinned or triplet quail embryos is 
normal even when the embryos have opposite antero-posterior polarity 
(see chapter 5)*

The change in the behaviour of the right-hand side may be related to 
visual and also biochemical differences that have been found in the 
period of development between the primitive streak and the first 
somite. In the rat embryo, al-adrenergic agonists, were found to 
disrupt the development of asymmetry (Fujinaga and Baden, 1991)* Using 
methoxamine, a window of sensitivity to the agonist was found, 
beginning just before headfold formation and ending with the formation 
of the first somite (McCarthy et al., 1990). However using other situs- 
disrupting agents such as colchicine and lithium chloride, the window 
of sensitivity was found to begin as early as the late primitive streak 
stage (Brown et al., 1991)*
Small right-hand looped hearts developed in almost a third of cases 

when either area of cardiac mesoderm was removed, leaving the other 
area intact. In terms of the model, one might have expected that hearts 
developing from the right area of precardiac mesoderm only, would show 
randomness in the direction of looping. This was not seen. However, 
Salazar Del Rio (1974) found that the majority of hearts that developed 
from the right-hand area of precardiac mesoderm had left-hand loops.

The morphological expression of each cardiac primordia has been of 
interest to many authors and investigated in amphibians (Spemann and 
Falkenburg, 1919; Copenhaver, 1926), birds (Graper, 1907; DeHaan, 1958; 
Lepori, 1967a) and in mammals (Goss, 1935; Dwinnell, 1939)* Another 
approach to this problem has been by observing the direction of tube 
looping in cardia-bifida hearts. Cardia-bifida hearts can be produced 
experimentally, but with some damage to the foregut in birds. Nadal-
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Ginard and Paz Garcia (1972) confirmed that in both amphibians and 
birds both hemi-hearts developed a convex loop towards the midline. The 
left primordium has therefore been considered as the side that develops 
the right-handed loop and the right side a left-handed loop.

During development chick embryos undergo a process of torsion. From 
lying with its dorsal side to the vitelline membrane the embryo turns 
to lie on its right-hand side. The turning process is common to both 
mammalian and avian embryos and is of evolutionary interest because 
both groups turn the same way i.e. to their right. Nine out of the 32 
embryos that turned, turned to the left. The method of New culturing 
(1955) is reported to increase the number of embryos that form left- 
hand loops as compared to those in ovo (Salazar Del Rio, 197*0. The 
same increase was found between unoperated cultured embryos which 
looped and turned to the left-hand side in 8% of cases, compared to 
0.24# in ovo (see Chapter 7)* Waddington (1937) also found an 
unexplainable increase in the number of embryos that turned to the 
left, when cultured on plasma clots.

There is some debate as to whether the direction of heart looping 
controls the direction of body torsion (Weber, 1902; Waddington, 1937* 
Itasaki et al., 1991) or if the two processes are independent (Icardo 
and Ojeda, 1984). The results presented here show a concordance in the 
direction of turning and looping of the heart, except for one example 
of an embryo with a right-hand looped heart that turned to the left. 
This suggests that normally the direction of heart looping and body 
turning are linked.

In conclusion, double-right sided embryos formed many more left 
looped hearts than double-left sided embryos. This is linked to the 
expression of sidedness of each single primordium and can be explained 
by the process of conversion in the Brown and Wolpert theory (1990). 
There is a suggestion that in the chick changes occur in the precardiac 
mesoderm between stages 5 and 6 that may define the difference between 
right and left sides in the embryo. This change causes an effect 10-13 
hours later, on the direction of looping of the heart tube. The 
direction in which the heart loops shows concordance with the direction
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of body torsion, and the two processes are therefore likely to be 
interlinked.
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Chapter 3t Figure 1
Fig. 1. Diagramatic representation of the development of the chick embryo 
between stages 5 and 10 (Hamburger and Hamilton, 1951).
Rhfa=Right heart-forming area Lfha=Left heart-forming area
ps=primitve streak hn=Henson's node n=node
aip=anterior intestinal portal hf=head fold s=somite 
nf=neural fold ht=heart tube fb=forebrain
v=ventricle sv=sinus venosus

54



Rhfa Lhfa

r n

ihn O saip

10

sv

55



Chapter 3. Figure 2
Fig. 2 Mechanism for conversion, proposed by Brown and Wolpert (1990). The 
antero-posterior and the dorsal-ventral axes of the embryo are already 
defined. A difference in cells on the right and left sides occurs due to 
the polarization of the cells with respect to the midline. This causes an 
unequal distribution of a cellular constituent (shading) away from the side 
of the cell closest to the midline. In the ventral membrane of the embryo a 
handed molecule 'F* is aligned along the antero-posterior axis. This causes 
the transport of another molecule, shown by the crosses, down the arms of 
the *F* molecule. The conversion process results in an intrinsic difference 
in cells on the right and left of the embryo due to the interaction of the 
two molecules. The right side is thought to acquire a stable property. 
Reproduced with permission from Dr Nigel Brown and Prof. Lewis Wolpert.
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Chapter 3» Figure 3
Fig. 3 The development of asymmetry in bisected embryos. Random 
asymmetry is generated by a gradient in a morphogen across the 
midline, biased to one side or the other by the left/right 
differences generated by the process of conversion. If the embryo is 
bisected after the process of conversion has taken place, the left 
side is labile and can undergoe conversion again and develop 
normally. The right side cannot be respecified so asymmetry is 
random.
Reproduced with permission from Dr Nigel Brown and Prof. Lewis Wolpert.
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Chapter 3. Figure 4
Fig. 4. (A) Diagram of two stage-4 embryos to illustrate the right 
area of precardiac mesoderm (hatched). A right-sided control 
operation was performed by removing the right area of precardiac 
mesoderm from the host (straight arrow), and grafting into this space 
the right area of precardiac mesoderm from the donor (curved arrow).
Fig. 4. (B) Diagram of two stage-6 embryos to illustrate the 
formation of a double right-sided embryo. The left area of precardiac 
mesoderm is removed from the host (straight arrow), and the right 
area of precardiac mesoderm from the donor is transferred to the 
left-hand side of the host.
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Chapter 3. Figure 5
Fig. 5* Examples of specimens with a right-hand looped, a left-hand 
looped and a cardia-bifida heart.
(A) Photograph of a stage-11 wholemount seen from the ventral view 
with a normal heart looped to the right. (B) Line drawing of above 
photograph, to enhance features of the heart. (C) Transverse section 
through the heart region of A.
(D) Ventral view of stage-ll+ wholemount with a left-hand looped 
heart. (E) Line drawing of wholemount photograph (D). (F) Transverse 
section through the heart region of D.
(G) Ventral view of stage-12+ embryo showing cardia-bifida, with a 
larger tube on the right. (H) Line drawing of whole mount photograph 
(G). (I) Transverse section through the heart tubes of G.
R, right hand side; L, left hand side; NT, neural tube; HT, heart tube. 
Bars, 500pm.
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Chapter 3» Figure 6
Fig. 6. Summary of the number of right and left looped hearts in 
control and double-sided embryos.
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CHAPTER FOUR
The structure and direction of looping of the chick heart.

Introduction
In the following chapter, the structure of the pre and post-looped 
heart tube of the chick embryo was investigated using fixed tissue. A 
mechanical method described in the literature for inducing hearts to 
loop to the left-hand side of the embryo was repeated, and areas in the 
right and left early heart tubes were mapped to the looped heart using 
carbocyanine dyes.

Development of the heart
The formation of the heart involves the development and migration of 
three important structures :- the endoderm, the mesoderm and the 
endocardial layer. The pre-looped heart tube forms at stage 9. from the 
fusion of right and left heart tubes at the midline, cranial to the 
anterior intestinal portal (AIP, see Fig. A). The tubular heart should 
be more accurately described as a ’trough’ as the tube is initially 
attached to the body by the dorsal mesocardium. The tubular heart at 
stage 10 is simple in structure with an outer myocardium two cells 
thick, considered to be a true epithelium, an inner endocardial layer 
and between them the extracellular matrix (e.c.m.) described as the 
'cardiac jelly' by Davis (1924). A true epithelium has specialized 
intercellular junctions, a free apical surface and a basal surface 
associated with a basal laminar and e.c.m. (Manasek, 1976).

The cardiac jelly is the largest component of the heart tube and 
is initially acellular. It is formed largely by the myocardium (Manasek, 
1976) and contains four main constituents : water, glycosaminoglycans
(GAGs), glycoproteins and filaments both collagenous (Nakamura and 
Manasek, 1978) and non-collagenous (Patten et al., 1948). GAGs such as 
hyaluronate and chondroitin (Manasek et al., 1973). chondroitin 4- or 
6- sulphate and heparin sulphate (Gessner et al., 1965) are present.
The filaments within the cardiac jelly are aligned radially from the 
endocardium to the myocardium, along the lines of principle tensile 
stress (Nakamura and Manasek, 1978). The e.c.m. is thought to form the
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basis of the basal laminar found below the myocardium at stage 10.
Hurle et al. (1980) have identified two areas of cardiac jelly with 
different constituents, one between the myocardium and the endocardium 
and one filling the dorsal mesocardium. Before and after the fusion of 
the lateral endocardial tubes the cardiac jelly appears as two sheets 
of basal laminar-like material between the two tubes. These sheets are 
continuous with the basal laminar of the endoderm (Hurle et al., 1980).

Historically the straight heart tube was described as being divided 
into primitive cardiac cavities in a cephalo-caudal order. These 
primitive cavities were thought of as being the primordia of the 
definitive cavities in the adult heart (Davis, 1927* Anderson et al., 
197̂ )• However more recently using in ovo and in vitro marking 
techniques, De La Cruz et al. (1977) concluded that the primitive 
cardiac cavities appear at different developmental stages of the heart, 
and therefore not all cavities are present in the pre-loop stages. The 
conus, truncus (De La Cruz et al., 1977)* right and left primitive 
atria (Castro-Quezada et al., 1972) are not present in the straight 
heart tube. At stage 12, at the cranial end of the tube, the caudal 
portion of the conus develops, the truncus appears cranial to this 
between stages 13 and 22 (De La Cruz et al., 1977)* The right and left 
atria also appear at stage 12 at the caudal end of the heart tube (De 
La Cruz, 1989). Fusion of the right and left heart tubes therefore does 
not occur in the *conoventricular part* as suggested by Stalsberg and 
DeHaan (1969) and Castro-Quezada et al. (1972). De La Cruz et al.
(1977) concluded that the cranial region of the straight heart tube is 
the primordium of the trabeculated portion of the right ventricle, and 
the caudal region the primordium of the trabeculated portion of the 
left ventricle (see Fig. B). They are separated by the interventricular 
grooves. The left border of the straight heart tube contributes to the 
left border of the heart loop and the fusion line of the primordia 
corresponds to the right border of the loop at stage 12 (De La Cruz,
1989).
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Development of the cardiac beat
Within the precardiac mesoderm at stages 5“7 are prospective cells for 
the conus, ventricle and sinoatrial regions, arranged in a rostro- 
caudal gradient (Rosenquist and DeHaan, 1966, Stalsberg and DeHaan, 
1969). The precardiac mesoderm also has a rostro-caudal beat rate 
gradient with the rostral end i.e. the prospective sinoatrial tissue, 
showing the fastest beat rate (DeHaan, 1963. Kamino et al., 1981). The 
beat rate depends on the density and activity of ion channels and pumps 
in the cell membranes. The regional differences in heart beat rate and 
characteristic action potentials are thought to be intrinsic to each 
area (DeHaan, 1980) and developmentally regulated by the surrounding 
tissue, possibly through sodium channel expression, as has been 
demonstrated in the chick (Marcus and Fozzard, 1981). At stage 5“7 the 
intrinsic beat rate of the areas is not yet fixed. The beat rate is 
also regulated in the short term physiologically by the extracellular 
neurotransmitters and hormones (Satin et al., 1988).

Hiruma and Hirakow (1985) showed that at the 8 somite stage, thick 
filaments formed in the myocardial cells in the caudal region of the 
heart tubes. At this stage the differentiating heart becomes 
functionally active, showing spontaneous rhythmic action potentials 
(Hirota et al., 1985) and the number of cells with developing 
myofibrils increases (Hiruma and Hirakow, 1985)• The onset of 
rhythmical contractions in the embryonic heart corresponds to the 
appearance of cross-striations in the myofilaments (Hiruma and Hirakow, 
1985)♦ Myosin heavy chains are first distinguished in the ventricular 
component of the heart at stage 10, by the monoclonal antibody MF-20 
(Gonzalez-Sanchez and Bader, 1984). Action potentials originate from 
the caudal area of the right and left tubes and propagate up to the top 
of the tube. A left dominance of the left caudal pacemaker over the 
right slower region is seen by some authors (DeHaan, 1959» Yada et al., 
1985. Satin et al., 1988), whereas others observed that the initial 
contractions were on the right side (Kamino et al., 1981) where more 
cells were seen with developing myofibrils (Hiruma and Hirakow, 1985)•
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Looping of the heart
The mechanism(s) by which the heart tube loops has been studied by many 
authors and many different theories proposed. Reasons why looping is in 
most cases to the right-hand side of the embryo have been more 
elusive, as clear differences in the development of the left and right 
sides of the heart have not been found. There is no epicardium present 
at the time of looping (Manasek, 1968). Looping occurs quickly, between 
stages 10 and 11, a time span of approximately 7 hours. There is a 
large amount of variation in heart shapes of embryos at the same 
developmental stage (Manasek et al., 1972, Patten, 1922).

Two of the characteristic physiological features of the heart, 
blood flow and beating, are not causes of looping, as the process 
occurs in the absence of any blood flow (Orts Llorca and Ruano, 1967) 
or rhythmical contractions of the heart tube, even though it is 
electrically active (Manasek and Monroe, 1972). Hearts at stage 9+ when 
explanted into a high potassium medium, which causes depolarization of 
the cell membrane, still loop (Manasek and Monroe, 1972).

Patten (1922) proposes that the heart tube is forced to bend by 
mechanical pressure, as the heart tube elongates more rapidly than the 
pericardial cavity. However many authors have suggested that the heart 
can loop when isolated from the embryo (Butler, 1952, Orts Llorca and 
Ruano, 1967* Castro-Quezada et al., 1972). This was proved conclusively 
by Manning and McLachlan (1990)•

Several theories were based on the differential growth of the 
right and left heart tubes (Davis, 1927* Wilens, 1955) or differential 
growth of the right and left splanchnopleures (Lepori, 1967a). During 
looping, myocytes are added to both sides by a continuous medial 
migration of splanchnic mesoderm through the dorsal mesocardium 
(Rosenquist and DeHaan, 1966, Stalsberg, 1969a). In most cases, the 
left side is quoted to show more rapid growth than the right side, 
hence the heart tube is pushed to the right side. However, two studies 
looked at the mitotic rates of cells in different region of the heart 
tube and found no localised pattern of growth (Sissman, 1966) nor any 
right/left differences (Stalsberg, 1969a). Stalsberg (1969a) found that
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the cranial area of the loop consisted of 55% of cells from the right- 
hand side whereas the caudal end of the loop consisted of k0% of right- 
hand cells. However, the prospective heart-forming regions of the head- 
process embryo were seen to be symmetrical in size, shape and position 
relative to the midline (Stalsberg and DeHaan, 1969)*

Manasek et al. (1973) looked at shape changes in the myocardial 
cell before and after looping. At stage 10- the myocardium is an 
epithelium of primary columnar cells, with their long axes radially 
orientated with respect to the forming heart. Cells on the right and 
left sides are orientated almost at random to each other, with no 
significant difference in the apical surface area of the two sides. The 
basal surface in contact with the cardiac jelly is irregular and 
discontinuous. At stage 11+, in the post-looped heart, the convex right 
side of the myocardial wall is much thinner than the concave left side. 
On the right-hand side the cells have become flattened and squamous 
with the cellular axis parallel to the surface. They remain in random 
orientation to each other, whereas on the left side the cells are still 
orientated radially. Cells on the right side show a 55% increase in 
apical cell area in the looped heart tube, compared to cells on the 
left side in the pre-looped tube.

Myofibrils are anchored by the terminal end of the fibre, inserted 
at an intercalated disc within the cell membrane. Myofibrils may alter 
cell shape during their assembly and growth or they may act to 
stabilise the cell's shape, which is initially caused by another 
factor. Manasek et al. (1978) proposed that 'the early shape 
deformations that characterize heart looping are regulated by the 
overall myofibril pattern in the developing myocardium and that the 
addition of new fibrils regulates this process'. Evidence for this 
comes from the observation that newly plated myocardial cells spread on 
a substrate before disrupted myofibrils reform and hence cell shape is 
initially caused by another unknown factor. The nature of the original 
force is not known, but it need not be asymmetric as the direction 
could be controlled by the myofibrils. During the looping process the 
heart tube also twists to the right-hand side. Twisting of the heart to 
the right-hand side, i.e. a dextral shift, was seen by placing insoluble
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iron oxide particles on the ventral myocardial surface of explanted 
embryos (Butler, 1952, Stalsberg and DeHaan, 1969)•

Nakamura and Manasek (1981) investigated possible deforming forces 
involved in the looping of the heart tube. Filaments in the e.c.m. show 
a preferential radial arrangement between the myocardium and the 
endocardium along the direction of the principle tensile stress 
(Nakamura and Manasek, 1978). The myofilaments within the myocardial 
cells, are also aligned initially along the major lines of stress and 
therefore permit the heart tube to bend, while providing opposition to 
radial deformations. The formation of longitudinal fibrils seen first 
on the convex side of the heart, is thought to be induced by strain 
(Nakamura and Manasek, 1981). Thus bending would be self-limiting, as 
strain would induce fibrillogenesis, making the myocardial cells more 
resistant to bending.

The cardiac jelly was proposed to play a structural role in the 
looping of the heart (Nakamura and Manasek, 1978). Looped hearts 
denuded of their myocardium retained their original shape and size when 
placed in physiological strength buffer. The size and shape of the 
hearts responded to changes in the ionic strength of the buffer, due to 
the response of the glycosaminoglycan portion of the cardiac jelly 
(Manasek et al., 1973)* The cardiac jelly therefore has an intrinsic 
structure due to the filamentous component:, its interaction with the 
macromolecules of the jelly (Nakamura and Manasek, 1978) and the 
hydration of the glycosaminoglycans. Nakamura and Manasek (1978) 
suggested that, as the myocardial cells change shape, e.c.m. is 
continually secreted, and reacts with the matrix already present to 
form a stable structure. Thus the cardiac jelly is continuously being 
moulded to the new myocardial shape.

Later ideas by Nakamura and Manasek (1981) postulate that looping 
may be actively driven by the internal pressure of the cardiac jelly on 
the myocardium. The myocardium is considered to be under pressure, due 
to the hydration of the glycosaminoglycans in the cardiac jelly, with 
the tension controlled by non-collagenous protein components. With the 
increase in synthesis of glycosaminoglycans during development and
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their hydration, it is thought that the internal pressure would also 
increase.

Icardo et al. (1982, 1983) looked at cell polarity, shown by the 
location of the Golgi apparatus, in both the endocardial and myocardial 
cells using light and electron microscopy. Trelstad (1970) first 
established the importance of the location of the Golgi apparatus as an 
indicator of the cell polarity. The Golgi apparatus and the associated 
micro-tubular system show aspects of cell differentiation, such as 
migration, secretion, the direction of liberation of secretory 
products. Endocardial cells are elongated and flattened with their cell 
axis perpendicular to the long axis of the tube lumen. Changes in 
endocardial cell polarity, shown by the varying position of the Golgi 
apparatus, were seen associated with the formation of the cardiac loop. 
The interpretation however of the position of the Golgi apparatus is 
complex.

Two populations of myocytes could be distinguished by the position 
of the Golgi apparatus (Icardo et al., 1983). One population is located 
in the dorsal mesocardium, where the position of the Golgi apparatus 
was similar to that found in the precardiac mesoderm. The second 
population is the bulk of the myocytes in the tube and the loop. The 
precardiac mesoderm migrates through the dorsal mesocardium to be 
integrated into the myocardium and as the dorsal mesocardium ruptures, 
the differences disappear (Rosenquist and DeHaan, 1966).

The arrangement of actin bundles during heart looping was studied 
in the chick embryo by Itasaki et al. (1989). Filamentous actin (F- 
actin) is one of the constituents of myofibrils. Striated fibrils first 
appear in the heart at stage 10- (9 pairs of somites). Differences were 
seen in the distribution of the fibrils before and after looping.
Before the straight heart tube forms, the actin bundles are arranged in 
a net-like pattern, which becomes circumferential as the heart tube 
forms. At the beginning of looping, the pattern on the concave side 
remains circumferential, whereas the convex side shows random 
orientation of the bundles. The looped heart shows regional differences 
in the organisation of the striated actin bundles, the truncus 
arteriosus has a net-like pattern, the bulbus cordis a random and the
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ventricle a circumferential arrangement. The implications of these 
arrangements is not clear.

Itasaki et al. (1991) demonstrated that the heart repeatedly 
looped to the left when a crystal of cytochalasin B was placed at the 
caudal end of the right heart tube of chick embryos at stage 9“10. 
Cytochalasin B binds to the barded ends of the actin filaments and 
inhibits the association and dissociation of the bundles. Crystals 
placed on the left side caused looping to the right. The percentage of
hearts that looped to the left decreased with increasing stage of the
embryo (Itasaki et al., 1991)* Normal looping to the right-hand side is
thought to be due to the earlier development of myofibrils on the right 
side which generate tension, and pull the heart tube to the right. 
Microtubules, however, seem not to be involved in the looping process 
as pre-looped hearts treated with colchicine showed normal looping 
(Itasaki et al., 1991)*

Protein synthesis and differentiation of the myocytes are required 
for the heart tube to loop. Cyclohexamide, a blocker of protein 
synthesis, and 5"bromodeoxyuridaine (BrdU) a blocker to myofibrillo- 
genesis, inhibited looping in the early chick embryo (Chacko and 
Joseph, 1974).

After the heart has looped, the chick body starts to turn to the 
right, beginning with the head at stage 12 and continuing in a cranial- 
caudal direction. The development of the heart is closely correlated 
with the direction of body turning. As the rotation reaches the cardiac 
level, the cranial part of the heart is carried farther to the embryo's 
right. Turning of the body is associated with two separate head 
movements, cranial flexure and cervical flexure. Cranial flexure occurs 
between stages 11-14, the head bends in the region of the mesencephalon 
to form a sharp angle with the body. Between stages 14-23 the head 
undergoes cervical flexure, due to bending in the region of the 
hindbrain, so that the forebrain almost touches the wing bud. Cranial 
flexure prevents the distance between the attached ends of the growing 
heart tube from increasing, hence the caudal and cranial ends are 
brought close together (Romanoff, I960).
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Few authors have tried to explore the reasons for the handed 
asymmetry of the heart. Lepori (1967a), in a series of experiments on 
the early cardiac development of the chick, claimed to be able to 
reverse the direction in which the heart tube looped. Using embryos 
ranging from 4-8 somite pairs, Lepori (1967a) cut the splanchnopleure
i.e. the endoderm and mesoderm layers, on either side of the body. 12 
embryos were cut on the left side of the body and these all produced 
normal hearts bent to the right. 12 embryos were cut on the right side 
and these formed hearts bent abnormally to the left i.e. an inverted 
shape. Embryos were fixed at approximately stage 11 by which stage the 
turning movements of the body have not begun. Lepori explained these 
results by suggesting that the medial part of the splanchnopleure 
played a more active role in the tissue movements, leading to the 
closure of the foregut, than the lateral areas. The lateral areas would 
be passively dragged by the medial areas. Cutting the splanchnopleure 
on one side would therefore speed up movement of tissue on that side.

In this chapter the structure of the heart, just before and after 
looping, was investigated using light and electron microscopy. The work 
of Lepori (1967a) was repeated to test the claim that it is possible to 
repeatedly induce hearts to loop to the left-hand side. Fluorescent 
carbocyanine dyes were used to map tissue in the pre-looped heart to 
its destination in a right or left-hand looped heart. Left-hand looped 
hearts were formed using the method of Lepori (1967a). Fluorescent 
carbocyanine dyes are insoluble in water due to their long chained 
alkyl groups, but are soluble in the lipid bilayer of the cell 
membrane. There is no transfer of dye between labelled and non-labelled 
cells (Stern, 1990) in living or fixed tissue.
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Materials and Methods.
Structure of the pre-looped and looped heart tube
Embryos, incubated to stage 9, were explanted by the New method and
allowed to develop to stage 10. Examples were fixed in 1/2 strength
Karnovsky's solution and processed for light and electron microscopy. 
Planar and transverse section were cut, stained and examined using a 
light microscope (Zeiss) and a Philips 300 electron microscope at low 
power (see Chapter 1).

Cutting the right and left splanchnopleure of stage 7~9 embryos
Embryos at stages 7”9+ were explanted and cultured according to the New
method (see Chapter 1). Cuts were made in the splanchnopleure using 
fine tungsten needles, along a line parallel and immediately external 
to the embryo. The embryos were incubated at 37°C for 24 hours, fixed 
in 1/2 strength Karnovsky’s solution, washed, dehydrated through the 
alcohols, and photographed using FP4 film (Ilford). Embryos were scored 
for direction of turning, and heart shape. Four different categories of 
heart shape were used: right looped hearts, left looped heart, abnormal 
hearts and cardia-bifidas. Results were tested for significance using 
the Chi-squared (X̂ ) test at 5% and 1% levels of probability. Controls 
for the New technique were cultured between the stages of somite 
pairs but not operated on. They were incubated and processed as above.

Labelling the right and left heart tubes with carbocyanine dyes
Eggs were incubated to give embryos of stages 8-9 (Hamburger and 
Hamilton, 1951) and cultured on the vitelline membrane (see Chapter 1). 
Two carbocyanine dyes were used, Dil [1,1*-dioctadecyl-3.3 f 3’* 3 *" 
tetremethylindo-carbocyanine perchlorate;diI-Cl8-(3)] and DiO[3»3,_ 
dioctadecyloxa-carbocyanine perchlorate;diO-Cl8-(3)] from Molecular 
Probes (Cambridge Biosciences). Fluorescent carbocyanine dyes are 
rapidly taken up by cells and diffuse freely in the plane of the 
membrane. Dil is maximally excited in green light and fluoresces bright 
red-orange through rhodamine filters, DiO is excited in blue light and 
fluoresces green when viewed through fluorescein filters. However Dil 
has a broad spectrum of excitation and can be seen through fluorescein 
filters, allowing both dyes to be seen at the same time. Stock
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solutions of the dyes were made up in absolute alcohol and stored at 
-20°C; Dil 0.5% w/v, and DiO 0.25% w/v. Stocks were diluted for use in 
freshly made up 0.3M sucrose solution :- 1 vol Dil:9 vol sucrose, 1 vol 
DiO: 1 vol sucrose. The dyes were vortex mixed for 2 mins in a 
microfuge (Stern (1991)*

Dyes were injected into the unfused heart tubes using fine glass 
needles. Dil was injected into the right heart tube and DiO into the 
left (Fig. A). The needles were made from pulled capillary tubes using 
a vertical pipette puller. The aim was to stain a small area of cells 
within each heart tube. No attempt was made to stain cells at the same 
location. The needle was removed from the heart tube after a small 
amount of dye was seen to be released. The splanchnopleure on the right 
side of a number of embryos was cut to form left-looped hearts. Embryos 
were then cultured at 37°C and 100% humidity until they reached stage 
13 (see Fig. B). Embryos were fixed in 1/2 strength Karnovsky’s 
solution, containing glutaraldehyde, which autofluoresces allowing the 
outline of the heart to be seen. Only hearts that had developed 
normally and contained cells stained with both dyes were processed 
further. Hearts were dissected out, placed in a drop of Citiflor 
mountant (Citiflor Ltd) in a cavity slide and cover slipped. Accurate 
localization of the fluorescence was visualised using a Laser Scanning 
Confocal microscope (Bio-Rad MRC 500), a BHS filter and computer 
imaging. The tissue was visualised ventro-dorsally using 20pm steps and 
pictures were composed of 8 scans per image. Photographs of the 
computer screen were taken using FP4 film (Ilford). Red-green stereo 
images of a right and left-looped heart tube were created by computer. 
Colour photographs were taken of the computer screen using Ektachrome 
400 ASA film (Kodak). Photographs of Dil and DiO labelling in dissected 
hearts, under different filters, were taken using the Axiovert 405M 
(Zeiss) and Ektachrome 400 ASA, Daylight film.
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Results
Structure of the heart
In general, the myocardial walls of the pre-looped hearts varied 
greatly in thickness over a small distance (see Figs. 1, 2). The e.c.m. 
was seen to make up the largest proportion of the heart. In the 
pre-looped heart the right and left walls appeared to equally variable 
in thickness, as described by Manasek (1978, see Figs. 1, 2). There 
were large amounts of intercellular space visible in both the planar 
(Figs. 1, 2) and the transverse sections (Fig. 4). The apical border of 
the cells forms a continuous outer layer whereas the basal layer is 
very irregular with the intercellular spaces continuous with the e.c.m. 
Cells in the right and left myocardial walls have their long axes 
radially orientated to the lumen of the heart tube. In the central 
areas of the planar sections (Figs. 1, 2), the fusion of the 
endocardial tubes can be seen. In the looping heart, the myocardial 
wall becomes more compact with a loss of intercellular space (see Figs. 
3, 4, 5, 6). The basal border was more defined in cells of the right 
and left walls. In Fig. 5. showing a planar section of a heart 
beginning to loop, a slight difference in the thickness was seen in the 
right and left walls. The right wall appeared to be thinner. The 
myocardial wall in one area was only one cell thick. The cells on the 
outer edge of the wall were flattened and squamous with a prominent 
nucleus, possibly due to the stretching of the cell membrane, as the 
right wall bulges. The cells of the right wall, now had their long axes 
parallel to the long axis of the heart tube and showed an increase in 
surface area. The concave wall was several cell layers thick, in the 
areas where it was folded and cells remained columnar in shape with 
their axes radial to the lumen of the heart tube.

Cutting the right and left splanchnopleures
The right splanchnopleure was cut in 51 embryos and the left cut in tyl 
embryos between the stages of 3"8 somite pairs. The cuts made to the 
splanchnopleure healed within a few hours. Cardia-bifidas formed when 
not all of the heart tissue was incorporated into the main heart tube 
and were either complete, giving two separate tubes, or partial, where
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the remaining tissue formed a small sac-like structure. This residual 
tissue was always seen on the same side as the cut was made, and at the 
caudal end of the heart tube. Overall, a trend could be seen with age 
in which the number of cardia-bifida hearts decreased with the 
increasing age of the embryo at the time of the experiment. This is due 
to the migration of the precardiac mesoderm proceeding with time. Any 
embryo in which not all the heart tissue was incorporated into the 
central heart tube, was classified as a cardia-bifida. This distinction 
may have been overlooked by Lepori.
A) Cutting the right splanchnopleure.
1. Heart Shape
Most of the hearts looped normally to the right-hand side (4l$) but a 
large proportion showed cardia-bifida (37$) either complete or partial. 
16% of hearts looped to the left and 6% showed abnormal looping (Table 
1). All the 8 embryos that had hearts looped to the left, turned to the 
left.
2. Direction of turning.
The majority of embryos turned to their left-hand side (78#). Of the 
remaining embryos almost equal numbers turned to their right-hand side 
or were prevented from turning due to the cardia bifida heart formation 
(Table 1).
B) Cutting the left splanchnopleure.
1. Heart Shape
Most of the hearts looped to the right-hand side (5̂ %) and a large 
proportion showed cardia-bifida (bl%). No examples were seen of hearts 
looped to the left and only a small number were abnormal (5$. Table 1).
2. Direction of turning.
Of the kl embryos, the majority (80$) turned to their right-hand side, 
only one example turned to the left and 7 embryos did not turn as they 
were fixed before stage 13 {2%) or could not turn due to the cardia- 
bifida heart formation (Table 1). The single embryo that turned to the 
left showed partial cardia-bifida.

The direction in which the body turned was more sensitive to 
disruption than the direction in which the heart looped. 19 examples 
were seen where the right splanchnopleure was cut, producing embryos
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with a right looped hearts whose bodies later turned to the left-hand 
side.

Control cultures
65 embryos were cultured between the stages of 3”8 pairs of somites 
(Table 2). The majority of embryos turned to the right-hand side {72%) 
and only a small percentage to the left {6%). The direction of turning 
was not recorded in 22% of the embryos cultured. The direction in which 
the heart looped was more highly conserved, 8^% looped to the right- 
hand side and only 8% to the left. The remainder had abnormal heart 
tubes. Of the 5 embryos with hearts looped to the left, 3 had turned to 
the left, one had turned to the right and one had not turned. One 
embryo cultured at the 7 pairs of somite stage had a right-looped heart 
but had turned to the left.

Labelling the heart tubes with carbocyanine dyes.
The fluorescent dyes labelled small local areas in the myocardial walls 
of the heart tube. Tissue labelled with DiO was granular in appearance 
and the fluorescence less intense than that of cells labelled with Dil. 
Cells within the mesoderm are linked by intercalated discs so there was 
little movement of cells within the layer and hence the relative 
position of cells stained with the two dyes should remain unchanged.
The depth and size of the heart tubes varied greatly, depending on the 
stage of the embryo and the degree to which the tube was coiled. Hearts 
were scanned in a ventro-dorsal direction. 8 examples were scanned in 
normal right-looped hearts and in all cases the labelling with DiO was 
ventral to the Dil labelling. 6 left-looped hearts were scanned and in 
all cases the Dil labelling was ventral to the DiO labelling.

This indicates that when the heart looped to the right it also 
twisted to the right. The cells in the right heart tube stained with 
Dil came to lie dorsal to cells from the left heart tube labelled with 
DiO. In hearts that looped to the left, cells from the left heart tube 
labelled with DiO came to lie dorsal to cells from the right heart tube 
labelled with Dil. This indicates that the he^rt tube had twisted to 
the left.
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Discussion
Vertebrate heart looping has been studied in depth by many authors, 
investigating different components of the tube in order to find the 
driving and directional forces involved. No one theory appears to 
account for the dynamic looping mechanism. It therefore appears more 
likely that several different factors are involved. Some of these may 
act during the maturation and migration of the precardiac mesoderm, 
others may trigger the process, causing looping to begin. Mechanisms by 
which the direction of looping is controlled are even less clear. The 
vertebrate heart appears to have the capacity to loop to either the 
right or the left, as seen in the situs inversus mice and from the 
occasional examples of chick embryos seen in ovo and in culture. It can 
be speculated that both looping to the right and looping to the left 
occur by the same mechanism, but driven in different directions.

Structure of the heart
The structure of the heart tube was examined in both the pre-looped and 
post-looped heart. The changes seen in shape and orientation of the 
cells in the myocardial walls during the looping process are similar to 
those described by Manasek (1972). The even wall thickness in the 
pre-looped heart and large amount of intercellular space was lost 
during the looping process when the right wall became thinner. It is 
not possible using this descriptive analysis to determine if the 
changes in cell shape are the cause of the looping process or the 
result of other factors acting on the heart tubes. These changes occur 
very quickly and indicate that looping is a dynamic process.

Cutting the splanchnopleures
Cutting either the right or left splanchnopleure of the embryo, between 
stages 7-9+ produced a significant difference, at the 1% probability 
level, in the direction in which the chick body turned. Cutting the 
right splanchnopleure caused the embryo to turn to the left side 
whereas cutting the left splanchnopleure caused the embryo to turn to 
the right side. This may imply that tension within the splanchnopleure 
was released. This affected the process of turning which begins after
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the heart has looped, even though the cut in the tissue healed within 
hours.

The effect of cutting the splanchnopleure on heart shape is more 
complicated. The heart tubes showed great variation in size and the 
angle of bending even in control embryos. There was a significant 
difference, at the 5% probability level, in the direction of heart 
looping when the splanchnopleure was cut on the right or left side.
Only cuts on the right side produced left-looped hearts (16#). In 
embryos cut on the right-hand side tension was released on the right 
side, which pulled the caudal end of the tube over to the left. In 
embryos cut on the left side, the caudal end of the heart was pulled to 
the right. Cardia-bifida is due to the disrupted migration of the 
precardiac mesoderm on the side of the embryo that was cut. The 
formation of the heart is closely linked with that of the AIP. The 
integrity of the AIP is required for the fusion of the two sides of the 
precardiac mesoderm at the midline (Lepori, 1967a, Nadal-Ginard and Paz 
Garcia, 1972).

Lepori (1967a) was the first author to find a method, though rather 
crude, to induce the heart to loop to the left side. He believed that 
usually the heart looped to the right-hand side due to the faster 
latero-medial movement of the left compared to the right splanchno
pleure, causing the fusion of the cardiac primordia in the right medial 
plane. The left cardiac primordia also bends before the right primordia 
in to a 'C' shape, allowing the caudal end of the left heart tube to 
fit into the bend of the right tube. This forces the heart tube to bend 
towards the right. Cutting the right splanchnopleure would speed up the 
tissue movement on the right side and therefore cause inverted bending, 
whereas cutting the left splanchnopleure only speeds up the normal 
asymmetrical movement. However Lepori's (1967a) ideas for the causes of 
bending are challenged by Castro-Quezanda et al. (1972). They performed 
right sided cuts to 25 embryos at stage 8, reincubated them and then at 
stage 10 performed a similar cut on the left side. This resulted in 22 
embryos developing a normal heart loop to the right, and 3 having 
inverted hearts looped to the left. By stage 10 the two primordia are 
mostly fused and according to Lepori (1967a), they should have started
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to loop to the right and hence be unable to change direction. The 
results of Castro-Quezada et al. (1972) show that the heart tube can be 
induced to loop to the right even after the heart tubes have fused.

The direction of heart looping and body turning was normally the 
same. However cutting the splanchnopleures produced discrepancies. 
Cutting the right splanchnopleure produced embryos that had the 
body turned to their left, but with the heart looped normally to the 
right. Examples where there was discordance were also seen in the 
controls.

Flynn et al. (1991) found that the normal development of the heart 
is required for the cervical flexure of the head. The heart tube loops 
initially to the right and then caudally, so that the ventricle which 
is at first cranial to the sinus venosus becomes caudal to it. The 
truncus arteriosus does not increase in length during this process and 
hence the cervical area is pulled into an arch. This process was
thought to be due to differential cell growth (Lillie, 1952) but Flynn
et al. (1991) found no evidence for this, although at stage 16 the 
floor of the neural tube was shorter than the roof. However the looping 
of the tube and its rotation also occur in animals that do not undergo 
torsion (Romanoff, I960).

Labelling the heart tubes with carbocyanine dyes
Flourescent dyes have been used successfully in fate mapping
procedures, for example, following the cells of the marginal zone in
the very early chick blastoderm (Stern, 1990). Marking tissue with dyes 
was used as a more accurate method than marking with carbon or other 
particles and did not require the difficult interpretation of 
quail/chick grafts.

From the relative positions of the two dyes in the looped heart, 
the direction in which the heart rotated appeared to be the same as 
thedirection in which it looped. This agrees with observations on the 
left-looped heart of the situs inversus mouse homozyogous for the iv 
gene (Dr. N. Brown, personal communication). This has not been 
previously reported in the literature.

The direction in which the heart loops has profound implications
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for the development of the heart. It is important to know if left 
looping of the heart causes the reversal of the left/right axis of the 
chick heart and alters its internal asymmetry. In humans and mice the 
situs of the heart can be determined by the arrangement of the atrial 
appendages, which are the most accurate indicator of atrial morphology 
(Icardo and Sanchez de Vega, 1991)* Differences in atrial appendages 
were studied in mousefoetuses almost at full term (Seo et al., 1992).
In the chick the atrial septum does not appear until days 2-3 of 
incubation i.e after the developmental stages reached by the enbryos in 
culture. This marker could therefore not be used in this experiment to 
determine the situs of the left-looped heart. No reports in the 
literature were found describing the situs inversus condition of the 
chick heart, hence it is not known if this condition exists.

Direct comparisons should not be made between chick and mouse heart 
morphology as there are major evolutionary differences. Examples 
include differences in the timing of the appearance of the coelomic 
cavities and the invagination of the foregut (Kaufman and Navaratnam, 
1981) and the importance of the sinus venosus. There is some discussion 
whether the myocardium and endocardium form as one sheet (DeRuiter et 
al., 1992) in the mouse or if the right and left side develop 
separately and later fuse as first suggested by Davis (1927).

The high percentage of cardiac malformations associated with 
looping of the heart tube to the left indicates either a reason for, or 
a consequence of, the conservation in direction of looping throughout 
many of the phyla (Pattern 1922). Examination of 10 day old situs 
inversus embryos showed that 20# had abnormally shaped loops (Layton, 
1978). Later in development approximately 50% of mouse embryos 
homozygous for the iv gene, show mirror-imagery in the atrial 
arrangement, of these 31# have venous abnormalities and 3# cardiac 
defects (Seo et al., 1992). The cardiac lesions associated with situs 
inversus in the mouse have a similar spectrum of malformations in 
humans (Seo et al., 1992).

In the future more information could be gained by studying the 
heart morphology of the left-looped chick heart. In the pre-looped and

83



post-looped hearts it would be possible to make comparison between, for 
example, cell shape changes between left and right looped hearts. At 
later stages it would be important to know if the left-looped chick 
heart showed true situs inversus or if it was abnormal. This would 
required an advance in the in ovo techniques available now, as such 
operations are likely to damage the vitelline membrane which usually 
leads to the death of the embryo.
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Chapter 4, Figures A and B
Fig. A. Ventral view of heart development at stage R=right-hand side. 
L=left-hand side a.i.p.=anterior intestinal portal
e.s.=endocardial septum h.t=heart tube o.v.=omphalomesenteric veins 
1st s.p.=lst somite pair op.v.=optic vesicle 
Adapted from Lillie (1952).

Fig. B. Ventral view of a stage 13 heart, looped to the right-hand side
R=right-hand side L=left-hand side a.a=aortic arches 
p.r.v.=prospective right ventricle p.l.v.=prospective left ventricle
i.v.s.=intra-ventricular septum o.v.=omphalomesenteric veins
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Chapter 4, Figure 1
Fig. 1. Electron micrograph of a 9 somite embryo, cut dorso-ventrally 
through the heart region, to show the thickness of the right and 
left walls.
R=right-hand side L=left-hand side mc=myocardial wall
ec=endocardial cells cj=cardiac jelly
Scale bar=20ym
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Chapter Figure 2
Fig. 2. Electron micrograph of a 10/11 somite embryo, cut dorso- 
ventrally through the heart region to show the structure of the 
myocardial walls.
R=right-hand side L=left-hand side mc=myocardial wall
ec=endocardial cells cj=cardiac jelly
Scale bar=20pm
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Chapter Figure 3
Fig. 3* Electron micrograph of a transverse section through the heart 
region of a 9 somite embryo, to show the shape and structure of the 
heart.
R=right-hand side L=left-hand side mc=myocardial wall
ec=endocardial cells cj=cardiac jelly
Scale bar=20pm

93





Chapter 4, Figure 4
Fig. 4. Electron micrograph of a transverse section through the heart 
region of an 11 somite embryo, to show the shape and structure of the 
heart.
R=right-hand side L=left-hand side mc=myocardial wall
ec=endocardial cells cj=cardiac jelly
Scale bar=20pm
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Chapter Figure 5
Fig. 5A. Photograph of a stained araldite section through the head and 
heart region of a 13 somite embryo cut dorso-ventrally, to indicate 
the location of the heart in the embryo.
Fig. 5B. Photograph of a stained araldite section through the heart 
region of a 13 somite embryo cut dorso-ventrally.
Fig. 5C. Montage of photographs of araldite sections through the 
heart, to show the structure of the heart walls.
R=right-hand side L=left-hand side mc=myocardial wall
ec=endocardial cells cj=cardiac jelly
Scale bar=20pm
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Chapter Figure 6
Fig. 6. Electron micrograph of a dorso-ventral section through the 
heart region of a 9/10 somite embryo, to show the shape and structure 
of the heart.
R=right-hand side L=left-hand side mc=myocardial wall
ec=endocardial cells cj=cardiac jelly
Scale bar=20]im
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Chapter 4 , Figure 7
Fig. 7A. A stage 11 embryo, cut through the left splanchnopleure at 
the 5 pairs of somites stage. The heart tube is normal and looped to
the right-hand side. The embryo has not turned.
Scale Bar=500pm
Fig. 7B. A stage 12 embryo cut through the right splanchnopleure at 
the 8 pairs of somites stage. The embryo has turned to the left and 
the heart tube which was normal has looped to the left.
Scale Bar=500|im
Fig. 7C. A stage 12 embryo cut through the right splanchnopleure at 
the 7 pairs of somites stage. The embryo has turned to the left but 
the heart tube shows cardia-bifida with a small area of heart tissue
not included in the main heart tube but remaining on the side of the
embryo that was cut. 
cv=cardiac vesicle Scale Bar=500pm
Fig. 7D A stage 14 embryo cut through the right splanchnopleure at 
the 3 pairs of somite stage. The embryo has not turned and the heart 
shows complete cardia-bifida. Two separate heart tubes have formed, 
both looping away from the midline of the embryo. The embryo showed 
poor head development and enlarged rostral somites. 
ht=heart tube Scale Bar=500pm
R=right-hand side L=left-hand side
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Chapter 4, Figure 8
Fig. 8 Sections through a right-looped heart tube to show DiO and Dil 
fluorescence.
8A. Anterior section at a depth of 80vim to show the granular DiO 
fluorescence.
8B. Section through the heart at a depth of 120pm showing no 
fluroescence.
8C. Section through the heart at a depth of 160 pm to show the 
intense Dil fluoresence.
R=right-hand side L=left-hand side
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Chapter Figure 9
Fig. 9. Sections through a left-looped heart tube to show Dil and DiO 
fluorescence.
9A Anterior section at a depth of 40pm to show Dil fluorescence.
9B. Anterior section at a depth of 60pm to show Dil fluorescence.
9C. Mid section at a depth of 100 pm to show no fluorescence.
9D. Posterior section at a depth of 220pm to show detail of the 
granular DiO fluorescence.
9E. Posterior section at a depth of 240pm to show detail of the 
granular DiO fluorescence.
Arrows indicate areas of fluorescence. Scale Bar = 250pm 
R=right-hand side L=left-hand side
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Chapter kt Figure 10
Fig. 10A. Colour photograph of a heart tube viewed dorsally, dissected 
from a stage 14 embryo, to show a red-orange area of Dil fluorescence 
using rhodamine filters.

Fig. 10B. Colour photograph of the above heart tube viewed dorsally,
to show a green area of DiO fluorescence using fluorescein filters,
viewed at a different depth in the heart tube.
R=right-hand side L=left-hand side
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Chapter k, Figures 11 and 12
Fig. 11. Colour photograph of a 3D red-green compputer image of a 
right-hand heart tube, stage 13, to be viewed usiing red-green 
glasses, to show the areas of cells labelled wittti Dil and DiO.

Fig. 12. Colour photograph of a 3D red-green compputer image of a 
left-hand heart tube, stage 13, to be viewed usimg red-green glasses, 
to show the areas of cells labelled with Dil and DiO.

R=right-hand side L=left-hand side
Red-green glasses can be found in the pocket of tthe thesis.
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CHAPTER FIVE
The respecification of the normal pattern in unincubated chick and

quail blastoderms.
Introduction
The development of the early avian blastoderm has been a subject of 
interest over many years, due to its dynamic ability to form a 
primitive streak, the first easily recognisable structure of the 
embryo. The regulatory mechanisms of the blastoderm which control the 
formation of a single streak can be disrupted by simple methods, 
causing the formation of multiple embryos. The development of the early 
embryo, the formation of the axes and the results of disrupting them, 
will be discussed in the following chapter.

Development of the early embryo
During the passage of the egg down the uterus the cells of the early 
embryo are dividing to form a blastoderm. From the small number of the 
cells in the epiblast the origin of all the main tissues can be traced, 
as the epiblast contains a mixture of cells that are either committed 
to forming the ectoderm or the primitive streak (Stern, 1990).
Recently, detailed studies using sophisticated methods, for example 
carbocyanine dyes (Stern, 1990) have mapped the fate of tissues. The 
embryonic disc of the pre-primitive streak blastoderm consists of two 
layers, a dorsal layer (epiblast) and a ventral layer (hypoblast). The 
disc has an inner circle the area pellucida, separated form the 
surrounding area opaca by the marginal zone.

The formation of the hypoblast is the result of posterio-anterior 
orientated polyinvagination (Eyal-Gialdi and Kochav, 1976). The 
hypoblast initially develops from small islands of cells (primary 
hypoblast) on the ventral side of the epiblast, later the posterior 
marginal zone contributes cells to the layer (secondary hypoblast 
cells, see Fig. 1). Between stages X-XIII (Eyal-Giladi and Kochav,
1976) the hypoblast grows from the posterior marginal zone to the 
anterior of the blastoderm, forming the first indication of the antero
posterior axis. From the posterior area the primitive streak develops,
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with cells contributed from the epiblast, which later become mesoderm 
and endoderm. These contributing cells are found in a random 
distribution within the epiblast (Stern, 1990). Historically it was 
believed that the hypoblast, induced uncommitted cells within the 
epiblast to form cells of the primitive streak. This was the 
interpretation of the experiment by Waddington (1933) in which the 
hypoblast was rotated 180°, causing a similar reversal in the direction 
of the primitive streak. However it is now thought that the primary 
hypoblast induces cells of the epiblast to form primitive streak and 
the secondary hypoblast plays a role in determining the position where 
the primitive streak will form. These two major functions are therefore 
controlled by different germ layers (Stern, 1990). Once the hypoblast 
has formed the marginal zone looses its ability to form a primitive 
streak (Khaner, Mitrani and Eyal-Giladi, 1985)•

Formation of the prospective axes
The prospective antero-posterior and left/right axes of the blastoderm 
are determined while the egg is in the hen's uterus, due to the effect 
of gravity on the position of the blastoderm (Kochav and Eyal-Giladi, 
1971)» There appears to be some consistency in the relationship between 
the axes of the embryo and those of the egg shell. Von Baer (1828) 
proposed the following rule, that with the pointed end of the egg shell 
to the holder's right, the future antero-posterior axis of the embryo 
will be at right-angles to the long axis of the shell, with the head 
pointing away from the holder. Vintemberger and Clavert (i960) 
demonstrated that there is a relationship between the position of the 
egg in the uterus before laying and the future orientation of the 
embryo. The egg was found to pass through the uterus with the pointed 
end towards the cloaca, rotating 10-15 times an hour (Clavert, i960). 
Eggs laid in this direction followed the rule of Von Baer, whereas 
those that were blunt end towards the cloaca had reverse orientation. 
Later work by Kochav and Eyal-Giladi (1971) showed that the future 
posterior side of the embryo develops at the highest point of the 
blastoderm,where it lies in an oblique position in the yolk due to the 
rotation of the egg. Determination of the bilateral symmetry is
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temporally correlated with the gradual development of the area 
pellucida. During uterine development the central area of the 
blastoderm sheds cells, starting at the future posterior side and 
spreading to the anterior (Clavert, I960, Eyal-Giladi and Kochav,
1976). By rotation experiments on uterine eggs, Eyal-Giladi and Fabian 
(1980) determined that during 14-16 hours of uterine development the 
position of the future axes becomes defined before this time the 
pattern is labile.

Regional embryo-forming capacity of the avian blastoderm
The regional embryo-forming capacity of the avian blastoderm has been 
demonstrated for many years. Using in vitro methods Butler (1935) and 
Spratt (19̂ 2), found that the posterior area of the chick blastoderm 
was capable of forming an embryonic axis with a notochord and a neural 
tube. Normally the blastoderm forms one primitive streak but it is 
possible to force blastoderms to form more than one primitive streak at 
atypical locations by cutting the blastoderm (Spratt and Haas, 1960b, 
Lutz et al., 1963) or by folding them (Eyal-Giladi, 1969). The 
marginal zone is thought to behave as a ring-like gradient field, with 
the maximum value at the future posterior end of the embryo. A single 
embryo is formed due to the co-ordinated action of inductivity on the 
epiblast and inhibition of cells in other areas of the marginal zone by 
those at the posterior end (Khaner and Eyal-Gialdi, 1986, 1989)• These 
factors are maximal at stage X and then gradually decrease in the 
marginal zone and build up in the hypoblast. These results confirm 
those of Spratt and Haas (1960b), who stated that ’the marginal zone of 
the unincubated blastoderm exhibits a gradient in embryo forming 
potentiality, the high point of which is in the prospective posterior- 
median position.’ He proposed that the avian blastoderm could be 
regarded as a totipotent system in which the orientation of the embryo 
is already determined by antero-posterior and medio-lateral gradients 
which inhibit, or coordinate, the activities of the different parts.

The orientation of the embryo varies with the area of the 
blastoderm in which it is developed. Lutz (19̂ 9) found that cutting 
either duck or chick blastoderms along the antero-posterior axis
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produced two embryos parallel to that axis. Cutting the blastoderm
perpendicular to the antero-posterior axis produced two embryos head to
head. The orientation of the embryo in the posterior half was already 
determined and followed the rule of von Baer (1828) while the
orientation of the anterior piece was still labile and in some cases
lead to a situs invevsus embryo. Spratt and Haas (1960b) also found that 
the orientation of the embryos in the posterior half is determined by a
cellular gradient but that in the anterior half remains obscure.

Formation of multiple embryos from a single blastoderm
At the time of laying the future orientation of the embryo is partially 
established but not fixed. This pattern can be overcome and the cells 
integrate to form an embryo with a different orientation. Cells are 
also capable of extensive regulation. Multiple embryos have been 
induced from a single blastoderm using a variety of different methods. 
Early attempts used changes in the incubation temperature of the eggs
(Dareste 187*0 or by producing lesions in the blastoderm using 
electrolytic and ultra-violet radiation (Twisselman, 1938). Morita 
(1936) cut unincubated chick blastoderms and was successful in 
producing twins and triplets.
Difference in the situs of embryos produced from treating the right

or left side of both avian and amphibian embryos were reported by some 
authors. In the majority of cases the right twin showed situs invevsus 
whereas the left was normal. Examples of left dominance are common in 
the literature of the development of the early embryo.

Spemann and Falkenburg (1919) bisected the embryos of Tvitus at the 
blastula or morula stage and found that the right twin often showed 
situs invevsus visevum. Zwanzig (1938) heated the right and left sides 
of the nerula of Tviton and found that more inversions occurred on the 
left than the right side. Dalcq and Halter (1943) rotated the
archenteron roof in Anurian embryos and found that this produced
situs invevsus believing this was due to local interventions causing 
asymmetric growth, with the left side being greater (Dalcq, 1947). Von 
Woellworth (1950) later showed that it was not the rotation of the 
piece of tissue that caused the inversions but the damage at the
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neurula/gastrula stage. He explained the higher frequent of inversions 
occuring when the operation was performed on the left side, by 
suggesting that the microstructure of the embryo was asymmetric at a 
molecular level and this favoured the left-hand side. Lutz et al.
(1957) studied cases of natural twinning in trout and proposed that the 
origin of situs inversus viscenun in the right twin was due to a 
component already present in the endoblast. The right twin therefore 
shows situs inversus in the digestive tract as this is already 
determined whereas the left twin is normal. Kraft (1968a,b) found that 
the dominance of sides changed with the age of the Triturus embryo. At 
the neural stage irradiation with ultra-violet on the left side caused 
more inversions than the right side whereas the opposite was true at 
the gastrula stage.

A more comprehensive study was by Lutz and Lutz-Ostertag (1957) who 
bisected duck blastoderms parallel to the presumed future antero
posterior axis and noted the situs of the embryos. Only 3% of embryos 
survived the operations. Of these, 22 pairs (5&%) were of embryos with 
normal situs, 13 pairs (34$) had a normal situs embryo on the left side 
of the blastoderm and a situs inversus embryo on the right side, and 3 
pairs (8$) showed the reverse of this. Experiments were divided into 
winter and spring eggs with spring eggs producing more situs inversus 
embryos on the right side of the blastoderm. They concluded that the 
left and right side were equipotent but that in Spring the right-hand 
side of the embryo started to develop faster than the left side, due to 
the warmer temperature causing futher development of the embryo. This 
agreed with the work of Mangold (1953) who operated on young gastrulas 
in Triturus alpestris and found that in most cases the embryo on the 
right-hand side had situs inversus and the embryo on the left side was 
normal.

Lepori (1967b) bisected the unincubated chick blastoderm and studied 
the situs of the heart and digestive tract in 118 pairs of twins and 5 
triplets. Only 10 cases of situs cordis inversus were found and no 
cases of situs inversus viscerum. In 3 cases the direction of heart 
looping and body turning were discordant. He found great variety in the 
orientation of embryos to each other, in both the twins and the
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triplets. Of these 10 cases most of the embryos were parallel or almost 
parallel to each other. Lepori (1967b) found embryos in the anterior 
half of the blastoderm showed much larger deviation from the antero
posterior axis than those of the posterior half. When the blastoderm 
develops normally, the initial symmetry is already determined due to 
the ’rotation de symetrisation' (Clavert and Vintemberger, 195*0 with 
the posterior half showing a greater degree of determination but if the 
blastoderm is cut this is lost and the pieces undergoe a new process.
He concluded that any segment of the blastoderm of the unincubated 
chick blastoderm is intrinsically capable of producing an embryo in 
varied orientations but with the normal asymmetry.

Lepori (1967* 1969) studied asymmetry in development of the chick 
embryo during different developmental stages. The ’convergence 
movements’ during the formation of the primitive streak were seen as 
asymmetric, with the left side showing greater movement, especially in 
the marginal zone (Lepori, 1966a). The shortening of the primitive 
streak is also reported as asymmetric with the processes on the left 
side occurring earlier (Lepori, 1966b). During the development of the 
heart Lepori (1967a) proposed that several features were different on 
the right and left sides of the embryo. When the two heart tubes were 
prevented from fusing, he saw the left heart tube to be larger than the 
right in almost all cases and that the two heart tubes fused in the 
right medial plane due to the greater movement of tissue on the left- 
hand side. He reported that the caudal end of the left tube inserts 
itself into the concave part of the right tube causing the looping of 
the tube to be to the embryo's right-hand side.

Introduction of experiments
Experiments were performed on chick embryos using an in vitro method 
and on quail embryos in ovo. The chick blastoderms were disrupted by 
exchanging small areas of right and left tissue in the region of the 
posterior marginal zone. This was done at a stage where the prospective 
antero-posterior and left/right axes are already determined but the 
cells are still labile and able to regulate. The tissue at either side 
of the future antero-posterior axis may therefore have some left/right
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specification. The embryos were allowed to develop and the direction in 
which the heart looped was examined. From the results it is possible to 
make some inferences about the regulatory ability of the cells of the 
early chick blastoderm. Quail blastoderms in ovo were cut into 
different numbers of segments in order to produce multiple embryos. The 
situs of the heart and the direction of body turning were examined. The 
intrinsic capacity for each segment of the blastoderm to produce an 
embryo with normal situs could then be examined.

The stage of development reached at the time of laying of the egg 
varies with the species of bird. Quail eggs are known to be laid with 
the embryo at a slightly earlier stage of development than chick, which 
are laid when the embryo is two layered (Bellairs, 1971)* This was an 
advantage as the quail blastoderm was more labile in its ability to 
form multiple embryos. The developmental stage of the embryos at the 
time when the eggs were used also varied with the ambient temperature. 
The use of eggs from different species and at different stages in 
development has caused confusion in the literature when comparing 
results.
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Materials and methods

1) Manipulation of the unincubated chick blastoderm
Unincubated blastoderms were prepared by the New culture method (see 
Chapter 1) using Chick ringer’s medium. Operations performed on the
blastoderms are shown in Fig. 2. In the area where the primitive streak
will arise, small areas of left and right tissue were cut out, through 
both epiblast and hypoblast layers and the pieces exchanged. Two 
control groups were used, a culture method control group in which the 
embryos were cultured without an operation and a sham control group in 
which the tissue was cut out but not exchanged. A small piece of carbon 
placed in the area opaca was used to mark the site of the operation.
The blastoderms were incubated for 48-72 hours before being fixed in 
1/2 strength Karnovsky’s solution. Embryos were staged and the 
direction in which the heart looped was recorded.

2) Cutting of the quail blastoderms
Eggs were obtainned from the Royal Veterinary College, London and 
Rosedean Quails, Huntingdon. Quail eggs were stored overnight with the 
blunt end of the shell pointing upwards to allow the blastoderm to 
rotate up to the top of the yolk. The blunt end was then wiped with 70# 
alcohol. A hole was made in the shell with a pair of blunt forceps and 
enlarged with a pair of scissors. Some thin albumen was removed with a 
sterile syringe to allow the yolk to rotate more freely. The yolk was 
held so that the blastoderm was exposed at the top. Using a fine 
tungsten needle the yolk sack membrane was pierced outside the
blastoderm and pushed through the yolk so that the needle was
underneath the blastoderm. The needle was then brought upwards so that 
it cut the blastoderm as it was pulled backwards. A small amount of 
medium was added to the albumen to prevent the yolk drying up. The eggs 
were sealed with sellotape and incubated for a further 2-3 days at 
37#C. Embryos were fixed in 4# paraformaldehyde, washed in PBS and 
preserved in 70# alcohol. Examples were processed for wax embedding,
8pm sections cut and stained with haematoxylin and eosin. Sections were 
photographed using a Zeiss microscope and PanF film (Ilford).
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Several different cutting patterns were made in the blastoderm (see 
Fig. 3)* In most cases the blastoderm was at too early a stage for the 
future antero-posterior axis to be predicted nor was it possible to use 
von Baer’s rule (1828) as the eggs were opened at the blunt end to 
allow easier manipulation.
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Results
1) Manipulated chick blastoderms
Table 1. Heart shape In chick embryos developed from disrupted and 
control unincubated blastoderms.

Experiment number No. survived 
(%)

Heart shape 
Right-hand Left-hand 
loop (%) loop(/i)

Abnormal
(%)

Unoperated
Control

32 25(78) 16(64) 4(16) 5(20)

Disrupted
Control

10 10(100) 8(80) 1(10) 1(10)

Operated
Blastoderms 23 13(57) 10(77) 2(15) 1(8)

Survival rates varied between 57“100#. The lowest survival rate 
occurred in the operated group (Table 1). This was expected as it is 
less likely for the right and left pieces of tissue to heal in once 
they are exchanged, as their orientation towards the midline has been 
changed. The percentages of right, left and abnormal hearts were 
approximately the same in all groups. However the unoperated control 
group showed a high percentage of abnormal and left-looped hearts for 
unknown reasons. The process of culturing embryos causes some 
disruption in the determination of the situs of the heart, as the 
percentage of embryos with left looped hearts (16%) is much greater 
than that seen in ovo (0.24#). From the above results, changing the 
sideness of the tissue making up the primitive streak had no effect in 
altering the sideness of the heart loop when compared with the sham 
controls.

2) Cutting the quail blastoderms
A large number of quail blastoderms were cut, of which 2/3rds produced 
abnormally developed embryos (Table 2). Specimens were divided in to 
groups based on the number of embryos that developed per blastoderm.
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Table 2. Number and outcome of cutting quail blastoderms in avo

Total number of operations 145
Total number of operations producing normal
or near-normal embryos 47
Total number of operations producing abnormal embryos 98

Table 3. Number of embryos that developed per blastoderm

Number i 
embyos

□f Total Normal 2 No. 
(2) of

embryos
normal

Abnormal
(%)

% No. of embryos 
of abnormal

Single 47(325!) 23(49) 49 24(51) 24
embryos
Double 72(502) 22(31) 47 50(69) 52
embryos
Triple 26(182) 2(8) 4 24(92) 24
embryos
Total 145(1002) 47 100 98 100

The different patterns of cuts made in the blastoderm did not appear to 
have any relation to the number of embryos formed or their position 
relative to each other Fig. 3.4). Overall double embryos were found 
most commonly (72#) compared to single or triple embryos (Table 3)* The 
percentage of normal embryos per blastoderm decreased as the number of 
embryos increased. Only two examples were seen of triplet embryos in 
which development of the embryos was normal.

Direction of heart tube looping
Almost all (96%) of the single embryos had hearts that looped to the 
right-hand side (see Fig. 4, Fig. 5A,5B). Of the twinned embryos the 
majority (73$) had a heart that looped to the right-hand side (Fig. 
4.2a, Figs. 6C,6D,6E). The remainder (27#) of the twinned embryos 
showed one with right-hand heart loop and the other with a left-hand 
heart loop (Fig. 4.2b, Figs. 5E,8A,8B). No examples were seen of 
twinned embryos where both hearts looped to the left. Of the two 
examples of triple embryos with normal development, one blastoderm had
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two embryos with the heart looped to the left and one embryo with the 
heart looped to the right. The other example had one embryo with the 
heart looped to the left and the second with the heart looped to the 
right. The direction of the heart loop in the third was unclear (Fig. 
4.3, Fig. 5F). Four embryos showed discordance between the direction of 
heart looping and the direction of body turning. One example was a 
single embryo on the blastoderm, the others were twins. All showed 
right-hand heart looping but the body was turned to the embryo’s left- 
hand side (Figs. 5C,5D,9A,9B)•

Of the normally developed singles, pairs and triplet embryos the 
direction in which the heart looped was recorded in 72 individuals. Of 
these 62(86%) had right-hand looped hearts and 10(14$) had left-hand 
looped hearts. If the data from the abnormal embryos is added where the 
direction in which the heart looped is discernable, the total increases 
to 106 individuals, of which 91(86$) had right-hand looped hearts and 
15(14$) showed left-hand looping.

Positioning of the embryos
The position of the embryos in relation to each other can be seen in 
Fig. 4 In the double embryos with two right-hand heart loops the most 
common formation was two parallel embryos with the heads pointing in 
the same direction (48$, Fig. 4.2a, Figs. 6A,6B,7A-7D). There was great 
variation in the orientation of the embryos to each other. In most 
cases the caudal end of the embryo was near the edge of the blastoderm 
and the cephalic end towards the centre (Figs. 8C,8D)

Abnormal embryos
Abnormal embryos varied greatly from showing very little development 
with highly abnormal structures to being almost normal embryos but 
fused with either one or two other embryos. Fusion between embryos was 
common at the head or tail ends. If fusion was at the head end often 
heart development was disrupted and it was not possible to see the 
direction of the heart loop. Fusion of organs between embryos was due 
to incomplete cutting and seperation of the segments of the blastoderm. 
Malformations of the heart included cardia-bifida. In pairs of 
malformed embryos where the direction of heart looping could be seen it
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was recorded. Of 3̂  embryos 29(85%) had right-hand heart loops and 
5(15%) had left-hand heart loops.
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Discussion
Unincubated avian blastoderms have been disrupted using an in ovo and 
in vitro techniques, to determine if the normal asymmetry of developing 
embryo was altered. Disrupting the chick blastoderm by exchanging right 
and left areas in the region of Roller's sickle, had no significant 
effect on the situs of the embryo, when compared with the unoperated 
and sham-operated controls. There are several possible reasons for the 
above result. The cells of the blastoderm may not have yet undergone 
the conversion process and hence they are not specified as 'right' or 
'left'. Exchange of right and left areas would therefore have no effect 
on the situs of the embryo which regulated for the disruption. Another 
explaination is that cells had undergone the conversion process but the 
areas exchanged which included presumptive endodermal and mesodermal 
tissue were not incorporated into the heart.

By cutting the unincubated quail blastoderm it was possible to 
induce the formation of twin and triple embryos. Almost 75# of the 
pairs of normal embryos both had hearts that looped to the right-hand 
side. The other 25# had one embryo with the heart looped to the right 
and the other with the heart looped to the left. Overall the percentage 
of embryos with a heart looped to the left-hand side was 14#, higher 
that the 4# obtainned by Lepori (1967). From the relative positioning 
of the embryos in the pairs and triplets it is not possible to perceive 
that the determination of the right/left axis is controlled by a 
universal right/left gradient in the blastoderm. The blastoderm has not 
undergone conversion (see Brown and Wolpert, 1990). Each embryo appears 
to determine its situs independently, but to account for the small 
percentage of embryos with left looped heart there must be a degree of 
randomness in the system.

There have been many explainations suggested for the formation of 
left/right asymmetry in the development of some organs. Spemann and 
Falkenburg (1919) proposed that the left/right axis is determined at 
the time of fertilization, with the cytoplasm of the egg having a 
microstructure that was bilaterally asymmetric. The asymmetry in the 
cytoplasm would then lead to asymmetry in other structures. They
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explainned partial inversions by the 'Defekthypothesis', based on the 
observations that the right and left sides of twinned embryos develop 
at a different rate with the left side being less developed. In the
left twin this leads to defects on the right side and in the right twin
a defect on the left side.

Mangold (1921) studied the larvae of Triton and found examples of 
complete situs inversus and also heterotaxias of the heart, gut .liver 
and gall bladder. He concluded that the situs of the heart and gut were 
linked and that situs inversus was caused by a defect in the 
development of the gut rather than an inversion in the internal 
structure of the oocyte. In twinned embryos the embryo on the left side 
often showed situs inversus. He proposed that the left side of the 
'germ' had something that the right side did not and this factor had 
some influence on the direction of gut twisting. The absence of this
factor leading to randomness in the direction of turning.

The idea that a left/right gradient(s) is involved in specifying 
the left/right axis has been proposed by many authors (Wilhelmi, 1921, 
Ludwig, 1932,1936, Huxley and De Beer, 193*0* Weiss (1930) suggested 
that each side of the embryo was an enantiomer with the inate tendency 
to determine situs in the right side being dominated by that in the 
left. By eliminating the left side one obtains situs inversus in the 
right half.

Lepori (1969) proposed that in the early blastoderm the cell 
movements are asymmetric as an expression of a cytoplasmic property. 
Cell movements would be in a counter-clockwise direction when viewed 
dorsally with the centre point of the pattern being the middle of the 
blastoderm. This would cause a convergent pattern on the left side and 
a divergent pattern on the right of the primitive streak. This pattern 
is later responsible for the asymmetrical structure of the primitive 
streak, asymmetrical development of the blastoderm and that of organs 
such as the heart. Reversal of situs is due to any disruption of the 
dominant left-hand side movememt. The degree of reversal depending on 
the predominance of the right-hand side (Lepori, 1969). Each segment of 
the unincubated duck blastoderm, not only the area that normally forms 
the primitive streak, has the potential to form an embryo with normally
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asymmetric structures. This theory is not substanciated by the above 
results, as a small but significant percentage (lk%) of the quail 
embryos showed abnormal situs.

Cutting the quail blastoderm permits the formation of multiple 
embryos. Twins are found naturally in ovo but are rare, 0.13$. Cutting 
the blastoderm interupts the processes that normally allow the 
formation of only one primitive streak (Khaner and Eyal-Giladi, 1989). 
If the suppressive effect of the posterior region of the marginal zone 
is removed by the blastoderm being cut into segments, this allows 
others areas of the marginal zone to show inductive capacites and form 
primitive streaks. The pattern of the cuts made could be expected to 
affect the orientation of the embryos formed but from the above results 
there appeared to be no consistent pattern between the number of 
segments the blastoderm was cut into and the number of embryos that 
developed. In some cases triple embryos developed from a bisected 
blastoderm. This could be due to the refusion of the blastoderm or the 
variation in the stage of the blastoderm at the time of the experiment.

The orientation of the embryos on the blastoderm is very variable 
as seen by Spratt and Haas (i960) and Lepori (1967). In most cases the 
cephalic end of the embryos faces the centre of the blastoderm and the 
caudal end lies in the marginal zone. The commonest orientation of two 
parallel embryos was with the cephalic ends facing the same direction. 
The explaination for the differing orientations is not clear. Von 
Baer’s rule (1828) only applies to the formation of one embryo. Lepori 
(1967) proposes that two parallel twins are formed when the cut is made 
along the antero-posterior axis seperating the blastoderm into right 
and left halves.

In conclusion, cutting the unincubated chick blastoderm in many 
cases induces the formation of multiple embryos. The orientation of the 
embryos in relation to each other was very variable. In the majority of 
cases, twin embryo both developed hearts that looped to the right-hand 
side, however in a significant percentage, one of the pair of embryos 
developed a heart that looped to the left-hand side. It is proposed 
that at this early stage in development there is no universal pattern
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in the blastoderm that controls the normal asymmetry of the embryo. It 
would therefore be of interest to perform a series of experiments 
cutting the quail blastoderm at various stages during its early 
development, to identify the stage at which the left/right axis is 
determined and no longer labile.
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Chapter 5* Figure 1
Fig. 1 Diagram to illustrate the development of the hypoblast form 
stage X to stage XII (Eyal-Giladi and Kochav, 1976a).
Top diagrams show whole embryos viewed from the ventral side. The 
posterior marginal zone is indicated as a cresent, but the marginal 
zone forms a complete ring arround the blastoderm. Lower diagrams 
illustrate sections through the plane AP, where A represents the 
anterior of the embryo and P the posterior.
Diagrams taken from Stern (1990)
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CHAPTER 5, Figure 2

Fig. 2 Stage X II chick blastoderm showing the exchange of right 
and left pieces of the posterior marginal zone
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CHAPTER 5, Figure 3,4
Fig. 3 Different patterns of cuts made in the unincubated quail blastoderm
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Fig. 4 

RESULTS
Cutting unincubated quail blastoderms. Diagrams to show the number and 
orientation of the different combinations of embryos.

1) SINGLE EMBRYOS n=23 

Right-hand heart loop 

▲
n=22(96%)

Left-hand heart loop 

▲
n=l(4%)

2) PAIRS OF EMBRYOS n=22

a) Both embryos with a right-hand looped heart n=16 (73%)

▲ A
▼

n=10 (48%) n=2 (10%) n=l(5%)

▼
▲  n= 

1(5%)
n=
2 (10%)

KEY

A head R JHght-haiid 
m  heart loop

embryo
^ Left-hand 

tail heart loop

131



CHAPTER 5, Figure 4

2) PAIRS OF EMBRYOS n=22
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Chapter 5» Figure 5
Fig. 5 All embryos were photographed from the ventral side of the
blastoderm, hence the embryo's right-hand side is on the observor's
left.
Fig. 5 A. Single embryo with heart looped to the left-hand side but 
the body has not turned.
Scale bar=500pm

Fig. 5 B. Transverse section through the above embryo at the level 
of the heart, to show the loop to the left.
Scale bar=100ijm

Fig. 5 C. A pair of parallel embryos fused at the caudal end. The embryo on 
the right-hand side has a heart looped to the right but the head is 
turning to the left. The other embryo is less well developed and has 
a heart looped to the left and a small head.
Scale bar=500ym

Fig. 5 D. Transverse section of the above pair of embryos through 
the heart region to show the direction in which the tubes loop.
Scale bar=100ym

Fig. 5 E. A pair of embryos a right angles to each other. The 
embryo on the right has a heart looped to the right whereas the 
embryo on the left side of the photograph has a heart tube looped to 
the left.
Scale bar=500pm

Fig. 5 E. Triplet embryos all with the cranial ends towards the 
centre of the blastoderm and the caudal ends at the periphery. The 
embryo on the right appeared to have an abnormal heart formation with 
the two heart tubes not fused normally. The heart on the embryo on 
the left of the photograph was beginning to loop to the left-hand 
side whereas that of the embryo in the centre was looping to the 
embryo's right.
Scale bar=500pm
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Chapter 5» Figure 6
All embryos were photographed from the ventral side of the
blastoderm, hence the embryo’s right-hand side is on the observor’s
left.
Fig. 6 A. Pair of parallel embryos both with hearts and bodies that 
have looped and turned to the right-hand side.
Scale bar=500pm

Fig. 6 B. Transverse section through the above embryos at the level 
of the hearts, to show the direction in which the heart tubes have 
looped.
Scale bar=100pm

Fig. 6 C. Pair of embryos fused at the caudal end with the lower 
bodies parallel and the upper bodies, from just below the heart 
level, at an angle of 90° to each other. Both embryos have hearts 
looped to the right and upper bodies turned to the right.
Scale bar=500pm

Fig. 6 D, E. Sagital sections through the above pair of embryos, 
cut through the heart tubes.
Scale bar=100pm
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Chapter 5» Figure 7
All embryos were photographed from the ventral side of the
blastoderm, hence the embryo’s right-hand side is on the observor’s
left.
Fig. 7 A, C. Pair of embryos on one blastoderm, parallel and next to 
each other with the cranial ends in the same direction, photographed 
separately. Both embryos have heart tubes looped to the right-hand 
side and have turned to the right.
Scale bar=500pm

Fig. 7 B, D. Transverse section through the above embryos to show 
the direction in which the hearts have looped.
Scale bar=100pm
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Chapter 5* Figure 8
All embryos were photographed from the ventral side of the
blastoderm, hence the embryo’s right-hand side is on the observor’s
left.
Fig. 8 A. Pair of embryos which have turned in opposite directions. 
The embryo on the right showed stunted growth at the caudal end. The 
heart tube had looped to the right and the body had turned to the 
right. The other embryo had developed normally althought the heart 
had looped to the left and the body had turned to the left.
Scale bar=500pm

Fig. 8 B. Montage of two transverse sections through the heart of the 
embryos.
Scale bar=200pm

Fig. 8 C. Pair of embryos both with the cranial ends towards the 
centre of the blastoderm and caudal ends at the periphery. Both 
embryos have a heart tube looped to the right and both embryos have 
turned to the right. The smaller embryo show abnormal flexure at the 
mid-body level.
Scale bar=500pm

Fig. 8 D. Montage of a transverse section and sagital section 
through the above embryos.
Scale bar=200pm

139



D

140



Chapter 5. Figure 9
All embryos were photographed from the ventral side of the
blastoderm, hence the embryo’s right-hand side is on the observor's
left.
Fig. 9 A. Pair of embryos fused at the caudal ends. The embryo on 
the right has turned to the right and the heart has looped to the 
right. The embryo on the left has turned to the left but the heart 
has looped to the right.
Scale bar=500pm
Fig. 9 B. Montage of transverse sections through the above embryos, 
at the level of the hearts.
Scale bar=100pm
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CHAPTER SIX

Retinoic acid and its effect on early heart development in the chick 

Introduction
Retinoids, including all-trans-retinol (vitamin A) and its metabolite 
all-trans-retinoic acid, have many regulatory roles in the 
differentiation and development of cells. There is good evidence that 
retinoids are involved in the fundamental process of specifying the 
antero-posterior axis during embryogenesis. When applied locally, both 
retinoic acid (Thaller and Eichele, 1987) and 3*4 didehydroretinoic 
acid (Thaller and Eichele, 1990) cause duplication of digits in the 
developing chick limb bud (Tickle et al., 1982). Endogenous retinoic 
acid was found in the limb bud with a higher concentration in the 
posterior part of the limb bud compared to the anterior part and so it 
was proposed to be a vertebrate morphogen (Thaller and Eichele, 1987). 
Retinoic acid also acts on the central nervous system of Xenopus laevts 
by transforming anterior neural tissue to a posterior neural 
specification (Durston et al., 1989) and may play a direct role in the 
antero-posterior axis formation of the very early blastoderm (Mitrani 
and Shimoni, 1989). Its action does not appear to be limited to the 
antero-posterior axis, as retinoic acid is also found to affect the 
positional values along transverse axes of regenerating urodele 
amphibian limbs (Maden et al., 1986, Ludolph et al., 1990). Retinoic 
acid is therefore able to affect all three axes (Brockes, 1991)*

Several authors have suggested a role for a morphogen(s) in the 
development of the heart. Brown and Wolpert (1990) propose that the 
control of the direction of looping is due to a gradient of a morphogen 
across the midline of the embryo produced by reaction-diffusion. 
According to the theory, the bias of the gradient is controlled by a 
handed molecule with an asymmetric distribution within the cells. Cells 
then interpret this gradient and form handed structures. Smith and 
Armstrong (1991) proposed that a two-morphogen reaction-diffusion 
system played a role in the morphogenesis of the early axolotl heart. 
Easton et al. (1992) suggested a looping-promoter morphogen at the
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anterior end of the precardiac region in the early chick blastoderm and 
a looping-inhibitor morphogen in the posterior region.

Retinoids are potent teratogens when administered in excesss. They 
cause a great variety of defects in embryos of both laboratory animals 
and in humans patients treated for chronic dermatoses (Lammer et al., 
1985). Typical defects are those of the cranio-facial region (Wedden, 
1987)» cardio-vascular tissues (Shenefelt, 1972, Taylor et al., 1980) 
and central nervous system (Hart et al., 1990).

On the other hand, a deficiency of retinoids is also found to cause 
severe abnormalities in the heart of rats (Wilson and Warkany, 19̂ 9) 
and in the vascular system of quail embryos developed from retinoid- 
deficient eggs (Thompson, 1969. Thompson et al., 1969* Heine et al., 
1985). Retinoid-deficient eggs were obtained from flocks of quail 
maintained on a retinoid and carotenoid-deficient diet (Thompson,
1969). However with the addition of retinoids at an early stage, 
embryos proceeded to develop normally (Thompson et al., 1969)• This 
indicates a very specific requirement for retinoids, an excess or a 
deficiency causing similar abnormal development (Sporn and Roberts,
1983).

Retinoids are thought to act in several ways to produce the wide 
variety of defects seen. One effect is to interfere with the migratory 
behaviour of cell populations, for example neural crest cells. In 
humans, retinoids are known to cause cono-truncal and branchial arch 
mesenchymal tissue defects (Lammer et al., 1985). In the chick similar 
malformations are seen by the removal of premigratory areas of cephalic 
neural crest (Kirby et al., 1983)* Both cranio-facial and cardio
vascular tissues have a common mesenchymal component derived from 
cranial neural crest cells (Kirby et al., 1983. Le Lievre and Le 
Douarin, 1975)* Quail neural crest cells show reduced migratory 
behaviour in vitro when exposed to retinoic acid, due to reduced cell- 
to-substratum adhesiveness (Thorogood et al., 1982).

The effect of retinoids on early heart formation has not been 
studied in detail. Osmond et al. (1991) found that application of all- 
trans-retinoic acid to chick embryos between stages 3"8 resulted in the
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formation of cranially stunted heart tubes. They proposed that here 
migration of the precardiac mesoderm cells on the endodermal substratum 
was inhibited due to retinoic acid disrupting the interaction between 
the precardiac cells and the extra-cellular matrix. This hypothesis is 
based on earlier work describing the formation of a fibronectin 
gradient which develops at the mesoderm-endoderm interface of chick 
embryos at stage 6 (Linask and Lash, 1986). Cells were thought to move 
on the fibrillar network towards the highest end of the gradient at the 
cranial end of the embryo, using a haptotactic mechanism involving 
differential adhesiveness.

Recently attention has been paid to the mechanisms by which 
retinoids exert their effect on cells. Embryonic cells are thought to 
be able to respond to retinoic acid at very early stages in 
development. Mitrani and Shimoni, (1989) report that cells from very 
early blastoderms (stage XI-XII, Eyal-Giladi and Kochav, 1976) may 
possess receptors for retinoic acid, as they respond to retinoic acid 
by losing their ability to grow in agarose. One means by which cells 
can react to retinoic acid is through the nuclear retinoic acid 
receptors (reviewed by Ruberte et al., 1991* a,b) and retinoid binding 
proteins (reviewed by Maden, 1991)* The nuclear retinoic acid receptors 
belong to the steroid/thyroid hormone family of ligand binding 
transcription factors. Much work has been done on the elucidation of 
these receptors. Two sub-families of nuclear receptors have been 
isolated, the retinoic acid receptors (RARs) and the retinoid X 
receptors (RXRs). There are three main types of receptors in each 
family a,(S and ft. The natural ligand of the RARs is all-trans retinoic 
acid and that of the RXRs is 9~cis retinoic acid (Levin et al., 1992, 
Heyman et al., 1992). The stage at which transcripts of these genes 
coding for retinoic acid receptors are found in the mouse has been 
investigated by Ruberte et al. (1990,1991a) using in situ 
hybridization. RAR|5 expression was seen very early in development in 
presomitic stages, located in the mesoderm lateral to the primitive 
streak and later in the lateral plate mesoderm and sinus venosus of the 
heart (Ruberte et al., 1990). At 4-6 pairs of somites, expression of 
RARa and t was also seen. RARa was found in the epiblast and mesoderm
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of the primitive streak and RAR$ in the primitive streak itself. It is 
possible that receptors for retinoic acid are present in the chick at 
the stages of development treated in this chapter i.e. 4, 5 and 6, due 
to the homology shown between species in the distribution and timing of 
appearance of retinoic acid receptors.

In this study retinoic acid was applied to the whole blastoderm and 
also locally to either side of the precardiac mesoderm at stages 4, 5 
and 6. Local application of retinoic acid was tried in order to form a 
gradient of retinoic acid across the midline of the early embryo. The 
response of heart shape to the gradient of retinoic acid was 
investigated with particular attention to the direction in which the 
heart looped. Looping of the heart tube is the first easily visible 
indication of the left/right axis in the embryo and in almost all cases 
the heart loops to the embryo’s right-hand side. Little work has been 
done on the left/right axis in comparison to the anterior-posterior 
axis. No candidate morphogens have been proposed for its specification. 
Retinoic acid nuclear receptors are known to be present in the mouse 
from presomitic stages onwards (Ruberte et al., 1990). The possibility 
that retinoic acid is involved in the formation of the left/right axis 
was therefore investigated.
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Materials and Methods
In the following set of experiments, embryos in culture were treated 
with retinoic acid. Initially an in ovo pilot study was done in which 
it was found necessary to stain the blastoderms with neutral red in 
order to stage the embryos. This treatment caused a high incidence of 
death and abnormalities. Therefore an in vitro culture system was used 
to overcome this problem. Retinoic acid was applied to the whole 
blastoderm or in a localised manner, using agarose beads soaked in 
retinoic acid. The beads allow the quantitative release of retinoic 
acid over a period of 24 hours (Eichele et al., 1984). The retinoic 
acid soaked beads were placed on either the right or left sides of the 
precardiac mesoderm, to investigate whether the direction of looping of 
the heart was affected by the position of the bead.

1) Pilot study: Embryos staged in ovo
Eggs were incubated for 24 hours and then windowed. In order to stage 
the embryos it was necessary to stain the blastoderm. This was done 
using two concentrations of neutral red dye (0.5%* 0.125/0 dissolved in 
0.1M phosphate buffer, filtered and sterilised. The solutions were 
applied with the blunt end of a glass rod. The embryos were then staged 
with the aid of a dissecting microscope. A second group of eggs was 
used as a temperature control; these were incubated for 24 hours, then 
placed at room temperature for 2 hours. No other treatment was applied 
to this group. Both groups were incubated for a further 24 hours, the 
embryos fixed in 1/2 strength Karnovsky’s solution (1965) and assessed.

Preparation of retinoic acid solutions
Retinoic acid has a molecular weight of 300.42.
A stock solution of lOmg/ml (0.0333M) was made up in dimethyl 
sulphoxide (DMS0, Sigma), aliquoted and kept frozen. For each experiment 
fresh dilutions of retinoic acid were made up from this stock solution. 
Concentrations of 3*3x10-3 M, 3*3x10-4 M, 3*3x10-5 M and 3*3x10-6 M 
retinoic acid were made up by serial dilution in MEM (Gibco) for 
systemic application, and in DMS0 for localised application.
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2) Retinoic acid applied to embryos in New culture
Eggs were incubated for 24-27 hours to obtain embryos of stages 4, 5 
and 6. Embryos were then cultured by the New method (1955; see chapter 
1) which exposes the endodermal side of the embryo. All excess Pannett 
and Comptons solution was removed within the glass ring and lOOpl of 
retinoic acid solution was pipetted on to the blastoderm. Three 
different concentrations of retinoic acid were applied, 3*3x10-4 M, 
3.3x10-5 M and 3*3x10-6 M. A DMSO control group was treated with the 
highest percentage of DMSO applied in the retinoic acid solutions (10% 
DMSO in MEM). The embryos were cultured for a further 24 hours at 37°C 
and assessed.

3) Localized application of retinoic acid using formate beads
AG1-X2 formate, 200-400 mesh beads were used (a gift from 
Prof.C.Tickle). Beads of 100-125 pm diameter were choosen, using a 
dissecting microscope and an eye-piece graticule. A range of 
concentrations of all-trans-retinoic acid (Sigma, Lot 98F-0778) was 
made up in 1ml of DMSO. The beads were soaked in solutions of retinoic 
acid for 20 mins at room temperature in the dark and rinsed 
individually through 2xl00pl drops of MEM, in a sterile petri dish. The 
beads were finally rinsed in 1ml of MEM at 37°C for a further 20 mins. 
Individual beads were placed in either the right or left presumptive 
heart-forming region of embryos prepared by the New culture technique 
(Fig. 1A, B). A slit was made in the endoderm and the bead pushed 
through so that it lay on the precardiac mesoderm. Embryos were 
cultured for a further 24 hours at 37 °C and fixed in 1/2 strength 
Karnovsky’s solution, washed in PBS and then dehydrated in 70% alcohol. 
Two control groups were used; an untreated group in which embryos were 
cultured but not treated with beads, and a DMSO control in which beads 
were soaked in DMSO only. Only embryos in which the bead was visible 
after the 24 hours incubation period were scored. Examples were 
photographed as whole mounts and processed for araldite embedding. 
Sections of 2pm were cut and photographed. The Chi-squared (X̂ ) test 
was used to compare results at the 5% level of significance.
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Results

l)ln ovo development of embryos stained with neutral red
After 24 hours incubation the majority of embryos were found to be at 
stage 4 or 5 of development. The percentage of embryos that developed 
normally when staged using neutral red stain was very low, 0# and 25# 
with 0.5% and 0.125# respectively (Table 1). This may have been due to 
the toxicity of the stain or the manipulation involved. The survival
rate for the temperature control group was also very poor, indicating
that embryos may be sensitive to cooling for 2h to room temperature, at
this early stage in development. In ovo application of retinoic acid
was therefore not attempted.
Table 1)
Percentage Number Number (percentage)
neutral red 
solution

treated Dead Very
Abnormal

Poor Normal

0.5 15 14(93) 0(0) K7) 0(0)
0.125 16 8(50) 2(13) 2(13) 4(25)
Temperature 16 14(88) 0(0) 0(0) 2(12)
control

2) Embryos treated with retinoic acid in New culture
For all concentrations of retinoic acid, and the DMSO control group, 
survival rates of embryos to stage 10 increased with increasing age at 
which treatment was applied (see Table 2). This indicated that earlier 
stages are more sensitive than older stages to the culture process. The 
incidence of different heart shapes varied with the concentration of 
retinoic acid applied. Hearts were categorised into five different 
groups; normally developed hearts looped to the right or the left, 
cardia-bifidas, abnormal heart tubes, no visible heart tissue. The 
highest concentration (3.3x10-4 M retinoic acid) caused failure of the 
heart tubes to develop in 40# of embryos. The widest range of heart 
shapes was seen at a concentration of 3-3x10-5 M retinoic acid. All 
shapes had approximately similar incidence. At 3-3x10-6 M retinoic acid 
and in the DMSO control group, most of the hearts were normal, 77# and 
83# respectively (Table 2). A small percentage of left looped hearts 
was seen at all concentrations except 3-3x10-4 M retinoic acid. The
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stage at which the embryos were treated did not have a significant 
effect on the incidence of the different heart shapes.

3) Localised application of retinoic acid using formate beads
A) Effect of different concentrations of retinoic acid
Overall the number of embryos that survived and developed to stage 10 
within 24 hours increased with decreasing concentration of retinoic 
acid. The survival rate at 3• 3x10-5 M retinoic acid was slightly lower 
than expected. The reason for this is not known (see Table 3)* At the 
highest concentrations of retinoic acid, many embryos showed very 
retarded development and did not progress to stage 10 within the 24 
hours incubation period. The incidence of the five categories of heart 
shape within the embryos varied with the concentration of retinoic acid 
applied (see Table 3. Fig* 2a). The number of normal hearts looped to 
the right or left side increased with decreasing concentration of 
retinoic acid. There was a statistical significant difference (5# level 
of probability) in the variation of heart shapes in embryos treated 
with 3*3x10-3 M and 3*3x10-4 M retinoic acid, when compared to the DMS0
control group (Table 3t Fig* 2a).

At a concentration of 3*3x10-3 M the most frequent abnormality 
{71%) was the absence of any normal heart tubes. Full cardia-bifida was
seen in three cases, with the presumptive areas of heart tissue
remaining on either side of the anterior intestinal portal (see Fig. 4 
A,B,C). The heart tissue appeared particularly retarded on the side on 
which the bead was placed. At 3*3x10-4 M retinoic acid most embryos 
developed heart tubes, with the incidence of the different shapes being 
almost equal. 26# of embryos had normal hearts looped to the right-hand 
side. Cardia-bifida was often partial, with greater migration of the 
precardiac mesoderm and the fusion of the left and right sides over the 
anterior intestinal portal (see Fig. 4D,E,F). Treatment with the 
3.3x10-4 retinoic acid gave the highest number of left-handed looped 
hearts compared with any other concentration studied (Table 3t Fig.
2a). At 3*3x10-5 M retinoic acid and 3*3x10-6 M retinoic acid, most 
hearts showed normal development. There was no difference in the 
distribution of heart shapes between embryos treated at 3*3x10-5 M,
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p3.3x10-6 M retinoic acid and the DMSO control, when tested using the X 
test at the 3% level of significance. At 3*3x10-5 M retinoic acid, the 
most common abnormality was in the shape of the heart tube which was 
often lobed. 8# of hearts also showed cardia-bifida (see Fig. 4G,H,I). 
At 3*3x10-6 M retinoic acid hearts were mostly normal but sometimes 
slightly retarded, with the fusion line of the two hearts tubes still 
visible at stage 10 and with no sign of looping (see Fig. 4J,K,L).
These hearts were categorised as abnormal. 67# of the DMSO controls 
were normal. Of the remainder 6{20%) had retarded or abnormal heart 
tubes, 3(10#) showed left-hand loops, 1(3/0 had cardia-bifida (see Fig. 
4M,N,0).

After 2k hours, the position of the bead was variable, but most 
often it was in the region of the heart or buried within the head 
tissue. The bead soaked only in DMSO did not appear to have a 
detrimental effect on heart development when compared to the untreated 
controls. The untreated control group consisted of 54 embryos cultured 
at stages 4, 5 and 6, 44(82#) were normal, 8(15#) showed left-hand 
loops, 1(2#) cardia-bifida and one had an abnormal tube structure.

B)Effects of the embryonic stage at which the retinoic acid was applied
Stage 6 showed the highest percentage of embryos that developed to 
stage 10 and over within the 24 hour period following treatment with 
all doses of retinoic acid (Table 4). There was no statistically 
significant relationship between the distribution of heart shapes and 
the developmental stage at which treatment was applied, for each 
concentration of retinoic acid (Fig. 2b). However within each 
concentration group, embryos developed less severe cardia-bifida when 
treated at a later stage.

C)Effect of the side of the embryo to which the bead was applied
Within each concentration group there was no difference at the 3% level 
of significance in the distribution of heart shapes when the bead was 
placed on the right or left side of the precardiac mesoderm (see Table 
5, Fig. 3a-e). However at a concentration of 3*3x10-4 M retinoic acid, 
embryos with the bead placed on the right side had a higher percentage
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of hearts that looped to the left 6(35%) than embryos with the bead on 
the left side 2(11%) (see Table 5)* The area immediately surrounding 
the bead was seen to be more severely affected than areas further away 
from the bead. This is probably due to the higher concentration of 
retinoic acid in the area immediately surrounding the bead.

D) Other teratological effects of retinoic acid
At all concentrations of retinoic acid* other teratological effects on 
the embryos were observed in addition to those on the heart. The most 
commonly affected structures were the head, neural tube and somites. At 
3.3x10-3 M retinoic acid, the highest concentration tested, the 
development of the head and somites was severely retarded. The head was 
small and there was little development of the optic vesicles and 
tectum. The neural tube remained open and the neural folds formed a 
wavy line. Failure of the neural tube to close has also been seen in 
hamsters dosed with high concentrations of retinoic acid, leading to 
spina bifida (Shenefelt, 1972). Somites were often absent in the area 
around the bead. Embryos treated with a concentration of 3*3x10-4 M 
retinoic acid also had retarded or abnormal head development, but this 
was less severe than at the higher concentration of retinoic acid. Most 
embryos with cardia-bifida had abnormal somites in the region 
immediately posterior to the anterior intestinal portal. These somites 
were elongated laterally from the midline to the side of the body wall, 
and have been described as ’winged ’somites by Osmond et al. (1991)*
At a concentration of 3*3x10-5 M retinoic acid, irregular patterns in 
the somites closest to the anterior intestinal portal were also seen.
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Discussion

In this study the teratogenic effects of all-trans-retinoic acid 
have been demonstrated in the development of the early chick heart. The 
degree to which the heart developed normally depended on the 
concentration of retinoic acid applied, giving a spectrum of heart 
shapes. A high concentration caused severe abnormalities in the 
precardiac mesoderm so that either no recognisable heart tissue formed 
or only isolated vesicles. Mid-range concentrations of retinoic acid 
led to the formation of cardia-bifida or hearts looped to the left-hand 
side. At a low concentration of retinoic acid, and also in the DMSO 
controls, fusion of the two heart tubes was retarded. A similar 
spectrum of abnormalities has been seen during later stages of heart 
development in embryos of other species, including malformations 
involving the disruption of the left/right axis, such as the 
transposition of the great vessels (Shenefelt, 1972, Taylor et al., 
1980, Hart, 1990).

The systemic application of retinoic acid to the whole blastoderm 
did not cause an increase in the number of left-looped hearts when 
compared to the control group. Beads were placed on either the right or 
left side of the precardiac mesoderm to investigate whether a localised 
gradient affected the direction in which the heart looped. At 3.3xlO-^M 
retinoic acid, more hearts looped to the left (35%) when the bead was 
placed on the right side of the embryo than when the bead was placed on 
the left (11%). However this result was not significant when tested
using at the 5# level.

The stage at which the embryos were treated did not affect the 
incidence of the different heart shapes but did affect the severity of 
the abnormality. This effect has been observed in quail when assessing
the effects of retinoid deficiency on the heart and vascular system.
Heine et al. (1985) found that the major effect of this treatment was 
the lack of an extra-embryonic circulatory system, due to the failure 
of the omphalomesenteric and vitelline arteries to develop. When 
embryos were treated early in development, before 7 pairs of somites 
were present, a cardia-bifida heart formed. If retardation of the heart
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occurred later in development, a single large ventricle formed which 
looped to the left-hand side.

Linask and Lash (1986) have proposed that the migration of the 
precardiac mesoderm is guided by the mechanism of haptotaxis, due to a 
gradient of fibronectin found in the extracellular matrix between the 
mesoderm and the endoderm. This migration can be disrupted by the 
addition of excess fibronectin or antibodies to fibronectin (Linask and 
Lash, 1988). Osmond et al. (1991) found that retinoic acid inhibited 
the craniomedial migration of the precardiac mesoderm causing abnormal 
heart formation. They suggested that there were similarities between 
the effect of blocking the migration of the precardiac mesoderm with 
antibodies to fibronectin, or by the application retinoic acid. Hence 
they suggested that* retinoic acid may interfere with the interaction 
between the precardiac cells and the fibronectin in the extra-cellular 
matrix'.

The extracellular matrix is important for the migration of the 
precardiac mesoderm and in the formation of the heart tubes. The heart 
at the stage at which it begins to loop is relatively simple in 
structure. There is an outer layer of differentiating myocytes 
(myocardium) and an inner layer of simple flat cells (endocardium) and 
between the two is the 'cardiac jelly' (Davis, 1924), forming the major 
component of the heart tube. The 'cardiac jelly* has three major 
components; glycosaminoglycans, glycoproteins and collagen produced 
mostly by the myocardium (see review by Manasek, 1976). It also 
contains an organised microfibrillar network (Nakamura and Manasek, 
1978). The heart tubes are under hydrostatic pressure due to the 
hydration of the glycoaminoglycans (Nakamura and Manasek, 1981). These 
last two factors are thought to play an important part in the mechanism 
of looping. In retinoid deficient rat embryos the interventricular 
septum fails to close. This process relies on the proliferation and 
fusion of cardiac jelly-rich endocardial cushions (Wilson and Warkany, 
1949). The effect of retinoic acid on the formation of the 'cardiac 
jelly' is unknown but may have a bearing on the range of heart 
malformations seen.

Retinoids are thought to affect cells by binding to receptors to
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form ligand-receptor complexes, causing a direct effect on the 
transcription of the target genes. Examples of such genes are the 
homeobox-containing genes, notably members of the HOX 4 complex 
(Izpisua-Belmonte et al., 1991) and those encoding for proteins and 
proteases of the extracellular matrix (Colberg-Poley et al., 1985* 
Deschamps et al., 1987). Thorogood et al. (1982) reported that neural 
crest cells exposed to retinoic acid showed a decreased ability to 
organise extra-cellular fibronectin and actin. Other studies using 
retinoids and in vitro techniques have shown retinoids to have an 
effect on the synthesis of fibronectin (Carlin et al., 1983* Grover and 
Adamson, 1985)* The way in which retinoic acid reacts with the extra
cellular matrix is likely to be complex, as retinoids can act not only 
directly on gene expression through binding proteins and nuclear 
receptors, but also directly on the cell membrane (Dingle and Lucy, 
1965) and surface glycoproteins (Bernard et al., 1984).

In conclusion, retinoic acid produces a range of malformations of 
the early embryonic hearts in a dose-dependent manner including looping 
to the left, at stage 10. A concentration of 3*3x10-4 M retinoic acid 
produced the highest number of hearts that looped to the left-hand 
side, but the side on which the bead was placed did not have a 
significant effect on the direction in which the heart looped. This 
indicates that a concentration gradient of retinoic acid across the 
midline does not play a role in the direction of heart looping. However 
because of the range of malformations produced, the number of hearts 
that looped to the left is small and further work within the 
concentration range of 3*3x10-3 - 3*3x10-5 M retinoic acid may be 
valuable. It also would be on interest to investigate further the 
mechanism(s) by which retinoic acid may disrupt the interactions 
between the precardiac mesoderm and the extracellular matrix.

155



s
(D

^  4)
✓--\ ,•---v --N0
V O O d l^ t

✓—s ✓—V ✓—\
,-sCO Os O  
O  VO (N CO O O O O

✓—s ✓—s /■—s /—
O O O OO L̂J

55 3 ( N O ( N d - O m t N h O O O O O O O O

3

1

3

0
G O

r—N /•—\*0 O  
O  O  »n co

o o m d -v o
CO <N >—< (N

/-s t^  \  
O h O 'O

CS
<N O  O  ON

s
(D

G
X>
<

X  ^
<  3

O  O  CO CO CO <S i-H VO C 3 i-H C ) i-H M O O M

>  • H
fc
3

1?

s

ed
T3
Uh • ̂  
X 1
ed

1
O O O O

OO
CO O  O  ’—1 O O O O

»y—V/~.
O O O O

XCA O O O O CO 0  O  CO O O O O O O O O

£
cd
u

He
ar

t 
sh

ap
e

T3
G
<U

X>
CO O O O O O  O  <N Os

✓--V
/^ r * '  r -  s—•c j r—H *-H

1—1 ✓—v 1—< O  1—* On

3
O O O O O O M t N O  ^  ^  (S 1—1 O  i"H CS

55 TO
G
D
X
CO

CO S  P S
COrHrHCO

in c o  OsfN 
<N i-h <N CS 8  P P qO1-1 VO 00 p 8  P S oVO i-H OO w

s
H i“H fT) ( S > H ( S > 0 vo Tt̂ in JQ vo 00 »n

No
. 

de
ve

lo
pe

d 
to 

sta
ge

 
10

 
(% 

de
ve

lo
pe

d 
no

. 
tre

at
ed

)

--\ /---N --S 'X
t ' '  7" O  CO
CS 4-h vo xS_X's_^S_^0 
CO 1—< VO i-H 8(

57
)

8(
10

0)
7(

10
0)

23
(7

9) /"“N
p p p 8
S C ^ S T
VO vo vo 1—1 9(

69
)

8(
10

0)
6(

10
0)

23
(8

5)

T3
<u

N
o.

tre
a h n O M  

• (N ^  0 0  0 0  SrH CO

4-*
g

t i  O
2 S0  n bD ed
<3 g

CO 0
tT m vo Tt in vo in vo tj- in vo

■£ • ̂
*4-
c

R
e

*3
0  0
*o S
e  w  

i ’S 3.
3x

10
-4

To
ta

l

3.
3x

10
-5

To
ta

l

3.
3x

10
-6

To
ta

l

D
M

S
O

(1
0%

)

To
ta

l

E- p4

<D
§•x

<L>x

a<L>
6

>DT3<d
XIi-t
zOX
CAO

OedO• HOc•GB■S
4-»
g

Cds
gCA
>SCA
g4>
*Sb
I
3o
£D55

o
XaD
MoX!U

156



T3<U>
3
<D
&cd
XVI
£
<L>
&■s
tscd
<L>
ffi

ed

O
eX<

(U

O X
£  3

oc «  
•° •£ 
<  3

edT3IS• HXicd
1
u

CNCN

CN

oi-H
cn

o
©

©
©

o
o

r--
VO

ONi-H
«n

i-H
«n

o
wVO

CO
wOO

©
O

Oi-H
m

o

T3
C1>
XCO
w

T3a<o
x
CO

CO

ot*H
CO

COCN00 o
o

or-H
cn

VOCN■ wOs
O nVO
OO

VOOO
CO

r-VO
OCN

T3 T3 B  O  
Ph 9J 
O O  OO —' u 
>  0> >  O OX) «T3 cd ^
O e« q

O C
CO

COOO
•r->CO

o
xCN

OON
XCO

ON
©CO

T3
•SO  D£  S

CN CO O OOCO

■gs^ o
B S

P
£ $  H  Ctf

CO ^t »o VO
© o o ol—H ^H ^H 1-HX X X XCO CO CO CO
CO CO CO CO

Oco

157



€ z— \CN co 0 /~n X  ̂ /--s /—*\ /-S/^z-N■C 4) vo vo O n ON h  O v 0 0 0 0 0 0 O O O
°z  a 00 in a ^h CN bn 0 0 0 0 0 0 O O O

"ed
Id

O /—-vCO /—S X  CO 0 o ^ > o H  0  t>-
O c  0 O O h O CN H  CN w w w ih CN CN
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Chapter 6, Figure 1.
Fig. 1. (A) Diagram of a stage 5 embryo as seen in New culture with 
the ventral side facing the observer. The area of precardiac mesoderm 
is hatched. An agarose bead was placed on the left-hand side of the 
embryo and inserted under the endoderm.
(B) Diagram of a stage 6 embryo as seen in New culture with the 
ventral side facing the observer. The area of precardiac mesoderm is 
hatched. An agarose bead was placed on the right-hand side of the 
embryo, and inserted under the endoderm.
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Chapter 6, Figure 2
Fig. 2a. Histogram to show the percentage of different heart shapes 
compared to the total number of hearts, in embryos treated with 
different concentration of retinoic acid and DMSO.

Fig. 2b. Histogram to show the percentage of abnormal heart shapes 
compared to the total number of hearts, in embryos treated with 
different concentration of retinoic acid and DMSO at different 
stages.
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CHAPTER 6, Figures 2a, 2b

Fig. 2a
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Chapter 6, Figure 3(a,b,c)
Fig. 3 (a,b,c). Histograms to show the percentage of abnormal 
hearts over the total number of hearts, in embryos treated with 
different concentrations of retinoic acid, 3*3x10-3 -3*3x10-5, with 
the bead placed on the right or left side of the embryo.
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CHAPTER 6, Figures 3a-3c
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Chapter 6, Figure 3(d,e)
Fig. 3 (d,e). Histograms to show the percentage of abnormal hearts 
over the total number of hearts, in embryos treated with 3*3x10"6M 
retinoic acid or DMSO, when the bead was placed on the right or the 
left side of the embryo.
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CHAPTER 6, Figures 3d, 3e
Fig. 3 d

80 -

% abnormal hearts/ 
total no. o f hearts 60 . 
at [3.3x10-6 MRA]

20 -

L R L R L R L R L R  
Position of bead

Fig.3 e

80 1
% abnormal hearts/ 

total no. o f hearts 60 
at [DMSO]

KEY

L

R

L R L

Bead placed 
on
Left-hand side 

Right-hand side

R L R L 
Position of bead

R L R

| Right-hand loop 

□  Left-hand loop 

Cardia-bifida

III Abnormal heart tube 

' ̂ o heart tube

167



Chapter 6, Figure 4
Figs. 4A-0. Local application of retinoic acid using agarose beads.
Embryos and sections have been photographed ventrally.
HT = Heart tube, B = retinoic acid soaked bead, NT = neural tube.
Scale bar = 100pm
Fig. 4A Photograph of an embryo treated with a concentration of 
3.3x10-3 M RA. The two heart tubes were poorly developed and remained 
unfused in the midline. The embryo shows abnormal development of the 
head and somites.
4B Line drawing of the above embryo to emphasise the location of the 
bead and the structure of the heart.
4C Transverse section through the embryo at the level of the bead to 
show the two separate heart tubes.
Fig. 4D Photograph of an embryo treated with 3*3X 10-4 M RA. There is 
some development of the heart tubes but they are not fused in the 
midline. The embryo shows abnormal head and upper somite development. 
4E Line drawing of the embryo to emphasise the location of the bead 
and the structure of the heart.
4F Section through the embryo at the level of the bead to show the 
two heart tubes.
Fig. 4G Photograph of an embryo treated with 3*3 xl0-5 M RA. This is 
an example of one of the more severely affected embryos. The heart 
tubes have not fused and the neural tube is open.
4H Line drawing of the photograph to show the position of the bead 
and the abnormal development of the head.
4l Section through the embryo at the level of the bead.
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Chapter 6, Figure 4
Figs. 4J-40 Local application of retinoic acid using agarose beads.
Embryos and sections have been photographed ventrally.
HT = Heart tube, B = retinoic acid soaked bead, NT = neural tube.
Scale bar = 100pm
Fig. 4J Photograph of an embryo treated with 3*3 xl0-6 M RA to show 
normal development.
4K Line drawing of the photograph to emphasis the structure of the 
embryo and the position of the bead.
4L Section through the embryo at the level of the heart. The bead is 
in the neural tube.
Fig. 4M Photograph of a control embryo showing a bead soaked in DMSO 
only.
4L Line drawing of the photograph showing the structure of the heart 
and the position of the bead.
40 Section through the embryo at the level of the heart and the bead.
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CHAPTER SEVEN

Chemical and ultra-violet assault of embryos

Introduction
In this chapter, I attempted to alter the situs of the heart by 
applying three different compounds to the chick embryo both in ovo and 
in vitro and exposing the precardiac mesoderm to ultra-violet light 
(UV). Two of the compounds have been reported to affect left/right 
situs, methoxamine in the mouse (McCarthy et al., 1990) and heparinase 
in the Xenopus laevis (Yost, 199̂ )* The growth factor bFGF is known to 
affect cell growth and differentiation (see reviews Rifkin and 
Moscatelin, 1989. Gospodarowicz, 1990). Ultra-violet (UV) light is a 
well known teratogen, and has several applications in embryology.

Methoxamine
Occasionally, incidences of disrupted situs in embryos are reported in 
the literature, as a side effect of various treatments. Fujinaga et al. 
(1987. 1990) investigated the teratogenic effects of the inhaled 
anaesthetic nitrous oxide (N2O). Rat embryos from pregnant mothers 
dosed with nitrous oxide on day 8 of gestation, showed an increase in 
the number of embryos (31$) with disturbed body laterality i.e. left
side tail flexion. In mice and rats the tail flexes to the right of the 
body during the turning process (Endo and Sakai, 1987* Deuchar and 
Parker, 1975)* Exposure of rat embryos to N£0 in vitro during early 
organogenesis was also found to cause a high incidence of situs 
inversus (Fujinaga and Baden, 1989). Nitrous oxide is a known 
sympathomimetic agent (Hickley and Eger, 1986) and likely to cause 
stimulation of the adrenergic pathway. Adrenergic agonists mimic the 
effects of nor-adrenalin and epinephrines produced by the adrenal 
medulla, as part of the sympathetic nervous system in man. The a- 
receptors generally cause an excitatory response such as the increased 
contraction of smooth muscle or the increased secretory activity of the 
glandular cells. Methoxamine and phenylephrine are both adrenergic a- 
receptor agonists.
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Phenylephrine when applied in culture to presomite rat embryos was 
found to give a dose-dependent increase of situs inversus with a 
maximum incidence of 52% (Fujinaga and Baden, 1991). Co-administration 
of an a-1 adrenergic antagonist, prazosin, almost completely prevented 
this effect. Fujinaga et al. (1992) demonstrated the specificity of 
stimulation of the a-1 receptor as compared to the a-2 or p adrenergic 
receptors. McCarthy et al. (1990) cultured early post-implantation rat 
embryos for 4 hours in 100pM methoxamine and found that the percentage 
of embryos showing situs inversus increased to 27%» The treatment was 
most effective in a window of sensitivity, beginning when the neural 
groove deepens, and ending with the formation of the first somite. The 
authors propose a link with this distinct stage in midline formation 
and an important event in left/right specification. The mechanism by 
which the a-1 adrenergic agonists act is unknown. Brown et al. (1991b) 
proposed an interaction between some step in the a-1 adrenergic signal 
transduction and the normal process of left/right specification.

Flynn and Gibson (1991) found that in control cultured rat embryos, 
the incidence of situs inversus was very high at 5®% and that this 
could be increased to 75% by the addition of L-phenylephrine. They 
concluded that an adrenergic reaction was not causing the response, by 
removing the endogenous catecholamines from the culture medium by 
dialysis. The increase in situs inversus to above 50% is in 
contradiction to the theory proposed by Brown and Wolpert (1990).

UV irradiation
Geigy (1931) found that Drosophila could be made sterile by 
irradiating the pole plasma with UV light. UV irradiation is known to 
cause cell death in the early embryo (Cottrill et al., 1987). In 
amphibian eggs, UV radiation disrupts the cytoplasmic movements that 
lead to the dorsal-ventral polarization of the egg. If fertilised eggs 
are irradiated on the vegetal side, they loose the dorsal structures in 
a dose-dependent fashion (Slack, 1983). Growing cells are known to show 
delays in the process of cell division when irradiated with UV light 
(Cook, 1968).
In the following work, either the right or the left side of the
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precardiac mesoderm was irradiated, in order to slow the development or 
migration of the layer and see if this resulted in a pattern of 
directional looping in the heart tube.

Fibroblast Growth Factors (FGFs) and heparin-sulphate proteoglycans 
(HSPG)
FGFs are a family of at least seven polypeptide growth factors which 
have an affinity to heparin-like extra-cellular matrix components (see 
review Burgess and Maciag, 1989)• FGFs have many diverse roles and are 
present at different stages and in different tissues during embryonic 
development. They are known to influence cell proliferation and 
differentiation in vivo and in vitro (see reviews Rifkin and 
Moscatelin, 1989. Gospodarowicz, 1990) and have a role in mesoderm 
induction and early embryonic pattern formation (Kimmelman and 
Kirschner, 1987. Slack et al., 1987. Slack and Isaacs, 1989) •

Acidic and basic FGF (a and b FGF) are broadly distributed in the 
embryo (Gonzalez et al., 1990, Fu et al., 1991) • Basic FGF is found in 
the amphibian egg and also in the gastrulating embryo (Kimmelman et al., 
1988). FGFs are involved in myotome development. Specific roles for the 
FGFs are difficult to elucidate, however bFGF is known to repress 
transcription of at least two of the myogenic regulatory genes, 
myogenin (myog) and MyoDl (Brunetti and Goldfire, 1990). Acidic FGF and 
bFGF are also known to stimulate proliferation and inhibit 
differentiation of myoblasts in vitro (Clegg et al., 1987).

The FGF receptors (FGFR) also appear to be encoded by a family of 
evolutionary related genes. In vitro studies suggest interactions 
between the FGFs and the FGFRs are complex, in that the FGFs may be 
able to bind to different FGFR proteins and activate them. The reaction 
between the ligands and the high affinity receptors is controlled by 
specific mechanisms involving HSPG which sequester the ligands in the 
extra-cellular matrix and present them to the high affinity receptors 
(review by Klagsburn and Baird, 1991)* HSPG are present on both the 
cell surface and in the extra-cellular matrix. HSPG are composed of 
glycosaminoglycan (GAG) chains covalently bound to a protein core which 
contains a plasma membrane domain (Fransson, 1985). It has been shown
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in several systems that in the absence of cell surface HSPG, bFGF does 
not bind to the high-affinity receptors, but this effect can be 
reversed by the addition of exogenous heparin (Bernard et al., 1991)* 
Low affinity sites are involved directly with bFGF signalling 
(Klagsbrun and Baird, 1991)* Receptors for bFGF have been found in the 
ectoderm and mesoderm derivatives during the development of many 
organs. They have been seen specifically in the 8 day mouse heart 
primordium (Orr-Urtneger et al., 1991) and later during the processes 
of septation and valve formation (Peters et al., 1992). bFGF is seen to 
appear at sites similar to the localization of two receptors for the 
ligand, during late embryogenesis in the rat (Gonzalez et al., 1990) 
and in the chick (Joseph-Silverstein et al., 1989)•

The role that the extra-cellular matrix plays in establishing the 
right/left axis in the amphibian embryo has been investigated by Yost 
(1990, 1992). The amphibian heart forms from the migration of paired 
presumptive cardiac primordia which fuse at the ventral midline to give 
a continuous sheet. The cardiac tube forms from this sheet and is 
initially bilaterally symmetrical across the midline but later loops to 
the embryo’s right-hand side. The cardiac primordia migrate between the 
late gastrula and early neurula stages on a fibronectin-rich extra
cellular matrix, deposited on the basal surface of the ectoderm. 
Inhibition of proteoglycan synthesis, using ^-xyloside, especially that 
of HSPG during this period, eliminates the looping of the heart tube. 
Proteoglycan synthesis is therefore thought to be involved in the 
passing of left/right axial information to the cardiac primordia during 
their migration (Yost, 1990).

Later work by Yost (1992) proceeds further with this idea. The 
extra-cellular matrix in local areas of gastrula embryos was 
disrupted by removing a small area of ectoderm and grafting in a piece 
of ectoderm from an albino embryo. This allowed the tissue to be fate- 
mapped. The albino embryo had previously been treated with UV light 
during the first cell cycle at the vegetal pole, to inhibit dorsal- 
ventral and anterior-posterior axis formation. This resulted in the 
randomization of handedness in the organ that opposed the grafted 
tissue i.e. the gut or the heart. The orientation of the nearby organs
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was not affected. The grafted piece of ectoderm was found to have less 
fibronectin deposited on it than the surrounding ectoderm, supporting 
the idea that localized randomization of left/right asymmetries is due 
to local disruption of normal extra-cellular matrix. Global disruption 
of the extra-cellular matrix of the embryo was achieved by injecting 
Arg-Gly-Asp peptides or heparinase into the blastocoel. This caused 
global randomization of left/right asymmetries, with each organ 
behaving separately. These results support the theory of Brown and 
Wolpert (1990). Yost (1992) proposes two mechanisms by which the handed 
information in the extra-cellular matrix is passed on to the developing 
organs. During the neurula stage the fibres of the ectodermal sheet 
could be aligned in the direction in which the sheet becomes stretched 
or the left/right differences in the matrix could be due to components 
of factors anchored in it, one group of which may be the growth factors 
(Flaumenhaft and Rifkin, 1991)*

Proteoglycans are important in many aspects of chick development, 
such as the formation of the extra-cellular matrix, the migration of 
the cardiac primordia (Linask and Lash, 1986,1988) and the looping of 
the heart (Manasek et al., 1984, Baldwin and Solursh, 1989).

Incidence of inverted situs in New cultured embryos
The New culture method is known to produce a small percentage of 
abnormalities in the cultured embryos such as left-looping, abnormal 
heart tubes and cardia bifidas. When comparing treated cultured embryos 
with untreated control embryos it is therefore necessary to know the 
approximate number of abnormal embryos caused by the culture technique. 
McCarthy et al. (1990) also found a high level of situs disruption, up 
to 20%, in untreated cultured rat and mouse embryos when explanted 
during the presomitic stages. Data was also collected by collagues in 
the department on the number of left-hand turned and twinned embryos 
seen occurring naturally in ovo over a period of months. This was 
compared with the data from cultured embryos.

In the following section, the effectiveness of the chemicals and 
UV irradiation in altering situs was determined. The criteria by which 
they were measured was the percentage of hearts that turned to the
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left, in comparison to the treatment and absolute controls.

Materials and Methods
A)Methoxamine
1) In ovo
Methoxamine was tested initially in an in ovo pilot study and then by 
an in vitro method. For the in ovo study methoxamine (Sigma, m.w.t. 
247.7) was made up freshly with each experiment to a concentration of 
ImM in Hanks (Gibco). The stock was then diluted to give a range of 
concentrations of 50-300 pM. In order to stage the embryos easily, the 
appropriate concentration of methoxamine was mixed 50:50 with a 
solution of 1:20 indian ink and Hanks medium taking into account the 
dilution factor. Eggs were incubated for 24 hours and opened (see 
Methods Chapter). Using a 1ml syringe and fine hyperdermic needle 
(0.5mmx25mm, Sabre), lOOjil of the required concentration was injected 
under the blastoderm. The success of the injection could be seen from 
the locality of the ink. The eggs were then sealed and incubated for a 
further 24 hours, fixed and assessed.
2) In vitro
Eggs were incubated to provided embryos at stages 4, 5 and 6 whichwere 
cultured by the New method (see Chapter 2). A fresh stock solution of 
ImM methoxamine was made up in Hanks (Gibco). The stock solution was 
dissolved in thin albumen to give a range of concentrations of 50- 
300pM. 1ml of the required concentration was placed under the glass 
ring on which the embryo was suspended. The embryos were then cultured 
for a further 24-36 hours, fixed and assessed.

B)Ultra-violet radiation
Embryos were irradiated using a ultra-violet image of variable aperture 
placed before a high pressure mercury lamp. The image was projected on 
to the embryo by a system of mirrors mounted beneath a Zeiss dissecting 
microscope. The area of ultra-violet irradition could be altered by 
adjusting the diameter of the aperture. A large area on either side of 
the primitive streak was irradiated, approximately 150x600 pm, in 
accordance with maps of the precardiac area (DeHaan, 1963)• Initially a
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small study was carried out in ovo, however the results were poor, due 
to damage caused by the irradiation and the requirement to stain the 
blastoderm in order to irradiate the correct side of the primitive 
streak. The experiment was then performed in vitro.
1) In ovo
Eggs were incubated for 24 hours and windowed. Staging of the embryos 
was facilitated by applying a 0.5# sterile solution of neutral red 
stain made up in 0.1M phosphate buffered saline, to the blastoderm 
using a blunt end of a glass rod. The embryos were exposed on either 
the right or left side of the precardiac mesoderm for 20-40 seconds of 
irradiation. Control embryos were opened and staged but not exposed to 
irradiation. The eggs were sealed and incubated for a further 24-48 
hours.
2) In vitro
Eggs were incubated for 24 hours and the embryos cultured by the New 
method. All excess moisture was removed from the vitelline membrane and 
the embryos were exposed to the UV radiation on either the right or 
left side of the precardiac mesoderm for 20-30 seconds. The cultures 
were incubated for a further 24 hours. Examples were stained 2-3 hours 
after being irradiated, using the Scott's Vital Staining method to look 
for cell death (see Chapter 2).

C)Basic Fibroblast Growth Factor (bFGF)
A stock solution of bFGF (British Bio-technology Ltd.) was made up in 
Hams F12 medium (Gibco) with Bovine serum albumen (BSA) at a 
concentration of 2000ng/ml. The stock solution was divided into 20yl 
aliquots and stored at -20°C. From the stock solution a range of 
concentrations was made up on the day of use, 10-2000ng/ml. Eggs were 
incubated for 24 hours, so that the majority of embryos were at stage 4 
and 5 but some had developed 1-5 pairs of somites. The embryos were 
cultured by the New method (see Chapter 1). Any excess saline was 
removed from the ring and lOOyl of the required concentration added to 
the blastoderm. The embryos were then incubated for 24-36 hours, fixed 
in 4# paraformaldehyde solution and scored for the direction of body 
turning and heart shape.
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D)Heparinase
A stock solution of heparinase (Sigma) was made up in Hams F12 (Gibco) 
to a concentration of 1 unit of activity /lOjil or 1 unit /4pl. Stock 
solutions were stored at -20°C and diluted in lOOpl Hams F12 to give a 
range of activity from 0.1-2.0 units/ embryos. Embryos were prepared 
and treated as for bFGF.

E)Untreated control embryos
1) In ovo
Data was collected from a large number of chick eggs opened after stage 
13. The number of twins and embryos that had turned to their left-hand 
side was recorded.
2) In vitro
Embryos were incubated to a range of stages 3“9 and cultured by the 
New method, but not treated in any way. They were then incubated as the 
treated embryos, fixed and the situs recorded. The incidence of 
disrupted situs in treated embryos was compared to the New culture 
controls using Yr test at the 3% and 1% levels of probability.
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Results
A)Me thoxamine
1) In ovo
Survival rates for control embryos in ovo, at stage 4/5 were very low 
compared to stage 6/7 (see Table 1). Opening the egg and cooling the 
embryo at stage 4 or 5 has a detrimental effect on the survival rate.
At stage 6/7 embryos were more resilient to the testing procedure. The
majority of embryos treated over the range of concentrations, turned to 
the right and the heart looped to the right. Three embryos were 
recorded with abnormal hearts when dosed at stage 6/7.
2) In vitro
Embryos cultured at different stages were grouped together within each 
concentration tested, as the incidence of left-hand looping of the 
heart was low. Survival rates of controls and embryos treated 
systemically in New culture with 50~300pM methoxamine were high, 97“ 
100# (Table 2). There was no significant difference at the 1% level in 
the direction of heart looping or body turning between control and 
treated embryos. Most embryos turned and looped to the right-hand side.
No repeated teratogenic abnormalities were seen at any concentration
(Figs. 1A.B.C.)

B)Ultra-violet radiation
1) In ovo
15 control embryos were either dead (13) or very abnormal (2). This 
could either be due to the neutral red stain being toxic or embryos 
being sensitive to opening of the egg at early stages of development. 
Reasons why the early embryo survives better in culture than in ovo are 
unclear but may be due to a combination of factors, such as humidity 
and pressure. Seven embryos were irradiated on the right side of the 
primitive streak and four on the left. Five of the eleven embryos 
failed to show any development. The remaining six all had severe 
abnormalities such as the lack of or poor head development, stunted 
growth and neural tube defects. Of those irradiated on the right side, 
only in three could the direction in which the heart looped be 
determined. Two looped to the right and one to the left. Of the embryos
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that were irradiated on the left side, only one developed a looped 
heart and this was to the right-hand side.
2) In vitro
The survival rate of the irradiated embryos was high (see Table 3)* 
Irradiating the embryo on the right or the left of the primitive streak 
gave no significant difference at the 5%> level of probability, in the 
number of hearts that looped to the left or the right. There was also 
no difference at the 5% level in the direction of heart looping between 
the irradiated and control embryos cultured at the same stage (Tables 3 
and 6). Heart defects seen were the formation of cardia-bifida and 
abnormal heart tubes (Figs. 2A,B,C.). Most embryos turned to their 
right-hand side in both groups, approximately a quarter did not turn 
and a smaller number of examples turned to their left-hand side. No 
staining was seen shortly after irradiating the embryos, using the 
Scott's Vital Staining method. Cell death, if it occurs, may not take 
place immediately after the DNA has been damaged by the UV light, but 
could occur some hours after the cell has been prevented from dividing.

C)Basic Fibroblast Growth Factor (bFGF)
No stage dependent effects were seen, so the results at each 
concentration, were pooled for all stages. High concentrations (2000, 
1500ng/ml) of bFGF decreased the number of embryos that developed to 
stage 10 and over (Table 4). At concentrations of lOOOng/ml or less the 
survival rate was high, 88-100$. The direction of body turning also 
gives some indication of the development of the embryos, as only at 
stage 12 does the body begin to turn in a cranio-caudal direction. At 
lower concentrations more embryos were recorded as turning. With 
increasing concentrations of bFGF, there was a dose dependent increase 
in the number of embryos with abnormal hearts, up to 100$ at a 
concentration of 2000ng/ml. Within each concentration group the number 
of left-hand heart loops was not higher than the percentage seen for 
the New culture controls. Abnormalities of the heart included failure of 
the two heart tubes to fuse normally or fusion was delayed, in some 
cases the heart tube was more deeply constricted than normal between 
the bulbus cordis and the ventricles (Figs. 3 A,B,C.)
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D)Heparinase
The percentage of embryos that survived to stage 10 was approximately 
equal at all levels of activity of heparinase except for the lowest 
level, for unknown reasons (see Table 5)* Overall as the activity per 
embryo of heparinase increases so does the percentage of embryos with 
abnormal hearts. The highest percentage is seen at 1.5 unit of activity 
per embryo (6j%). At 2.0 units of activity per embryo only 25# of 
hearts are abnormal but this low figure may be due to the small number 
of embryos in this group. Abnormalities of the heart included the lack 
of fusion between the two heart tubes at the correct developmental 
stage and a deep constriction between the bulbus cordis and ventricles 
(Figs. k A,B.C.)

E)Incidence of situs disruption in New culture and in ovo.
1) In ovo controls
Data was collected from a large number of eggs opened after stage 13* 
Collagues in the department were asked to collect any abnormal embryos. 
The number of twins and embryos that had turned to their left-hand side 
was recorded. From 7 7̂0 eggs 10 pairs of twins (0.13#) were found and 
18 embryos (0.24#) which had turned to their left-hand side. These 
numbers are likely to be underestimates of the true occurence.
2) In vitro controls
Embryos cultured at stages 7-9 are more likely to survive to stages at 
which the direction of body turning can be seen (Table 6). In most 
cases embryos had right-hand looping hearts (78-97#) and those that 
turned, turned to their right-hand sides. At all stages at which 
embryos were cultured a small percentage turned to the left and showed 
left-hand looping of the heart tube. Embryos cultured at stage 6 showed 
the highest percentage of embryos that turned and looped to the left- 
hand side. 6# of total number of embryos turned to their left-hand side 
and 8# of embryos showed left-hand heart loops. Not all embryos were 
cultured to stage 12, therefore the direction of turning was not always 
recorded. The percentage of embryos with disrupted situs is almost a 
twentyfive-fold increase compared to the number in ovo.
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Discussion
Three chemical compounds and UV light were applied to the embryos in an 
attempt to alter the situs of the developing chick heart. None of the 
methods used caused a significant increase over the controls in the 
disruption of situs.

The a-adrenergic agonist, methoxamine, was applied to chick embryos 
during the 'window of sensitivity' described by McCarthy et al.
(1990). No difference was seen in the direction of heart looping and 
body turning compared to controls. The majority of embryos showed 
looping of the heart and turning of the body to the right-hand side. No 
repeatable teratogenic effects were seen in the embryos. This agrees 
with Fujinaga et al. (1992) who reported that embryos, apart from 
showing situs inversus, were of normal general morphology when treated 
with another a-1 adrenergic agonist, phenylephrine. Reasons why there 
was no increase in situs inversus in the chick embryo are unclear, but 
could be due to a species difference in the development of the 
sympathetic nervous system, or less sensitivity in the chick to situs 
disrupting agents.

Embryos irradiated with UV light on either side of the precardiac 
mesoderm did not show any significant difference in the direction in 
which the heart looped or the body turned. The abnormalities in the 
heart tube and the cardia-bifida may be due to the UV light causing 
damage to the cells on the side of the precardiac mesoderm that was 
irradiated, slowing the migration on this side. Slowing the movement on 
the left side would, according to Lepori (1969), cause an increase in 
the incidence of left-looped hearts, whereas slowing the movement on 
the right side would lead to normal heart development. This was not 
seen in the above results and hence does not support Lepori's (1969) 
ideas that during normal development the heart tube loops to the right 
due in part to the faster movement of the left compared to the right 
splanchnopleure. The embryo appears to regulate for the damage caused.

Basic FGF had little effect on the embryo in culture except at very 
high concentrations, where it caused abnormalities in the heart tube.
The mechanism by which high doses of bFGF caused these abnormalities 
can only be speculated upon. bFGF may have altered the differentiation
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of myoblasts into myocytes, as seen in myotomes in vitro (Clegg et al., 
1987) and in micromasses of developing chick limb bud mesenchyme 
(Schofield and Wolpert, 1990)* Cardiac myoblasts are known to begin to 
differentiate as early as stage 4 when grown as single-cell cultures 
in vitro (Gonzalez-Sanchez and Bader, 1990). Cells were seen to express 
muscle-specific myosin heavy chains. Gonzalez-Sanchez and Bader (1990) 
also showed that cardiac myoblasts between the stages 4-7 were 
sensitive to substances that inhibit cell differentiation, such as 
tetradecanoylphorbol-13-acetate (TPA). The lack of response to bFGF may 
be due to the requirement of exogenous heparin sulphate proteoglycans, 
to mediate the binding of the bFGF to the high affinity receptors. This 
is an important experiment that remains to be done.

Heparinase caused similar abnormalities of the heart tube to those 
seen in embryos treated with bFGF, at all concentrations. No 
randomization in the situs of the heart was seen, as reported by Yost 
(1992) on injecting heparinase into the amphibian blastocoel. The 
effects caused by heparinase may have been due to disruption of the 
extra-cellular matrix, which is a complex substrate involved in the 
migration of the precardiac mesoderm (Linask and Lash, 1986,1988).
The New culture technique was found to cause a small percentage of 
embryos with disrupted situs. This agrees with observation of previous 
authors. Disruption was most common at stage 6. However the percentage 
of embryos with inverse situs was less than that produced by the New 
mammalian culture method (New, 1967. New and Stein, 1963). McCarthy et 
al. (1990) reported an incidence of approximately 20% in mouse embryos 
and Flynn and Gibson (1991) obtained 50# in control rat embryos. 
Asymmetries in the development of the early chick embryo such as an 
asymmetric node at the primitive streak stage or axial deviation from 
the midline have been observed (Stalsberg, 1969b). During the culture 
process, the vitelline membrane is removed from the yolk and stretched 
over a glass ring. It is unlikely that tension in the membrane is 
spread evenly across it, however in most cases the embryo develops with 
normal situs, indicating that the early small asymmetries are probably 
not the origin of situs of the heart.
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The criterion by which the effectiveness of the applied chemicals 
and UV irradiation in altering the situs of the embryo was measured, 
was the crude observation of the direction in which the heart looped. 
From the results the chick heart appears to be more resistant to 
alterations in situs than the mouse heart. The heart however was 
affected in other ways and developed abnormalities or cardia-bifida. To 
explain how the chemicals and irradiation was affective would require 
more detailed experiments. The differentiation of the myoblasts could 
be examined using muscle specific antibodies, the effect of heparinase 
on the extracellular matrix could be inferred by removing small areas 
of the precardiac mesoderm, treating them with heparinase, regrafting 
them and observing the migration of the mesoderm.
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Chapter 7 » Figures 1 and 2

Fig. 1A. Embryo treated in vitro at stage 6 with lOOpM methoxamine. 
Embryo developed to stage 14, with a heart looped and body turned to the 
right.
Fig. IB. Embryo treated in vitro at stage 6 with 200yM methoxamine. 
Embryo developed to stage 14, with a heart looped and body turned to the 
left-hand side.
Fig. 1C. Control embryo in vitro treated with lOOpl of medium. Embryo 
developed to stage 14, with a heart looped and body turned to the 
right-hand side.
Scale bar=500pm

Fig. 2A. Embryo irradiated with UV light in New culture at stage 7 on 
the left-hand side. The embryo developed 17 pairs of somites and a 
cardia-bifida heart. The larger heart tube was on the right 
unirradiated side.
Fig. 2A. Embryo irradiated with UV light in New culture, at the 3
pairs of somite stage, on the left-hand side. The embryo developed 19
pairs of somites and a cardia-bifida heart.
Fig. 2C. Embryo irradiated with UV light in New culture, at stage 6
on the right-hand side. The embryo developed 24 pairs of somites, turned
to the left and the heart tube looped to the left.
Scale bar=500pm. R=right-hand side L=left-hand side
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Chapter 7. Figures 3 and 4.
Fig. 3A. Embryo treated at stage 5 in vitro with lOOOng/ml bFGF. The 
embryo developed to 12 pairs of somites with an abnormal heart tube 
formation. The heart tubes appear to be fusing abnormally.
Fig. 3B. Embryo treated at stage 6 in vitro with 500ng/ml bFGF. The 
embryo developed to stage 11 and developed an ’S' shaped heart tube.
Fig. 3C. Control embryo treated in vitro with culture medium at stage 
5. The embryo developed to stage 13. the heart looped and the body 
turned to the right-hand side.
Scale bar=500pm

Fig. 4A. Embryo treated at stage 5 in vitro with 0.1 unit activity of 
heparinase. The embryo developed 12 pairs of somites and an abnormal 
heart with a deep interventricular sulcus.
Fig. 4b. Embryo treated at stage 4 in vitro with 1.0 unit activity of 
heparinase. The embryo developed 11 pairs of somites and an abnormal 
heart tube with a deep divide between the two ventricles.
Fig. 4C. Control embryo treated at stage 5 in vitro with culture medium. 
The embryo developed to stage 13. the heart looped and the body turned 
to the right-hand side.
Scale bar=500pm. R=right-hand side L=left-hand side
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CHAPTER EIGHT
GENERAL DISCUSSION

The first major structure in the avian or mammalian embryo to clearly 
indicate the left/right axis, is the heart. This undergoes the 
asymmetric process of looping, which is normally to the right-hand side 
of the embryo. Shortly after the heart has looped, the body also turns 
to the right-hand side, the process occurring in a cranial-caudal 
direction. The major aims of this thesis were to investigate the 
following:- mechanisms by which the heart looped normally to the right 
side but with particular attention given to how the heart could be 
induced to loop to the left-hand side; the relationship between the 
direction of heart looping and body turning; the structure of the heart 
tube; the developmental stage at which the heart tissue becomes 
specified with left/right information.

Disrupting the situs of the embryo
From the results of chemical and UV treatment, it can be seen that the 
chick heart is very resistant to a change in the direction of looping. 
Retinoic acid, at a concentration of 3*3 x 10-4 M, applied locally to 
embryos at stage 5* showed the highest percentage of left-looped heart 
(31%) of any treatment. One method by which the situs of the heart 
could be altered was by cutting the right splanchnopleure, following 
the method of Lepori (1967a). As described in chapter 4, 16# of the 
embryos treated in this way had normal hearts that looped to the left- 
hand side. This method however is rather crude and the result is likely 
to be caused mechanically. No method was found by which the incidenceof 
situs inversus was increased to over 50%. This is the maximum 
percentage expected if the control of left/right asymmetry had been 
lost and asymmetry developed at random.

One of the most striking findings of this thesis is that embryos 
with hearts developed from two pieces of right-sided mesoderm looped 
almost randomly to the right or the left. This is in agreement with the 
work of Spemann and Falkenburg (1919) in which they bisected the 
gastrula of the newt Triturus and found that 50% of the right twins
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showed situs inversus. In conjoined human twins the majority of reports 
cite the right twin as showing disturbed laterality, for example right 
isomerism (Seo et al., 1985)* Therefore it can be suggested that 
twinning occurs after the embryos have undergone the process of 
conversion, as proposed in the theory of Brown and Wolpert (1990)•

In general, the resistance to disruption of situs was also 
reflected in the low percentage of control embryos in New culture which 
looped to the left and embryos which turned to the left in ovo. Between 
stages 3-9 on average 8# of the embryos cultured by the New method, 
showed left-hand looping of the heart. In this laboratory 0.24# of 
chick embryos in ovo turned to the left-hand side. These frequencies of 
spontaneous disruption of situs can be compared with those in the 
mouse. Culturing mouse embryos by the New mammalian culture method 
produces a higher percentage of situs inversus embryos, 20# (McCarthy 
et al., 1990) and 50# (Flynn and Gibson, 1991)* Tn vivo the mouse also 
shows higher percentages of disrupted turning, indicated by the 
position of the tail on the left side of the body, 6# was reported for 
an inbred strain by Endo and Sakai (1987). These embryo did not show 
situs inversus. In mouse and rat embryos the direction of turning is 
clockwise when the embryo is viewed from the cephalic end (Snell and 
Stevens, 1966). The embryo turns from being ventrally convex to 
dorsally convex. The tail comes to lie on the right side of the body. 
However at mid-gestation the tail is found between the hind limbs. The 
mouse embryo appears to be less resistant to factors influencing situs, 
than the chick embryo. Thus the chick embryo provides a more robust 
system by which real differences in situs can be identified.

Relationship between the direction of heart looping and body turning.
In the previous chapters the direction of body turning was recorded 
where possible. In most cases, heart looping and body turning were in 
the same direction, both in vitro and in ovo. Embryos in which the 
heart looped to the left usually turned to the left. However examples 
were seen where the directions were discordant. In the majority of 
cases, the heart had looped to the right but the body had later turned 
to the left. With respect to the experiments repeating the work of
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Lepori (1967a), the direction in which the heart looped could be 
disrupted, easily and repeatably, by cutting the right splanchnopleure. 
This led to the 78# of such embryos turning to the left (Chapter 5)* 
Flynn and Gibson (1991) found that the normal development of the heart 
is necessary for cervical flexure of the head. This implies that the 
direction in which the heart loops controls the direction in which the 
body turns.

During the process of looping the hearts also twist. In hearts, 
manipulated to loop to the left-hand side, the direction in which the 
heart tube twisted during the looping process was found to be the same 
as the direction of looping i.e. to the left. This has not been 
reported previously but the same is thought to occur in mice (Dr. N. 
Brown, personal correspondence).

Structure of the heart tube
Changes in the wall structure of the heart tube just before and after 
it begins to loop were observed. In the heart tube prior to looping,the 
walls on the right and left sides are of equal thickness and show 
similar orientation of the myocytes. As the tube begins to loop, the 
right wall becomes thinner and the orientation of the myocytes changes 
from having their long axes perpendicular to the lumen of the heart 
tube, to being parallel to it. These results support earlier 
descriptions of cellular changes during looping by Manasek et al. 
(1972). It is still not known if these changes in cell shape control 
the direction in which the heart loops or if they are the result of 
other factors initiating looping. These could originate for example in 
tissues outside the heart itself.

Timing of the specification and interpretation of the left/right axial 
information
It is obvious that left/right axial information must be specified in 
the appropriate cells before they can interpret it. From the 
experimental observation in this thesis, it is possible to make some 
preliminary statements concerning the timing of the specification and 
interpretation of left/right axis information by the cardiac tissue. 
Dividing the unincubated quail blastoderm produced many twin and
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triplet embryos. Only lk% of these embryos had a heart tube that looped 
to the left-hand side. This is less than the percentage expected if the 
blastoderm had undergone the conversion process. Bisecting the 
blastoderm after the conversion, should lead to all the embryos from 
the ’left' side being situs solttus and the ’right’ side forming 
embryos with random asymmetry. To test this hypothesis further work is 
required. Embryos at progressively older stages could be bisected along 
the prospective antero-posterior axis to give right and left halves and 
the situs of the embryos that developed, analysed. Embryos of stage X 
and older (Eyal-Giladi and Kochav, 1976), can be divided into right 
and left halves accurately, as the developing hypoblast indicates the 
position of the prospective posterior end of the antero-posterior axis.

Exchanging areas of precardiac mesoderm between the right and left 
sides of the embryo produced a indication that, between stages 5 and 6, 
changes occur in the precardiac mesoderm that may define the difference 
between the right and left sides. The result of this specification does 
not appear until stage 10, when the heart loops.

Control embryos for the New culture process also showed the 
highest percentage of left-hand heart loops when cultured at stage 6. 
Treatments or operations attempting to interfere with the specification 
of left/right information should be expected to be stage specific. 
Several examples of this can be cited. Yost (1992) prevented the heart 
tube from looping by treating Xenopus with |S-xyloside. The effect was 
stage specific for the period of the migration of the paired cardiac 
primordia. This indicates that as the cardiac primordia migrate to the 
midline, they acquire the capacity to loop, 1.5 days before it is 
expressed. McCarthy et al. (1990) found that treatment with 
methoxamine, causing hearts to loop to the left-hand side, was most 
effective at stages during which important midline events are occurring 
i.e. between the stage at which the neural groove deepens and the 
formation of the first somite.

Future Possibilities
As yet no molecular marker has been found for a difference in the right 
and left sides of the early embryo. This is necessary before progress
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can be made in understanding the mechanism by which left/right 
information is specified and interpreted. The iv gene has been located 
to mouse chromosome 12, which when cloned will open up whole new fields 
of possibilities. The iv gene maps close to the legless (lgl) 
insertional mutation (Singh et al., 1991) and also the immunoglobulin 
heavy chain gene constant IgH-C locus on chromosome 12 (Brueckner et 
al., 1989)* Mice homozygous for the legless mutation show situs 
inversus as well as limb, brain and craniofacial abnormalities.

Van Keuren et al. (1991) compared gene expression in a mouse 
strain carrying the situs inversus gene and a wildtype mouse, by the 
analysis of two-dimensional protein gels of embryos. They found that 
the wildtype embryos produced one polypeptide on Day 8 of gestation 
that was not found in the mutant strain. Retinoic acid is known to 
cause some incidence of situs inversus (Shenefelt, 1972), hence 
wildtype embryos were treated on Day 7 of gestation, before the first 
signs of body asymmetry are visible, and compared for protein content on 
Day 8.5 with embryos carrying the situs inversus mutation and a 
wildtype strain. Both the retinoic acid treated embryos and the situs 
inversus strain showed reproducible alterations in protein synthesis. 
Possibilities exist for the proteins exclusive to one strain to be 
purified, antibodies to them produced and the timing and location of 
their expression in embryonic tissue identified.

Jefferies (1991) investigated the complex evolution of bilateral 
symmetry in the Metazoa and the two subgroups, the Bilateria and the 
Chordata. He suggests that the left/right gradient of chordates is a 
vestigial homologue of the ventro-dorsal morphogenetic axis in non- 
chordate bilaterians. He suggests that this could be tested by taking 
the morphogenetic proteins, such as dorsal, twist, zen (Ntisslein- 
Volhard and Roth, 1989)* which determine the ventro-dorsal axis in 
Drosophila, and applying then to vertebrate early embryos. The 
vertebrate genes could be isolated by homology with the 
Drosophila genes. It would then be possible to determine the 
distribution of the RNA to the proteins by in situ hybridization or by 
using antibodies to the proteins themselves. The results could be
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compared to those in Drosophila. One way of investigating the 
biological significance of these morphogenetic proteins may be by 
manipulations of early embryos. Areas expressing the gene could be 
grafted to a host and their expression and response to the new 
enviroment monitored. This represents a powerful method for 
investigating the control of the genes important in development.
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