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A BSTRACT

Drosophila snail, a gene encoding a zinc-finger protein, is essential 

for the correct specification of ventral cell types, the future mesodermal 

cells, of the Drosophila embryo. This gene is also implicated in the 

maintenance of wing development later in Drosophila embryogenesis. 

This work characterises the expression pattern and attempts to elucidate 

the functions of a chick gene related to Drosophila snail (cSnR).

The gene is first expressed briefly throughout the presumptive 

neurectoderm just before it forms the neural plate at the full length streak 

stage. At head fold stages this ectodermal expression is replaced by 

expression in the heart forming mesoderm. On the formation of two or 

three somites, cSnR expression becomes markedly asymmetrical in the 

lateral plate mesoderm; on the right hand side of the embryo only, it is 

expressed in regions containing material that will migrate into the heart. 

This asymmetry continues until approximately twelve somites have 

formed. Expression is also found in the lateral edges of the somites on 

their formation, followed shortly by expression throughout the whole 

ventral region of the somite. After régionalisation of the somite, 

transcripts are found in the myotome and sclerotome, but are absent from 

the dermatome. Expression of cSnR is also found in the gut endoderm, a 

subset of neural crest derivatives, and the limb mesenchyme from the time

of limb bud initiation.
I have used phosphorothioatea antisense oligodeoxynucleotide

treatment to disrupt cSnR function. Consistent with the asymmetrical 

nature of the expression pattern of this gene, treatment during the hours 

immediately preceding heart formation leads to randomisation of heart 

handedness and the associated embryo torsion. Laterally implanted 

ectopic sources of Hedgehog and activin proteins, known to cause heart 

situs randomisation, also result in altered expression of cSnR in the
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lateral plate mesoderm. The results provide evidence that cSnR 

also has a role in left-right asymmetry, reading and acting on left-right 

information rather than initiating the information itself.

The antisense oligonucleotide interference also leads to abnormal 

segmentation. Somites are another region of cSnR expression, suggesting 

that cSnR also plays an important role in segmentation.

Implanting ectopic sources of bFGF into the flank regions of chick 

embryos in vivo, a procedure known to lead to ectopic limb formation, 

leads to very early induction of cSnR, implicating cSnR at an early point 

in limb specification.
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CHAPTER I

INTRODUCTION

1.1 Foreword.

With the advent of cellular, molecular and genetic techniques, there 

have been enormous advances in solving the problem of how a structured 

embryo forms from a single cell. The models originally proposed for 

pattern formation in vertebrates have been most easily studied in 

Drosophila; in vertebrates the majority of genes involved in these 

processes, now an integral part of the study of vertebrate development, 

were isolated due to their relatedness to Drosophila genes. Many different 

vertebrate classes have been used to study a particular developmental 

problem, either morphologically or genetically. This fact highlights that 

there has been conservation of gene families and embryonic patterning in 

evolution. The molecular nature of the mechanisms involved in left - 

right axis formation in vertebrate development have, until recently 

remained relatively unknown. The information gathered on this subject to 

date, has come from avian, amphibian, fish and mammalian studies. Due 

to the differences in development, and subsequent culture techniques, of 

these different vertebrate species, one alone can not provide a complete 

model for this system.
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1.2. Cell movements during gastrulation of the vertebrate 

em bryo

1.2.1 Avian gastrulation

The development of the avian embryo closely resembles that of 

other vertebrates including the mammal. Due to the ready accessibility of 

the chick embryo for manipulation, and the fact that development can be 

constantly viewed in vitro, this system has been used as a model for 

development throughout this work. A description of the key 

developmental processes that are mentioned, is therefore appropriate.

The fundamental question that developmental biologists strive to 

answer involves the formation of discrete structures from an apparently 

uniform collection of cells. The process of gastrulation explains to some 

degree how these processes may come about. In all vertebrate embryos 

this process occurs as a series of morphogenetic movements, by the end 

of which cells are positioned so that they are in the correct place for 

future interactions.

Avian embryos have the peculiarity that they begin development as 

a circular, thin sheet of cells, the blastoderm, which is stretched over the 

surface of the yolk of the egg. The blastoderm is roughly divided into 

two areas; the area pellucida, a central, mainly single cell layered 

transparent disc, and the area opaca, a thicker, outer disc. During 

gastrulation, groups of cells move towards the prospective midline of the 

embryo, leading to the elongation of a thickened ridge, the primitive 

streak. The primitive streak forms from Roller’s sickle, a crescent - 

shaped thickening situated on the ventral surface of the blastoderm at the 

posterior margin of the areas pellucida and opaca (Eyal-Giladi, 1991). 

The streak formation sets up the anterior - posterior polarity of the
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embryo. Cells stream from their original positions in the 

epihlast, through the primitive streak into the interior of the embryo to 

form the endodermal and mesodermal derivatives (see Figure 1 and 

Figure 3 a).

Prior to elongation of the primitive streak, the blastoderm 

consists of two layers; the hypoblast, from which extraembryonic tissues 

only derive, and the epihlast, from which all the tissues of the future 

embryo proper derive. Mesoderm and endoderm are formed from the 

delamination and migration of cells from the epihlast (Nicolet, 1971). As 

the primitive streak elongates, mesodermal cells ingress through the 

streak. Once the streak is fully elongated, its most anterior tip forms a 

structure, which in birds, is known as Hensen’s node. This is analagous to 

mammalian nodes and the Xenopus dorsal blastopore lip. Transplantation 

studies have shown that Hensen’s node in birds, has the ability to self 

differentiate and to act as an organizer region, depending on the exact 

placement of the graft. Donor node grafts induce new embryos when 

placed at a distance from the host node. This action is overridden by 

signals in the host node if the graft is placed too close, leading to the self 

differentiation of node tissues (Inagaki et at., 1993). It is important to 

note at this point that Hensen’s node, has the peculiarity among nodes, 

that it is visibly asymmetric between Hamburger and Hamilton (HH) 

stages 6 and 8 (Cooke, 1995; Hara, 1978) (see Figure 3b).

By the time the streak is fully formed, most or all of the mesoderm 

and endoderm has entered the streak. Studies using chick - quail chimeras 

have indicated that the cranio-caudal position these cells occupy within 

the streak corresponds exactly to the migratory pathway that they will 

follow, so that the cranial part of the streak will contribute to medial 

areas of the embryo, and the caudal part of the streak will contribute to 

more lateral areas (Schoenwolf et al., 1992) (see Figure 2). Cells that 

leave the streak bilaterally, come to lie in equivalent positions in the right
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and left sides of the embryo (Schoenwolf et al., 1992; Psychoyos 

and Stern, 1996). Hensen’s node contains cells of the future gut 

endoderm, head mesenchyme, notochord and floor plate. Once the streak 

is fully elongated, the node begins to regress in a posterior direction 

laying down the cells that were within it, cranially at first, and then more 

caudally as the streak regresses further. Prospective foregut and head 

mesenchyme are laid down before the notochord (Schoenwolf et al., 

1992). Notochordal cells remain in the regressing node, becoming laid 

down at the midline gradually, as the node moves in a posterior direction 

(Garcia Martinez and Schoenwolf, 1993). Two morphogenetic 

movements are occuring at this point; ingression of cells through the 

primitive streak, and the regression of the node in a posterior direction, 

shortening the streak (Ooi etal., 1986).

Chick - quail chimeras and dil staining techniques have been used 

to fate map mesoderm ingressing through the streak. By the time the 

streak begins to regress, all cells of the prospective head and heart 

mesoderm have left the streak (Garcia Martinez and Schoenwolf, 1993; 

Inagaki et al., 1993). The positions in the streak vacated by these cells 

become occupied by ingressing prospective somitic cells (Garcia Martinez 

and Schoenwolf, 1993). As the streak regresses further the mesoderm 

laid down is predominantly segmental plate and lateral mesoderm, 

indicating that prospective mesodermal cells leave the streak in a roughly 

anterior to posterior sequence (Schoenwolf et al., 1992).
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Anterior
area opaca

area 
pellucid

Primitive groove
Primitive streak

Posterior

^  Direction of elongation of primitive streak

Direction of cell movements to form primitive streak

Figure 1

Diagram to show cell movements in the developing chick embryo 

in plan view. The blastoderm consists of an inner area pellucida and an 

outer area opaca. Cells move inwards towards the midline of the embryo 

to produce a ‘groove’; the primitive streak. The streak continues to 

elongate until Hamburger and Hamilton (HH) (Hamburger and Hamilton, 

1992) stage 4. At this point, the most anterior tip of the streak forms a 

‘pit’; Hensen’s node (HN).
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Anterior

Hensen’s node

primitive
streak

HM & Heart

EARLY
EVENT

\
LATE
EVENT

\

Posterior

— ► Future movements of mesodermal cells from the streak

Figure 2

Diagram to show the position of future mesodermal tissues of a chick 

embryo at HH stage 4 (adapted from Inagaki et al, 1992). Mesoderm of 

the future head and heart has ingressed through the anterior half of the 

streak and has come to lie lateral to Hensen’s node. Cells of the future 

somitic tissue are located within the anterior half of the streak at this stage 

but will gradually ingress as the streak regresses. Cells of the future 

lateral plate are within the posterior half of the streak; ingression of these 

cells will also occur gradually as the streak regresses. Notochordal cells 

remain within the node, becoming laid down at the midline as the node 

moves in a posterior direction.

HM, head mesoderm; Lat.Pl, lateral plate mesoderm; NC, notochord; 

Som, somitic mesoderm.
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PRIMITIVE STREAKA
ectoderm

endoderm
B

NODE

Figure 3a
Diagram to show ingression of mesoderm through the primitive 

streak(by Jonathan Cooke). Transverse section through a chick embryo 

caudal to Hensen’s node. The dorsal surface, which will become the 

ectodermal layer is uppermost. Cells move through the streak to form the 

mesodermal layer.

Figure 3b

Diagram to show the morphological asymmetry of Hensen’s 

node(by Jonathan Cooke). Transverse section through a chick embryo at 

the level Hensen’s node at HH stage 4+ to 7 The section is pointing 

towards the head; that is, the left of the diagram, for example, is the true 

left in structural terms. Between these two stages in development, 

Hensen’s node is structurally asymmetrical. The notochord (positioned 

into the page away from the reader) emerges from the left side of the 

node (also see figure 5).
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1.2.2 Somite formation; patterning and induction

The patterning and differentiation of cells in the segmental 

plate mesoderm is an important step in the development of axial 

structures, including the vertebral column and skeletal muscle. The 

somites are formed by the progressive segmentation of mesoderm tissue, 

directly flanking the neural tube, in an anterior to posterior sequence, to 

form two bilateral rows of epithelial rosettes. The number of segments 

that form is determined early in development, once cells have come to lie 

in the segmental plate. Reduction in the amount of embryonic tissue at the 

gastrula stage results in the formation of smaller, but nevertheless, the 

correct number of somites (Bellairs, 1979). A hypothesis for this was 

proposed in the ‘clock and wavefront model’, which states that the cells 

along the anterio-posterior axis of an embryo communicate, thus 

regulating the distances between each segmentation event. This results in 

the number of segments in the pattern being constant, despite variations 

in the total amount of tissue available (Cooke and Zeeman, 1976).

Several factors have been implicated in the regulation of somite 

segmentation. For example, the signalling molecule, Wnt3a is essential 

fo r correct somite formation; mutations in Wnt3a in mice leads to 

embryos which completely lack caudal somites (Takada et at., 1994). The 

transmembrane receptor Sek is expressed transiently in newly segmenting 

somites in the chick, implying that it is important in the segmentation 

process (Nieto et aL, 1992b). Other molecules such as the transmembrane 

signalling molecule, notch, and its ligand delta, have been implicated in 

the organisation of somites in vertebrates. For example, mutations in the 

murine notchl gene, lead to disorganised segmentation such as delay and 

lack of coordination (Conlon et al., 1995). D ill, a delta-Toiai&d gene in 

the mouse, is expressed in similar regions to notchl. It has thus been
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suggested that these molecules act together to coordinate 

segmentation in the mouse (Bettenhausen et aL, 1995).

The fact that motor neurons and neural crest cells migrate only 

through the anterior half of the somite (Keynes and Stern, 1984; 

Bronner-Fraser, 1986), led to the belief that somites were divided into 

anterior and posterior compartments. Until recently, however, there was 

no molecular evidence of an anterior - posterior difference. The chick 

homologue of the Transforming Growth Factor (3 (TGF(3) family 

member, V gl from Xenopus, cVgl, is involved in axis formation in 

early chick embryos, but in later stage embryos, provides a marker for 

the posterior compartment of somites (Seleiro etal, 1996). In mice. D ill, 

mentioned earlier, provides a marker for the anterior compartment of 

the somites (Bettenhausen etal., 1995). These molecular markers provide 

further evidence that the anterior and posterior halves of the somites have 

different properties.

The somites are also divided medio - laterally with respect to cell 

origin and developmental fate. Dil and Tritiated thymidine studies have 

shown that in the chick, Hensen's node contributes to the majority of the 

most medial part of each somite, and the primitive streak contributes to 

the lateral half of the somite, although the boundaries are not distinct, and 

a degree of mixing between the compartments occurs (Psychoyos and 

Stern, 1996; Selleck and Stern, 1991). The medial half goes on to form 

the epaxial muscles, that is, those of the back, whereas the lateral half will 

form  the hypaxial muscles, that is, those of the limbs and ventrolateral 

body wall. These developmental events occur under the influence of the 

surrounding axial structures. In vitro tissue culture techniques indicate 

that myogenesis first occurs in the medial section, under the influence of 

signals from the neural tube. Myogenesis in the lateral half is delayed by 

inhibitory signals from the intermediate mesoderm, and thus, this 

segment remains as undifferentiated muscle precursors (Pourquie et al..
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1995). The intact segmental plate, when cultured alone, remains 

undifferentiated suggesting that without environmental cues from the 

surrounding tissues, the segmental plate remains unspecified. However, 

myogenesis will occur in medial and lateral halves of the same tissue if 

cultured alone, suggesting that myogenesis is the default pathway in the 

absence of inhibitory signals from adjacent tissues or from the other half 

of the somite (Gamel etaL, 1995).

A further segregation event in somites is the division into a 

ventromedial section and a dorsolateral section. This occurs in each 

somite after approximately eight additional somites have segmented 

caudally. The ventromedial section, the sclerotome, is made up of loose 

mesenchyme which, along with the notochord forms the vertebral 

column. The dorsolateral section, the dermamyotome, retains its 

epithelial arrangement and later subdivides further into dermatome and 

myotome. The former goes on to form the dermis of the skin, and the 

latter forms the axial muscles (reviewed by Keynes and Stem, 1988). The 

myotome originates from the longitudinally orientated cells at the dorsal- 

anterior edge of the dermatome, which migrate towards the posterior 

somite border (Kaehn etal., 1988) (see Figure 4).

The cells in the segmental plate mesoderm and newly segmented 

somites are not commited to a dermamyotomal or sclerotomal lineage 

(Stern etal., 1988). Like the medio - lateral specification of somites, the 

dorso - ventral division is determined by environmental cues from 

surrounding tissue. Even though the neural tube and notochord are not 

required for initial somite formation (Stern and Bellairs, 1984), they are 

necessary for the continued maintenance of segmented somites (Teillet 

and Le Douarin, 1983).

Interestingly, in vitro, specification to myogenesis of newly 

segmented mesoderm can be induced by the neural tube or the notochord 

(Buffinger and Stockdale, 1994). Once the somite is specified, however.
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implantation of an ectopic notochord is reported to inhibit 

myogenesis in its vicinity (Rong et al., 1992). The notochord, and a 

group of cells in the ventral midline of the neural tube, the floor plate, 

support the maturation of the sclerotome, whereas the dorsal neural tube 

supports the maturation of the dermamyotome (Pourquie etaL, 1993).

The régionalisation of somites can be detected with the use of a 

number of putative transcription factors as molecular markers. These 

include members of the Paired Box (Pax) superfamily, and an avian 

homologue of the Drosophila single minded gene, cSiml. Pax 1 and Pax 

9 are selectively expressed in the sclerotome once differentiated (Deutsch 

et al., 1988; Muller et al., 1996), whereas Pax 7 is restricted to the 

dermamyotome (Goulding et al., 1994). Pax 3 is expressed uniformly in 

the unsegmented mesoderm, but is later restricted to the dermamyotome 

(Goulding et al., 1991) and later still, to the myotome (Goulding et al., 

1994). cSiml is expressed in the lateral half of the somite from  epithelial 

stages to late differentiation, as well as in the intermediate mesoderm, 

including the Wolfian Ducts (Pourquie et al., 1996). These expression 

patterns make the Pax genes and Sim l ideal markers for régionalisation 

within the somite.

The signals controlling the dorso-ventral division of the somites 

have been largely elucidated. As previously mentioned, the notochord and 

floorplate induce sclerotome differentiation but inhibit dermamyotome 

characteristics (Pourquie etal., 1993). Extirpation of the notochord leads 

to lack of sclerotomal characteristics, shown by lack of Pax I and Pax9 

expression, and expanded dermamyotome'characteristics, shown by Pax 3 

and Pax 7 expression (Goulding etal., 1994; Muller etal., 1996).

The question of which molecules may be signalling from the 

ventral midline has been addressed by several groups. A good candidate 

is the intercellular signalling molecule. Sonic hedgehog (Shh), which is 

expressed in the notochord and floorplate. In newly formed somites.
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ectopic Shh has been shown to induce myogenesis (Munsterberg 

and Lassar, 1995), whereas in the more rostral, specified somites, ectopic 

expression of Shh induces sclerotome but suppresses dermamyotome 

differentiation (Fan and Tessier Lavigne, 1994; Johnson et oZ., 1994a). 

The neural tube is sufficient to induce myogenesis in the more rostral 

somites, suggesting that a second signal, from the dorsal neural tube, is 

responsible for the maintenance of myogenesis in maturing somites 

(Munsterberg and Lassar, 1995). Proposed inducing factors from the 

dorsal neural tube are the signalling molecules of the Wnt family of 

genes; W ntl, 3 and 4 are expressed in the dorsal neural tube, and in 

combination with Shh, ectopic Wnt 1 and 3 are found to induce 

myogenesis in somitic tissue in vitro (Munsterberg etal., 1995).

The mechanisms behind the medio-lateral division of the somite 

have only recently begun to be understood. This segregation occurs as a 

direct result of the antagonism between diffusible signals from the 

midline and the lateral plate mesoderm (Pourquie etal., 1995). cSiml has 

provided an ideal marker to test a proposed signalling molecule 

implicated in the latéralisation of somites. A member of the TGF(3-family 

of genes, BMP4, is expressed in the lateral plate mesoderm prior to 

cSim l expression (Pourquie et al., 1996). Surgical separation of somites 

from  the lateral plate resulted in lack of cSiml expression. BMP4- 

expressing cells can substitute for the lateral plate signal in vitro, shown 

by regained cSiml expression. Separation of somites from the neural tube 

leads to cSiml expression throughout the whole medio-lateral axis of the 

somite, and ectopic neural tube placement at the lateral edge of the somite 

results in cSiml down regulation (Pourquie et al., 1996). Ectopic BMP4 

also represses Shh expression in culture in vitro, resulting in lack of the 

sclerotomal markers, Paxl and Pax9 (Muller et al., 1996), linking 

medio-lateral and dorso-ventral organisation within the somites.
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Figure 4

Diagramatical representation of somite formation. A-B.  The most 

anterior part of the segmental plate forms a somite rosette, which 

seperates from the segmental plate just posterior to it. After a few 

additional somites have segmented caudally, the somite rosette rotates 

through 90° (see thick arrow) (Amthor et aL, 1996). C. Signals from the 

notochord and dorsal neural tube cause the somite to régionalisé into the 

dermamyotome and sclerotome (Pourquie eta l ,  1993). This occurs after 

approximately eight additional somites have segmented caudally. D.  A 

further segregation event occurs with the formation of the myotome and 

dermatome from the dermamyotome.
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1.2.3 Heart induction

Several experimental studies have used grafting procedures and cell 

labelling techniques to elucidate the fate map of the heart forming region 

(HFR) in the ingressed mesoderm of late gastrula embryos. The origin of 

prospective cardiac mesoderm is over much of the length of the primitive 

streak prior to HH stage 4, the full length streak stage (Schoenwolf and 

Garcia-Martinez, 1995). However, by stage 4, the majority of prospective 

heart tissue has ingressed through the streak, leaving only a few cells in 

Hensen's node which will contribute to cardiac tissue. Cells that leave the 

streak to form the HFR are laid down in a roughly anterior to posterior 

sequence (Garcia Martinez and Schoenwolf, 1993; Inagaki et at., 1993). 

Later in development this rostro-caudal organisation is maintained; at 

stages 5-7, the HFR includes prospective conus, ventricle and sinoatrial 

cells arranged in a rostrocaudal sequence (Satin etal., 1988).

The heart forms from the fusion of the left and right precardiac 

mesoderm. These regions lie lateral to the node once ingression through 

the streak has taken place, that is, at HH stage five, once the node has 

begun to regress (Stalsberg and DeHaan, 1969) (see Figure 5). Time- 

lapse photography and interference with cell migration by sodium citrate 

treatment has shown that at HH stage 6, cardiac mesoderm begins moving 

in an arc in an anterior direction towards the midline (DeHaan, 1963). 

These cells cease to move at stage 8, when they arrive at the anterior 

intestinal portal and become closely associated with the underlying 

endoderm. At the junction between these two layers there is a substantial 

increase in the amount of Fibronectin, and there is experimental evidence 

that the cells migrate towards a greater concentration of Fibronectin 

(Linask and Lash, 1986). Antibodies to Fibronectin have been shown to 

arrest heart development in a concentration and stage dependent manner.
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Figure 5

Diagram to show the heart forming area (HFR) in an HH stage 5 

chick embryo (adapted from Stalsberg and DeHaan, 1969). The HFR 

forms as two cresents either side of, but not immediately adjacent to, 

Hensen’s node. At HH stage 6, these areas will begin to migrate anteriorly 

in an arc to meet at the midline (see arrows) (DeHaan, 1963).

HFR, Heart forming region; HN, Hensen’s node.
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such that, the later the embryonic stage, the higher the concentration of 

anti-FN required to affect heart development (Linask and Lash, 1988).

By stage 5, the HFR regions have the potential to form heart tissue 

(Rawles, 1936). However, the HFR mesoderm alone expresses myogenic 

markers in vitro, only when cultured with a variety of growth factors, 

including activin-A, IGF-1 and bFGF (Yamazaki and Hirakow, 1994). In 

order for the tissue to differentiate, that is, form a contractile 

multilayered mass which expresses myogenic markers, in the absence of 

these growth factors, co-culture of the mesoderm with the underlying 

endoderm is required (Sugi and Lough, 1994).

Anterior endoderm, which lies beneath future cardiac mesoderm 

can promote differentiation of the HFR, whereas posterior endoderm 

cannot. This includes anterior endoderm from the midline, which does 

not normally induce cardiac tissue, suggesting that only mesoderm from 

the HFR has the potential to form cardiac tissue. Furthermore, posterior 

mesoderm, when cultured with anterior endoderm, does not form beating 

heart tissue (Sugi and Lough, 1994). These results suggest that the 

anterior endoderm contains factors which maintain the differentiation of 

heart mesoderm, but only in tisssues preprogrammed to be of cardiac 

type. The endoderm contains a variety of growth factors, such as activin- 

A, IGF-1 and bFGF. It is not surprising, therefore, that these factors 

promote cardiac myocyte formation in mesoderm of the HFR in vitro 

(Yamazaki and Hirakow, 1994).

A molecular candidate implicated in cardiac myogenesis in 

vertebrates, is the Drosophila msh-2 (tinmanj-roiaied gene, Nkx-2.5, 

which appears to be the earliest marker for anterior endoderm in chick 

(Schultheiss etal., 1995), mouse (Lintz et al., 1993) and Xenopus (Evans 

et al., 1995; Tonissen et al., 1994). Tinman is also expressed in the 

Drosophila embryonic heart and has been shown to be involved in heart
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formation in Drosophila (Bodmer, 1993).

At this early point in development (HH stage 5), removal of cardiac 

endoderm in whole embryo culture leads to the continuation of normal 

development due to rapid regeneration of new endodermal cells from the 

primitive streak. The endoderm is thus repatterned, possibly due to the 

involvement of Hensen's node (Schoenwolf and Garcia-Martinez, 1995). 

Although ingressed cells are committed to becoming HFR, the future 

patterning within the region is still labile; if the mesoderm of the HFR is 

rotated by 180 degrees, heart patterning occurs as normal (Satin et al., 

1988).
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1.2.4 Limb formation

The first sign of limb bud outgrowth is the appearance of 

protuberances of homogeneous, undifferentiated mesenchyme opposite 

somites 15 to 20 (wing), and 26 to 32 (leg). The mesenchyme induces the 

overlying ectoderm to thicken along the limb margin to form the apical 

ectodermal ridge (AER). The AER then itself induces the rapid 

proliferation of the mesenchymal cells directly underneath it, leading to a 

region of actively mitotic undifferentiated cells, the Progress Zone, and 

thus, the proximal - distal growth of the limb (Summerbell et at., 1973). 

The AER also establishes a zone of polarizing activity (ZPA) in the 

posterior margin of the emerging limb bud. The AER and ZPA together, 

maintain the Progress Zone which then acts to maintain the AER, 

resulting in the establishment of a positive feedback loop (Niswander et 

al., 1994). The ZPA is also implicated in the establishment of anterior - 

posterior polarity in the limb; when transplanted from its normal position 

to the anterior margin of another limb bud it causes m irror image 

duplications of the digit pattern (Saunders and Gasseling, 1968).

Wing bud mesoderm has the competence to self-differentiate when 

co-cultured with ectoderm from regions between somites 15 and 30 as 

early as stage 12, when outgrowth is not yet apparent. This competence 

remains until stage 17, when outgrowth becomes evident (Saunders and 

Reuss, 1974). The ectoderm of the flank region, that is, the region 

between the two limb buds, is therefore competent to form the AER as 

long as it receives the correct signals from the underlying mesenchyme.

The mechanisms leading to the initiation of the limbs in these exact 

positions are not fully understood. However, it is known that they occur 

under the inductive influence of adjacent structures. Tissue ablation and 

barrier experiments provided some insight as to the source of the limb
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inducer and its time of action (Stephens and McNulty, 1981;

Strecker and Stephens, 1983; Geduspan and Solursh, 1992). These 

experiments reduced the outgrowth of the limb buds by blocking signals 

from the intermediate mesoderm, which lies between the somites and the 

lateral plate mesoderm, and which eventually develops into the 

mesonephros.

The molecular signals involved in limb initiation are relatively 

unknown, but some key candidates include some members of the 

Fibroblast Growth Factor (FGF) family of heparin-binding signalling 

molecules (Cohn et al., 1995; Crossley et al., 1996). FGF4 transcripts, 

for example, are found posteriorly in the AER (Vogel and Tickle, 1993). 

Beads soaked in FG Fl, FGF2 and FGF4 proteins have been shown to 

substitute for the AER signal; when placed in the presumptive flank of 

chick embryos these proteins induce the formation of ectopic limb buds, 

which depending on placement, form into complete wings or legs. Shh is 

expressed in the ZPA; Shh - expressing cells can mimic the polarising 

activity of this region and, like ZPA grafts, can induce m irror image 

digit duplications when transplanted into limb buds.

The above signalling molecules are not detected until the limb buds 

are already induced. Another FGF molecule, FGF8 is reported to be 

located at the correct time and place to be the inducer of the wing limb 

bud in chick embryos; transient expression of FGF8 is seen in the 

intermediate mesoderm prior to limb induction, as well as in the 

primitive streak. Beads soaked in FGF8 when placed in the presumptive 

flank of the chick embryo, also induce ectopic limb outgrowth (Crossley 

etal., 1996) (see Figure 6).

Crossley et al. (1996) have provided evidence that other molecules 

must be involved in these inductive processes. These workers suggest that 

as FGF molecules diffuse across a few cell diameters only, FGF8 in the 

intermediate mesoderm could not be inducing FGF8 expression in the
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overlying ectoderm. Moreover, FGF8 in the ectopic limb is not 

expressed until at least 14 hours after implantation of the bead, suggesting 

that FGF8 triggers the cascade of gene expression normally found in 

developing limb buds. To substantiate the theory that FGF8 is not the 

only molecule involved in limb induction, limbs do not usually form in 

the flank region, even though FGF8 is present in the intermediate 

mesoderm at this level, thus suggesting that limb bud outgrowth is a 

question of competence (Crossley et a l, 1996).

FGF8, in addition to limb induction, has also been implicated in the 

maintenance of limb bud outgrowth. Shortly after expression is seen in 

the intermediate mesoderm, a new domain of expression is found in the 

surface ectoderm overlying the forming limb bud (Mahmood e ta l ,  1995; 

Crossley et al., 1996), and it has been shown that the removal of this 

surface ectoderm interferes with limb outgrowth (Summerbell et al., 

1973). FGF8 protein-coated beads can substitute for the ectoderm in 

maintaining limb outgrowth (Mahmood et al., 1995; Crossley et al., 

1996). FGF8 expression in the ectoderm however, is not required for the 

initiation of limb outgrowth. The naturally occuring chicken limbless 

mutants, have initial limb bud outgrowth even though they lack 

expression of FGF8 in the overlying ectoderm, suggesting that 

ectodermally expressed FGF8 is required for limb maintenance in vivo 

(K osetal., 1996).
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Figure 6

Diagram to show the signalling events which are thought to occur 

in limb initiation (adapted from Crossley etal., 1996). FGF8 is expressed 

in the intermediate mesoderm prior to limb bud outgrowth; this region is 

thought to be the source of limb inducing signals. Once outgrowth of the 

limb bud has begun, FGF8 expression appears in the overlying ectoderm. 

It is unlikely that FGF 8 can diffuse far enough from the intermediate in 

vivo to induce itself in the overlying ectoderm of the limb; a candidate 

molecule for this role awaits discovery.
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1.3 Positional Information.

The patterning of an embryo during development results in the 

appropriate differentiation of cells at particular positions, and thus their 

specification to become a particular cell type. Several regions have been 

identified that appear to be responsible for the establishment of positional 

information (Wolpert, 1969). For example,'Spemann’s organizer, at the 

dorsal lip of the Xenopus blastopore, and Hensen’s node in the chick, 

appear to induce the anterior - posterior polarity of the embryo. As 

described in 1.2.1 these ‘organizer’ regions induce a new axis when 

transplanted into another region of the embryo.

‘The Morphogen gradient model’, as an hypothesis for the 

establishment of positional information was put forward as a clarification 

of classical ideas about morphogenetic fields (for review see Cooke, 

1975). The model states that the cells of an organizer region produce a 

signalling molecule, or ‘morphogen’, which diffuses along an axis to 

produce a concentration gradient. Cells situated at different positions 

along the axis respond to a particular concentration of the morphogen, 

leading to the establishment of patterning. Different structures along the 

body plan are determined by upper and lower concentration thresholds 

within which cells are specified in a particular differentiation pathway.

The model is supported in Drosophila, where several morphogens 

which estabhsh the axes polarities of the embryo, have been isolated. 

Anterio-posterior and dorso-ventral patterning in the Drosophila embryo 

is established through the maternal-zygotic interactions of gene products. 

For example, the maternal factor, dorsal, sets up dorso-ventral polarity 

by repressing decapentaplegic, and activating twist and snail in ventral 

regions et al., 1992b; Kixow e ta l,  1993).
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Responding transcription factors act by directly regulating 

the expression of other genes, thus generating a cascade of gene 

expression, which progressively refines the initial concentration gradient 

of the morphogen, thereby patterning the embryo.

There is also a morphogen gradient for the establishment of the 

anterio-posterior polarity in Drosophila, set up by the gene products of 

nanos and bicoid (Driever and Nusslein-Volhard, 1988). However, due to 

its apparent bilateral symmetry, the Drosophila embryo has no known 

morphogen gradient across the left-right axis.

1.3.1 Left-Right asymmetry.

With the exception of birds, which have a visibly asymmetric 

node (Cooke, 1995; Hara, 1978), the first sign of left - right asymmetry, 

or ‘handedness’ in vertebrates begins with the bending of the heart tube 

(see Figure 7). In the chick, this occurs after approximately ten to twelve 

somites have formed when the heart tube bends to the right side of the 

embryo. This event is shortly followed by the whole embryo twisting to 

the left. In order for there to be left - right asymmetry, a morphogenetic 

gradient must be established along the left - right axis of the embryo. The 

molecular mechanisms involved in this process are still poorly 

characterised. A model for handedness has been suggested which states 

that (1), a molecular handedness is converted to a cellular level; that is, 

each cell has a handedness with regard to a particular molecule, followed 

by (2), a mechanism which breaks symmetry by setting up a 

concentration gradient across the embryo (Brown and Wolpert, 1990).
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Diagram to show the heart of an FH stage 10 to 12 chick embryo 

from the ventral aspect. The heart tube swings out to the right, as seen 

from the dorsal aspect, in the normal situation (note that the heart in the 

diagram bends to the left because it is a ventral view). Fn an embryo with 

situs inversus, the heart swings out to the left (from the dorsal aspect).
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This gradient is reliably biased to perform in one direction by the action 

of (1); it would otherwise be random. The signal is then interpreted by a 

responding molecule (likely to be tissue-specific). To date, no genes have 

been isolated that are expressed early enough to be the initial symmetry 

breaking molecule of this process. However, as discussed later, naturally 

occuring mutations have been discovered in the mouse, which appear to 

be upstream of any asymmetrically expressed genes isolated so far and 

which may bold the clue to the symmetry breaking process.

The direction of heart handedness is highly conserved throughout 

the vertebrate classes (Brown and Wolpert, 1990). The incidence of left 

sided heart looping is rare in most species. In man, for example, the 

frequency of situs inversus is 0.01% (Torgersen, 1949), and is often 

associated with congenital heart disease (Campbell and Deuchar, 1966). 

An environmental influence over the direction of heart situs occurs in the 

case of conjoined twins which are joined at the chest and/or abdomen. In 

the majority of cases the left twin has normal situs, whereas the right 

twin has reversed situs (Cunniff etal., 1988).

Natural mutations leading to the disturbance of heart handedness do 

not usually lead to 100% situs inversus. For example the iv/iv 

homozygous mutant in mouse tends to have a 50% chance of situs 

inversus (Brown et al., 1989), as does the transgenic mouse insertional 

mutation, legless (Schreiner et al., 1993). These mutations are recessive, 

therefore it may be deduced that they lead to loss of function. One 

example of a mutation which leads to 100% situs inversus is inv, a 

recessive insertional mutation, produced by the insertion of a tyrosinase 

minigene into the one cell stage embryos of the inbred mouse strain 

FVB/N (Yokohama a/., 1993).

It has been proposed that the different contributions of cells from 

the left and right HFR’s to the rostral and caudal areas of the heart early
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in its formation may have some influence on its looping later in 

development. Tritiated thymidine labeling studies indicate that the right 

side contributes a higher percentage of cells to the rostral part of the 

heart than the left side, whereas in the caudal part of the heart, the 

situation is reversed (Stalsberg, 1969). It has also been suggested that 

varying degrees of tension, caused by the organization of actin bundles in 

the heart tube, is causal in heart looping. Actin filament staining indicates 

that the organization of actin differs in the straight, left-looping and 

right-looping sections of the heart tube, leading to stronger tension on the 

right hand side, and thus, right looping (Itasaki et al., 1989). Embryos 

with spontaneous heart malformations show altered actin organization 

providing evidence that the heart tube loops to the right as a result of 

increased tension on that side (Nakamura and Itasaki, 1991).

Randomisation of this bending mechanism of the heart has been 

achieved mechanically by transplanting prospective cardiac tissue from 

one side of the embryo to the other so that the HFR’s are both of right

sided origin; this procedure, carried out at HH stage 6, results in 50% of 

embryos with situs inversus (Hoyle et al., 1992). Heart bending can also 

be perturbed by disrupting the actin filaments present in the heart tube; 

cytochalasin B, which disorganises actin bundles, causes situs inversus 

when applied caudally to the right side of the heart tube, and prevents 

heart looping when applied diffusely in the medium (Itasaki et al., 1991). 

Interference with proteoglycan synthesis in Xenopus also prevents 

looping of the heart tube (Yost, 1990). Experimentally induced left 

bending of the heart results in the embryo twisting to the right; thus it has 

been suggested that the handedness of the embryo torsion is likely to be 

the mechanical result of the bending of the heart (Itasaki etal., 1991).

Recently the molecular mechanism behind these events has begun to 

be characterised, and several molecules are now thought to be involved in 

the left - right determination of vertebrate embryos. In particular, two
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molecules were found to be expressed asymmetrically at the node 

of chick embryos at stage 4+ (H and H); Sonic Hedgehog (Johnson et al., 

1994b), and an activin receptor cAct-RIIa (Stern, 1995). Sonic Hedgehog 

is initially expressed on both sides of the node, but is then down-regulated 

on the right hand side, which coincides with the up-regulation of cAct-IIa 

on the right hand side. Interestingly, there is a symmetrical domain of 

cActlla expression in the mesoderm of the heart forming areas; as 

already mentioned, activin molecules are found in increased amounts in 

the cardiac mesoderm (Sugi and Lough, 1995), suggesting a possible 

interaction between these molecules and the activin receptor. However, 

these asymmetries in gene expression have not been identified in any 

other vertebrates, and the cActlla ‘knockout’ in mice does not produce 

embryos with randomized heart situs (Matzuk et at., 1995). As already 

mentioned, however, birds are the only vertebrates to show structural 

asymmetry of the node (Cooke, 1995; Hara, 1978).

Another molecule expressed asymmetrically in the chick is the 

TGFp superfamily member, nodal (Levin et al., 1995). This gene was 

originally called chick nodal-related-1 (cNR-1) as it was thought to be 

only a close relative of the mouse nodal gene, known to be important for 

axis formation (Conlon et al., 1994). Recent evidence, described later, 

suggests that this chick nodal gene is, in fact, the true homologue of 

mouse nodal, and it will therefore be referred to as nodal throughout this 

work. Unlike mouse nodal, chick nodal is excluded from the node until 

HH stage 7, at which point it is asymmetrically switched on in the left 

hand side of the node. Shortly after this point, a further asymmetric patch 

of nodal appears in the left hand lateral plate mesoderm, continuing until 

H and H stage 11.

Due to the asymmetrical expression patterns of an activin receptor 

{cActlla} and Shh adjacent to the node of chick embryos, it was suggested 

that an activin type molecule and Shh may play a role in left-right
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asymmetry (Levin et al, 1995). Ectopic expression of activin 

protein on the left hand side of the node was found to down-regulate 

nodal expression, whereas ectopic expression of Shh on the right hand 

side of the node was found to up-regulate nodal expression. The resulting 

symmetry of these usually asymmetrically expressed genes resulted in 

randomization of heart situs, as does the ectopic expression of nodal 

directly (Tabin, personal communication). Levin et a l, (1995) suggested 

that an activin molecule, Shh and nodal may thus be linked in a molecular 

pathway involved in heart handedness in the chick embryo. In agreement 

with this hypothesis, naturally occurring twins in chicks, have abnormal 

expression patterns of shh and nodal (Levin e ta l,  1996). For example, in 

cases where twin embryos are parallel, the right twin has an absence of 

shh and nodal expressions. This result may explain why the right hand 

twin, of conjoined twins in humans, has the laterality defect in the 

majority of cases (Cunniff et al., 1988). Of interest is the finding that 

vitamin-A deficient Quail embryos show normal asymmetric expression 

of Shh even though they exhibit randomization of heart situs (Chen et al., 

1996), suggesting that retinoids may be down-stream of Shh in the 

molecular pathway that establishes left - right asymmetry.

The mouse nodal gene and XNR-1, a Xenopus n<9Ja/-related 

gene have also been reported to be expressed asymmetrically in the 

lateral plate mesoderm and to be involved in heart bending (Collignon et 

al., 1996; Lowe et al., 1996), suggesting that noJaZ-related genes are 

highly conserved in their role throughout the vertebrate classes. Inv/inv 

and iv/iv mice were found to have abnormal expression of nodal, 

homozygous inv mutant embryos were found to have reversed nodal 

expression (Collignon et al., 1996; Lowe et al., 1996) whereas 

homozygous iv mutant embryos had varying nodal expressions (normal; 

reversed; both; none) (Lowe e ta l, 1996). This evidence suggests that the
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iv and inv mutations are up-stream of nodal Most recently, 

\Xenopus V gl has been found to have effects on left-right asymmetry 

(Hyatt et al., 1996); ectopic overexpression of V gl on the right side of 

the Xenopus blastula induces XNR-1 expression on that side, resulting in 

symmetrical XNR-1 expression and randomization of heart situs. 

Inhibition of Vgl by means of a dominant negative receptor also leads to 

disruption of normal heart handedness.

Interestingly, mouse nodal and XNR-1 are also involved in dorsal- 

anterior development (Conlon et al., 1994; Jones et al., 1995), as is 

Xenopus and chick V gl (Hyatt et al., 1996; Seleiro et al., 1996). 

Increased disturbance in Xenopus dorsal-anterior development 

experimentally, has been shown to correlate with increased numbers of 

heart reversals (Danos and Yost, 1995), and recently, the notochord has 

been implicated in left-right axis development; in the Zebrafish 

notochord-defective mutants, no tail and floating head, a randomization 

of heart situs is seen; as well as disruption in the dorso-ventral 

development of the heart (Danos and Yost, 1996). The notochord is also 

suggested to have a role in establishing the dorso-ventral axis of the 

central nervous system; ectopic explantation of notochords induce the 

expression of ventral markers in the CNS (Placzek et al., 1991). These 

pieces of evidence suggest that the same organizing structures can provide 

positional signals to maintain more than one axis of the embryo at 

different times in development, and that cells will respond according to 

their different developmental history.

At the same time as the nodal genes were reported to be involved 

in heart handedness, another TGFp family member in the mouse, lefty, 

was reported to be expressed transiently in left hand lateral plate 

mesoderm as well as in the left half of the floor plate (Meno etal., 1996). 

Like nodal, lefty expression is disrupted in iv and inv recessive mice. A 

further chick gene described as having an asymmetric distribution, is an
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extracellular matrix molecule, flectin, which is expressed more 

strongly on the left hand side in the posterior part of the heart tube 

(Tsuda et al., 1996). In Vitamin A-deficient quail, embryonic hearts do 

not loop. In these hearts expression of flectin is reduced and disorganised 

so as to be no longer expressed more strongly on the left. Also, in a rare 

case where a spontaneous heart reversal occurred in ovo, flectin 

expression was reversed. It is likely, therefore, that flectin is involved in 

the mechanics of heart bending itself, although this may be an inhibitory 

mechanism, as normal mechanical bending may be executed from the 

right, whereas flectin is expressed on the left (Itasaki etal., 1991).
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1 .4  Snail genes; response molecules

1.4.1 Mesoderm formation

Boundaries, like polarities, are produced as a direct response to the 

interaction between gene products. As with polarities. Drosophila has 

provided us with a tool by which the mechanisms can be studied. 

Drosophila snail belongs to a family of genes which encode transcription 

factors containing Cys2His2 zinc finger DNA binding domains (Boulay et 

al., 1987). Mesoderm is restricted to ventral regions of the Drosophila 

embryo when the maternal factor, dorsal, acts by repressing 

decapentaplegic, and activating twist and snail in ventral regions (Ip et 

al., 1992a; Kirov et al., 1993). The link between the transcription factor 

genes, dorsal, twist and snail was discovered due to the similarity in the 

phenotypes of the lethal embryonic mutants, which all show a failure of 

invagination of ventral presumptive mesodermal cells. This results in the 

embryos having a complete lack of internal organs ( Simpson, 1983; 

Gxdcaetal., 1984).

At the onset of gastrulation, uninvaginated presumptive mesoderm 

cells exhibit strong snail expression. As the cells invaginate (during 

gastrulation), snail expression is maintained, but is down-regulated in 

invaginated cells. By the end of gastrulation, only low levels of snail are 

detected in the invaginated cells, but increased levels are now seen in the 

mesectoderm. Later in development, it is expressed in a new domain, the 

central nervous system (Alberga et al., 1991). The failure of cells which 

normally express snail to invaginate in snail mutants indicates that snail is 

essential for the direction of this process, and thus, the formation of 

mesoderm.

Localised gene expression is essential for the production of the 

specific tissue types required during development. Genes encoding
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transcription factors, such as snail, are present in every cell of 

the embryo, thus their expression must be regulated either by gene 

activation or repression, that is the switching on or off of gene activation 

and therefore protein production. In order for this regulation to take 

place, gene sequences contain binding sites for activators and repressors. 

There are several types of repression; competition for binding to the 

transcriptional complexes being the most well understood, whereby a 

repressor occupies the complex, preventing the activator from binding 

and thus preventing gene activation and subsequent protein production. 

Less common, is the recently described ‘quenching’, a type of repression 

whereby activators and repressors occupy neighbouring sites in a target 

promoter; the repressor interacts with the activator preventing it from 

contacting the transcriptional complex (Levine and Manley, 1989). The 

snail gene product has been reported to act by quenching (Gray et al., 

1994).

The uniform expression of snail in ventral regions of the 

Drosophila embryo ensures the formation of mesoderm in this region and 

occurs as a direct result of activation by dorsal and twist (Ip et at., 

1992b). The formation of the sharp snail boundary, essential for the 

correct segregation of different tissue types, is produced during complex 

interactions with the dorsal and twist gene products in a dose dependent 

manner ( Kosman et al., 1991; Ip et al., 1992b; Kirov et at., 1993). The 

snail gene product then itself controls gene transcription by acting as a 

repressor of ectodermal and neuroectodermal gene products. The 

establishment of the mesoderm - neuroectoderm boundary before 

gastrulation, for example, is by the direct repression of rhomboid, a 

putative transmembrane receptor, by snail (Ip et al., 1992a). Dorsal and 

certain b-Helix-Loop-Helix (bHLH) - family members and possibly twist, 

activate rhomboid in the presumptive ventral epidermis, while snail acts 

to repress rhomboid in presumptive mesoderm. This leads to the
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formation of a sharp stripe of rhomboid expressing cells, 

approximately ten cells wide. Mutations in rhomboid's snail - binding 

sites leads to the ventral derepression of rhomboid (Ip et at., 1992a). 

Snail uses a similar mechanism for the repression of the bHLH- family 

member, single minded, to restrict its expression to one or two cell layers 

at the snail boundary (Kasai et al., 1992). Snail is also required for the 

maintenance, but not activation, of other gene products involved in 

mesoderm formation, such as Msh-2 (Tinman) and modulo (Bodmer et 

al., 1990; G raba^ra/., 1994).

Other zinc-finger genes closely related to snail have been isolated 

in Drosophila, such as escargot and scratch, which act by similar 

mechanisms, resulting in the specification of distinct tissue types 

(Whiteley af <%/., 1992; Roark era/., 1995).

A Xenopus 5na//-family member (Xsna), was isolated in a library 

screen due to its close sequence similarity to Drosophila snail (Sargent 

and Bennett, 1990). Like Drosophila snail, Xsna is expressed in 

mesoderm, but also has a further domain of expression in the ectoderm. 

Xsna RNA is absent from animal caps, but can be induced by known 

Xenopus mesoderm inducing factors. This suggests that in vivo Xsna 

expression is induced by mesoderm inducing factors. The fact that snail 

and Xsna are both expressed at sites of involution suggests that the signals 

involved in axis formation has been largely conserved (Sargent and 

Bennett, 1990). Although Xsna is expressed in the ectoderm as well as the 

mesoderm, separate elements of the promoter are required for each of 

these areas (Mayor etal., 1993).

Other vertebrate snail genes have been cloned in chick (slug) 

(Nieto etal., 1994), mouse (Sna) (Nieto etal., 1992a; Smith et al., 1992), 

and zebrafish (snaill, snaill, pointillel and pointillel) (Hammerschmidt 

and Nusslein Volhard, 1993; Thisse etal., 1995).

The number of zinc fingers the vertebrate genes contain, and their
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expression patterns vary. For example, XSna, slug, pointillel, 

pointillel and snail 2 contain five zinc fingers. Transcripts of these genes 

are found mainly in neural crest ( Nieto et al., 1992a; Essex et al., 1993; 

Thisse et al., 1995). Sna and Snaill, however, which contain four zinc 

fingers have expression mainly in presomitic and somitic mesoderm 

(Nieto et at., 1992a; Smith et al., 1992; Hammerschmidt and Nusslein 

Volhard, 1993), although Sna transcripts are also located in neural crest 

(Nieto etal., 1992a; Smith etal., 1992).

Although there is strong sequence conservation between vertebrate 

snail-T&\ated genes and Drosophila snail, there is stronger identity 

between these genes and Drosophila escargot ( Nieto et al., 1992a; Smith 

et al., 1992; Nieto et al., 1994). However, the expression patterns of at 

least some of these genes suggests that they are more similar in function 

to snail. There are also several differences between the expression 

patterns of vertebrate 5na//-related genes and Drosophila snail family 

members, suggesting that other roles for the genes have been adopted 

during evolution (Nieto et al., 1992a). Moreover, other than a small 

region at the N-terminal end of the Snail protein, there is no sequence 

conservation between the Drosophila and vertebrate groups upstream of 

the zinc finger region, suggesting that the vertebrate genes do not 

necessarily act by the same mechanism as the Drosophila members, that 

is, by repression (Smith et al., 1992). Comparisons between the amino 

acid sequences of snail genes from different species shows there is strong 

conservation within the zinc finger DNA binding motifs, suggesting 

selective pressure to maintain these elements during evolution (Sommer 

etal., 1992).
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1.4.2 Cell migration

Chick slug is expressed in the cells of the primitive streak just prior 

to their migration from the streak, as well as in neural crest cells of the 

neural tube and head region. However, expression is switched off when 

the cells reach their destination (Nieto et ol., 1994). The gene is switched 

on as an early response to the regeneration of neural crest after ablation 

(Sechrist et al., 1995). Interference in slug function, with the use of 

antisense oligonucleotides, affects the migration of mesoderm from  the 

primitive streak, and neural crest from the neural tube and head regions, 

implying that the slug gene is required for the transition to mesenchymal 

cell types (Nieto e ta l ,  1994).

All vertebrate snail genes isolated so far, are expressed in at least a 

subset of the neural crest. Interestingly, neural crest is only found in vertebrates

and is responsible for generating novel structures only found in these organisms

(Wolpert, 1990). Thus, through evolution, existing genes have been adopted to

control new events.

1.4.3 Appendage development

Along with Escargot, Snail has been implicated in wing cell fate 

determination in Drosophila Qmbiyogcncsis (Fuse et al., 1996). Snail and 

escargot are expressed in the wing |and haltere imaginai discs along with 

the nuclear protein. Vestigial Sustained snail and escargot expression 

activates vestigial and other target genes essential for wing development.

Snail and escargot act to auto- and crossregulate each others activities, 

ensuring the stable expression of the gene products. Mutational analysis 

indicates that only cells that transiently express both snail and escargot 

acquire the competence to activate these pathways, thereby initiating wing
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development. Vestigial is expressed in snail or escargot single 

mutants, although normal wing development does not occur. Expression 

of snail and vestigial, but not escargot is seen transiently in the double 

mutants, but then completely lost, indicating that wing development 

begins, but cannot be maintained in the double mutant. This leads to the 

wing primordia being unable to invaginate. This was shown not to be due 

to the death of snail expressing cells, and therefore due to snail down - 

regulation. Maintenance of the commitment to wing development thus 

requires the overlapping expression of snail and escargot. In the absence 

of snail and escargot the wing primordia transforms into larval 

epidermis. However, the rescue of snail or escargot expression by heat 

shock restored vestigial expression, and thus wing cell type, suggesting 

that the cells still have the potential to respond to these gene products.

Mouse snail and jZw^areexpressed in the mesenchyme of mouse and 

chick limb buds, respectively, but only some time after outgrowth has 

begun (Smith etal., 1992; Alison Isaac, unpublished observations).
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1.5 Antisense oligodeoxynucleotides

1.5.1 Theory of technology

Over the past twenty years, interest in the use of antisense 

oligodeoxynucleotides (oligos) for research, commercial and medical uses 

has grown considerably from its first use by molecular biologists as a 

tool for elucidating gene function. Oligos have been used to block RNA 

function as early as 1978; antisense oligos complementary to a sequence 

of the Rous sarcoma virus led to inhibition in virus production 

(Zamecnik and Stephenson, 1978). The technique advanced dramatically, 

however, with the production of automated DNA synthesis (Alvarado- 

Urbina^^a/., 1981).

In theory, antisense oligos inhibit specific gene function by 

hybridizing to the mRNA. This leads to the formation of a DNA/RNA 

hybrid, either physically blocking translation (Ch'ng et al., 1989), or 

providing a substrate for endogenous RNase H which cleaves the target 

mRNA (Shuttleworth and Colman, 1988). This mechanism has an in vivo 

role in bacterial plasmid regulation (Lacatena and Cesarini, 1981). 

Certain criteria must be met when designing antisense oligos, for 

example, extent of inhibition is affected by sequence and chain length, 

location of the hybridisation on the mRNA and the secondary structure of 

the binding site (Blake etal., 1985).

Oligos must be able to enter cells. In order to ease uptake, the 

oligos must be as short as possible, without unduly decreasing the gene 

specificity of the sequence; it has been calculated that a length of between 

fifteen and eighteen nucleotides is required to ensure a high probability 

of uniqueness within the total in-frame coding sequence of a typical
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vertebrate genome, although it has been shown that a 13mer can 

have gene specific effects (Zamecnik and Stephenson, 1978; Woolf et al., 

1992). Longer oligos tend to be less soluble and permeable than shorter 

oligos (Marcus-Sekura et cd, 1987). Increase in length may also lead to 

unspecific binding, giving rise to non-gene sequence specific effects in 

cells or embryos. The use of appropriate control oligos can overcome 

this problem (Stein and Cheng, 1993).

In order for oligos to have a noticeable effect, the resulting gene 

activity must be less than half of the original. The combined use of two 

short oligos to different regions of the same RNA molecule are 

considerably more effective than one long one for a given total 

concentration. This is due to the fact that the chance of the RNA molecule 

escaping being bound to either of two different oligos is significantly less 

than the chance of the molecule escaping binding from one oligo. For 

example, a mixture of oligos to slug produced a higher degree of 

abnormality than the same total concentration of individual oligos (Nieto 

etal., 1994).

The use of cationic lipids can increase the uptake of oligos into the 

cell; fluorescein-labelled oligo was found to be localised in the nucleus as 

well as the cytoplasm of cells when liposome was added, although 

essentially confined to the cytoplasm, when oligo was used alone (Bennett 

et al., 1992). Also, some ohgos are found not to be effective when 

administered without a liposomal carrier (Colige etal., 1993).

Oligos must be stable in the medium, and also within the cell. 

Intracellular nucleases within cells can degrade the oligo, thus reducing 

effectiveness. Chemical modification of the normal phosphodiester oligos, 

by replacement of one of the phosphate group oxygens with a methyl 

group or a sulphur atom can protect DNA against hydrolysis by at least 

some nucleases, increasing stability by two to twenty times, dependent on 

enzyme. (Eckstein, 1986). Whereas phosphodiester oligos are degraded
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after approximately twenty minutes in living systems, modified 

oligos are stable for a few hours and can therefore be used at lower 

concentrations than phosphodiester oligos, to produce an equivalent 

effect.

Phosphorothioate oligos, which have the oxygen replaced by a 

sulphur atom, can give DNA/RNA hybrids whose RNA strand is a 

substrate for RNase H, unlike methylphosphonate oligos, which appear 

not to work through RNA cleavage (Furdon et oL., 1989; Hoke et at., 

1991; Wagner et ol., 1993). In some cases, phosphorothioate oligos have 

been shown to be more capable of degrading RNA in vitro, than 

unmodified oligos (Woolf etal., 1990; Hoke etal., 1991). It is preferable 

to have a perfectly matched oligo and RNA sequence as this results in 

more cleavage by RNase H (Woolf et al., 1992).

The position in which the oligo will bind to the RNA is an 

important consideration, as the hybridisation must result in inhibition of 

gene expression. The first choice of binding site is usually sequences 5 ' to 

the start site and overlapping the initial methionine, or those beginning at 

the initial methionine and extending over the first few additional codons. 

Oligos designed to internally translated regions tend to be less effective in 

the majority of cases (Blake et al., 1985; Melton, 1985; Murakami et al., 

1985). It is not known exactly why these sites tend to produce the best 

results in the majority of cases, but it is probably due to the RNA 

structure. In view of this, choice of target position can be aided with the 

use of computer modeling (Malcolm, 1992). Even this cannot ensure that 

the correct position is chosen, however, as it is not known how much of 

the sequence should be studied in order to get an accurate picture. The 

secondary structure of the oligo, such as the presence of stem loops, 

which can prevent the oligo from binding, also needs to be considered, as 

this will also effect the production of stable duplexes. The efficiency of 

binding depends on the melting temperature of the RNA-DNA duplex;
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higher melting points produce more stable duplexes (Barabino et 

al., 1992; Wagner etal., 1993). Phosphorothioate oligos have been shown 

to have lower melting points and thus decreased binding affinities to RNA 

than phosphodiester oligos (Hoke etal., 1991), although the disadvantages 

of decreased binding affinities are out-weighed by the increased 

resistance to nuclease degradation.

Care has to be taken when using phosphorothioate oligos, however, 

as there have been cases where they have been shown to bind in a 

sequence related way, which is nevertheless not gene sequence specific, as 

well as binding to the target gene sequence. This can lead to non gene- 

sequence related effects (Watson et al., 1992; Retaux et al., 1996). The 

careful use of control oligos, including those that contain the same 

number of bases as, but in a different order to, the antisense oligos, can 

help to highlight non gene sequence specific binding.
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1.5.2 Tool to study developmental gene action

The use of oligos to transiently interfere with the function of a 

gene later in development, rather than by genetic means from the 

beginning of development has one obvious advantage ; the effect is rarely 

lethal. The production of a specific gene-related effect, which tends to be 

known as a ‘phenotype’, allows the function of the gene to be studied 

more easily. Another advantage of using antisense oligos to transiently 

interfere with gene function is that, in some cases, the effect is more gene 

specific. In a number of cases, targeted mutation has not revealed the 

complete function of a gene, due to presumed compensation by genes 

involved in the same processes. For example, antisense oligos to nerve 

growth factor receptor (NGFR), affect kidney development, a region 

where NGFR is expressed (Sariola etaL, 1991). The targeted mutation of 

the NGFR, p75, however, shows no such affects on kidney development 

(Lee et cd., 1992). Another example of this involves the neuronal 

microtubule-associated protein Tau, locahsed in axons. Antisense oligo 

inhibition of Tau caused deficiency in axonal elongation (Caceres and 

Kosik, 1990), whereas the targeted mutation of the tau gene does not 

affect axonal elongation, possibly due to compensation by the microtubule 

associated protein lA  (Harada et a l, 1994).

As discussed earlier, even the most stable antisense oligos only 

survive in living systems for a matter of hours. The fact that genes 

involved in developmental processes are dynamically expressed, and thus 

remain in one area for a short time period, makes them ideal candidates 

for interference by antisense oligos. Several types of factors have been 

studied this way, either in tissue culture or whole embryo culture. These 

include oncogenes (Augustine et al., 1993; Yamauchi et éd., 1994; Su et 

al., 1995), transcription factors (Hebrok et al., 1994; Nieto et al., 1994;
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Srivastava et ol., 1995), and signalling molecules (Potts et al.,

1991; Sugi et al., 1993), in a variety of species. This section will only 

mention those directly relevant to this study.

As mentioned earlier, when early chick embryos incubated in 

antisense oligos specific to slug, were cultured, transient failure in the 

migratory movements of the expressing cells occurred (Nieto et al., 

1994). The proto-oncogenes, Wnt-1 and Wnt-3a, which are 

predominantly expressed in developing cranial and spinal cord regions, 

have been interfered with in a similar way in the mouse embryo 

(Augustine etal., 1993). In regions where the expression pattern of these 

genes overlaps, antisense oligos to one gene only does not cause 

abnormalities, possibly due to compensation by the other gene. Only 

when oligos to the combined genes are used, do abnormalities in all 

regions expressing these genes become affected.

Other examples of redundancy have been described. For example, 

antisense oligonucleotides to individual class A bHLH transcription 

factors expressed in the developing neural tube interneurons had no 

detectable effect, whereas using oligos to combinations of class A bHLH 

genes expressed in the same areas caused expression pattern - related 

abnormalities (Suda et al., 1994). Antisense oligos to the bHLH family 

members, e- and d-HAND, both expressed in the heart, show similar 

results. Interference with both genes is required in order to see 

abnormalities in the heart, that is, regions where both genes are expressed 

(Srivastava et al., 1995). These results highlight the problems that can 

occur when trying to target genes within highly related groups, either 

when using antisense oligonucleotides, or site directed mutagenesis. Also, 

as discussed earlier, it is not always clear whether the oligo- induced 

perturbations that arise during development are due to gene target 

specific interactions. For example, FGF’s are present in, and are required 

for the correct growth of, cardiac tissue in vitro (Yamazaki and Hirakow,
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1994), and oligos to FGF’s have been shown to result in 

abnormalities of cardiac formation (Sugi et cd., 1993). However, it has 

also been shown that oligos can bind to FGF’s in a non target sequence 

specific way (Retaux et cd., 1996), and possibilities such as this must, 

therefore, be taken into consideration, when analysing results obtained 

using antisense oligos.
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1.5.3 - Therapeutic potential

It is hoped that antisense oligonucleotides may eventually be used 

therapeutically. Oligos have been used to successfully inhibit human 

diseases such as HIV, Leukemia and tumours in tissue culture and nude 

mice (Agrawal et at., 1988; Higgins et cd., 1993; Kitajima et al., 1992a; 

Kitajima et al., 1992b; Hijiya et al., 1994). However, it is not known how 

effective the oligos may be in the treatment of patients, as their action 

may vary significantly in different tissues, and accumulation in the liver 

is possible (review, Stein and Cheng, 1993). Moreover, to be effective as 

therapeutic agents, antisense oligos must be able to bind target genes with 

high specificity without producing unwanted side effects. In some cases 

oligos have been found to be toxic; while antisense oligos to Xenopus Vgl 

have been shown to specifically inhibit its RNA translation in oocytes, 

injection of the oligos into Xenopus embryos, at a concentration required 

to degrade RNA at detectable levels was found to be toxic (Woolf et cd., 

1990; Woolf et cd., 1992). As mentioned in the previous section, 

however, several whole embryo treatments with antisense oligos have 

been carried out without detrimental effects .
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1.6. Aims of this thesis

A chick DNA library was probed with the previously isolated 

Xenopus snail gene (by M.Sargent, NIMR). Two Drosophila snail-YQldXtd 

genes were isolated due to the extremely high sequence conservation in 

the zinc finger region and a small region at the N-terminal end of the 

protein. One of these genes, slug, has been intensively studied in the 

laboratory prior to this investigation (Nieto et al.,. 1994), already 

mentioned in 1.4.2. and 1.5.2. A description of the characterisation of the 

other isolated gene. Chick S'na/Z-related {cSnR), will follow in this report.

The first part of this work consists of the characterisation of the 

expression pattern of cSnR, extending it to cover most of the early 

expression of the gene up to stage 16 (H and H), that is, early limb bud 

stage. Analysis of the gene will particularly cover the expression in the 

newly formed mesoderm. During this part of the work it became 

apparent that cSnR had a very different distribution to slug and was only 

slightly similar to other members of the snail family characterised to 

date. The function of the gene was studied using a method used in the 

study of slug, such that gene activity was disrupted with the use of 

antisense oligonucleotides. In view of the asymmetric expression pattern 

of cSnR, and the results obtained with gene interference, the effects of 

several proteins recently described to have an affect on left - right 

asymmetry in vertebrates, on cSnR expression were studied. This has led 

to a tentative proposal of a cascade of gene activity involving cSnR and 

these other genes. Finally, due to the unusually early expression of cSnR 

in the developing limb bud mesoderm, a preliminary investigation of its 

role in this area was carried out.
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CHAPTER II

MATERIALS AND METHODS

2.1 Materials

2.1.1 Chicken tissues

Fertilised White Leghorn chicken eggs were obtained from 

Poyndon Farm (Cuffley, Herts.). The eggs were incubated at 

approximately 38°C for the appropriate length of time to achieve the 

correct stage in development.

2.1.2 Bacterial strains

The strain DH5a was purchased from New England Biolabs 

(Beverley, USA).

2.1.3 Enzymes

All restriction endonucleases, DNA modifying enzymes, DNA and 

RNA polymerases used in this work were purchased from Gibco/BRL 

(Paisley, Scotland) unless otherwise stated.

2.1.4 Miscellaneous

General use chemicals of the highest standard of purity available, 

were obtained from standard suppliers unless otherwise stated.
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2.1.5 List of general use buffers and culture media

Agarose gel loading buffer:

0.25% Orange-G; 25mM EDTA; 50% v/v glycerol.

Hanks Low salt solution:

NaCl, 0.137M; KCl, 5mM; CaCl^ZH^O, O.OlmM; MgSO .̂VH^O, 

0.04mM; MgC12.6H20, O.OSmM; Na2HP04.12H20, 0.36mM; KH2P04, 

0.44mM; Glucose, 5.5mM; Phenol Red, 0.001 %w/v; phosphate buffered 

to pH 7.5.

Pannett and Compton (PC) Saline:

Solution A, 40mls; Solution B, 60mls; Glucose, 0.3M; H^O, to 

1 litre; pH to 7.2 - 7.6.

Solution A: NaCl, 2M; KCl, 0.2M; CaC1.2H20, 71.25mM; 

MgC1.6H20, 62.5mM; H20, to 40mls

Solution B: Na2HP04, 15mM; NaH2P042H20, 1.7mM; H20 to

60mls

Phosphate buffered saline (PBS):

NaCl, 135mM; KCl, ,27mM; Na2 HP0 4 , lOmM; KH2 PO4 , 15mM. 

20X SSC:

NaCl, 3M; trisodium citrate, 0.3M.

50X TAE: Tris, 2M; EDTA, 50mM; adjusted to pH 8.0 with glacial 

acetic acid

lOX TBE:

Tris,lM; boric acid, IM; EDTA, 20mM; pH 8.35
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IX TE:

Tris-HCl, lOmM; EDTA, ImM; pH 8.0

Bacterial growth media:

LE-broth:

1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl. 

Adjusted to pH 7.2 with NaOH.

LB-broth or LB-Agar with 0.1 mg/ml of ampicillin.

LB-agar:

1.5% (w/v) technical agar in LB-broth.

LB-agarose:

0.8% (w/v) agarose in LB-broth.
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2.2 General procedures

All solutions were prepared with double deionised water, and 

sterilized by autoclaving, unless otherwise recommended by the 

manufacturer. Plasticware and glassware were sterilized by autoclaving or 

by baking at 180°C for 2 hours, prior to use.

Separate stocks of solutions and plasticware were used for RNA 

work. RNase free solutions were made up in autoclaved water, and either 

autoclaved or sterilized through a 0.45 pm filter.

2.3 DNA Methods

2.3.1 Phenol/chloroform extraction of nucleic acids

Unless otherwise stated, DNA and RNA samples were phenol/ 

chloroform extracted according to the following procedure:

An equal volume of equilibrated phenol/chloroform/isoamyl alcohol 

(50:49:1 v/v) was added to the DNA or RNA solution, and the mixture 

vortexed until it formed a homogeneous emulsion. After spinning in a 

microfuge, or in a Sorval RC 5B centrifuge at 6,000 rpm for 5 minutes, 

the upper aqueous layer was transferred to a fresh tube, taking care not to 

carry over any debris from the interface. This solution was extracted 

again with an equal volume of equilibrated chloroform, following the 

same procedure. The resulting solution was precipitated with ethanol 

unless otherwise stated.
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2.3.2 Ethanol precipitation of nucleic acids

Ethanol precipitations of DNA and RNA samples were performed 

according to the following procedure:

First, the concentration of anionic salt in the DNA or RNA solution 

was adjusted to a final concentration of 0.2 M for sodium chloride or 0.3 

M for sodium acetate pH 5.2. After mixing with the salt^the nucleic acids 

were precipitated by adding 2.5 volumes of ice-cold ethanol, and 

incubating at -20 or -70°C for at least 20 minutes. The nucleic acids were 

then recovered by centrifuging at 4°C in a microfuge or in a Sorval RC 

5B centrifuge at 12,000 rpm for 5 minutes. The supernatant was removed 

and the pellet washed with ice-cold 70% (v/v) ethanol. The tube was spun 

again under the same conditions, the supernatant removed, and the pellet 

air dried at room temperature for 5 minutes, before being resuspended in 

water or Tris-EDTA (TE) buffer. The final concentration of DNA or 

RNA was usually Ipg/ml.

2.3.3 Restriction enzyme digestion

Restriction digests were carried out in buffers recommended by the 

manufacturer. Typically, Ipg of DNA was digested with lunit of enzyme, 

for at least 1 hour, in a total volume greater than 10 times the volume of 

enzyme used.

2.3.4 Agarose gel electrophoresis of DNA.

Normal, or low melting point agarose (SIGMA, Poole, Dorset) was 

used for the preparation of gels, depending on subsequent applications of 

the DNA fragments.

Restriction digests were analysed on horizontal agarose gels
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containing between 0.7 and 1.2% (w/v) agarose, in Ix Tris-Borate-EDTA 

(TBE) or Tris-Acetate-BDTA (TAE) buffer with 0.5 mg/ml ethidium 

bromide. Samples were mixed with 10% (v/v) agarose gel loading buffer, 

loaded on to the gel, and electrophoresed at 10 volts/cm, in the same 

buffer used to prepare the gel until a clear band of nucleic acid could be 

visualised on a short wave ultraviolet transilluminator (254 nm). The 

band was photographed with Polaroid type 667 film.
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2.3.5 Large scale plasmid preparation

The procedure for plasmid maxi-preps outlined here is a simplified 

version of a method described in Sambrook et a l, (1989).

An overnight culture was set up by inoculating 500-700ml of LB- 

Ampicillin with a bacterial glycerol stock, or with a colony containing the 

desired plasmid, and incubated for approximately 18 hours at 37°C on a 

shaker.

The following day, the culture was chilled on ice for 30 minutes, 

and spun at 3,000 rpm for 20 minutes at 4°C in a Beckman J-6B 

centrifuge. The bacterial pellet was resuspended in 20 ml of ice-cold 

solution I (50 mM glucose, 25 mM Tris-HCl pH 8.0, 10 mM EDTA), then 

gently mixed with 40 ml of freshly prepared solution II (0.2 N NaOH, 1% 

(v/v) SDS), and incubated at room temperature for 10 minutes to allow 

full bacterial lysis. Next, 20 ml of ice-cold solution III (3 M potassium 

acetate, pH 4.3) was added to the resulting suspension, thoroughly mixed, 

and incubated on ice for 10 minutes to precipitate the bacterial debris.

The precipitate was removed and discarded by centrifuging at 3,000 

rpm for 20 minutes at 4°C in a Beckman J-6B centrifuge, and by filtering 

the supernatant through several layers of nylon gauze, leaving a clear 

liquid. The nucleic acids present in the solution were precipitated with 0.6 

volumes of propan-2-ol, incubated at room temperature for 10 minutes, 

and then centrifuged at 6,000 rpm for 15 minutes in a Sorvall GS3 rotor 

at room temperature. The pellet was washed with 70% (v/v) ethanol, 

briefly air dried at room temperature and resuspended in 3ml autoclaved, 

double deionised water.

The nucleic acid solution was transferred to a 10 ml Sarstedt tube, 

and high molecular weight RNA precipitated by adding the same volume 

of ice-cold 5 M LiCl, and centrifuging at 10,000 rpm for 10 minutes at 

4°C in a Sorvall SS34 rotor. The supernatant was transferred to a 35 ml
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Sorvall centrifuge tube, and the plasmid DNA precipitated at room 

temperature for 10 minutes with 2.5 volumes of ethanol. After 

centrifuging again at 10,000 rpm for 10 minutes at 4°C, the pellet was 

washed with 70% (v/v) ethanol, air dryed, and resuspended in 750pl TE.

The remaining contaminating RNA was removed by digesting with 

Ipl of 50 mg/ml RNase-A (previously boiled for 10 minutes to remove 

any DNase contamination), at 37°C for 30 minutes. After this incubation 

the DNA was precipitated by adding the same volume of ice-cold PEG 

buffer (1.6 M NaCl, 13% (w/v) polyethylene glycol 8000) and 

microfuging at 4°C for 10 minutes.

The DNA/PEG pellet was resuspended in 400 pi of Ix TE/200 mM 

NaCl, and extracted twice with phenol/chloroform, once with chloroform, 

and precipitated with 2.5 volumes of ethanol at room temperature for 5 

minutes. Following centrifugation (5 minutes in a microfuge), the DNA 

pellet was washed with 70% (v/v) ethanol, briefly dried at room 

temperature and finally resuspended in 1 ml of TE.

The DNA was quantitated by measuring the absorbance of an 

aliquot of the plasmid solution at 260 and 280 nm (1 O.D.260 of 

DNA=50 pg/ml; the ratio O.D.260/280 for DNA is approximately 1.8), and 

its quality was checked by agarose gel electrophoresis, after which it was 

stored at -20°C.
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2.3.6 Small scale plasmid preparation

The procedure for plasmid mini-preps was modified from the 

method described by Ish-Horowicz and Burke., (1981)

A single bacterial colony was used to inoculate 2.5-5ml of LB-Amp 

in a sterile Universal tube, and cultured overnight at 37°C on a shaker.

The following day, 1.5ml of the culture were transferred into a 

microfuge tube, spun for 5 minutes, and the remainder of the culture 

stored at 4°C. The bacterial pellet which resulted from the centrifugation 

was resuspended in 250pl of solution 1 (see previous method) followed by 

500pl of freshly prepared solution II (see previous method), and the 

bacterial debris were precipitated with 250pl of solution III (see previous 

method) on ice for 10 minutes.

After spinning in a microfuge for 5 minutes, the supernatant was 

transferred to a fresh microfuge tube, taking care not to transfer any 

debris. The nucleic acids were precipitated with 0.6 volumes of propan-2- 

ol at room temperature for 10 minutes. This was spun again in a 

microfuge for 5 minutes, and the pellet washed with 70% (v/v) ethanol,

briefly air dried, and resuspended in lOOpl of TE.

Most of the contaminating proteins were removed by precipitation 

with lOOpl of 5M ammonium acetate, at room temperature for 10 

minutes. After spinning for 2 minutes in a microfuge, the supernatant was 

transferred to a fresh microfuge tube and the nucleic acids precipitated 

with 500pl of ethanol. After microfuging again for 2 minutes, the pellet 

was washed with 70% (v/v) ethanol, air dried, and resuspended in 20pl of 

TE.

2-5pl of the DNA solution were digested with a restriction

enzyme(s), which cleanly removes the insert, in a total volume of 10-20pl

(in the presence of 1-2 pg of boiled RNase-A) for 1 hour, and analysed on 

an agarose gel. Finally, glycerol stocks of the clones of interest were
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made with the|aliquot of the culture that had been kept at 4°C.

The plasmid DNA obtained by this method was usually clean 

enough for restriction digest analysis. If this was not the case, a further 

phenol/chloroform and chloroform extraction, and ethanol precipitation 

was performed.
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2.3.7 Ligation reactions

A standard ligation reaction contained 100-200ng of vector DNA, 

10-20ng of insert DNA, l-5units of T4 DNA ligase and 2pl of 5x T4 

DNA ligase buffer, in a total volume of lOjil. These components were 

mixed and incubated for 6 hours at room temperature, after which they 

were transformed into freshly prepared competent bacterial cells.

For each set of ligations, two or three reactions with different 

amounts of insert and vector DNA were set up (usually 2:1, 1:1 and 1:2), 

ensuring that suitable molar ratios of the two were obtained. In parallel, 

control reactions, consisting of inserts with known ligation efficiency, 

were also set up, to monitor the efficiency of ligation.

2.3.8 Transformation of E. coli with plasmid DNA

2.3.8.1 Preparation of competent cells

Competent cells were prepared using a modification of the method 

described in Sambrook e ta l ,  (1989).

A single bacterial colony was grown in a small volume of LB-broth 

overnight at 37°C on a shaker. The next morning, a 1:100 dilution was 

made in 50-100ml fresh LB-broth, and grown for 1-2 hours to an 

of 0.3-0.4. The culture was then chilled on ice for 15 minutes and 

harvested by centrifugation at 2,500 rpm for 10 minutes at 4°C, in a 

Beckman J-6B centrifuge. The pellet was resuspended to half the original 

volume, in ice-cold 50mM CaCl^ and incubated on ice for 20 minutes. The 

bacteriajwere centrifuged once more, and resuspended to one-tenth of the 

original volume, in ice-cold 50mM CaCl^. After a further incubation of 1 

hour on ice, the competent bacteria were ready for transformation.
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2.3.S.2 Transformation of competent cells

One third of each ligation reaction, usually Spl, was diluted 5x with 

autoclaved double deionised water, and chilled on ice for 5 minutes, 

before adding to 200 pi of freshly prepared competent cells. This mixture 

was incubated on ice for 1-2 hours, and heat-shocked at 42°C for 2 

minutes, in order to aid uptake of the ligation mixture. After cooling 

down to room temperature for 10 minutes, 1ml of LB-broth was added to 

each tube, and the culture was incubated at 37°C for 45 minutes, to allow 

the expression of the antibiotic resistance gene. After centrifuging for 5 

minutes at low speed, most of the supernatant was discarded, and the 

bacterial pellet gently resuspended in the remaining medium. For vectors 

with blue/white selection, 8pi of lOOmg/ml IPTG (isopropyl (3-D- 

thiogalactopyranoside) and 8pi of lOOmg/ml X-gal (5-bromo-4-chloro-3 - 

indolyl-P-D-galactopyranoside) were added, and the transformed bacteria 

were then plated on LB-agar plates with the appropriate antibiotic, 

depending on resistence, and incubated overnight at 37°C.

2.3.9 Linearization of DNA templates

Plasmids were linearized with the appropriate enzyme (that is, one 

which cuts in one position only, and not within the insert), phenol 

chloroform and chloroform extracted, and ethanol precipitated.

2.3.10 Synthesis of RNA probes

The reagents were mixed together at room temperature in the 

following order:

-Sterile distilled water, for a final volume of 30ml
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-lOx transcription buffer 

-0.2M DTT

-Nucleotide mix (lOmM each of GTP, ATP, CTP, and 6.5mM 

UTP, 3.5mM digoxygenin-UTP pH8.0)

-Linearised plasmid (1 mg/ml)

-Placental ribonuclease inhibitor (lOOU/ml)

-SP6, T7 or T3 RNA polymerase (lOU/ml)

The mixture was incubated at 37°C for 2 hours. A 1ml aliquot of 

the mixture was ran on a 1% agarose gel. The RNA band should be 10- 

fold more intense than the plasmid band, suggesting a ICjLlg probe is 

synthesised.

The probe was precipitated for 30 minutes at -20°C as follows:

-lOOpl DEPC-treated distilled water

-2.5M Ammonium Acetate (from a lOM stock solution)

-300ml 100% ethanol

The probe was dissolved in DEPC-treated water at 0.1|ig/ml and

stored
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2 .4  Culture of Early Chick Embryos

2 .4 .1  Culture o f  chick em bryos using the ring culture  

m ethod.

The method described is based on that of New (1955).

Egg yolks were collected in a dish of PC Saline at 20-25°C, about as 

deep as an egg yolk diameter, and with a black area on the bottom (for 

example, a microscope tile). The eggs were cracked carefully with 

forceps and a cap of the shell was removed. The thin albumin was 

decanted with a standard plastic pastette to be used as culture medium; the 

thick 'ropey' albumin was discarded. The egg yolks were carefully tipped 

into the saline.

The yolks were lined up around the edge of the dish. Using forceps, 

a watch glass and ring assembly were placed in the saline on top of the 

black tile, and the ring was moved to one side. Using one of the specially 

blunted no.5 forceps and the long handled scissors, the yolk was cut 

slightly above the 'equator' to give a disc of vitelline membrane with the 

blastoderm very near its centre.
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Figure 8 Diagram to show a chick embryo in ring culture. Watch 

glass; diameter 50mm. Stainless steel metal ring; diameter 25mm.

Blastoderm

Membrane 

Metal ring 

Watchglass 

Medium

Filter paper

Using both pairs of forceps the membrane disc was pulled off the 

yolk towards the watch glass. The membrane was stretched on the watch 

glass, blastoderm uppermost, with the aid of the ring. The blastoderm was 

localised in the centre of the ring. The entire assembly was then lifted out 

of the dish of saline and placed in a 50mm plastic petri dish containing a 

disc of moist filter paper to preserve 100% humidity. The centre of the 
filter paper disc was removed, on top of which the embryo is positioned

for viewing purposes.
The assembly was placed under the lowest power of a dissecting

microscope. Incident light was preferable for the next step, because it 

provided a better depth of perception. Blunt forceps were used to 

complete the process of centralising the blastoderm, evenly stretching the 

membrane and then folding it up to fall over the upper face of the ring so 

as to form a potential seal all around the ring bottom. This process was 

aided by removing as much saline as possible from around and above the 

apparatus, with the use of the smoothed-mouth, bent pasteur pipette. Once 

the wrapping process was complete, the saline under the membrane was 

replaced with albumin/tissue culture medium (see below), so as to stretch
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the blastoderm in a dome over the medium. Any remaining saline was 

removed from within the ring apparatus so as to leave the blastoderm 

'high and dry', taking care not to touch the blastoderm itself.

Albumin media:

90% albumin 

10% Liebevitz TCM 

5pg/ml gentamycin
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2 .4 .2  Treatment o f blastoderms, off-membrane, followed
by further ring culture.

Blastoderms were set-up as in 2.4.1. PC Saline was used to 'flood' 

the membrane and blastoderm. A needle was used to separate the 

blastoderm from the underlying membrane taking care not to damage the 

membrane in any way. A small initial wound in the blastoderm was 

necessary for removal. The blastoderm was then transferred to a 35mm 

plastic petri disb containing 1:1 Liebovitz TCM : Hank's ESS, using a 

blunt-moutbed pipette.

In the case of pbospborotbioate oligonucleotides, which are 

precipitated by albumin, the blastoderms were washed in a disb of 100% 

Hank's solution, before being transferred to a fresh solution of 1:1 

Liebovitz : Hank's. The blastoderms were placed dorsal surface 

uppermost. Embryos incubated at 38°C for two to four hours in 1.3ml of 

this medium showed no severe delay or other prejudice to their 

subsequent development in ring culture, providing a few drops of fresh 

medium were added after 2 and 3 hours of incubation.

After incubation, the blastoderms were re-introduced, ventral 

surface uppermost, to the Ring culture apparatus which was again 

'flooded' with PC saline. The blastoderms curled up during incubation 

off-membrane, so gentle flattening and stretching was carried out using 

needles and sharp no.5 forceps. The PC saline was removed and fresh 

medium was placed under the membrane to again produce a dome. Any 

remaining saline was removed and the cultures were incubated to the 

required stage.
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2.4.3 Treatment o f blastoderms off-membrane followed

by roller-tube culture.

This method was adapted from the method of Connolly et al (1995) 

Blastoderms were harvested and incubated as in 2.4.1, with the 

exception that the embryos were removed from the membranes in the dish 

of saline rather than in a ring culture apparatus. After incubation, the 

blastoderms were folded along their midlines, dorsal surface outermost. 

The blastoderms were then cut around the edge of the area pellucida with 

irridectomy scissors in order to make a sealed pocket. The embryos were 

incubated in a roller-tube incubator at 38°C with Liebovitz TCM, 10% 

foetal calf serum, 5pg/ml gentamycin, to the required stage.

2.5 Treatment with antisense oligonucleotides to cSnR.

Fully pbospborotbioate oligos (Oligo incorporated, U.S.A.) were 

divided into 2mM aliquots and stored at -70°C. One 2mM aliquote of each 

antisense oligo (see Figure 9) was mixed with ISOjll of Leibovitz medium, 

for every 35mm dish of embryos. The control oligos (see Figure 9) were 

used at the same final concentration. If Lipofection was required to aid 

uptake of oligos into the cells of the embryo, 40|lg Lipofectamine 

(GibcoBRL) was mixed with 150|xl of Leibovitz medium in a separate 

tube. The Lipofectamine and oligo mixtures were combined and left at 

room temperature for 30 minutes. Embryos were harvested as in 2.4.2 or

2.4.3 and incubated in 1ml of medium in a 35mm dish, to which was 

added the oligo and lipofectamine mixture to make a final volume of 1.3 

ml. The final concentration of oligo in the incubation mixture was thus
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approximately 40|lM. After 2 to 4 hours of incubation with the oligos, the 

embryos were either placed back in ring culture or were roller-tubed for 

a further 10 to 24 hours, until the required stage was reached. If  the 

embryos were roller-tubed, an additional 40pM oligo solution was added.

n.b. Antibiotic was not added to the |roller culture if lipofectamin 

was required, as cells are unduly permeable to antibiotics under 

conditions of lipofection.

Figure 9 Sequence of main oligos used in cSnR interference 

procedure

5’ cSnR: " AggAACgAgCgCggC

3’ cSnR: ’ gTCTggCTCTCTAgC’’

C cSnR: ’ TCTgCTCTCgTAgC’’

The antisense oligos were synthesised to the complementary 

sequence of nucleotides 1 to 15 (5’ cSnR) and 63 to 78 (3’ cSnR) 

downstream of the translational start site, where position 1 is the G of the 

start methionine codon. The control oligo (C cSnR) contains the same base 

pairs as the 3’ cSnR oligo, but has an internal 5’-3’ inversion of the 

middle six bases. Other control oligos included corresponding sense 

sequences, a random sequence oligo mixture, and antisense oligos to chick 

noggin, brachyury m d  follistatin genes (unpublished work).
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2.6 Wholemount In Situ hybridisation, Digoxygenin
Version

Embryos were hybridised with RNA probes as described by 

Wilkinson et al. (1993.).

2.6.1 Pretreatment

Embryos were dissected into PC saline, then fixed overnight at TC  

in fresh 4% paraformaldehyde (dissolved at 60°C in RNase-free PBS or 

PET). After fixation, the embryos were washed twice, for 10 minutes 

each in PET (PES + 0.1% Tween 20), 10 minutes in 50% methanol in 

PET, and twice for 10 minutes each in 100% methanol. (The embryos can 

be stored in 100% methanol for a few days at -20°C without detrimental 

affect).

The embryos were then rehydrated with 10 minute washes of 75%, 

50%, 25% Methanol, then two 10 minute washes of PET. The embryos 

were then treated with lOp-g/ml proteinase K in PET to aid penetration of 

the probe, for 5-30 minutes depending on the stage of the embryos (the 

older the embryo, the longer time period). Care must be taken, 

particularly with young embryos, as this treatment can lead to fragility.

The embryos were then washed twice for ten minutes in PET 

before fixation in 4% paraformaldehyde in PET with 2% gluteraldehyde, 

for 20 minutes, followed by washing twice in PET for 10 minutes each 

before transfer to prehybridisation mixture. The embryos were incubated 

overnight at 57°C. Embryos can be stored at -20°C for several weeks in 

this mixture without detrimental affect.
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Prehybridisation / Hybridisation mixture

-50% formamide 

-2XSSC

-20mg/ml Blocking powder 

-5mg/ml CHAPS 

-0.05mg/ml Heparin 

-1 mg/ml total RNA 

-5mM EDTA 

-0.1% Tween 20

2.6.2 Hybridisation

The prehybridisation mix was replaced with 1ml of fresh 

hybridisation mix including 0.1-lp.g/ml digoxygenin labelled probe and 

incubated overnight at 57°C.

2.6.3 Post hybridisation

The embryos were washed twice in prewarmed 2 X SSC (65°C) for 

5 minutes, twice in prewarmed 0.1% CHAPS in 2xSSC for 20 minutes, 

twice in 0.1% CHAPS in 0.2xSSC for 5 minutes, and twice in KTBT for 5 

minutes.

KTBT

-200pM KCl 

-50mM Tris-Cl pH7.5 

-ISOmMNaCl 

-1% Tween-20
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The embryos were blocked at 4°C for three hours in 2mg/ml 

Bovine Serum Albumum (BSA), 15% heat inactivated foetal calf serum in 

KTBT. They were then incubated for 3 hours at room temperature or 

overnight at 4°C with 1/1000 anti-DIG antibody in fresh blocking solution 

and then washed with at least 8 half hourly changes of KTBT at room 

temperature; if there was an overnight change this was carried out at 4°C.

2.6.4 Development of the colour reaction

The embryos were washed three times with Alkaline Phosphatase 

buffer for ten minutes.

Alkaline Phosphate buffer

-lOOmM Tris-Cl pH9.5 

-50mM MgCl 

-lOOmM NaCl 

-1% Tween-20

The embryos were transferred to | solid watch glasses to develop 

the colour. This step must be carried out in glass. The colour was 

developed using 4.5pl NBT (75mg/ml in 70%DMF) and 3.5pl BCIP 

(50mg/ml in 100%DMF) in the dark, on a rocker. Once the colour had 

developed fully, the embryos were washed in several changes of KTBT.
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2.7 Wholemount Immunocytochemistry, HNK-1 version.

Embryos were dissected into PC saline and then fixed in formal 

saline overnight at 4°C. The embryos were washed twice in PBS for 20 

minutes, and twice in 100% Methanol for 20 minutes. At this point the 

embryos can be stored at -20°C for up to a week, which may improve 

penetration of the reagents.

The embryos were then rehydrated through 75%, 50%, 25% 

Methanol for 10 minutes each and washed twice in PET for 30 minutes 

each. The embryos were then washed in IM Glycine (Tris buffered to 

pH7-8) for 30 minutes in order to block the free aldehyde groups from 

the fixative, PET for 30 minutes, and two changes of PEST (PET with 

2mg/ml ESA) for 30 minutes each. The embryos were blocked in PEST 

plus 5% heat inactivated Normal Goat Serum for one hour, and were then 

incubated for 5 hours at room temperature, or over night at 4°C with a 

monoclonal antibody against HNK-1 (a gift from Dr. A. Mudge, UCL., 

London.) diluted 1 in 2 in PEST with 0.5mM CaCl2 and MgCl2 .

The samples were then washed with at least 8 half hourly changes of 

PEST, before being incubated in secondary antibody (Sigma Goat anti

mouse IgM-HRP conjugated) for 2 to 3 hours at room temperature, or 

overnight at 4°C. The embryos were washed in PEST as above, prior to 

the colourleactionstep as follows:

The embryos were incubated in freshly thawed 0.25mg/ml 

DiAmino Benzidine (DAE) in PES, 30 minutes to one hour. This DAE 

mixture was removed, mixed with 3pl/ml 30%H202, and then returned to 

the embryos for 5 to 20 minutes until the colour reaction was complete. 

The DAE was carefully washed away with many changes of PES.
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2.8 Bead Implantations into Whole Embryo Culture

Afigel blue beads ( Bio-Rad Laboratories Ltd) with a diameter of 

125|Ltm were washed in PBS for two hours, and were then soaked in either 

Sonic hedgehog (2.5 x 10'^M,Tom Jessell, Columbia University, New 

York, USA) or activin protein (8000 Xenopus units, Jim Smith, NIMR, 

London) for at least one hour at room temperature. Control beads were 

soaked in PBS for the equivalent time period.

Embryos were set up in ring culture at HH stage 4, as previously 

described in section 2.4.1. A protein-coated or control bead was then 

inserted between the epiblast and hypoblast adjacent to Hensen's node, 

either on the right hand side {Shh) or the left hand side (activin) as shown 

below.

Figure 10 Diagram to show site of bead placement in ring culture

O HN Activin

Hedgehog

The embryos were cultured for a further 6 to 24 hours until they 

reached the appropriate stage. (HN, Hensen’s node)
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2.9 Bead Implantations into embryos in ovo.

Heparin acrylic beads (Sigma) with a diameter of 125|im were 

washed in PBS for two hours, then incubated in FGF-2 (1 mg/ml, R and D 

systems) for at least one hour at room temperature. Control beads were 

incubated in PBS for the equivalent time period.

Eggs were incubated on their sides for 50 to 55 hours or until they 

reached HH stage 13 to 15. A small hole was made in the blunt tip of the 

egg, and a window was cut in the shell above the embryo. India ink 

(pelican), diluted 1:4 in tissue culture medium (see below) was injected 

beneath the embryo using a size x needle to make the embryo visible. A 

second needle of the same size was used to drop tissue culture media onto 

the embryo periodically to prevent drying out, which would be 

detrimental to further embryonic development.

Using a dissecting needle, the vitelline membrane covering the 

embryo was removed and a tunnel was produced between the ectoderm 

and endoderm in the lateral plate mesoderm. A bead was inserted into the 

tunnel adjacent to somites 20 to 25 as shown in Figure 11 below.

The eggs were then incubated until they reached the desired stage.
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Figure 11 Diagram to show site of bead placement in ovo

Somites 20-25

Bead

■Ectoderm

O

Tissue culture medium:

20mM MEM (HEPES buffered) (Gibco BRL) 

10% ECS (Gibco BRL)

2 X Antibiotic / Antimycotic (Gibco BRL)

2 X Glutamine (Gibco BRL).
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2 .1 0  Routine Procedure for Paraffin Histology

2.10.1 Preperation of tissue sample

Freshly dissected, saline washed tissue was fixed in a version of 

Carnoy fixative (70% ethanol; 25% formalin; 5% glacial acetic acid) for 

at least two hours. The sample was lightly stained with two changes of

0.5% eosin in 70% ethanol for 15 minutes each, and then washed with PC 

saline for 1 hour. The sample was then dehydrated through the following 

solutions for 15 minutes: 80% ethanol; 95% ethanol twice; 100% ethanol 

twice.

The sample was cleared in Cedarwood oil (BDH/Merck) for at 

least one hour with several changes, in glass dishes. The dishes were then 

warmed in the wax station before paraffin wax (Fibrewax with a melting 

point of 58°C, BDH/Merck) was added to produce a 50% Cedarwood oil / 

50% wax mixture. After remaining in this solution for approximately 30 

minutes, the sample was passed through several 30 minute changes of 

wax. The final wax change was in plastic moulds, in which the sample was 

orientated before the wax was left to cool.

The sample was serially sectioned into slices of 7-10|lm thickness 

onto subbed slides.

Subbing Solution

1.25g of gelatin was dissolved in 500ml water at 60°C. 0.13g 

chromium potassium sulphate was added and the mixture filtered through 

folded filter paper and cooled to room temperature. The slides were 

dipped in the solution and left to dry.
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2.10.2 Deparaffinising and Hydrating Paraffin  sections to  

w ater.

The paraffin was removed with two 10 minute changes of histoclear 

(BDH/Merck) in glass dishes. The sections were then hydrated through the 

following graded series of ethanols for two minutes each: 100% twice; 

95%; 80%; 70%; 50%; 30%; distilled water.

2.10.3 Haematoxylin and Eosin staining

The sections were stained with Harris Modified Haematoxylin with 

Acetic Acid for 15 minutes, washed in running water for 5 minutes, and 

then dipped four or five times in 70% ethanol. The sections were 

destained in 0.5% HCl in 70% ethanol for 1 minute and blue'd in alkaline- 

alcohol for a further minute. The bluing process was then completed in 

Scott's solution for 3 minutes.

The sections were counter-stained by the following process: washed 

in running water for 3 minutes, dipped four or five times in 70% ethanol, 

then stained in Eosin in 70% ethanol for 1.5 minutes.

The sections were then dehydrated through the following graded 

series of ethanols for 2 minutes each: 70%; 80%; 95%; 100% twice, and 

then cleared in histoclear for 15 minutes before being mounted in XAM 

neutral (BDH/Merck).
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2 .1 1  Processing em bryos fo r  section ing , post in-situ  

hybridisation

Embryos were re-fixed in 4% phosphate buffered formal sahne 

(30% dH20; 30%PC Sahne; 30% lOOmM phosphate, pH 7.6, 10% fresh 

formaline (40:40 volume) for 30 minutes. At this point they were stored 

in 2% phosphate buffered formal saline in PBS or immediately taken to 

wax in the following stages: a 5 minute wash in 100% methanol, a 10 

minute wash in 100% isopropanol and three 30 minute changes of 

clearing agent.

n.b. Cedarwood oil is now preferred for clearing to 

tetrahydronaphthalene, the more traditional clearing agent for processing 

in-situs, as it preserves the structure of the embryo and is non-toxic.

The embryos were then embedded and sectioned as in 2.10.1.

After sectioning and mounting on to slides, the paraffin was 

removed using two changes of less than 3 minutes of histoclear (as little as 

is required to remove all the wax; too long in histoclear decreases the 

strength of the in situ signal).

The sections were hydrated to 70% ethanol through a graded series 

of alcohols two minutes each: 100%, 100%, 95%, 90%, 80%, 70%, 

before being stained in Eosin in 70% ethanol for 45 seconds, dehydrated 

through the same series of alcohols in reverse, then cleared in histoclear 

for as short a time as possible. The sections were kept in 100% alcohol 

until ready for mounting, at which point each slide was individually 

cleared before mounting in XAM.
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CHAPTER III

DISTRIBUTION OF CSNR IN EARLY CHICKEN EMBRYOS

3.1 Introduction

A cDNA clone of a chicken gene related to Drosophila snail 

(pMXBlO) was previously isolated by M. Sargent (NIMR, London), by 

screening a 2 day cDNA library with a radiolabelled probe containing 

nucleotides 1 to 695 of the Xenopus snail gene (Nieto et al., 1994). 

Analysis of the pMXBlO sequence shows a 77% total sequence similarity 

with Xsna, with a 94% sequence similarity within the zinc finger region. 

The sequence also has an 86% similarity with a related chick gene, slug, 

isolated simultaneously, within the zinc finger region. These vertebrate 

snail-Tclat&d genes have a 66% sequence similarity to Drosophila snail in 

the zinc finger region. However, due to the fact that in each vertebrate 

species examined, several genes related to Drosophila snail have been 

isolated, and it is not known which, if any, of these genes is the true 

homologue of the Drosophila gene, the chick gene discussed in this 

investigation is known as snail-related (cSnR). Preliminary 

characterization of the expression pattern of cSnR in the laboratory by A. 

Nieto, revealed that at embryonic stages 10 to 16, transcripts of the gene 

were present in the somites, cranial neural crest and the limb bud 

mesenchyme, but not in the neural crest emerging from the spinocaudal 

neural tube. Part of the initial objective of the work presented in this 

thesis was to continue the analysis of the expression pattern of cSnR and 

to compare this with the expression pattern of slug and Drosophila snail- 

related genes in other species. This chapter describes the results of an in 

depth study of the expression pattern of cSnR at early developmental 

stages. The pMXSlO clone used for the majority of this project was a gift 

from A Nieto (Instituto Cajal, Spain).
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3 .2  A nalysis o f  cSnR gene expression during early  

development by wholemount In situ hybridisation.

In situ hybridisation was carried out on wholemount chicken 

embryos, at various developmental stages, to determine in detail the 

expression pattern of cSnR during development. Digoxygenin-labelled 

antisense RNA probes were synthesised from the linearised pMXBlO 

cDNA clone. In all cases, exact same stages of embryos were hybridized 

with sense probes which were found to be completely free of signal and 

thus these embryos are not shown. Subsequent sections were taken of the 

stained embryos.

The results obtained in these in situ hybridisation experiments with 

the cSnR probe confirm that transcripts are found in the somites, cranial 

neural crest and limb bud mesenchyme. The results also show early 

expression of the gene in the lateral plate mesoderm; asymmetrically 

located in the right hand side of the embryo only. Expression of cSnR in 

these tissues is analysed in detail in the following sections of this chapter.

3 .2 .1  cSnR expression in the prim itive streak, m idline  

and somites

Expression of cSnR in the early embryo is first detected at HH 

stage 4 in the prospective prechordal plate, which is migrating anteriorly 

from  the most rostral part of Hensen’s node (Figures 12A and 12C). 

Shortly after, at HH stage 4+ to 5, as Hensen’s node begins to move 

posteriorly, expression becomes transiently confined to the ectodermal 

layer in two patches abutting both left and right sides of the node in the 

presumptive neural plate (Garcia-Martinez et ol., 1993), and the
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endoderm layer, which is replacing the hypoblast just anterior to the node 

(Stern and Ireland, 1981) (Figures 12B, 12D, and 12E). Expression is 

now excluded from Hensen’s node (Figure 12B and 12D). As the node 

regresses still further, between HH stage 5 to 6, ectodermal expression is 

down-regulated and becomes barely detectable. At this point, cSnR 

expression is up-regulated in the mesoderm and endoderm, refined into 

two arcs at the level of Hensen’s node, but more lateral to the 

disappearing ectodermal expression, which was immediately adjacent to 

the node (see Figures 13A and 14A). These arcs of expression correspond 

to the heart forming region (HFR) (Stalsberg and DeHaan, 1969). At HH 

stage 5, expression of cSnR is also found in the posterior two thirds of 

the primitive streak, which is fated to become lateral plate mesoderm and 

extraembryonic tissue (Psychoyos and Stern, 1996) (Figure 13A).

The arcs of expression elongate as development procédés (Figure 

13B). The anterior parts of the cSnR expressing tissue continue to form 

the HFR, whereas the most posterior part makes up tissue which will 

come to lie in the lateral half of the somites. At HH stage 7, expression is 

seen in the lateral edge of the newly forming somites and in a narrow 

band of cells that extend from the lateral edge of these somites, caudally 

(Figures 13C and 14B). This somitic expression ‘sweeps’ across the 

somite in a lateral to medial direction as development proceeds (Figures 

13D and 14D). This movement of expression across the somite is likely to 

be aided by the physical rotation through ninety degrees of the somite, 

which occurs after approximately five more somites have formed more 

caudally, and results in the lateral expressing cells coming to lie ventrally 

(Amthor et al., 1996). However, expression begins in very few cells of 

the newly forming somite (Figure 14C), but is eventually found 

throughout the majority of the epithelialised somite (Figure 14D). Also, 

movement of expression across the somite begins before physical rotation 

takes place. It is unlikely, therefore, that the movement of expressing
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cells medially, is entirely due to physical movement of the somitic cells. 

Additionally, expression is never seen in a narrow band of paraxial 

tissue, which fate maps to the medial portion of the somites on their 

formation (Figure 14D- see arrow head). Later in development, as each 

somite régionalisés, cSnR becomes localised to parts of the somite which 

will regain a mesenchymal character, that is the myotome and sclerotome 

(Figure 16C). Expression is also seen in the mesenchymal cells located 

posteriorly and laterally to the embryo (Figure 17C). This expression 

becomes refined to tissue emerging from the tail bud, which continues to 

express cSnR strongly (Figure 15C and 15D).

Strong expression of cSnR is located in the floor of the posterior 

part of the gut endoderm (Figure 16B) and there are a few transcripts 

located in the neural tube (Figure 14D and 16A).

3 .2 .2  cSnR  expression in the lateral plate m esoderm  and

heart

Expression of cSnR in the HFR becomes asymmetrical at HH stage 

7, in that expression is found predominantly in the lateral plate mesoderm 

on the right side of the embryo (Figure 13C and 14B). This right sided 

expression continues through development until approximately HH stage 

12, by which point, all that remains is a small tail of expression just 

posterior to the right hand atrium / heart inflow tract (Figure 15B). 

Expression of cSnR is located in the posterior part of the heart tubes as 

they move ventrally to Join at the midline. Although expression is found 

in the right and left hand side of the heart inflow tracts, it is stronger on 

the right hand side (Figure 16A). Expression of cSnR is not detected in 

tissues located more anteriorly in the heart (Figure 15B).
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3.2.3 cSn/? expression in crest derivatives

The derivatives of the mesencephalic neural crest cells strongly

express cSnR at the 20 somite stage (Figure 17C). This crest

migrates ventrally into parts of the facial primordia to form the 

mesenchyme of the maxillary processes and mandibular arch, as well as 

the nasal processes around the eye (for review see Le Douarin, 1980). 

Faint expression of cSnR is also found in rhombomeres five and six at the 

ten somite stage (Figure 17A). Expression becomes subsequently down- 

regulated in rhombomere six and up-regulated in rhombomere three by 

the twelve somite stage (Figure 17B). Later in development, the branchial 

arches, into which the posterior cranial crest flows, express cSnR (Figure 

17D). The neural crest in the spinocaudal region do not contain any cSnR 

transcripts.

3 .2 .4  cSnR expression in limb bud mesenchyme

Expression of cSnR appears faintly in the fore-limb primordia at 

HH stage 15, before limb bud outgrowth occurs (Figure 15C). This 

expression increases in intensity, and by HH stage 16 expression is strong 

in the fore-limbs and weak in the hind limb primordia (Figure 16D). 

Expression is located in the limb mesenchyme only, and is strongest in 

the progress zone, a region in the distal-most 100pm beneath the AER as 

the limb primordia elongates. No expression is located in the overlying 

limb ectoderm, or in tissues of the flank (Figure 15D and 16D).
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Figure 12

Pattern of cSnR expression analysed by wholemount digoxygenin in situ 

hybridisation in full length streak stage embryos.

A - B . Wholemount specimens viewed from dorsal aspect.

A . At the fully elongated primitive streak stage (HH Stage 4), expression 

is present in an arc around the node, but is strongest anterior to the node 

that is, in tissue fated to become the future prechordal plate.

B . As Hensen’s node begins to regress (HH stage 4+), expression moves 

posteriorly and laterally; very little expression is now seen anterior to the 

node and expression is now strongest to the left and right of the anterior 

part of the primitive streak.

C -E . Transverse sections of wholemount embryos 

A -B . The sections are cut from head to tail. C. Section through specimen 

A , at the level of the most anterior part of Hensen’s node. Expression is 

seen in all tissue that is emerging from the node.

D -E . Sections through specimen B .

D . Section at level of the node (X). Expression is now excluded from the 

node, and is seen exclusively in the ectoderm layer; tissue fated to be the 

future neurectoderm. Note the asymmetry of the node.

E . Section taken anterior to the node (Y). Expression is found in the 

mesendoderm layer.

n.b. The primitive streak of a HH stage 4-4+ chick embryo is 

approximately 2mm in length.

HN, Hensen’s node; PS, primitive streak 

scale baî  IgO^m
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Figure 13.

Pattern of cSnR expression as analysed by wholemount digoxygenin in 

situ hybridisation in early embryos. Wholemount specimens viewed from 

dorsal aspect.

A . At the head process stage (HH stage 5), expression is strongest in the 

two lateral, heart forming regions at the level of Hensen’s node, but is 

also detected in mesenchymal cells leaving the primitive streak, fated to 

become lateral plate mesoderm and extraembryonic tissue (arrowhead).

B . As the node regresses further (HH stage 6), expression remains in the 

HFR, but is also detected in tissue posterior to this, fated to come to lie in 

the lateral halves of the somite.

C . When the first somites are segmenting (HH stage 7-8), expression is 

seen in the lateral plate mesoderm lateral to the right hand somites only, 

as well as bilaterally in the lateral edges of the new somites and tissue 

fated to form the lateral boundaries of future somites.

D . By the 6-7 somite stage (HH stage 9), asymmetry of expression in the 

lateral plate mesoderm is at its most pronounced. Expression is found 

throughout the first formed somites. Note that expression is not detected 

in the narrow band of tissue fated to come to lie in the medial halves of 

the somites (arrowhead).

n.b. A HH stage 7-9 embryo is approximately 3-4mm in length.

--------------- , Embryo midline; H, Heart froming region; N, Hensen’s

node; S, future somitic tissue.

scale bar= 300p.m
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Figure 14

Pattern of cSnR expression analysed by wholemount digoxygenin in situ 

hybridisation, followed by wax sectioning. Transverse sections of 

embryos in Figure 13, cut from tail to head; the right side of the picture 

is the true right side of the embryo.

A . Section across an HH stage 5 embryo through the HFR (see Figure 

13A). The majority of transcripts are detected in the mesoderm, although 

a few are seen in the ectoderm and endoderm layers.

B . Section across an HH stage 7 embryo through the somites (see Figure
(arrow)

13C). Transcripts are found in the right hand lateral plate mesodern^, out 

are absent from the left hand lateral plate mesoderm. Expression is also 

seen throughout the lateral edge of the somite.

C-D . Sections across an HH stage 9 embryo (see Figure 13D).

C. Section showing expression in the lateral edges of forming somites 

and the right hand lateral plate mesoderm (X).

D . More anterior section showing that expression is throughout the first 

formed somites and predominantly right heart forming mesoderm (Y).

HFR, Heart forming region^ ML, midline ; —— /

NT, neural tube , S, somite.

scale bar= 150pm
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Figure 15

Pattern of cSnR expression analysed by wholemount digoxygenin in situ 

hybridisation in 10-30 somite embryos. Wholemount specimens viewed 

from dorsal aspect.

A . By the 10 somite stage (HH stage 10), lateral plate expression is less 

intense and less extensive (arrow),

B . By the 15 somite stage (HH stage 12), only the remnant of the lateral 

plate expression remains, just posterior to the heart (arrowhead).

C. By the 25 somite stage (HH Stage 16), faint expression is detected in 

the prospective fore-limb mesenchyme (arrowhead), and stronger 

expression is detected in the tailbud.

D . By the 35 somite stage (HH stage 18), expression is strong in the 

forelimb region and appears in the hind limb.

n.b. The approximate lengths of embryos in this figure are as follows:

HH stage 10, 4-5mm; HH stage 12, 5-6mm; HH stage 16, 7mm; HH stage 

18, 8-9mm in full stretch.

FL, Fore limb bud; H, heart; HL, Hind limb bud; T, tailbud. 

scale bar= 300p.m
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Figure 16

Pattern of cSnR expression analysed by wholemount digoxygenin in situ 

hybridisation in 10-30 somite embryos, followed by wax sectioning.

A -D . Transverse sections of embryos in Figure 15.

A - B . Sections cut from tail to head.

C-D . Sections cut from head to tail.

A -B . Sections of an HH stage 10 embryo (see Figure 15A).

A . Posterior section showing expression in mesoderm joining the caudal, 

future inflow region of the heart; expression is stronger on the right 

(arrowhead). Expression is also detected in the underlying endoderm; the 

posterior foregut.

B . More anterior section showing symmetrical expression in foregut 

endoderm but not within the looping heart.

C. Section through an HH stage 12 embryo (see Figure 15B) showing 

expression in the myotome and sclerotome, and possibly in the 

notochord, note that expression is absent from the dermatome of the 

regionalised somite.

D . Section through fore limb bud (see Figure 15D), showing that 

expression is throughout the mesenchyme, and that it is strongest in the 

progress zone. Transcripts are absent from the overlying ectoderm.

D, Dermatome; M, Myotome; N, Notochord; PZ, Progress Zone;

S, Sclerotome.

scale bar= 150pm
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Figure 17

Pattern of cSnR expression analysed by wholemount digoxygenin in situ 

hybridisation in the neural crest. Wholemount specimens viewed from 

dorsal aspect.

A . In a 9-10 somite embryo (HH stage 10), expression is detected in 

rhombomeres 5 and 6, although expression is faint (arrowhead).

B . By the time two more somites have segmented (HH stage 11) 

rhombomeric expression has switched to numbers 3 and 5; again, 

expression is very weak (arrowhead).

C. At the 15-20 somite stage (HH stage 12-14), expression is detected in 

the anterior cranial crest. Strong expression is also present in the lateral 

mesoderm surrounding the posterior of the embryo (arrowhead).

D . Expression is seen later in the branchial arches and remains in the 

anterior cranial crest.

B, Branchial arches; NC D, neural crest derivatives
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3.3 Analysis and discussion of the results

Several vertebrate genes related to Drosophila snail have been 

isolated due to the extreme sequence conservation in the zinc-finger 

regions of these genes. However, there is considerable evidence to suggest 

that even though these genes have very high sequence similarities in their 

DNA binding regions, their roles in development have diverged 

somewhat. A number of the genes show overlapping expression patterns. 

For example, mouse snail and the zebrafish Snail 1 gene, have similar 

expression in presomitic and somitic mesoderm (Nieto et al., 1992a; 

Hammerschmidt and Nusslein Volhard, 1993), mouse snail and Xenopus 

snail have comparible expression in neural crest (Nieto al., 1992a; 

Essex et al., 1993), and mouse snail and chick slug have similar 

expression patterns in the limb mesenchyme (Smith et al., 1992; Isaac, 

unpublished observations). However, none of these genes have identical 

expression patterns, and therefore appear to have adopted different 

developmental roles with evolution. These related vertebrate genes can 

also differ in the number of zinc-fingers they possess. For example, 

Xenopus snail, chick slug and the zebrafish snail genes. Snail 2, pointillé 

1 and pointillé 2 all contain five zinc fingers (Sargent and Bennett, 1990; 

Nieto etal., 1994; Thisse etal., 1995), whereas mouse snail and the other 

zebrafish snail gene, Snaill only contain four (Nieto et al., 1992a; 

Hammerschmidt and Nusslein Volhard, 1993). Also, all of the genes 

isolated so far, are more similar in sequence to Drosophila escargot, than 

to snail, the fact that the majority of the vertebrate snail genes show 

mesodermal expression rather than neural expression, led workers to 

believe that they are more related to the Drosophila snail gene (Nieto et 

al., 1992a; Smith etal., 1992; Nieto etal., 1994;).

The early expression profile of cSnR is extremely dynamic,
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changing quickly from being expressed in the prechordal plate tissue 

leaving the streak, to the neurectodermal layer, followed by 

predominantly mesodermal tissue (see section 3.2.1). The expression in 

the prospective prechordal plate lasts from HH stage 4 to stage 4+, 

inclusive, and therefore is very transient. The expression in the 

neurectoderm is also transient, lasting for HH stages 4+ and 5. This tissue 

is predominantly fated to be the future neural plate (Garcia-Martinez et

al., 1993). Later in development, expression is seen in the derivatives 

of the cranial neural crestlocatedlri fhe facial and branchial arch regions.

Even though cSnR is expressed in certain regions of the primitive 

streak, and then again in the somitic mesoderm, it is unlikely that it is 

involved in gastrulation, as these posterior migrating cells do not 

themselves express cSnR. This is in contrast to Drosophila snail, Xenopus 

snail and chick slug, which are expressed in migrating cells during 

gastrulation, but are then switched off when they reach their destination 

(Alberga et al., 1991; Essex et al., 1993; Nieto et al., 1994). The 

expression of cSnR in the lateral half of the somites on their formation, 

suggests that it may be involved in the initial establishment of the medial- 

lateral differences. A gene that remains restricted to the lateral half of the 

somite in the chick is single minded (Pourquie et al., 1996). Interestingly, 

in Drosophila, snail represses single minded, restricting its expression 

from the mesoderm (Kasai et al., 1992). This is an example of an aspect 

of expression where Drosophila snail and cSnR are unlikely to have the 

same function.

From HH stages 5 to 6, cSnR expression is detected strongly in the 

mesoderm of the HER, and weakly in the endoderm underlying this 

region (see section 3.2.1). These areas begin to migrate anteriorly 

towards the midline at HH stage 6 (DeHaan, 1963). At this point, Nkx- 

2.5, a gene related to the Drosophila tinman gene, is expressed in the
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endoderm underlying the mesoderm of the HFR, a tissue known to be 

required for the maintenance of cardiac mesoderm in vertebrates (Sugi 

and Lough, 1994). In Drosophila embryogenesis, the snail gene product 

is required for the maintenance of tinman early in mesoderm formation 

(Bodmer et al., 1990). Later in Drosophila embryogenesis, tinman is 

required for heart formation (Bodmer, 1993), but unlike cSnR, 

Drosophila snail is not expressed in the tissues of the Drosophila HFR 

(Alberga gt a/., 1991).

The expression of cSnR in the HFR quickly becomes asymmetrical 

(see section 3.2.2). It is thought that asymmetrical location of gene 

expression in the HFR leads to the subsequent chirality of heart formation 

(Levin et al., 1995). The expression of cSnR in the lateral plate 

mesoderm m irrors that of chicken nodal, a member of the TGFp 

superfamily, shown to be involved in left-right asymmetry (Levin et al., 

1995). There is some evidence that the left and right HFR’s contribute to 

different regions of the heart along its anterior-posterior axis, in that, the 

right HFR will contribute more tissue to the posterior part of the heart 

and the left HFR will contribute more tissue to the anterior part of the 

heart (Stalsberg, 1969). The asymmetry of the cSnR expression pattern in 

the lateral plate mesoderm thus suggests that cSnR is also involved in left- 

right asymmetry. In chick development, nodal is thought to be restricted 

to the left hand lateral plate mesoderm by the inductive and repressive 

action of shh and activin; ectopic shh can up-regulate nodal on the right 

hand side of the embryo, and ectopic activin can down-regulate nodal on 

the left side of the embryo (Levin et al., 1995). Whether these molecules 

affect the expression pattern of cSnR is discussed in chapter VI.

SnR is expressed in newly forming hmb buds of the chick embryo, 

switching on at approximately HH stage 15 (see section 3.2.4), and thus
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may be involved in the FGF signalling pathway leading to limb formation 

(Cohn et at., 1995; Crossley et al., 1996). Drosophila snail and escargot 

are expressed in the wing primordia of the Drosophila embryo and are 

thought to be involved in setting up competence of the cells to become 

wing cells (Fuse et al., 1996). Chicken slug and mouse snail are also 

expressed in limb buds, but it appears that they are switched on in this 

region much later in development than cSnR (Smith et al., 1992; Isaac, 

unpublished observations). Whether cSnR is linked to the FGF signalling 

pathway involved in chick limb development will be discussed in chapter 

VII.

The chick Drosophila snail-rclsLiod gene cSnR has regions of 

expression which are similar to a number of the other vertebrate snail 

genes, and regions of expression which are, so far, characteristic of cSnR 

only. For example, mouse snail and chick slug (Nieto etal., 1992a ;Nieto 

et al., 1994) have expression domains in the primitive streak, as does 

cSnR, and mouse snail and zebrafish snail I and snail 2 have expression 

domains in somitic tissue (Nieto et al., 1992a; Hammerschmidt and 

Nusslein Volhard, 1993; Thisse et al., 1995), as does cSnR. Xsna is 

expressed in the neural plate border- the prospective neural folds and 

subsequent neural crest (Essex et al., 1993); cSnR is expressed in the 

prospective neural plate , suggesting

that these genes may have a related function in such regions. Also, cSnR, 

like Xenopus snail, has five zinc fingers. Even though some of the 

regions of cSnR and mouse snail expression overlap, they have different 

zinc finger numbers; it is therefore less likely that these genes have a 

conserved function in these regions during development.

Although slug and cSnR were isolated in the same cDNA library 

screen, and their zinc finger regions are very similar in sequence (86%),
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their expression patterns differ significantly. For example, slug is 

expressed in migrating mesoderm, but then switches off once the tissue 

becomes epithelialised. cSnR, however, is expressed in the epithelial cells 

of the somites. Also, unlike slug, cSnR expression is not located in cells 

of the trunk neural crest. There are some areas where the expression 

patterns of these two related genes does overlap. These consist of a region 

of the primitive streak, regions of the

limb mesenchyme. cSnR can thus be expressed in mesenchymal as well as 

epithelial regions, unlike slug, which is only present in mesenchymal 

tissue.

It is intriguing that even though several 5na//-related genes have 

been isolated in other vertebrates, cSnR alone has been shown to be 

expressed in the HFR and with an asymmetrical distribution, and, to be 

expressed so early in the presumptive limb bud regions. This raises the 

possibility that there are as yet undiscovered 5na//-related genes in other 

vertebrates that will fulfill this role.
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CHAPTER IV

ANALYSIS OF CSNR FUNCTION WITH THE USE OF 

ANTISENSE OLIGONUCLEOTIDES

4.1 Introduction

During the preliminary use of antisense oligos to cSnR, a somite 

abnormality was recorded (Nieto et al., 1994). Apart from the 

characterisation of the early expression pattern of cSnR, an objective of 

the work presented in this thesis was to complete the analysis of the 

function of cSnR with the use of antisense oligos, and to compare the 

results with those obtained with the related gene, slug.

Previous work in the laboratory with oligos to slug, had shown an 

abnormality in the cranial neural crest migration as well as the migration
of trunk neural crest. Although, as described in Chapter III, slug and 

cSnR have little overlapping expression, an additional objective of this 

work was to compare the effect of anti-slug and anti-cSnR treatment. This 

chapter describes the results obtained.

4 .2  Analysis o f  phenotype after treatment by antisense 

oligonucleotides to cSnR

Two antisense oligos to the cSnR gene were used, against two 

regions of the sequence. The first, termed 5’, covered the translational 

start site, and the second, termed 3’ covered a sequence further down

stream of the 5’ oligo. Several control oligos were used to compare the 

effects; a control sense oligo, a random control oligo comprising of the 

sequence to the 3’ antisense oligo with an internal inversion, and several 

other oligos, antisense and control to other genes (see Figure 9, section 

2.5).
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The embryos were either incubated in New culture or in Roller 

tube culture (see methods 2.4.2 and 2.4.3), depending on the aspect of the 

phenotype being analysed and the stage at which analysis took place.

4.2.1 Somite abnormality

The results confirm preliminary observations (see notes in (Nieto 

etal., 1994) that the treatment leads to a somite abnormality (Figures 18 

and 19). The stage at which the embryo is treated determines the anterior 

to posterior position in the somite row of the somites that are affected. 

For example, after treatment at HH stage 5, the most anterior somites, 

which will come to lie in the head, are affected; the somites affected 

gradually come to lie more posteriorly, the later the embryo is treated 

(Figures ISA and 18B respectively). One type of abnormality is shown 

more clearly in horizontal section (Figure 18D), showing that an extra 

rosette is present. There are thus two rows of somite rosettes positioned 

medio-laterally from the midline for a short distance, instead of one. 

Both rosettes régionalisé into complete somites (Figure 19). Another type 

of somite abnormality, is that somites are either too small or too large, 

giving the impression that they either have too few or too many cells 

(Figure 18 A).

The two different oligos to cSnR were used either alone or in

combination at a given total concentration (see Methods 2.5). Table 1

shows the numbers of embrvo& with the somite abnorm alhv  after  
antisense oil go treatment. I wouldTike to note that using a combination of

the two oligos increases the intensity of the effect on somite segmentation,

in that the incidence of extra somite rosettes, as opposed to abnormally
. , . None of thesized somites, increases.
control oligos cause somite abnormality, nmoryos were treated with
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oligos from  HH stages 5. Before this stage the oligos appear to have no 

effect.

OLIGO NUMBER OF EMBRYOS NUMBER OF EMBRYOS

TYPE TREATED AFFECTED

Antisense cSnR 5’ and 3’

mixture 89 77

Antisense cSnr 5 ’ only 22 15

Antisense cSnR 3’ only 24 20

Control 124 0

TABLE 1 Incidence o f  som ite abnorm alities in  antisense 

oligo treated and control oligo treated embryos

Embryos having developed to HH stage 10 to 12, after 

phosphorothioate modified antisense and control oligo treatment, were 

scored for somite abnormality. The intensity of somite abnormality was 

stronger after treatment with a combination of antisense oligos, than with 

one oligo at a given concentration. Control oligos included corresponding 

sense sequences, sequences identical with the antisense but for internal 6 

base 5’-3’ reversals, a random sequence oligo mixture, and antisense 

oligos to chick noggin, brachyury and follistatin genes (unpublished 

work). Total concentration of oligo in each dish of embryos was 40pmol.
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4.2.2 Heart abnormality

Treatment with oligos also leads to randomisation of heart situs or 

in a small number of cases, the absence of heart bending (Figure 20). The 

direction of heart tube bending, usually reliably to the right, occurs 

randomly, either to the right or left, or bends in neither direction. Table 

2 shows the incidence of embryos with left-sided hearts, and hearts that 

bend in neither direction, after treatment with antisense or control oligos. 

Antisense treatment leads to approximately 40% of embryos having 

abnormal heart handedness, that is, the heart either loops to the left, or 

does not bend in any direction. Control oligo treatment causes 

approximately 13% of embryos to have either wrong handedness, or 

hearts that do not bend in either direction. This is the same percentage as 

is seen in embryos that have been incubated off-membrane in the 

equivalent medium, but in the absence of oligo, whereas approximately 

7% of embryos cultured in Ring culture in this laboratory, with no other 

treatment have wrong heart handedness. It must be noted at this point that 

the number of embryos with hearts that do not have a direction of heart 

handedness is very small compared to the overall number of embryos 

treated ( less than 1%).

Embryos which have reversed hearts after antisense oligo treatment 

and embryos which have spontaneous situs inversus after control oligo 

treatment, show normal right sided cSnR expression in the lateral plate 

mesoderm, when examined towards the end of the period of lateralised 

expression (Figure 23 A and B). It is interesting to note that in embryos 

that were cultured to a stage where body torsion occured, the body 

turned in the normal direction in relation to the direction of heart 

bending (Figure 20B). Embryos were treated with oligos from  HH stage 

5. As with the somite abnormality, embryos treated before this stage 

showed no disruption to heart handedness.
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OLIGO TYPE

NUMBER OF 

EMBRYOS 

TREATED

NUMBER 

EMBRYOS WITH 

SITUS INVERSUS

NUMBER OF 

EMBRYOS 

INDETERMINATE

Antisense cSnR 5 ’, 

3’ mixture 89 33 3

Antisense cSnR 5’ 

only 22 5 0

Antisense cSnR 3’ 

only 24 7 0

Controls 117 9 7

TABLE 2 Incidence o f  situs inversus  in  antisense and 

oligo treated and control oligo treated embryos

Embryos having developed to HH stage 10 to 12 after 

phosphorothioate modified antisense and control oligo treatment were 

scored for heart abnormalities. The majority of the embryos are the same 

as those in Table 1. Control oligos were identical to those listed in Table

1. Note that with time, these experiments were optimised to a degree that 

the number of observed cases of situs inversus were beginning to 

approach 50%.

Statistical analysis has been carried out to test the null hypotheses 

that (i) the actual incidence of antisense oligo treated embryos with situs 

inversus (37%) is not significantly different from that which is expected 

(50%) (see Row 1), and (ii) the incidence of antisense oligo treated 

embryos with abnormal heart development (40%) is not significantly 

different from control oligo treated embryos with abnormal heart 

development (13%) (see Column 2), using the Chi square test (1 degree 

of freedom). On hypothesis (i), the probability of observing the 

difference between the two groups by chance is 1 in 5 to 1 in 10; it can 

thus be assumed that the observed and expected numbers are not
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significantly different, and the null hypothesis can be accepted. On 

hypothesis (ii), the probability of observing the difference between the 

two groups by chance is 1 in a thousand; it can thus be assumed that the 

numbers observed in the two groups are significantly different, and the 

null hypothesis can be rejected.

4 .2 .3  Comparing the effects o f  anti-cSnR  and anti-slug  

oligo treatment on neural crest migration.

Embryos were treated with oligos to cSnR off-membrane, at HH 

stage 9. The embryos were then cultured by the roller tube method to the 

15 somite stage (HH stage 12). The results indicate that oligos to cSnR 

had no adverse affect on neural crest migration (Figure 21 A). This is in 

contrast to results obtained using antisense oligos to slug (Figure 2 IB); 

interference with slug led to abnormalities in neural crest migration 

(NiQto etal., 1994).

4.2.4 Effect of anti-cSnR on slug  expression

Due to the high sequence similarity between cSnR and slug, it was 

necessary to check that the oligos to cSnR caused abnormalities specific to 

this gene and did not affect the function of slug. The pattern and strength 

of expression of slug was unaltered by antisense treatment to cSnR 

(Figure 21B).
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4.3 Advantages of using two oligos

It had been noted previously in the laboratory that using two oligos 

to two regions of the coding sequence of the slug RNA had more 

pronounced affects than the use of each oligo at the same total 

concentration (Nieto et al., 1994). Table 2 shows that the use of two 

oligos to different regions within the coding sequence of cSnR has a 

stronger affect on heart handedness than using one of the oligos at the 

same total concentration alone. Records of intensities of somite 

abnormalities after oligo treatment also indicate that two oligos have a 

stronger affect on developmental processes (see Table 1). The 3’ oligo, 

when used alone, has a slightly stronger affect than the 5’ oligo, at a 

given concentration.

4.4 Effects of antisense oligo treatment on RNA levels

Embryos cultured in antisense oligos to cSnR for 9 hours (with 

three changes of oligo) were tested for RNA degradation. The results 

show that cSnR degrades the RNA signal to varying degrees (Figure 22B- 

D), and that control oligos have no affect on RNA levels (Figure 22A). 

Embryos cultured for twelve hours or more after treatment with 

antisense oligos, show no difference in RNA levels in comparison to those 

treated with control oligo. Expression also remains asymmetrically right

sided in the lateral plate mesoderm, even when the heart handedness is 

left-sided (Figure 23A and B).
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4 .5  E ffect o f  anti-cSnR  treatment on the expression  o f  

nodal.

During the course of this work, another asymmetrically expressed 

gene, nodal was isolated by Levin et al (1995). The nodal cDNA was 

kindly donated by these workers, in order for us to ascertain whether the 

antisense oligo treatment to cSnR would have an affect on the expression 

of nodal. Embryos were treated as for RNA degradation studies, 

followed by hybridisation with the nodal riboprobe. There was no 

obvious abnormality in the sites and levels of nodal expression after 

treatment with anti-c5nR ohgos (Figure 23 C and D).
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Figure 18

Interference with cSnR function using antisense oligos; affect on somite 

segmentation.

A . Chick embryo treated with anti-c»Sn/? oligos at HH stage 5-6, and 

further cultured to HH stage 10-12 (10 to 15 somites); dorsal view. The 

development of the first somites formed post antisense oligo treatment, 

that is, those positioned in the head region, is disturbed. Extra somite 

rosettes are located lateral to the normal somite position.

B . Chick embryo treated with dinii-cSnR oligos at HH stage 7-8 (2 to 3 

somite stage), and further cultured to HH stage 10 (10 somite stage); 

dorsal view. The development of the first somites formed post antisense 

oligo treatment, excluding those that formed during the treatment itself 

that is, somites found just posterior to the head region, is disturbed. 

Somite rosettes appear random, rather than in a consistent pattern either 

side of the midline.

C . Longitidinal section of a chick embryo treated with control oligos at 

HH stage 5-6 and further cultured to HH stage 10. The somite rosettes are 

formed in a consistent pattern either side of the midline.

D . Logitudinal section of a chick embryo treated with dinû-cSnR oligos at 

HH stage ^ -6  and further cultured to HH stage 10. The somites have 

segmented abnormally. Note the extra somite rosette lateral to the normal 

row of somites immediately adjacent to the midline (arrowhead).
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Figure 19

Transverse sections across the region of abnormal somite segmentation in 

diXiû-cSnR treated chick embryos.

A -B . Sections across the same two somite rosettes at slightly different 

levels, after somite régionalisation has occured. The sections indicate that 

both somite rosettes régionalisé fully into dermamyotome and 

sclerotome.

A . Section shows the somite nearest the midline (to the left of the 

picture) is fully regionalised.

B . Section shows that the somite positioned laterally to the normal row 

of somites (to the right of the picture) is fully regionalised.

C -D . Sections of wholemount chick embryos in situ hybridised with the 

PaxS riboprobe (a gift from M. Goulding, Max Planck Institute, 

Germany).

C . Control oligo treated embryo. The PaxS probe indicated that only one 

somite is present either side of the midline.

D . An\i-cSnR oligo treated. The PaxS probe indicates that the two somite 

rosettes on the side of the midline to the right of the picture have the 

correct dorso-ventral markers (extra somite marked with arrowhead).
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Figure 20

Interference with cSnR function using antisense oligos to cSnR; affect on 

heart formation.

A -B . Chick embryos treated with Sinti-cSnR oligos at HH stage 5-7, and 

further cultured to HH stage 10-12(10 to 15 somites); dorsal view.

A . Embryowith normal heart situs, that is, the heart bends to the right. 

The body torsion of the embryo is to the left.

B . Embryo with situs inversus, that is, the heart tube bends to the left. 

The body torsion is to the right, that is, in the opposite direction to 

normal.

C. Chick embryo treated with anti-cSnR oligos at HH stage 5-7, and 

further cultured to HH stage 10-12 (10 to 15 somites); ventral view. 

Embryo with abnormal heart development; the heart tube has not swung 

out in any direction but remains ‘squat’-like at the midline.

H, heart
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Figure 21

Effect of antisense cSnR oligo treatment on slug expression and neural 

crest migration.

A . HNK-1 immunocytochemistry of an embryo treated with dinii-cSnR 

oligos. Unlike anti-^/wg oligos, 2iVi\i-cSnR oligos do not perturb neural 

crest migration.

B. HNK-1 immunocytochemistry of an embryo treated with anti-5/wg 

oligos. Interference with the slug gene perturbes neural crest migration 

(A. Nieto et al, 1994) (photograph provided by Jonathan Cooke).

C . Wholemount in-situ hybridisation with the slug riboprobe following 

control oligo treatment.

D . Wholemount in-situ hybridisation with the slug riboprobe following 

anti-c5/z/? oligo treatment.

C -D . There is no difference between levels of slug RNA after control or 

dinii-cSuR oligo treatment. NB. The stage of the embryo which has had 

each treatment is slightly different. *
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Figure 22

Detection of the amount of cSnR RNA after control and Sinti-cSnR oligo 

treatment by wholemount in-situ hybridisation, followed by transverse 

sectioning. The sections are cut from tail to head, therefore, the right side in 

the picture is the right side of the embryo.

A . Control oligo treated embryo. The strength of expression of cSnR is 

normal in the somite and lateral plate mesoderm.

B -D . Anti-cSnR oligo treated embryos with varying amounts of RNA 

degradation. The RNA levels are much reduced in the lateral plate mesoderm 

of all three embryos.

C-D. The RNA levels in the somite are also very much reduced.

L, lateral plate mesoderm^ N, neural tub^ j ^ somite
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Figure 23

Wholemount in-situ hybridisation after oligo treatment.

A-B. Embryos probed for the cSnR gene (Ventral view),

A . Control oligo treated embryo with situs inversus.

B . Anii-cSnR oligo treated embryo with situs inversus.

The above results indicate that, after antisense oligo treatment, the RNA 

levels recover fully after 10-12 hours of further culture, and that the 

expression of cSnR in the right inflow tube of the heart remains stronger 

than the expression in the left inflow tube (arrowhead).

C-D . Embryos probed for the nodal gene.

C. Control oligo treated embryo.

D . Anti-cSnR oligo treated embryo. The results indicate that the 

expression pattern of nodal is no different in antisense and control treated 

embryos.

---------  midline
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4.6 Analysis and discussion of results

The results obtained using antisense oligos to cSnR, combined with 

previous work in the laboratory with antisense oligos to slug, show that 

this family of genes are ideal candidates for gene interference of this 

type. Even though the two related genes have an extremely high amino 

acid sequence similarity in the DNA binding region, their expression 

patterns and apparent functions are very different. The difference in 

function is highlighted by the different results obtained using similar 

antisense oligos for gene interference. Slug, for example, is_expressed in 

cells emigrating from the primitive streak, as well as in all crest cells 

from before the time of their migration (Nieto et al., 1994). In the light 

of this expression pattern, it is very interesting that antisense oligo 

interference appears to block migration of cells from the primitive streak 

and of crest (Nieto et cd., 1994). The expression of cSnR in the lateral 

edges of the somites, and the subsequent abnormality of somite 

segmentation after antisense interference of this gene, provides further 

evidence that oligos to different genes of this family can be of a highly 

specific action. Also, antisense interference with cSnR function has no 

affect on the expression of slug.

The asymmetrical distribution of cSnR in the lateral plate 

mesoderm, led me to suppose that cSnR may be involved in left-right 

determination. An abnormality caused by the antisense oligo interference 

by this gene, is a randomisation of heart situs, one of the symptoms of a 

disruption in left-right asymmetry during development (Brown et al., 

1989). When the results of all experiments are combined, the embryos 

treated with antisense oligo did not show complete randomisation of heart 

situs; that is, 50% of embryos with resulting reversed heart handedness, 

as seen in ‘null loss of function’ mutants in mice. This is possibly due to a
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proportion of the cSnR RNA molecules escaping duplex formation with 

the oligo, resulting in incomplete gene inactivation. However, over the 

period of time that these experiments have been carried out, I have 

gradually optimised the experimental conditions so that the number of 

embryos with reversed heart tubes after treatment was beginning to 

approach 50%. Approximately 13% of embryos treated off-membrane 

with a number of control oligos had abnormal heart development. This is 

equivalent to the numbers of embryos with abnormal hearts, post 

treatment off-membrane, in the absence of oligo, and compares to 

approximately 7% of embryos cultured in ring culture, with no off- 

membrane step, having heart abnormalities. It appears, therefore, that 

treating the embryos off-membrane for a number of hours causes a slight 

defect in heart development, indicating that the oligo treatment per se 

does not disrupt left-right asymmetry. The number of embryos showing 

heart abnormalities, including situs inversus is nevertheless clearly higher 

when treated with antisense oligos to cSnR, than when treated with oligos 

to other genes or control gene sequences, as indicated by the Chi square 

test (see Table 2), suggesting that interference with the cSnR gene leads to 

disruption of left-right asymmetry. The embryos which have reversed 

hearts also have reversed body torsion. This suggests that torsion is either 

linked to heart bending by a mechanical mechanism, or that these two 

asymmetric events are linked by the same molecular mechanisms. This 

will be discussed in the next chapter.

The affect of antisense oligos to cSnR on somite segmentation, an 

affect not seen after the use of any oligos to control sequences or other 

genes, provides further evidence that the oligos are working in a gene 

sequence specific way. The oligos affect the two to four somites that form 

in the few hours after treatment has taken place, not including the somite 

that forms during the oligo treatment step itself. The cells that form the
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lateral half of the somite originate from a different part of the primitive 

streak midline than those that form the medial half of the somite 

(Psychoyos and Stern, 1996; Selleck and Stern, 1991). Only the lateral 

half of the somite expresses cSnR on its formation, and therefore, these 

are likely to be the only cells that should he affected by the oligo 

treatment. It could be hypothesised, therefore, that cSnR has a role in 

positioning the cells of the lateral half of the somite in the correct 

location, and that the oligo treatment interferes with the action. The 

result of the treatment could therefore be to prevent the two halves of the 

somite from being positioned correctly together, thus resulting in a ‘split’ 

somite. In some cases, the somites appear to be smaller or larger than 

usual. This could be due to cells which should have made up the lateral 

half of the previous somite, coming to lie in the next somite instead, thus 

resulting in one somite having too few cells, and the next having too 

many. An alternative hypothesis is that too much mesoderm is being 

specified as segmental plate, leading to a wider tract of segmental plate 

than normal and thus, somites that are ‘split’ or the incorrect width. It has 

not been possible, due to time constraints, to test which of these theories 

may be the case.

Embryos treated before HH stage 5, showed neither somite nor heart 

abnormality (see section 4.2.2). Even though phosphorothioate oligos are 

more stable than phosphodiester oligos, they still only last in the system 

for a few hours before being degraded (Eckstein, 1986). Embryos treated 

before stage 5 might therefore not have compromised cSnR function for 

long enough to affect somite or heart development as the oligos would he 

degraded by the time these events are taking place. Previously, it has been 

described that two short oligos to different regions of the coding 

sequence of the gene being studied had a stronger affect than one oligo 

(Nieto et al., 1994). The results of this study are in agreement with these
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results (see section 4.3). The 3’ oligo, which covers a sequence down

stream of the start site, has a detectably stronger affect when used alone 

than the 5’ oligo. The site of the 5’ oligo is the generally preferred site 

for oligo binding (Blake et al., 1985; Melton, 1985; Murakami et d .,  

1985), although many factors affect the specificity of oligo binding. 

These results confirm findings in previous studies that the rules for 

designing oligos vary for different sequences, and thus tend to be ‘hit and 

miss’ (Wagner et d .,  1993). Previous studies have led to worries that 

phosphorothioate oligos may bind in a non-gene specific way, thus 

leading to abnormalities that are not linked to gene function. Control 

oligos with the same base composition as the 3’ antisense oligo to cSnR, 

but with an internal inversion, do not cause either the somite or the heart 

abnormality observed. Extra evidence that the oligos to cSnR are specific 

to that gene sequence is as follows; diester oligos modified with an ethoxy 

group to the same target sequence as the phosphorothioate oligos result in 

the same abnormalities (Jonathan Cooke, unpublished results), and the 

phosphorothioate oligos to cSnR have no affect on the expression of slug, 

even though the oligos to cSnR and slug differ by only 2 bases (5’ oligo) 

and 5 bases (3’ oligo).

Phosphorothioate oligos allow the RNA molecule to which they are 

bound, to be degraded by RNAse H (Furdon et d . ,  1989; Hoke et d .,  

1991; Wagner et d .,  1993). Also, it was previously noted that the 

phosphorothioated oligos to slug led to slug RNA degradation (Nieto et 

d .,  1994). I decided, therefore, to test whether cSnR RNA is being 

degraded by the antisense oligo treatment. The results show that RNA is 

degraded by this treatment, although not completely abolished. The 

remaining RNA could again be due to a small proportion of the RNA 

molecules escaping being bound by oligo. Embryos cultured for a further 

24 hours after oligo treatment, regained full RNA levels, due to the oligo 

being destroyed by nucleases in the system. This allows us to study the
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affect of the disruption of gene activity for a short time only during 

development, therefore not compromising further development of the 

embryo. Lateralised cSnR expression is still to the right in embryos with 

reversed hearts, either following antisense treatment or in spontaneously 

developing situs inversus cases following control oligo treatment. The 

treatment therefore affects the gene products ability to influence the 

direction of heart looping, rather than its own site of expression.

During the course of this work a number of genes that are 

asymmetrically expressed were isolated (Levin etal., 1995). One of these 

genes, nodal, a mouse nWaZ-related gene is expressed in the left lateral 

plate mesoderm, and thus mirrors cSnR expression in the right lateral 

plate mesoderm. The alteration of left-right asymmetry has been shown 

to have an effect on nodal expression in chick and mouse development 

(Levin etaL, 1995; Collignon etaL, 1996; Lowe et al., 1996), and I thus 

decided to test whether nodal could possibly be down-stream of cSnR in a 

pathway determining left-right asymmetry. Nodal is expressed slightly 

earlier in development than cSnR, and antisense oligos to cSnR have no 

effect on nodal expression. It is therefore unlikely that cSnR is upstream 

of nodal Whether, these two genes are part of the same gene cascade will 

be discussed chapter VI.
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CHAPTER V

STUDY OF BODY TURNING AFTER EXTIRPATION OF 

HEART TISSUE

5.1 Introduction

In normal development, the body axis of the embryo bends to the 

left shortly after the heart bends to the right. It has been suggested that 

this body torsion may be a direct result of the bending of the heart 

(Itasaki et d .,  1991). In section 4.2.2, 1 described that in embryos with 

situs inversus following anti cSnR oligo treatment that were allowed to 

develop further, the body also bends in the opposite direction to normal; 

body torsion is to the right instead of to the left. An interesting question, 

therefore, concerns the number of independent parts of the embryo 

structure that interpret the left to right genetic information.

5 .2  E ffect o f  heart extirpation on d irection  o f  body 

turning; implications of the results

In order to test whether the twisting of the body was a direct result 

of the bending of the heart, the heart rudiment was extirpated at HH stage 

8 to 9, before any anatomically visible asymmetry occurs. The embryos 

were then cultured until they reached the 18-20 somite stage. Out of a 

total of 21 embryos that had this operation, 16 had a normal direction of 

body torsion, 1 had a reversed body torsion, and 4 had no torsion; the 

dorsal body axis was straight. These results suggest that the body still 

bends to the left (from the dorsal aspect) when the mechanical restraints 

of the heart are not present (Figure 24). In these preliminary experiments 

carried out so far, if the heart is extirpated at HH stages 8 to 9 (that is,
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before it has made any mechanical contribution to asymmetry), and 

allowed to develop to the 18-20 somite stage, the body still bends with 

around 90% probability to the left. This suggests that a mechanical force 

resulting from heart bending is not the only reason for the body bending. 

These results cannot prove that in cases where the heart bends to the left, 

the heart is not producing forces that cause the body to bend to the right. 

It does show, however, that the dorsal body axis will still bend in a 

strongly biased direction without any heart derived mechanical forces 

being present. Examination of such embryos suggests that the somite 

tissues, or more medially situated lateral mesoderm, could be the seat of 

mechanical or growth effects mediating the bending of embryos. It is 

interesting, therefore, that the lateral edges of such tissues are a site of 

transient upregulation of cSnR even though no left-right asymmetry is 

detectable in this aspect of the RNA distribution.
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Figure 24

Effect of heart extirpation at HH stage 8-9 (5-6 somites) on body torsion 

at HH stage 12 (15 somites).

A . Control embryo which has had no experimental manipulation. The 

heart situs and body torsion are normal.

B -C . Embryos which have had their heart tissue removed, and thus have 

no heart situs, nevertheless have normal body torsion.
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CHAPTER VI

TREATMENT OF EARLY EMBRYOS WITH ECTOPIC 

SOURCES OF PROTEIN

6.1 Introduction

In chapter IV, the use of the nodal riboprobe in these studies was 

mentioned. At the same time as nodal was isolated, it was discovered that 

a further two genes were asymmetrically expressed; activin receptor Ila 

and Sonic hedgehog (Levin et al., 1995). Studies carried out by these 

workers using ectopic sources of activin and Hedgehog proteins have 

been described in detail in Chapter I.

In order to attempt to elucidate where cSnR may fit into a model 

containing these other asymmetrically expressed genes, I decided to 

repeat experiments carried out by these other workers followed by 

probing with cSnR as well as nodal. Several differences in the procedure 

compared with those used by the other workers should be mentioned at 

this point. Affigel blue beads were used instead of heparin acrylic beads, 

and the Hedgehog protein was used instead of Shh - transfected cells.

139



6.2 Effect o f ectopic sources of Sonic hedgehog protein
on gene expression

Shh - impregnated beads were implanted to the right of Hensen’s node 

at HH stage 4 (Methods 2.8., Figure 9). Embryos were fixed 8 to 12 

hours later, at HH stage 8 to 9, and chosen randomly for hybridisation 

with either the nodal or the cSnR riboprobes. The results confirm 

previous results that ectopically placed Shh protein upregulates nodal on 

the right hand side of the embryo leading to symmetrical expression of 

this gene (Levin et al., 1995) (Figure 25A). The manipulations also lead 

to the symmetrising of cSnR in the lateral plate mesoderm; cSnR is down- 

regulated in the right hand lateral plate mesoderm (Figure 25B). This 

result is highly reproducible. Out of 24 embryos treated, 50% were 

randomly chosen for probing with cSnR and 50% were randomly chosen 

for probing with nodal, only 3 of the embryos probed for cSnR, and 2 of 

the embryos probed for nodal had normal expression patterns.

6.3 E ffect o f  ectopic sources o f  activin protein on gene 

expression

Activin - impregnated beads were implanted to the left of the node 

at HH stage 4 (Methods 2.8., Figure 9). Embryos were fixed at HH stage 

8 to 9, and randomly chosen for hybridisation with either the nodal or 

the cSnR riboprobes. The results are summarised in Table 3. The lateral 

asymmetric expression of cSnR remains normal, that is, on the right hand 

side (Figure 26A), in 48% of cases. The lateralised cSnR expression is 

perturbed in 52% of cases, but in every possible way, described as 

follows: expression appears on the reverse side (Figure 26B) in 26% of 

cases, on neither side (Figure 26C) in 10%, and on both sides (Figure 

26D) in 16%. Similarly, the normal asymmetrical expression of nodal,
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that is, on the left hand side, remains unperturbed (Figure 27A) in 68% 

of cases. Almost a third (32%) of embryos probed for nodal showed 

perturbations of expression, again of all possible categories, and with 

similar relative incidences, described as follows: expression occurs on the 

reverse side (Figure 27B) in 13% of cases, on neither side (Figure 27C) 

in 9.5% of cases, and on both sides (Figure 27D) in 9.5% of cases. These 

latter results vary from those described by Levin et al (1995). A few 

embryos were fixed at HH stage 6, and hybridised with the Shh riboprobe 

(donated by T. Jessell, New York, USA). The majority of embryos 

showed normal Shh expression; that is, with a tail at the posterior left of 

the node, and normal structural node asymmetry (Figure 28A). However, 

in some cases the Shh expression was altered; either on the right hand 

side of the node in which cases the node showed reversed structural 

asymmetry (Figure 28B), or with the normal left hand tail at the node 

missing (in accordance with the results of Levin et al (1995), in which 

case the node showed no structural asymmetry (Figure 28C).

n.b. heparin acrylic beads, after soaking in the activin protein, 

produced no effect on nodal expression (c.f.Levin etal, 1995).
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NORMAL

EXPRESSION

EXPRESSION

REVERSE

SIDE

EXPRESSION 

BOTH SIDES

EXPRESSION

NEITHER

SIDE

TOTAL 

NUMBER OF 

EMBRYOS

nodal (left 

side normal 42 8 6 6 62

cSnR (right 

side normal) 28 15 9 6 58

TABLE 3 Results of activin bead implantation

Embryos having developed to HH stage 8 to 9, after implantation of 

activin-coated beads, were randomly chosen for probing by digoxygenin 

in-situ hybridisation for cSnR or nodal expression. Statistical treatment of 

these results has been carried out using the Chi square test (3 degrees of 

freedom) based on the null hypothesis that lateral nodal and cSnR 

expressions are exclusive by the time of observations. Embryos in 

columns 1 and 2 probed with each gene would then be members of the 

same class of outcome of bead placement (normal or ‘flipped’ 

latéralisation), that occurs with a particular probability, looked at in two 

different ways. Similarly, cross-comparison of columns 3 and 4 gives 

members of the same classes of outcome probed for each gene when 

bilateral or absent expression outcomes are considered. Even though, 

while cSnR expression appears to be abnormal after treatment more often 

than that of nodal, the numbers are consistent with the above hypothesis; 

the probability of observing the numbers seen, on probing of random 

samples of a total of 60 bead-implanted individuals for each gene is 0.1- 

0 .2 .
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6.4 Effect o f ectopic sources o f Shh and activin proteins
on heart situs

Embryos incubated to 12 somite stages post Shh protein - coated 

bead implantation, confirm previous results that this treatment leads to 

randomisation of heart handedness (Figure 25C and D). Embryos 

incubated after activin protein - impregnated bead implantation rarely 

survive to 12 somite stages; dying after approximately 7 to 8 somites 

have segmented. Of those embryos that survive to the 12 somite stage, 

however, a significant number show reversed heart handedness; in a 

sample of 30, 11 embryos survived until the 12 somite stage, of which 5 

had reversed hearts.
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Figure 25

Effect of ectopic Hedgehog protein on cSnR and nodal expression and 

heart situs. Application was to the right of Hensen’s node at HH stage 4 

(see Figure 10). In situ hybridisation was carried out at HH stage 8-9 and 

10-12 respectively.

A . Wholemount in-situ hybridisation with the nodal riboprobe. Ectopic 

nodal expression appears in the right lateral plate mesoderm as a m irror 

image of its usual expression in the left lateral plate mesoderm.

B . Wholemount in-situ hybridisation with the cSnR riboprobe. The 

normal expression of cSnR in the right lateral plate mesoderm is missing.

C. Ventral view of an embryo with normal heart situs after treatment. 

Note that the heart tube appears to bend to the left due to the ventral 

view.

D . Ventral view of an embryo with situs inversus after treatment. Note 

that the heart tube appears to bend to the right due to the ventral view.
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Figure 26

Effect of ectopic activin on cSnR expression, Application was to the left 

of Hensen’s node at HH stage 4 (see Figure 10). In situ hybridisation was 

carried out at at HH stage 9 (also see Table 3). In A , C and D, the bead 

has washed off during the in-situ procedure.

A . Normal right-sided cSnR expression in the lateral plate mesoderm.

B . Expression of cSnR in the left lateral plate mesoderm. Normal right

sided expression is absent.

C . Absence of cSnR expression in either the left or right lateral plate 

mesoderm.

D . Expression of cSnR appears in the left lateral plate mesoderm to 

mirror its normal expression in the right lateral plate mesoderm.
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Figure 27

Effect of ectopic activin on nodal expression. Application was to the left 

of Hensen’s node at HH stage 4 (see Figure 10). In situ hybridisation was 

carried out at HH stage 9 (also see Table 3). In the cases shown below, the 

bead has washed off during the in-situ procedure.

A . Normal left-sided nodal expression in the lateral plate mesoderm.

B . Expression of nodal in the right lateral plate mesoderm. Normal left

sided expression is absent.

C . Absence of nodal expression in either the left or right lateral plate 

mesoderm.

D . Expression of nodal appears in the right lateral plate mesoderm to 

mirror its normal expression in the left lateral plate mesoderm.

 , midline.
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Figure 28

Effect of ectopic activin on shh expression. Application was to the left of 

Hensen’s node at HH stage 4 (see Figure 10). In situ hybridisation was 

carried out at HH stage 6. In the cases shown, the bead has washed off 

during the in-situ procedure.

A . Normal shh expression to the left of Hensen’s node.

B . Expression of shh to the right Hensen’s node. Normal left-sided 

expression is absent. The asymmetrical morphology of the node is also 

reversed, although this is difficult to see in the photograph.

C . Absence of shh expression at the level of Hensen’s node. Note that the 

node appears to be morphologically symmetrical.

 , midline; HN, Hensen’s node.
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6.5 Analysis and discussion of results

The aim of this set of experiments was to attempt to fit cSnR into 

the cascade of asymmetrically expressed genes in the chick; activin 

receptor Ila, Shh, and nodal, proposed to be involved in left-right 

asymmetry (Levin et al., 1995). In section 4.5, I described that 

degradation of cSnR by antisense oligos does not lead to altered nodal 

expression, making it unlikely that cSnR is upstream of nodal. I then 

decided to see if ectopic sources of proteins that affect nodal expression 

would alter cSnR expression.

Section 6.2 describes the results obtained following right sided 

application of hedgehog. This treatment consistently causes elimination of 

cSnR from the right hand lateral plate mesoderm. This down-regulation 

of cSnR coincides with an the up-regulation of nodal in this region, in 

agreement with previously described results (Levin et al., 1995). This 

could either be due to the direct prevention of cSnR activation by Shh 

itself, or, indirectly by hodal^ which has been induced in this region by 

Shh. Thus, in vivo, Shh could contribute to the prevention of cSnR 

activation, or its down-regulation, in the left hand lateral plate mesoderm 

either directly, or via its activation of nodal.

Left sided application of activin, on the other hand, resulted in all 

possible variations of expression of both cSnR and nodal (see section 6.3). 

The expression pattern of cSnR was perturbed in just over half of 

embryos, leading to expression appearing on the reverse side only, on 

both sides, or on neither side (see Table 3). Almost a third of the 

embryos probed for nodal showed similar perturbations, again of all 

possible variations. Normal left-sided Shh expression is also reversed in 

some of the embryos following activin bead implantation. These results 

differ from those previously recorded for nodal and shh after this
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treatment; ectopic activin led to the duplication of the normal right hand 

situation for Shh and nodal, thus depriving the embryo of its left-right 

information (Levin et al., 1995). In this study, the ectopic activin appears 

to put the embryo in a situation from which a variety of different gene 

expression patterns can develop. Depending on the particular activation 

of each gene, the embryo either has a normal handedness (if the 

expression of the genes is normal), a reversed handedness (if the 

expression of the genes is reversed), or no genetically given handedness 

(if the expression pattern of each gene is the same on both sides). Also, in 

some of the embryos, the normal asymmetrical node morphology is 

either reversed, or non-existent just a few hours after activin 

implantation, providing further evidence that the events which follow 

activin bead implantation are not just due to altered gene expression. 

Statistical evidence, based on the results of these activin bead 

implantations, is provided by the Chi square test (see legend. Table 4) 

with the null hypothesis that cSnR and nodal cannot be stably expressed 

on the same side of the embryo by the time the observations are made, 

that is HH stage 8 to 9, in vivo. An exclusivity of expression between a 

snail- type transcription factor and a TGF-P type gene is not without 

precedent; for instance, it occurs with respect to snail and dpp in the 

Drosophila embryo.

It is interesting to note that, on this hypothesis of exclusivity, had I 

been able to reproduce the results of Levin et al (1995), the most 

frequent outcome of activin bead implantation would have been up- 

regulation of cSnR on the left side of the embryo, leading to symmetry of 

expression. It is possible, therefore, that an activin- type molecule is 

upstream of cSnR, and indeed, activin receptor Ila is expressed in the 

HFR just prior to the expression of cSnR in this region (Levin et al.,

1995). Lateral right sided cSnR transcripton could thus be directly 

activated via the activin pathway. Alternatively or additionally, cSnR
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activation in the lateral mesoderm could be the default state; prior 

activation of the Hedgehog pathway (itself repressed by activin) represses 

cSnR on the left in vivo.

Section 6.4 describes the results of scoring heart situs after ectopic 

protein administration. The ectopic application of Hedgehog leads to 

randomisation of heart situs, in agreement with results previously 

reported (Levin et al., 1995). Activin implantation, in my hands, 

however, appears to perturb development of the embryo, so that in some 

cases more than half of treated embryos die before reaching the 12 

somite stage. This could be due to the fact that affigel beads are so 

effective at delivering high doses of proteins to the tissues, that the 

embryos are receiving a dose of activin which is toxic. It is therefore 

difficult to score the effect of activin treatment on the direction of heart 

bending, although, of the embryos that survived, approximately one third 

showed reversed heart situs. This result is as expected, given the 

expression patterns of cSnR and nodal following treatment (see Table 3).

The reasons for the different results obtained in this study 

compared with results obtained by Levin et al (1995) are unclear. 

However, in this study affigel beads were used as opposed to heparin 

acrylic beads. The affigel beads were used due to suggestions that they 

are more efficient at delivering TGF-p-type molecules to tissues 

(C.Tickle, personal communication). The embryos in this study are thus 

likely to be receiving a much larger dose of activin than in the previous 

study. It is possible that the large dose of activin could, in some sense, be 

driving the embryo back to a stage of developmental organisation where 

decisions about left-right asymmetry are still to be made. From such a 

situation, embryos can ‘re-develop’ with normal handedness of gene 

expressions, ‘flip’ to develop reversed lateralised gene expressions, or 

undergo development of the normal ‘right’ or normal ‘left’ situations on 

both sides (possibly because the period in real time when a normal
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biasing cue exists, has now passed). A related hypothesis could be that 

left-right asymmetry occurs as a result of signals from the node, which, 

when subjected to large doses of activin, develops abnormally, suggesting 

disruption of normal developmental signals, in some cases leading to 

death. It is interesting to note that embryos cultured in media containing 

the activin protein have abnormal heart development; the hearts appear to 

be i  foreshortened and lack handedness (Jonathan Cooke, manuscript in 

preparation).

Mechanisms for the production of asymmetry have been suggested, 

which involve dynamic feedback interactions between diffusible signals, 

acting as activators and inhibitors, that break symmetry. The application 

of ectopic signalling molecules could lead to the reversal of these signals 

by ‘flooding’ the embryonic system with, for example, the activator, thus 

preventing the normal feedback interactions (Gierer and Meinhardt, 

1972). I therefore propose that perturbation of signals which lead to the 

correct left-right asymmetry, by the application of an ectopic source of 

activin, may disrupt this delicate balance by wiping out the genetic 

information that is required for correct establishment of left-right 

asymmetry, thus leading ultimately to its reversal, or absence.
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CHAPTER VII

EFFECTS OF FGF-2 PROTEIN ON CSNR EXPRESSION IN 

THE FLANK REGION OF CHICK EMBRYOS

7.1 Introduction

During the course of this work, I discovered that cSnR was an 

extremely early marker of the limb mesenchyme, the expression profile 

of which has been described in Chapter III. At approximately the same 

time it became known that snail is involved in wing determination in 

Drosophila embryogenesis (Fuse et al., 1996). In the light of this 

evidence I began to investigate a possible role for cSnR in chick limb 

determination. This work was carried out in collaboration with Martin 

Cohn (UCL). FGF is known to have a role in chick limb development. 

Ectopic sources of FGF protein lead to ectopic limb formation in the 

flank of chick embryos (Cohn et al., 1995), and FGF-8 is present at the 

correct time and place to be a candidate for the induction of limbs 

(Crossley et ai., 1996). These previous studies, and others which led to 

this work being possible are described in detail in Chapter I.

7 .2  E ffect o f  bFGF protein on cSnR expression; 

implications of results

FGF protein - impregnated beads were implanted in the flanks of 

chicken embryos (Methods 2.9., Figure 10). Embryos were fixed at 

various time points following bead implantation and were hybridised for 

cSnR. The results are shown in figures 29 and 30, and indicate that cSnR 

is switched on two hours post bead implantation. Ectopic cSnR is induced 

in the flank region even if the bead is implanted at a stage in development
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before cSnR has been switched on in the limb mesenchyme (Figure 29A). 

The expression appears at a short distance from the source of protein; 

never directly adjacent to the bead itself. The position of cSnR expression 

also appears to depend on the anterior-posterior positioning of the bead; 

if the bead is placed nearer to the leg, the ectopic expression appears on 

the posterior side of the bead (Figure 29A and B), whereas, if the bead is 

placed nearer to the wing, the ectopic expression appears on the anterior 

side of the bead (Figure 29C and D).

The results suggest that cSnR is activated very early in response to 

FGF, after two hours, at most. FGF 8 expression is seen in the nephros 

(Crossley et al., 1996), the proposed source of the limb inducing signal 

(Stephens and McNulty, 1981; Strecker and Stephens, 1983; Geduspan 

and Solursh, 1992), prior to the beginning of limb outgrowth. Once limb 

outgrowth is clearly visible, FGF-8 expression appears in the AER. 

Following FGF application, FGF-8 transcripts are not detected in the 

AER of the ectopic limb until at least 14 hours after bead implantation 

(Crossley et al., 1996), suggesting that FGF acts to induce limbs by 

triggering a cascade of molecules, one of which could be cSnR. The 

ectopic expression of cSnR is never seen directly adjacent to the bead. 

This is possibly due to induction being FGF concentration-dependent. 

However, the early expression of cSnR in vivo in prospective limb 

mesenchyme also appears a short distance from the FGF-8 expressing 

nephros (Crossley et al., 1996), suggesting that there are other signal(s) 

between FGF-8 and cSnR.

cSnR is the earliest molecule so far reported to be induced in the 

flank by FGF, and is thus likely to be acting very early in the limb 

specification pathway. This hypothesis is strengthened by the fact that, in 

some cases, ectopic cSnR expression is induced in the future ectopic limb 

mesenchyme, before it is found in the mesenchyme of the endogenous 

limb. Snail has been implicated, along with escargot, in wing cell
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determination in Drosophila embryogenesis; maintenance of the 

commitment to wing development requires the overlapping expression of 

these two genes in the wing and haltere imaginai discs (Fuse et ai., 1996). 

It is possible, therefore, that cSnR is required for commitment to limb 

development in chick embryos, and that its role here and in Drosophila 

represent versions of an ancestral role of a ^nazZ-related gene in 

appendage development.

A two hour application of FGF is sufficient to induce the 

development of a complete wing or leg, depending on anterior-posterior 

positioning of the bead (Cohn etal., 1995). The mechanism leading to the 

correct positioning of limbs along the body axis, and the specification 

into limb type, are not fully understood. It is interesting that ectopic cSnR 

expression is induced either anteriorly or posteriorly to the bead, 

depending on positioning, suggesting that cSnR may read signals required 

for the correct positioning of a limb, which are present prior to the 

activation cSnR, and thus may be involved in the production of a limb in 

that position.
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Figure 29

Effect of ectopic FGF-2 on cSnR expression pattern. The bead is applied 

to the right hand flank in all cases shown.

A . An FGF-2 coated bead was implanted opposite presumptive somite 24

of a 22 somite embryo. The embryo was incubated for a further 9 hours

then fixed for in-situ hybridisation. Ectopic cSnR expression is detected
(thin arrow)  ̂ .

posterior to bead posmor^ The patch of colour seen anterior to the bead

(arrowhead) is due to trapping.

B . Higher magnification of the region of bead implantation showing 

ectopic cSnR expression in A .

C. An FGF-2 coated bead was implanted opposite somite 22 of a 22 

somite embryo. The embryo was incubated for a further 2 hours then 

fixed for in-situ hybridisation. Ectopic cSnR expression is detected 

anterior to bead position.  ̂ '

D . Higher magnification of the region of bead implantation showing 

ectopic cSnR expression in C.

E. A control, PBS-coated, bead was implanted opposite somite 22 of a 22 

somite embryo. The embryo was incubated for a further 2 hours then 

fixed for in-situ hybridisation. No ectopic cSnR expression is detected.

F . Higher magnification of the region of bead implantation in E .
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Figure 30

Effect of ectopic FGF-2 on cSnR expression pattern. The bead is applied 

to the right hand flank in both cases shown.

A . An FGF-2 coated bead was implanted opposite somite 22 of a 22 

somite embryo. The embryo was fixed after a further 24 hours of 

culture. cSnR expression is detected in the ectopic limb which is just 

beginning to appear (see arrow),

B . An FGF-2 coated bead was implanted opposite presumptive somite 24

of a 22 somite embryo. The embryo was fixed after a further 48 hours of

culture. cSnR expression is detected in the ectopic limb 
(see arrow).
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CHAPTER VIII

8.1 GENERAL DISCUSSION AND CONCLUSIONS

The expression pattern of the snail-related zinc-finger transcription 

factor ,c5n/?, in chick development , is extremely dynamic. Early in 

development this is particularly striking; expression begins at HH stage 4 

in all tissues leaving the anterior part of Hensen’s node, then, by HH stage 

4+, it is located in tissue that is thought to be the entire future 

neurectoderm. Later in development, expression is seen in a dynamic 

pattern in the rhombomeres of the hindbrain; beginning in rhombomeres 

5 and 6 at the 10 somite stage (HH stage 10), and then becoming 

restricted to rhombomeres 3 and 5 by the 12 somite stage (HH stage 11). 

During HH stage 5, the ectodermal expression seen at stage 4 is replaced 

by the onset of expression in the HFR mesoderm. This dynamic change in 

expression occurs over a period of approximately 2 hours of chick 

development. As with the snail genes isolated in Xenopus and mouse, 

cSnR expression is predominantly found in key mesodermal structures 

such as the somites and limb buds. Limb expression in the chick, 

however, appears to be much more specific than the mesodermal 

expression of the Xenopus and mouse snail genes, which appear more or 

less throughout the mesoderm. This suggests that the cSnR gene has a role 

to play in the development of these different regions which is distinct 

from the roles of these snail genes in Xenopus and mouse.

The most striking region of cSnR expression in the mesoderm is 

that found in the lateral plate, where it is asymmetrically expressed on the 

right hand side only. Transient interference with the function of the gene 

using antisense oligos, leads to randomisation of heart situs. The 

expression pattern and antisense interference results suggest that cSnR is 

involved in left-right asymmetry, especially of heart formation. For a
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few hours of chick development, between HH stage 7 and 8+ the lateral 

plate mesodermal expression patterns of cSnR and of nodal, aTGF-p 

related gene (Levin et al., 1995), are m irror images of each other (see 

Figure 31). Degradation of the cSnR RNA during antisense treatment, 

however, does not affect its later lateral expression on the right side of 

the embryo, once RNA levels have recovered. Moreover, the treatment 

does not result in the altered expression of nodal.

In chick development, nodal is thought to be restricted to the left 

hand lateral plate mesoderm as a result of the repression of lateralised 

Shh on the right side, by the action of activin (Levin et al.-, 1995) (see 

Figure 31). In this study, I have found that cSnR may also be restricted to 

its expression domain by the action of these two signalling molecules, and 

possibly also via the direct affect of nodal itself. cSnR is, thus, expressed 

after events leading to the establishment of left-right asymmetry are 

likely to have taken place, and does not appear to have a direct affect on 

nodal. Genes with asymmetrical expression earlier in development than 

cSnR, by contrast, appear to have an affect on cSnR expression. This 

molecule is, therefore, unlikely to be a factor involved in the initiation of 

left-right information, but rather, interprets and acts on information 

provided by other molecules found further upstream in the signalling 

pathway (see Figure 32). A similar situation occurs in the establishment 

of the dorsal-ventral axis in Drosophila development; snail reads and acts 

on information provided by the gene, dorsal, to specify ventral tissue 

type and thus help to establish dorso-ventral polarity. Interestingly, it is a 

TGFp family member, dpp, which is restricted to the dorsal half of the 

Drosophila embryo, again, by the action of dorsal. (Kirov et al., 1993; Ip 

etal., 1994). The left exclusivity of nodal, also a TGF-|3 family member, 

across the left-right axis of the chick embryo, appears to be controlled by 

the action of the same set of genes which control the right exclusivity of 

cSnR, although nodal may itself may control cSnR transcription. It is
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interesting to hypothesise, therefore, that even though in evolution, 

vertebrates, unlike the fly, appear to have developed an embryo-wide 

left-right axis. Drosophila snail and cSnR may both have been adopted 

for roles in axis formation. An alternative hypothesis is offered by the 

controversial theory of dexiothetism, which suggests that the vertebrate 

left-right axis derives directly from the original dorso-ventral axis of a 

truly bilaterally symmetrical ancestor, which laid down on its side 

(Jefferies etal, 1996).

Another region of strong cSnR expression in early chick 

development is in the somites. Expression begins in the lateral part of 

each somite as it forms. This expression then appears to ‘sweep’ across 

the somite towards the midline of the embryo. The timing of this event 

suggests that the start of this movement is due to an up-regulation of 

cSnR in cells positioned more medially in the somitic tissue. Slightly later 

in time, this movement is possibly aided by the ninety degree rotation of 

the somite about its longitudinal axis to bring the latero-ventral tissue 

medially (Amthor et al., 1996). The antisense treatment, as well as 

causing randomisation of heart handedness, causes a malformation in 

somite segmentation. The medial and lateral halves of somites originate 

roughly from different regions of the embryo (Psychoyos and Stern, 

1996; Selleck and Stern, 1991), although a certain degree of mixing 

occurs. The ‘spht’ somite, or wider tract of segmented mesoderm seen 

after antisense treatment, could thus be due to a decrease in the speed at 

which cells reach a specific region of the lateral half of the segmental 

plate, caused by degradation of the cSnR RNA. An alternative hypothesis 

is that an excess of mesoderm is being specified as segmental plate, 

leading to a wider tract of segmental plate than normal. A possible 

function of cSnR in this region in vivo, therefore, is to ensure the correct 

segmentation events occur with respect to the medio-lateral axis. This
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could either occur by ensuring that the lateral plate mesoderm will never 

form somitic tissue, or, by ensuring that tissue which is going to segment 

reaches the correct destination before these events occur.

The expression of cSnR in the limb mesenchyme predicts yet 

another separate function of this gene in the development of the chick 

embryo. Expression begins extremely early, before the limb is obviously 

present, just after FGF-8 is expressed in the nephros (Crossley et al., 

1996), the suggested source of signals for limb formation (Stephens and 

McNulty, 1981; Strecker and Stephens, 1983; Geduspan and Solursh, 

1992), and prior to FGF-8 expression in the ectoderm of the limb 

(Crossley et al., 1996), the suggested region for the origin of signals 

required for limb maintenance (Niswander et al., 1994). Ectopic cSnR 

expression is an extremely early response to FGF induction of ectopic 

limbs, appearing just two hours after implantation of an ectopic source of 

FGF. This is the earliest gene activation event known to date, post FGF 

implantation, and suggests that cSnR is one of the first genes located 

down-stream of FGF signalling in the limb. In Drosophila wing 

formation, snail is also induced as a very early response to wing 

induction, and is then required for wing maintenance (Fuse et al., 1996). 

This suggests the possibility of a conserved role for this family of genes 

in appendage formation in embryos of different organisms. The antero

posterior positioning of ectopic limb production in the chick flank also 

affects the position of cSnR expression; the ectopic expression is either 

positioned to the anterior or posterior side of the FGF signal ,with 

respect to the antero-posterior axis of the embryo. This suggests that 

cSnR may read information involved in normal fore- and hind- limb 

positioning along the antero-posterior axis, in vivo.

The snail genes described prior to this investigation were so called
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due to the fact that the first vertebrate gene was isolated using part of the 

Drosophila snail sequence (Sargent and Bennett, 1990), despite the fact 

that their sequence is more similar to that of Drosophila escargot (Nieto 

et al., 1992a; Smith et al., 1992; Nieto et al., 1994). The subsequent 

expression studies carried out on the Xenopus snail gene led to the 

conclusion that these genes were more like Drosophila snail in expression 

profile, leading researchers to hypothesise that the roles of Drosophila 

snail in gastrulation and mesoderm formation have been conserved 

(Sargent and Bennett, 1990). However, this only appears to apply to a 

small number of the vertebrate genes described previously to cSnR, such 

as Xenopus snail and chick slug (Essex et al., 1993; Nieto et al., 1994). 

Therefore it seems unlikely that the snail genes have highly inter-species 

conserved functions. Mouse snail, for example, is probably a further 

gene, rather than the mammalian homologue of any other 5wa//-related 

gene isolated to date, as it contains only four of the true zinc fingers (see 

Appendix 2) (Nieto et al., 1992a; Smith et al., 1992), and has been used 

as an example of a gene which is expressed symmetrically in the lateral 

plate mesoderm (Collignon et al., 1996). The chick 5na//-related gene 

described in this work, is more closely related in sequence and expression 

to Xenopus snail than mouse, snail. Even though Xenopus snail has not 

been documented as having a left-right asymmetrical distribution, its 

early expression in the neural plate border, and the expression of cSnR in 

the future neural plate, suggests a possibility that these genes are closely 

related or are orthologues.
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Figure 31

Diagram to show the expression patterns of cSnR, nodal, shh and 

activin receptor lia, throughout the early stages of development (adapted 

from the data of Levin et al, 1995). Expression of activin receptor Ila on 

the right side of the node at HH stage 4 isthouglittnindicate that an activin 

type molecule acts on this region in vivo. Shh is expressed on the left of 

the node shortly after the expression of activin receptor type Ila. 

Expression of shh is thought to be repressed on the right side by the 

action of activin. A few hours later, expression of nodal appear on the 

left hand side, thought to be activated by shh. Expression of cSnR appears 

on the right side, possibly due to the activation by activin. Experimental 

evidence suggests that cSnR is repressed on the left side of the embryo by 

shh and /or nodal. Right-sided expression cSnR continues until 

approximately 15 somites have segmented. Expression is also detected in 

the lateral halves of the somites on their formation, followed shortly by 

expression throughout the ventral region.
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Flow diagram of a proposed normal gene action cascade. 

Asymmetry arising within a short period at the anterior primitive streak, 

involving an activin-related pathway in the chick (Levin et at., 1995), is 

transferred over a few hours of development to progressively more 

posterior body parts (i.e. downwards on page). Note that experimentally 

demonstrated and hypothetical inhibitory relationships must be shown 

across the midline, since they normally achieve exclusivity of gene 

expressions by their local inhibitory action on tissue. It is not known 

whether the action of activin upon cSnR on the right side of the embryo is 

direct or via another factor(s). The cascade may ultimately act on the 

right inflow part of the tube during the six to nine somite stage.
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8.2 FUTURE WORK

The results of this investigation have opened up many new avenues 

of research. For example, we now believe that cSnR is involved in the 

signalling pathway producing left-right asymmetry. It would be 

intriguing to find related genes in other vertebrate species that may be 

involved in the same pathways. Considering the conservation of genes 

such as nodal, in these events, it would be surprising if there was not a 

^M^fZ-related gene in species such the mouse that would carry out similar 

functions as cSnR does in the chick. Also, due to the possibility that 

Xenopus snail and cSnR are the same gene, it would be interesting to see 

whether interference or over-expression studies using Xenopus snail 

would affect situs in this species.

It would also be interesting to find other genes up-stream of cSnR 

that affect left-right asymmetry in the chick. Only recently, it was 

discovered that interference or over-expression of Xenopus V g l has an 

affect on left-right asymmetry (Hyatt et a i, 1996), although whether this 

is due to V gl actually partaking of the control of left-right asymmetry in 

vivo, or whether the treatment disrupts development by another 

mechanism, is unclear. The chick homologue of V gl has a highly 

conserved function in axis formation as Xenopus V gl (Seleiro et al.,

1996). It would thus be of interest to test a possible function for V gl in 

left-right asymmetry by overexpressing chick V gl at the node region and 

looking for an affect on situs and the expression of asymmetrically 

expressed genes, such as nodal and cSnR, in the chick. V gl does not have 

a focused expression, or detectable asymmetry in situ at the node or 

dorsal axial centre, in the chick or Xenopus. The study of a possible 

function of V gl in left-right asymmetry is made more difficult by the 

way it is processed in the embryo. In Xenopus, for example, the RNA 

and protein is distributed throughout the vegetal axis. However, there is
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evidence that, through specific processing, Vg acts upon a much more 

specific area than this. No distinctive antibody is available which could 

identify asymmetrical Vg protein production at the cellular level.

To date, no genes have been characterised molecularly that act 

early enough to be the original chiral molecule involved in establishing 

left-right asymmetry. This would have to be a molecule which could 

direct asymmetry without actually being different in each cell across the 

left-right axis of the embryo. In the mouse, some mutations have been 

discovered, such as inv and iv, which affect left-right asymmetry at a 

genetic level. These could in principle be such early chiral cues, as mice 

with these mutations have disturbed expression of the known 

asymmetrically expressed genes looked at so far.

As cSnR is a transcription factor, there must be other factors 

downstream of cSnR that execute asymmetric morphology itself, either 

by slightly different growth rates on either side of the embryo or the 

production of mechanical bending forces (Stalsberg, 1969; Itasaki et al., 

1989). If like Drosophila snail, cSnR is acting as a repressor (Gray et al., 

1994), it is possible that an immediate response gene to cSnR would be 

preferentially expressed at the site of inflow into the heart on the left side 

of the embryo. A candidate gene which is expressed more strongly on the 

left hand side in this area is the extracellular matrix molecule, flectin 

(Tsuda et al., 1996). In Vitamin A-deficient quail embryonic hearts 

which have the property of not looping, expression of flectin is reduced 

and disorganised so as to be no longer expressed more strongly on the 

left. Also, in a rare case where a spontaneous heart reversal occurred in 

the egg, flectin expression was reversed. It appears that flectin is a 

molecule involved in the mechanics of heart bending itself. Even this step 

may be an inhibitory one, however, as normal mechanical bending may 

be executed from the right (Itasaki et at., 1991). It would thus be 

interesting to look at the distribution of flectin post anti-c5n/? oligo
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treatment in order to see whether it is abnormal in treated embryos, and, 

whether this is the case only in embryos with situs inversus o r in all 

antisense treated embryos. These results may indicate whether cSnR has a 

direct affect on molecules involved in the execution of the direction of 

heart situs.

As anti-cSnR oligo treatment leads to reversed body turning in 

embryos which have reversed heart tube looping, it would be interesting 

to discover if cSnR is directly involved in the process of torsion. The 

extirpation of the heart at stages prior to heart tube bending does not 

affect body turning, implying that body torsion is not due to the 

mechanical constraints of the heart tube bending alone. It would thus be 

interesting to carry out anti-cSnR oligo treatment when these mechanical 

constraints are not present, to record whether the treatment randomises 

the direction of body turning. This technique is possible to do in ring 

culture at HH stage 8, when the blastoderm still lies within the confines of 

the ring. Past this stage, however, the blastoderm begins to overreach the 

ring, making removal from, and re-introduction to, the membrane 

technically difficult. With treating the embryos at this stage early stage, it 

is also unlikely that the oligos will be present in the embryo for long 

enough before nuclease degradation, to affect the torsion which occurs at 

a later stage. This experiment is technically possible to carry out in roller 

tube culture, but torsion does not occur in embryos cultured this way; the 

embryos tend to stretch out straight over a sack-like region on the ventral 

side.

The preliminary limb data involving cSnR may also lead to a better 

understanding regarding the mechanisms involved in vertebrate limb 

positioning and specification. It would be fascinating to discover whether 

ectopic expression of cSnR can itself induce ectopic limbs, and thus
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whether this gene can lead to the commitment of cells to become limbs. It 

would also be interesting to look at the interaction between cSnR and 

other genes expressed in one or both limbs, such as members of the Hox 

and T-box families.

The dynamic expression pattern of cSnR in chick suggests that 

there are different regulatory elements directing each different function; 

it is already known that Xsna contains different regulatory elements for 

its mesodermal and ectodermal expressions (Mayor etaL, 1993). It would 

be interesting to look for the different regulatory elements in the cSnR 

gene, and thus possible down-stream targets. In this way, the role of cSnR 

in, for example, the neurectoderm early in development, and the 

rhombomeres later in development, may become understood. As the 

expression is so dynamic and begins during gastrulation, it is possible that 

a ‘knock-out’ of the equivalent gene in the mouse would lead to some 

early developmental failure, from which some of the later roles of the 

gene may be uninterpretable.
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1 GTGGCGCTTGGCAGTACGATGCCGCGCTCGTTCCTGGTGAAGAAGCACTT 50
M P R S F L V K K H F  

51 CTCGGCCAGCAAGAAGCCCAACTACAGCGAGCTAGAGAGCCAGACCGTGC 100 
S A S K K P N Y S E L E S Q T V L  

101 TGGCTGCCCCGCTGCTGTATGAGACGTGTGCACTGTCCGTCATCCCTCCA 150 
A A P L L Y E T C A L S V I P P  

151 CCCGAAGTGCTGGGCCCTGGGGCCTATTACCCGCCGCTGGTGTGGGATGC 200  
P E V L G P G A Y Y P P L V W D A  

2 0 1  TGGTCTGCTCTCCAGCCTCTTCCCAGCTGGCCTGGGCACCGAGGCAGAGG 250  
G L L S S L F P A G L G T E A E A  

2 5 1  CAGCAGGCGGTGCGGCACCAGCCCTGGACCTGACAACACTCTCTAGTGAG 300 
A G G A A P A L D L T T L S S E  

301  GAGGATGAGGGCAAGAGCTCGGGGCCGCCCAGCCCGGCCTCAGCCCCTGC 350 
E D E G K S S G P P S P A S A P A  

351 TGCTGCTGAGCGGTTCCGCTGTGCCCAGTGCGCCAAGGCCTACTCCACCT 400 
A A E R F R C A Q C A K A Y S T F  

401 TTGCTGGGCTCTCCAAGCACAAGCAATTGCACTGCGATGCTCAGACCAGG 450 
A G L S K H K Q L H C D A Q T R  

451 AAATCCTTCAGCTGCAAGTACTGCGAGAAGGAGTATGTGAGCCTGGGGGC 500 
K S F S C K Y C E K E Y V S L G A  

501 TCTCTVAGATGCACATCCGGAGCCACACGCTGCCCTGTGTCTGCAAGATGT 550 
L K M H I R S H T . ^ L P C V C K M C  

551 GCGGCAAGGCCTTCTCCCGGCCCTGGTTGCTGCAGGGCCACATCCGAACG 600 
G K A F S R P W L L Q G H I R T  

601 CACACTGGTGAAAAGCCCTTTTCCTGTACACATTSCAACCGGGCCTTTGC 650 
H T G E K P F S C T H  C N R A F A  

651 TGACCGTTCTAATCTGCGCGCCCACCTGCAGACCCATTCAGATGTAAAGA 7 00 
D R S N L R A H L Q T H S D V K K  

701  AGTACCAGTGCAAAACCTGCTCCCGGACTTTCTCCCGTATGTCGCTGCTG 750 
Y Q C K T C S R T F S R M S L L  

751  CACAAGCACGAAGAGACCGGCTGCTCAGGGGCACGCTGAGACCAGCACC 800 
H K H E E T G C S G A R  

801 TCCTTTACGTGCAGATACA 819

APPENDIX 1

Nucleotide sequence and predicted amino acid sequence for the 

cSnR protein from the cDNA. Single letter code for the amino acid 

residues is as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, 

His; I, He; K, Lys; L, Leu; M, Met; N, Asn; P; Pro; Q, Gin; R; Arg; S, 

Ser; T, Thr; V, Val; W, Trp; Y, Tyr.
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0
XSna MPRSFLVKKH FSASKKPNYS EIiESQTVYIS P.FIYDKFP. . .VIPQPEI
cSnR MPRSFLVKKH FSASKKPNYS ELESQTVLAA PL.LYETCA. LSVIPPPEVL
mSna MPRSFLVRKP SDPRRKPNYS ELQDACVEFT FQQPYDQAHL LAAIPPPEVL

50
X Sna STGAYYTPLV WDTGLLTTFF TSESDYKKSP ISPSSSDDSS KPLDLTSFSS
cSnR  6PGAYYPPLV WDAGLL............. SSLFPAGLG TEAEAAGGAA PALDLTTLSS
mSna NPAASLPTLI WD.SLL............... VPQVRPVA WATLPLRESP KAVELTSLS .

100 1 
XSna EDEGGKTSDP P . . SPASSAT EAEKFQCNLC SKSYSTFAGL SKHKQLHC. .
cSnR EEDEGKSSGP P . . SPASAPA AARKFRCAQC AKAYSTFAGL SKHKQLHC. .
mSna DEDSGKSSQP PSPPSPAPSS FSSTSASSLE AEAFIAFPGL GQLPKQLARL

1 5 0  2 3
XSna  DSQTRK SFSCKYCEKE YVSLGALKMH IRSHTLPCVC KICGKAFSRP
cSnR . . . .DAQTRK SFSCKYCEKE YVSLGALKMH IRSHTLPCVC KMCGKAFSRP
mSna SVAKDPQSRK IFNCKYCNKE YLSLGALKMH IRSHTLPCVC TTCGKAFSRP

2 0 0  4 5
XSna WLLQGHIRTH TGEKPFSCTH CNRAFADRSNr LRAHLQTHSD VKKYQCKSCS
cSnR  WLLQGHIRTH TGEKPFSCTH CNRAFADRSN LRAHLQTHSD VKKYQCKTCS
mSna WLLQGHVRTH TGEKPFSCSH CNRAFAVRSN LRAHLQTHSD VKRYQCQACA

2 5 0
X Sna RTFSRMSLLH KHEETGCTVA H
cSnR  RTFSRMSLLH KHEETGCSGA R
mSna RTFSRMSLLH KHQESGCSGG PR

APPENDIX 2

Predicted amino acid sequence alignment of Xsna, cSnR and mSna 

proteins from the cDNAs. The numbers 1-5 above the sequence mark the 

positions of the zinc fingers, but in mSna the first of these domains has 

diverged so as not to encode a true finger, leaving only four. There is 

49% amino acid identity for all three reading frames across the whole 

protein, but for the region of zinc fingers 2-5, identity is 89%. Single 

letter code for the amino acid residues is as follows: A, Ala; C, Cys; D, 

Asp; E, Glu; F, Phe; 0 ,  Gly; H, His; I, lie; K, Lys; L, Leu; M, Met; N, 

Asn; P; Pro; Q, Gin; R; Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr.
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