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Abstract
The regeneration of the urodele limb is a striking phenomenon. The molecular 
mechanisms which regulate growth and pattern formation during limb regeneration, 
however, are poorly understood. The aim of this thesis was to isolate genes and gene 
products that might play key roles in patterning during regeneration. A protocol was 
developed using avidin-biotin technology and two-dimensional polyacrylamide gel 
electrophoresis (2D-PAGE) to visualise the cell-surface proteins expressed in the 
regenerate, and was used to investigate the potential role of the cell surface in the 
morphogenesis of regeneration. In a separate study, a gene was characterised, whose 
function during Drosophila development suggested that it might be involved in 
pattern formation during regeneration. The Notch gene was chosen because it was a 
cell-surface signal receptor, it could function as an adhesion molecule, and it was 
known to mediate cell fate determination in the Drosophila neuroectoderm. The 
expression pattern of newt Notch did not support a role for the gene in regulating 
pattern formation. However, the surprising result that the gene was expressed in 
differentiated cultured newt cells prompted a study of newt Notch function using a 
constitutively active Notch construct. Cultured myogenic newt cells remained able to 
differentiate in the presence of Notch signalling. Since Notch is not known to be 
expressed in the differentiated cells of other organisms, its expression in differentiated 
newt cells may be related to the capability of these cells to dedifferentiate.

During the period of my study, vertebrate homologues of the Drosophila hedgehog 
gene were shown to play a key role in many developmental processes including limb 
development. I have therefore investigateiwhether members of this family are 
expressed during limb regeneration and are regulated by retinoic acid (RA), since this 
derivative induces proximodistal (PD) duplications in regenerating limbs. A 
homologue of Xenopus banded hedgehog and avian and mnrmQ Indian hedgehog was 
uniformly expressed by mesenchymal blastemal cells from the initial stages of 
regeneration, and is up-regulated by RA. In addition, the newt hedgehog gene {N- 
bhh) was uniformly expressed in the early limb bud of the embryo. Since neither bhh 
nor Ihh has been detected in developing limbs of higher vertebrates, its expression in 
developing and regenerating newt limbs may be related to the regenerative capability 
of urodeles. The expression of this urodele hedgehog in newts suggests a significant 
difference between the development of the limb in urodeles and other vertebrates.
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Chapter 1

Introduction



1.1 Introduction

The regeneration of the adult urodele limb is a striking phenomenon, first described 

by Spallanzani in 1768 (Spallanzani, 1768). Urodele amphibians are unique among 

vertebrates in being able to regenerate their appendages but they demonstrate that 

vertebrate limbs are able to regenerate. Urodeles thus provide the opportunity to 

study the mechanism of regeneration, the results of which may eventually facilitate 

the activation of the regenerative capacity in other vertebrates, including humans. 

The phenomenon of limb regeneration poses a fundamental question regarding the 

conservation of biological mechanisms: are the molecular mechanisms that control the 

differentiation and patterning of the regenerate broadly similar to those which regulate 

the development of the embryonic limb bud?

The work presented in this thesis addresses several questions regarding the control of 

limb regeneration. Chapter 3 describes a novel approach to the investigation of 

positional information in the blastema by analysing the cell-surface proteins which are 

believed to play a key part in regulating the patterning of the regenerate. A common 

approach in the study of vertebrate regeneration is to investigate the homologues of 

genes that are important in the development of the fruit fly. Drosophila melanogaster. 

Chapters 4 and 5 describe the cloning and analysis of expression of newt homologues 

of the Drosophila Notch and hedgehog genes. The focus of these studies has been the 

genes and proteins that potentially play significant roles in regulating differentiation 

and patterning in the regenerating limb of the newt, Notophthalmus viridescens.

1.2 The morphology of limb regeneration

The adult urodele can regenerate all of its appendages and some internal organs after 

amputation (Figure 1.1). The sequence of events following the simple amputation of 

the forelimb, hindlimb or tail is essentially the same, regardless of the position of



amputation (Figure 1.2) (Tsonis, 1996; Wallace, 1981). Immediately after 

amputation, epidermal cells from the wound margin rapidly migrate and form a 

transparent sheet covering the end of the stump within 12-18 hours. The epidermal 

cells continue to migrate distally and the wound epidermis forms as a structure 

approximately 5 cell layers thick.

Beneath the wound epidermis lie mesenchymal cells of the stump that have been 

damaged by the amputation. Over the next few days (Thornton, 1970; Wallace, 

1981) there is a period of tissue ’demolition’ during which phagocytes migrate into the 

limb stump and accumulate in the area between the wound epidermis and the cut 

surface of the stump tissues. These phagocytes are involved with the removal of cell 

debris and detritus resulting from the degeneration of the muscle and skeletal tissues 

(Weiss and Rosenbaum, 1967) and the extracellular matrix of the stump. The wound 

epidermis also plays a significant role in he removal of debris and becomes loaded 

with the products of tissue destruction possibly by extending into the stump and 

engulfing scattered debris (Mescher, 1996; Singer and Salpeter, 1961). The histolysis 

and dissociation of the tissues at the cut surface of the stump is achieved through the 

introduction of plasminogen activators into the stump by invading macrophages (see 

review by Matrisian and Hogan, 1990) which leads to the production of the serine 

protease plasmin in the interstitial fluid. An increase in collagenolytic activity 

(reviewed by Stocum, 1995) and gelatinases of the matrix metalloprotease family 

(Miyazaki et al., 1996; Yang and Bryant, 1994) in the limb stump has also been 

demonstrated and may be critical in releasing cells from the extracellular matrix. It 

will be interesting to determine if any of these molecules play a role in stimulating the 

regenerative process.

The erosion of the cell matrix liberates mesodermal cells which lose the histological 

features which formerly characterised them. These mesenchymal cells continue to



accumulate and proliferate at the tip of the stump, resulting in the formation of a mass 

of cells called the regeneration blastema. It is these cells which are the progenitors of 

the regenerate, from which all of the mesenchymal structures of the regenerate will be 

produced. The blastema continues to increase in cell number and changes in shape 

from a slight protrusion (Figure 1.2) to an elongated cone before becoming flattened 

or palette-shaped as the hand or foot begins to form. Once the blastemal cells have 

accumulated to form a cone, all fiuther increases in the size of the blastema result 

from cell proliferation, and not through the release of cells from the stump. Although 

DNA synthesis has been observed to occur in the blastema as early as 4 days post

amputation (Hay and Fishman, 1961), the greatest burst of mitotic activity begins at 

the late stage of stump degradation (day ~ 13), peaks at the early-mid bud stage (-21 

days) and continues to the palette stage (day -30-35).

1.3 Regulation of blastemal cell accumulation

An intact nerve supply to the blastema is required during the dedifferentiation stage 

for the maintenance of mitosis, and if this supply is severed, mitosis decreases and 

regeneration is arrested (Wallace, 1981). Singer has proposed that the blastema 

requires a level of innervation above a particular threshold for continued cell division, 

and demonstrated that the innervation can be composed of either sensory and/or motor 

fibres (Sidman and Singer, 1960; Singer, 1952; Singer and Craven, 1948; Wallace, 

1981).

The underlying molecular mechanism of nerve-dependent growth control is unknown, 

but blastemal cells are mitotically stimulated by glial growth factor (GGF), a protein 

purified from the bovine pituitary gland, and shown to be present in the blastema 

(Brockes and Kintner, 1986) and now known to be a member of the neuregulin family 

(Marchionni et al., 1993). Several other factors can also stimulate blastemal cells to 

divide including transferrin (Munaim and Mescher, 1986), substance P (Anand et al..



1987) and membeisof the FGF family (Albert et al., 1987). The nerve dependence of 

regeneration is induced as nerves grow into the embryonic limb, and the limb can 

regenerate in a nerve independent manner ij: innervation is prevented (Yntema, 1959).

1.4 Differentiation of the blastema

Cartilage formation in the blastema is initiated between the cone and palette stages 

and is indicated by condensation of the blastemal cells. Additional cartilage elements 

are marked out in the later stages in the same manner in the limbs as successive digits 

protrude and elongate from the palette. At this stage (day 45-50) the form of the 

regenerate is essentially complete. The local differentiation of muscle and its 

innervation by axons extending into the blastema renders the regenerate capable of 

movement. The new limb is considerably smaller in scale than the mature adult limb 

and its growth continues until it becomes a functional replacement.

1.5 Origin of the blastemal cells

The generation of blastemal cells is specific to the regeneration process and is of 

central importance to the phenomenon of regeneration. Early experiments with X- 

irradiated limbs (Steen, 1970; and references therein) demonstrated that blastemal 

cells originate from sites within 1-2 mm (Butler and O'Brian, 1942) of the plane of 

amputation. Regenerates could form after amputation either proximal or distal to an 

irradiated area, but after amputation through the irradiated area, no regeneration 

occurred. Blastemal cells have been observed to arise from cartilage, muscle, 

connective tissues and Schwann cells (Maden, 1977b; Steen, 1970). Several 

experiments in which grafts of unirradiated muscle, cartilage, and dermis were 

implanted into irradiated stumps have demonstrated that these tissues are able to 

generate blastemal cells (Thornton, 1942; Wallace, 1981; Wallace et al., 1974). 

Chalkey (Chalkey, 1954) studied the mitotic indices of various stump and 

regenerating tissues in an effort to estimate the relative contributions of different



tissues to the blastema. He detected mitosis in all of the major mesodermal tissues 

immediately adjacent to the amputation surface and concluded that these tissues 

provide cells to the blastema, possibly in the same proportion in which they are 

present in the stump. However, in the absence of suitable molecular markers, it is 

difficult to ascertain the origin of blastemal cells that might be generated in this way.

Muneoka et al. (Muneoka et al., 1986) used a triploid/diploid cell marker to analyse 

the extent to which cells derived from the dermis and skeleton contributed to the limb 

blastema. They found that dermal cells could contribute up to 75% of the blastemal 

cell population, whereas skeletal tissue contributed only 2%. When compared to the 

availability of cells at the plane of amputation, the dermal cells over contributed by 

greater than 2-fold, whereas the skeletal cells under contributed by 2-fold. The dermis 

is comprised mainly of fibroblasts and pigment cells in a network of extracellular 

fibres. The fibroblasts are by far the most abundant cell type and are likely to be 

responsible for the dermal contribution to the blastema (Muneoka et al., 1986). There 

is also evidence for a population of mononucleate, myogenic precursors derived from 

satellite cells of the adult musculature that could participate in the formation of the 

blastema and give rise to the muscle tissue of the regenerate (Cameron et al., 1986). 

These cells cannot be identified by light microscopy nor immunologically and while 

they can participate in tissue repair after injury (Griffin et al., 1987), they have not 

been shown to contribute to the blastema in vivo. Thus it appears that there are two 

sources likely to give rise to the mesenchymal cells of the blastema: cells derived 

from the highly differentiated tissues of the stump (e.g. muscle, cartilage), and cells 

derived from the proliferation of fibroblasts.



1.6 Dedifferentiation, modulation and redifferentiation

From the above evidence it seems clear that all mesodermal tissues are able to 

contribute cells to the blastema, although the relative contribution made by any tissue 

in vivo remains unclear. The cells of the blastema are morphologically identical, and 

no trace of differentiation can be detected by light microscopy, electron microscopy or 

through the use of tissue specific antibody reagents although it has recently been 

shown that blastemal cells express the myogenic regulatory factor Myf-5, which may 

indicate their derivation from muscle (Simon et al., 1995). The blastemal cells are 

heterogeneous however, when examined with various monoclonal antibodies specific 

for regeneration. The antibody 22/18 recognises an intermediate filament-like 

antigen, and reacts with the majority, but not all of the mesenchymal cells of the early 

blastema (Ferretti and Brockes, 1990; Kintner and Brockes, 1984; Kintner and 

Brockes, 1985). Similarly, monoclonal antibodies to the keratin pair K8/K18, which 

may be markers of the dedifferentiated state, react with a proportion of the blastemal 

cells (Ferretti et al., 1991). This heterogeneity might reflect the diversity of sources of 

the cells, or indicate that the blastemal cells differ in their potential for differentiation.

The fact that the cells of the stump form the early blastema by apparently losing 

markers of the differentiated state raises the question of whether the blastemal cells 

are restricted in their subsequent differentiation to their cell type of origin? As all 

mesodermal tissues of the limb stump have the potential to contribute cells to the 

blastema, it is possible that each cell and its descendants could retain an original 

tissue-specific determination and eventually revert to the same type of tissue. 

However, several experiments suggest that this is not necessarily the case. In a 

careful study by Steen (Steen, 1968), the ability of grafts of cartilage and muscle to 

give rise to multiple cell types in a limb regenerate when implanted into a blastema 

was tested. Transplanted cells were identified in the regenerate by ^H-thymidine



labelling detected by autoradiography, by triploidy, or through a combination of both 

methods. Chondrocytes derived from limb cartilage only gave rise to undifferentiated 

blastemal cells which differentiated almost exclusively into chondrocytes. In contrast, 

transplanted muscle was found to give rise to a small number of chondrocytes in the 

cartilage of the regenerate which suggests that blastemal cells can be derived by 

muscle dedifferentiation, and are subsequently pluripotent. Another study, in which 

pure cartilage grafts were the sole source of blastemal cells in X-irradiated host 

stumps, showed that they were only able to form cartilage and connective tissue upon 

differentiation whereas similar muscle grafts contributed to all of the internal tissues 

of the regenerates and possibly served as the exclusive source of these tissues. The 

muscle grafts would however have contained connective tissue fibroblasts which 

could have given rise to the cartilage of the regenerate. In all the above experiments, 

the absence of suitable molecular markers which can distinguish grafted tissue from 

host tissue prevents the origin of blastemal cells, and regenerate tissue, from being 

determined with a high degree of confidence.

A molecular biological approach to the study of the origin and state of differentiation 

of the blastemal cells has been embarked upon. One study of dedifferentiation 

assayed the presence of a heritable molecular marker associated with skeletal muscle, 

the hypomethylation of a site in the cardioskeletal myosin gene. The authors 

concluded that 10% of regenerated cartilage may be derived from muscle cell 

(Casimir et al., 1988). The same laboratory has also employed high resolution lineage 

tracing to observe the fate of multinucleate cultured myotubes, labelled with 

thymidine and by microinjection with rhodamine-dextran, and implanted into a 

blastema (Lo et al., 1993). The myotubes were found to give rise to large numbers of 

mononucleate cells, which were able to proliferate in the blastema. Approximately 

20% of the implanted myotubes were calculated to have undergone dedifferentiation. 

During subsequent stages of differentiation, labelled muscle fibres were observed



which were likely to have resulted from the fusion of labelled mononucleate cells 

(either with themselves or unlabelled muscle fibres). In addition, some example of 

labelled cells within cartilage were also detected, consistent with the 

transdifferentiation of muscle to cartilage. Significant progress has recently been 

made in this laboratory in identifying the mechanism involved in myotube 

dedifferentiation and it has been possible to induce cultured newt myotubes to re-enter 

the cell cycle through serum stimulation (Tanaka et al., 1996), a property that 

distinguishes them from the cultured myotubes of other vertebrates.

In summary, mesodermal tissues in the stump contribute cells to the blastema by 

morphological dedifferentiation. These cells have the capacity to transdifferentiate, 

although to what extent this process occurs in vivo, versus redifferentiation according 

to previous cell-type remains unclear, and the solution must await high resolution 

lineage tracing studies. It also remains a possibility that dermal fibroblasts form the 

majority of the regenerate, with the exception of muscle cells (Muneoka et al., 1986). 

It is often proposed that a population of cells might exist in the regenerative field, in 

an undifferentiated state, and form the blastema; and that the apparent 

dedifferentiation of mesodermal tissue is simply its degradation. There is however no 

evidence for such a population of cells in any regenerative field in the urodele, and 

reagents such as the antibodies LPIK and 22/18, which specifically label the 

mesenchymal blastema, fail to label any cells in the normal adult limb (Ferretti et al., 

1989; Kintner and Brockes, 1984).

1.7 Axial patterning in the limb regenerate
1.7,1 The blastema is an autonomous self-organising system

Throughout the 20th century experiments have been performed to examine the state of 

blastemal determination, and to investigate to what extent the blastema can 

differentiate independently of influences from adjacent, differentiated tissue



(reviewed in Stocum, 1984; Stocum, 1996). Stocum demonstrated that 

undifferentiated blastemas could differentiate in vitro, and that blastemas self

organised into complete and perfect regenerates when grafted to a neutral site such as 

the dorsal fin (Stocum, 1968a; Stocum, 1968b). When blastemas were grafted to a 

limb stump of different structure, or to a different proximodistal (PD) stump level, or 

rotated about the proximodistal axis to disrupt the anteroposterior (AP) or 

dorsoventral (DV) axes relative to those of the stump, the blastemas always developed 

according to their origin with respect to limb type, PD level of origin, or transverse 

axial polarity (Pescitelli and Stocum, 1980; Stocum, 1975b; Stocum, 1980; Stocum, 

1982; Stocum and Melton, 1977). The blastema is therefore an independent self- 

organising system.

The autonomy of the blastema with respect to subsequent patterning events suggests 

that the blastemal cells inherit a level-specific memory of their axial position from the 

parental stump cells. When a blastema is auto-grafted to the contralateral limb, the 

AP axis of the blastema is reversed and anterior and posterior cells are confronted. 

The result of such an operation is that the grafted blastema develops autonomously 

but also contributes to the production of two supernumary limbs, with host 

handedness (Figure 1.3). The supernumary limbs arise where the anterior and 

posterior (and with appropriate blastema rotation, dorsal and ventral) tissues of the 

host and graft are confronted (Iten and Bryant, 1975; Tank, 1978) and can be derived 

from varying ratios of host and graft tissue (Maden and Mustafa, 1984; Muneoka and 

Bryant, 1984; Stocum, 1982).

The generation of supernumary limbs in the above way, and the manner of 

regeneration of limbs consisting of double anterior, posterior, or half limbs has led to 

the proposal of a model for the determination of the AP and DV axes of the 

regeneration blastema (Bryant et al., 1981; Bryant and Gardiner, 1992). The model
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proposes that differences in the so called 'positional identity' of cells around the 

circumference of the limb stump drive subsequent growth and patterning. Lheureux 

clearly demonstrated this relationship between positional disparities, growth and 

patterning in a series of experiments with X-irradiated limbs (Lheureux, 1975; 

reviewed in Bryant and Gardiner, 1992; Wallace, 1981). In these experiments, limbs 

were X-irradiated to inhibit regeneration and then supplied with various types of skin 

grafts to determine the minimal quantity of circumferential positional information 

required for patterning (Figure 1.4). When a cuff of skin derived from a single 

circumferential position is wrapped around the irradiated limb, regeneration does not 

occur. However, a complete cuff of skin containing the positional values of the entire 

limb circumference able to support the regeneration of a normally patterned limb. 

Only when at least 2 different qualities of positional information from the limb 

circumference are present (e.g. DV or AP) does regeneration take place. The 

experiment also supports the proposal by Muneoka et al (Muneoka et al., 1986) that 

dermal fibroblasts are capable of regenerating the entire limb pattern.

Patterning of the transverse axes of the regenerate appears to be specified by local 

interactions between cells (reviewed in Bryant and Gardiner, 1992). When a 

discontinuity in pattern occurs, as imposed by amputation, cells adjacent to the 

discontinuity react by proliferating and contributing to the structure of the regenerate. 

The daughter cells that are inserted in this way are assigned positional identities that 

fill in the discontinuity, a process referred to as 'intercalary regeneration'. These local 

cell interactions are believed to follow a fundamental rule - the rule of shortest 

intercalation. Thus, given a choice between intercalating the longer or shorter number 

of positional identities that will restore structural continuity, interacting cells will 

always choose the shorter (Bryant et al., 1981; French et al., 1976). The intercalation 

of the missing positional values could follow an averaging rule in which the progeny 

of two interacting cells would be assigned a positional value midway between them
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(Maden, 1977a). Proliferation would then continue in this manner until all the 

missing values were regenerated.

1.7.2 The proximodistal axis of the regenerate

Amputation of the urodele limb results in the precise regeneration of the missing 

structures distal to the plane of amputation - the mle of distalisation (Maden, 1980). 

This is well illustrated with an experiment by Butler (Butler, 1955) where an axolotl 

forelimb was amputated distally and the stump inserted into a pocket prepared in the 

animal's flank. Once the wound had healed, and the blood supply and innervation re

established, the limb was amputated at the upper humerus level. Both stumps then 

gave rise to structures distal to the upper arm.

The rule of distalisation of regeneration holds true when a blastema is grafted to a host 

stump of differing PD level. When a distal blastema is grafted to a stump of a more 

proximal level, a normal limb is regenerated. However, the grafted blastema 

regenerates normally and gives rise to only the distal-most part of the limb (Figure 

1.5)(Maden, 1980; Pescitelli and Stocum, 1980; Stocum, 1975a). The blastemal cells 

for the intermediate parts of the limb are derived almost exclusively (Pescitelli and 

Stocum, 1980; but see Pecorino et al., 1996) by dedifferentiation and proliferation of 

the host stump cells. This is another clear example of intercalary regeneration. Thus 

the blastemal cells appear to inherit, in addition to a positional memory of their 

transverse axes of origin, a positional memory of their PD level of origin, and are 

normally prevented from changing their positional value in anything but a distal 

direction.

In the above example of intercalary regeneration, the proximal boundary for the 

intercalated regenerate is the positional value of the mesenchymal cells of the stump 

at the plane of amputation; the distal boundary is the positional value of the cells at
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the base of the grafted blastema. It has been proposed that for regeneration after 

simple amputation, the wound epidermis might serve as the distal boundary for the 

regenerate (Maden, 1977a). This model is supported by the observation by Gardiner 

et al. (Gardiner et al., 1995) that blastemal cells initially acquire a distal positional 

identity (through HoxA gene expression) regardless of their position along the PD 

axis, although this work would benefit from the study of a greater number of Hox 

genes. In addition, the wound epidermis, and epidermis in general, does not posses 

graded positional values (Carlson, 1976).

When medium bud stage blastemas are completely or partially denervated, they form 

miniature, yet distally complete regenerates (Maden, 1981; Singer and Craven, 1948). 

Similarly, when such denervated mid bud blastemas are stripped of wound epidermis 

and implanted into the body in such a way that their distal tips protrude and are 

recovered with epidermis, then miniature, distally complete regenerates form (Stocum 

and Dearlove, 1972). If, however, the blastema is implanted more deeply into the 

body and is not covered by epidermis, then a miniature stylopodium and 

zeugopodium forms, but the autopodia is absent. The data demonstrate that the 

wound epidermis is essential to patterning per se, distinct from its essential function in 

maintaining the outgrowth of the regenerate.

Models have been proposed however that do not invoke intercalation in PD 

outgrowth. One alternative mechanism is a counting process linked to the number of 

blastemal cell divisions (Summerbell and Lewis, 1975). The models of French and 

Bryant also propose that PD positional identity is not specified directly but that 

blastemal cells adopt successively more distal positional identities as the result of 

successive waves of transverse intercalary regeneration (Bryant et al., 1981; Bryant 

and Gardiner, 1992; French et al., 1976). However, it is clear that none of these 

models is likely to be resolved unless the molecular components of the patterning
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mechanisms can be isolated. Substantial advances towards this goal have been 

achieved through investigations of the effects of retinoic acid upon regeneration.

1.8 Retinoic acid and regeneration

Research into patterning mechanisms in the regenerating limb has been transformed 

by the discovery that the positional identity of the limb blastema could be 

proximalised by treatment with the vitamin A derivative, all-trans retinoic acid (RA), 

and its precursor retinal, (Maden, 1982; Maden, 1983; Niazi and Saxena, 1978) in a 

dose-dependent manner. Thus a wrist blastema, which normally gives rise to a hand, 

can regenerate a complete arm, including shoulder girdle, when exposed to an 

appropriate dose of RA. At doses higher that those giving maximal proximalisation, 

regeneration is inhibited (Maden, 1983) and the limb exhibits deletions and 

truncations. These effects of RA upon regeneration can be observed by placing the 

animals in a solution of RA, by injecting them, or implanting RA-soaked beads 

directly into the limb (Figure 1.6)(Maden et al., 1985; Stocum and Crawford, 1987; 

Stocum and Maden, 1990).

RA also posteriorises and ventralises blastemal cell positional identity, although these 

effects can only be demonstrated in anterior or dorsal half or double half-limb 

constructs (Figure 1.7; reviewed in Bryant and Gardiner, 1992). Two mirror-image, 

proximalised regenerates are formed by these limbs, suggesting that the regenerates 

formed by RA-treated limbs are supemumaries evoked by the interaction between 

posteriorised, ventralised and proximalised cells, and unaffected anterior cells of the 

limb stump (reviewed in Bryant and Gardiner, 1992; Stocum, 1995).

The period of maximal sensitivity of the blastema to the proximalising effect of RA 

coincides with the period during which dedifferentiation and blastemal cell 

accumulation is occurring (Bryant and Gardiner, 1992; Maden, 1983; Maden et al..
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1985; Thoms and Stocum, 1984). The administration of RA, either before cells have 

commenced dedifferentiation, or after cells have begun to redifferentiate, results in 

little or no pattern duplication. Bryant and Gardiner (Bryant and Gardiner, 1992) 

have presented a mechanism to explain the effect of RA on patterning during 

regeneration in terms of the positional identities of the blastemal cells, which are 

converted to a single posterior-ventral-proximal value by RA. After withdrawal of 

RA, dedifferentiation contributes fresh blastemal cells which can provide the 

necessary circumferential positional values (anterior and dorsal) to stimulate 

outgrowth and patterning from the posterior-ventral-proximal cells.

The blastemal cells whose positional identity may be respecified by RA, and which 

therefore carry positional information in the blastema, are mesodermal (Maden, 

1984). This was demonstrated by obtaining RA-treated blastemas, separating them 

into epidermal and mesenchymal components, and grafting these parts onto untreated 

limb blastemas. Only those limbs which received RA-treated mesenchymal blastema 

developed extra pattern elements, although it may of course be the case that positional 

respecification in vivo occurs through the action of the wound epidermis upon the 

underlying mesenchymal blastema.

1.9 Retinoic acid receptors

Retinoic acid is the only molecule which has been shown to have such dramatic 

effects upon the patterning of the regenerate limb. RA is known to act through a 

family of nuclear receptors (Brockes, 1996; Giguere et al., 1987; Petkovich et al., 

1987; Ragsdale and Brockes, 1991) and the study of these receptors has been a 

particularly fruitful approach to understanding pattern formation during regeneration 

(see Maden, 1996). These receptors are activated by ligand binding and regulate the 

transcription of several responsive genes via RA response elements (RAREs) present 

in regulatory regions (de The et al., 1990; Hoffmann et al., 1990; Sucov et al., 1990).
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The retinoid receptors comprise two distinct sub-families of the nuclear receptor 

family, the retinoic acid receptors (RARs) and the retinoid-x-receptors (RXRs) each 

having three members a , p and y (Leid et al., 1992). There is a very high degree of 

amino acid similarity within the subfamilies of the three RARs, and that of the RXRs, 

but only marginally more sequence similarity between the RARs and the RXRs than 

to other members of the nuclear receptor family. The two subfamilies of retinoid 

receptors have distinct pharmocologies. There are two known naturally occurring 

isomers of RA, all-trans RA and 9-cis RA. All-trans RA is a ligand only for the 

RARs, whereas 9-cis RA serves as a ligand for both the RARs and RXRs. It is 

noteworthy that the synthetic retinoid agonist TTNPB is potent at respecifying the 

positional identity of the blastema, and is selective for the RARs as compared to 

RXRs (Keeble and Maden, 1989).

To date, five N. viridescens RARs have been characterised (Figure 1.8 A, B) (Hill et 

al., 1993; Ragsdale et al., 1992; Ragsdale et al., 1993; Ragsdale et al., 1989). a l  and 

a l  are homologues of the mammalian a-receptors; whereas 51 A, ÔIB and 62 are 

equivalent to the mammalian y receptors although these receptors have diverged 

extensively at their N-terminal. The different RAR isoforms are expressed both in the 

normal limb and blastema in vivo, and in cultured blastemal cells. The major types 

expressed in the blastema are 61A and 6 IB and have been localised to the wound 

epidermis and mesenchymal blastema by immunocytochemistry (Hill et al., 1993).

The expression patterns of the RAR isoforms in the newt have been studied by RNase 

protection analysis, as well as by immunochemistry in the case of RAR6, and it is 

likely that cells in the adult as well as in the blastema express multiple receptor 

isoforms. RA has a wide range of effects in both the newt and other systems yet 

genetic analysis of RAR function in the mouse has revealed a surprising degree of 

redundancy (see Maden, 1996). However, several studies in the newt point to distinct
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functions for the individual receptor isoforms. Since RA will activate the full 

complement of receptors in a cell, the approach taken in these studies was to develop 

a method of activating only a single receptor type at a time in order to dissect out the 

role of the different isoforms (reviewed in Maden, 1996). This was achieved by 

replacing the ligand binding D/E region of each receptor with that of the Xenopus T3- 

receptor a  (Figure 1.8C) (Schilthuis et al., 1993). Thus when a particular chimeric 

receptor was transfected into a cell and exposed to T3, a single RAR isoform was 

activated. The chimeric receptor remained able to activate genes through RAREs 

because it retained the DNA binding domain of the parent RAR (Gann et al., 1996; 

Schilthuis et al., 1993). In this way it was shown that the activation of the wound 

epidermis antigen WE3 (Tassava, 1992; Tassava et al., 1986) by RA could be 

mediated by the 51B receptor isoform, but not by the a l  isoform (Pecorino et al., 

1994).

One of the commonest responses to RA is an inhibition of cell proliferation. The a l  

receptor was shown to mediate RA-dependent inhibition of cell proliferation, whereas 

the a2  isoform had no activity in this assay, nor did the ôlA, 61B and 52 receptors 

(Gann et al., 1996; Schilthuis et al., 1993). When the A region of the a l  receptor was 

transferred to a ô chimeric molecule, the resulting receptor was fully active in a T3- 

dependent growth inhibition assay. Thus, not only did this work demonstrate that it is 

specifically the a l  RAR isoform that mediates growth inhibition in response to RA, 

but also that the specificity of this response is determined by the A region of the 

receptor.

Recent work with the chimeric RAR constructs has identified which RAR isoform is 

responsible for the respecification of the positional identity of the regenerating 

blastema along the PD axis by RA (Crawford and Stocum, 1988b; Pecorino et al., 

1996). In this study the mesenchyme of a distal blastema was transfected with the
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chimeric RARs and replaced onto a proximal host stump (Figure 1.9). The 

transfected cells of such blastemas were found at later stages of regeneration 

predominantly in the distal structures of the regenerate, and few cells contributed to 

the intercalated tissue, as expected from previous studies (Crawford and Stocum, 

1988b). When the distal blastema cells were transfected with the chimeric 52 

receptor, but no other, and treated with T3 to activate the receptors, these cells were 

found to occupy positions proximal to their level of origin, and contributed to the 

regeneration of intermediate tissues. Thus the ability of RA to respecify PD identity 

is mediated specifically by the 62 RAR isoform. This assay may now facilitate the 

identification of the downstream targets of RA that are involved in the specification of 

positional identity in the regenerating blastema.

1.10 Is RA endogenous to the blastema?

The effect of RA on the patterning of the regenerate raises the question of whether 

there is a corresponding endogenous activity during regeneration? The presence of 

several RAR isoforms in the blastema is the first piece of circumstantial evidence 

supporting an endogenous role for RA in the patterning of the regenerate limb. More 

direct evidence comes from HPLC analysis of blastemal tissue extracts which 

demonstrated significant quantities of retinoids in both the epidermis and 

mesenchyme of the blastema (Scadding and Maden, 1994), yet such analysis fails to 

indicate whether these retinoids are in a form that is competent to activate gene 

expression. For example, some or all may be complexed with proteins and rendered 

inaccessible to the nuclear receptors. Brockes (Brockes, 1992) provided evidence that 

endogenous RA in the blastema was able to activate reporter gene expression. 

Cultured blastemal cells were transfected with a RA-responsive reporter gene 

containing a RARE in its promoter. Reporter cells were implanted under the wound 

epidermis of an early blastema and were shown to be responsive to exogenous RA. 

The reporter cells were then implanted into contralateral proximal and distal
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blastemas to allow a comparison of axial dependent activation to be made within a 

single animal. This experiment gave a P:D ratio of gene activation of approximately

3.5 fold and lends support to the role of endogenous, active retinoids in the blastema.

A second study by Viviano et al (Viviano et al., 1995) demonstrated that the wound 

epidermis of the blastema was able to synthesise and actively secrete the retinoid 9-cis 

retinoic acid. Furthermore, in a comparison of contralateral proximal and distal 

wound epidermis, the P:D ratio of reporter stimulation when wound epidermis was 

co-cultured with blastemal reporter cells, was significantly greater than 1, although 

this result was limited by the non-linear response of the reporter to the RA 

concentration in the culture medium. Together, the above data strongly suggest that 

retinoic acid plays a role in regulating gene expression within the blastema, and that 

the wound epidermis is a local source of RA, possibly for the underlying 

mesenchymal cells of the blastema. In the light of this, it seems likely that genes that 

are the targets of regulation by RA in the blastemal mesenchyme are candidates for 

components of the molecular mechanism underlying the positional identity of the 

regeneration blastema..

1.11 The cell surface and positional identity

In general, the cell biology of positional information is poorly understood. However, 

the effects of RA during regeneration provide some interesting pointers. In addition, 

several studies have highlighted the importance of the blastemal cell surface, and the 

differential adhesivity of blastemal cells along the PD axis, in relation to positional 

identity. In one such study, pairs of blastemas from different PD levels, one of which 

was labelled with ^H-thymidine, were juxtaposed at their basal surface, and co

cultured in hanging drops (Figure l.lOA) (Nardi and Stocum, 1983). Pairs of 

mesenchyme from the same PD level (e.g. wrist/wrist, elbow/elbow etc.) fused to give 

a straight interface. By contrast, in pairs of mesenchyme obtained from different PD
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levels, the mesenchymal cells of the more proximal blastema engulfed the more distal 

blastemal cells. The differential adhesion hypothesis of Steinberg (Steinberg, 1963) 

accounts well for this result and suggests that the hierachical engulfment of distal 

blastemas by more proximal ones can be interpreted in terms of the existence of a 

graded distribution of cell-surface adhesive properties along the PD axis of the limb, 

with adhesivity increasing distally.

A more sophisticated experiment has been performed, based upon an observation by 

Shuraleff and Thornton (reviewed in Wallace, 1981) who amputated axolotl legs at 

the mid thigh region and sutured a skin flap over two thirds of the wound surface, and 

grafted a foot onto the remaining wound surface. Upon slicing off the sutured skin 

flap, a blastema formed and a limb was regenerated, uninhibited by the presence of 

the grafted foot. However, the grafted foot was displaced distally as the regenerate 

developed until it articulated with the ankle of the regenerated leg. In the study by 

Crawford and Stocum, wrist, elbow or mid-upper arm forelimb blastemas were 

homo grafted to the dorsal surface of the blastema-stump junction of a host hindlimb, 

regenerating from the mid thigh (Figure l.lOB) (Crawford and Stocum, 1988a). The 

grafts subsequently developed according to their level of origin but were also 

displaced distally along the PD axis of the host regenerate, coming to rest at the level 

of the hindlimb regenerate that corresponded to their level of origin (e.g. wrist 

articulating with ankle, and elbow articulating with knee). Mid-upper arm grafts, 

being in the correct position initially, were not displaced. Together with the 

observation of Shuraleff and Thornton, these results show that there exists throughout 

the regenerating limb level specific differences in a recognition affinity property. 

During regeneration, cells of the blastema and regenerate are able to assess their 

position based upon the affinity property of their neighbours, and take up a position 

within the regenerate appropriate to their positional identity i.e. which minimises 

positional disparities.
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The above 'affinophoresis' assay was used to ask whether RA proximalised both the 

level-specific recognition-affinity property and regenerate pattern (Crawford and 

Stocum, 1988a). Forelimbs were amputated at the wrist, elbow or mid-upper arm and 

animals were treated with RA. The resulting blastemas were homografted to the 

blastema-stump junction of a host hindlimb that was regenerating from the mid-thigh. 

The result now was that the donor regenerate pattern was proximalised to the level of 

the mid-upper arm or shoulder girdle and all the regenerates associated with the mid

thigh of the regenerate. The results of the engulfment and affinophoresis assays are 

consistent with the proposition that the molecular representation of positional identity 

of the blastemal cells resides in a cell-surface organisation that is able to recognise the 

disparity between non-neighbouring cells, and initiate intercalary regeneration.

Several attempts have been made to identify the molecular basis of positional identity 

by analysing position-specific differences in protein expression within the blastema 

(see Chapter 3). The new approach that I have taken to study the molecular basis of 

positional identity has been to analyse exclusively proteins expressed at the blastemal 

cell-surface with the aim of identifying cell-surface proteins differentially expressed 

along the PD axis of the limb. Such proteins may mediate the differential affinity of 

blastemas of differing PD level as observed by Crawford and Stocum, and thus 

represent the positional values of blastemal cells. Furthermore, the expression of such 

molecules may be regulated by retinoic acid.
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1.12 RA in the developing limb bud

The effect of RA upon patterning during limb regeneration was first described by 

Niazi and Saxena in 1978 (Niazi and Saxena, 1978). A few years later, RA was 

shown to have profound effects upon the patterning of developing vertebrate limbs 

(Tickle et al., 1982). In this study a bead was soaked in retinoic acid and implanted 

into the mesenchyme at the anterior of a stage 19-21 limb bud. The effect of this 

operation was the induction of a number of additional digits, in a dose-dependent 

manner, with mirror-image anteroposterior symmetry to those normally formed by the 

bud (Figure 1.11). The significance of this result is increased in the light of an earlier 

study (Saunders and Gasseling, 1968) in which a region of the posterior limb bud was 

grafted to the anterior of a second bud, and a comparable mirror-image duplication of 

the digits was observed. These initial data suggested that retinoic acid might play a 

key role in the regulation of patterning of the limb during development and 

regeneration.

An analysis of the concentration of endogenous retinoids in the limb bud 

demonstrated significantly higher levels of all trans-retinoic acid in the posterior 

margin of the bud than in the anterior (Thaller and Eichele, 1987). The data was 

consistent with the existence of a simple gradient across the AP axis of the limb bud 

specifying position in the form of a simple gradient as first suggested by Wolpert 

(Wolpert, 1969; Wolpert, 1971). The source of this gradient would therefore be 

located in that region of the posterior region of the bud that provokes digit 

duplications when transplanted to the anterior (termed the zone of polarising activity, 

the ZPA).

However, there are a number of studies which suggest that this simple gradient model 

is not valid. For example, the retinoid didehydroretinoic acid (ddRA) appears to be
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the major morphogenetically active retinoid in the chick limb bud (although, 

surprisingly, absent from the mouse limb bud) and is present at concentrations 4-6 

fold higher than all-trans RA (Scott et a l, 1994; Thaller and Eichele, 1990) uniformly 

across the AP axis of the bud (Scott et al., 1994). Rather than behave as a 

morphogen, exogenous RA appears to respecify AP pattern by inducing polarising 

activity in adjacent cells, and it is the secondary effect of this additional source of 

polarising activity that causes pattern duplications (Brockes, 1991; Noji et al., 1991; 

Waneket al., 1991).

Until recently, RA was thought to affect patterning in the chick limb bud along only 

the AP axis, in contrast to the regenerating amphibian limb, where RA respecifies all 

three limb axes. In a study by Stratford et al (Stratford et al., 1996) an aldehyde 

dehydrogenase inhibitor called disulphiram was used to block the synthesis of RA 

from retinal. When disulphiram was locally applied to embryos immediately prior to 

limb bud outgrowth, outgrowth was completely inhibited, and the limb bud failed to 

develop. Thus RA is clearly implicated in the initial induction of the limb bud as well 

as in later patterning events. There is also striking evidence that RA might be 

involved in the earliest events that establish and define the limb field. The treatment 

of a tail blastema of balloon frog tadpoles with RA converts the tail field into a limb 

field, with the result that a number of hindlimbs now grow out from the end of the tail 

(Mohanty-Hejmadi et al., 1992).

1.13 Molecular mechanisms of limb patterning

Recent molecular studies of the developing limb bud have identified a number of 

genes that are downstream of RA with respect to limb patterning. In addition, 

significant advances have been made towards uncovering the signalling networks 

responsible for the patterning of the whole limb bud, from its initial definition and 

induction right through to the later stages of differentiation. One of the most exciting
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discoveries with regards to the molecular mechanisms of patterning has been the 

recent isolation and characterisation of the gene Sonic hedgehog. Sonic is a member 

of a family of vertebrate signalling molecules which are homologues of the 

Drosophila hedgehog gene, a segment polarity gene (Ingham, 1995; see Chapter 5). 

Sonic has been found to be expressed in signalling centres of the vertebrate embryo 

that also have polarising activity when grafted to the anterior margin of the chick limb 

bud (Riddle et al., 1993). The endogenous expression of Sonic in the limb bud co- 

localises almost exactly with the zone of polarising activity at all stages of limb bud 

development (Figure 1.12A) (Riddle et al., 1993) and deletion of the Sonic hedgehog 

gene in transgenic mice results in deletion of the distal structures of the limb (Chiang 

et al., 1996). Thus Sonic is an attractive candidate for the molecular basis of the zone 

of polarising activity. Consistent with this idea, ectopic expression of Sonic (by 

implanting either cells expressing Sonic or a bead soaked with Sonic protein) can 

induce mirror-image digit duplications comparable to those provoked by grafts of the 

ZPA or by the local application of RA to the anterior wing margin (Chang et al., 

1994; Riddle et al., 1993). In addition, digit duplication in response to RA application 

and ectopic HoxB-8 expression is invariably preceded by the activation of Sonic 

expression in the anterior limb mesenchyme (Figure 1.12B) (Chang et al., 1994; 

Charité et al., 1994; Riddle et al., 1993).

There exists in the limb bud a second signalling centre in addition to the ZPA that is 

required for patterning to occur. The apical ectodermal ridge (AER) is a specialised 

epthelial structure which forms at the distal margin of the limb bud and surgical 

removal of the AER causes limb truncations as mesenchymal cell proliferation is 

drastically reduced. A simple model of limb patterning can be envisaged whereby the 

AER maintains proliferation in the distal limb bud (a region termed the progress zone) 

and that, independently, these cells are patterned by a signal emanating from the ZPA 

for which Sonic hedgehog is a candidate. However the roles of these two signalling
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centres in regulating patterning do not appear to be as independent as this description 

suggests, and the networks that regulate limb bud outgroth and AP patterning appear 

to be interconnected. Thus, whilst Sonic expression can be induced at the anterior 

margin of the limb bud by an RA-soaked bead, its expression is restricted to the 

mesoderm underlying the AER (Riddle et al., 1993) i.e. Sonic expression is induced 

only distal to the bead. In addition, ZPA grafts only cause pattern respecification 

when placed close to the AER (Tabin, 1991; Tickle, 1991) and removal of the AER 

causes a rapid reduction in the level of polarising zone activity (Niswander and 

Martin, 1993; Vogel and Tickle, 1993).

There is substantial evidence that the growth factor FGF-4 may be the AER-signal 

which maintains outgrowth of the limb bud and polarising zone activity. For 

example, a bead soaked in FGF-4 can rescue limb bud outgrowth and patterning after 

surgical removal of the AER, and fgf-4 transcripts are suitably localised to the AER 

that overlies the ZPA (Niswander et al., 1993; Vogel and Tickle, 1993). However, 

not only is Sonic expression and polarising zone activity dependent upon FGF-4 and 

the AER, but fgf-4  expression in the AER overlying the ZPA is maintained by Sonic 

expression in the ZPA. This was demonstarted by ectopically expressing Sonic in the 

anterior margin of the bud, which resulted in the induction of fgf-4  expression in the 

anterior most part of the AER (Laufer et al., 1994; Niswander et al., 1994). Recently 

it has been shown that the dorsal-ventral patterning mechanism, which involves the 

dorsal expression of the signalling molecule wnt-7a (Dealy et al., 1993; Parr and 

McMahon, 1995), is also required to maintain Sonic expression in the limb bud (Yang 

and Niswander, 1995). In summary, retinoic acid appears to be a key factor in 

defining the identity of the limb field, and initiating limb bud outgrowth (Bryant and 

Gardiner, 1992; Maden, 1993; Rowe, 1994). RA may play a role in establishing the 

initial asymmetry of the limb bud which, surprisingly, does not dependent upon the 

expression of fgf-4 or Sonic hedgehog (Carrington and Fallon, 1988; Noramly et al..
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1996; Ros et al., 1996). However, together with FGF-4, RA may initiate the 

expression of Sonic in the ZPA (Laufer et al., 1994; Niswander et al., 1994).. The 

subsequent integration of the signalling cascades involving FGF-4, WNT-7a and Shh 

serves to stabilise the initial asymmetry of the early limb bud and ensures that limb 

outgrowth and axial patterning are co-regulated, through feedback loops operating 

between the limb bud mesenchyme and the AER.

1.14 The role of homeobox genes in limb development

One mechanism by which the signalling centres of the limb bud could control 

outgrowth and patterning during development is through the regulation of expression 

of a number of genes belonging to the homeobox family called Hex genes. The 

vertebrate Hex genes are a highly related subset of the homeobox-containing 

transcription factors, that are physically linked in four chromosomal clusters {HoxA 

to HoxD) and were originally isolated because of their homology to the Drosophila 

homeotic developmental control genes which regulate the identity of the segments of 

the developing fly. Hox genes play a key role in regulating pattern during vertebrate 

morphogenesis. The Hox genes are believed to regulate developmental fate in 

sequential rostrocaudal domains in the early neural tube, paraxial mesoderm and gut. 

In these embryonic tissues the expression pattern of the Hox genes obey rules of 

spatial and temporal colinearity: within each Hox cluster, the more 3' genes are 

expressed earlier in development and in domains that are more rostral. In the 

developing limb bud, the genes at the 5' end of the HoxA  and HoxD clusters are 

activated in both spatially and temporally overlapping domains (Dolle et al., 1989; 

Izpisua-Belmonte et al., 1991; Yokouchi et al., 1991). In the early limb bud, HoxD 

expression is centred on the ZPA at the posterior distal tip of the bud, and HoxA  

expression is symmetrically distributed along the PD axis. However, it is far from 

clear when and where the protein products of these Hox genes are normally active. In 

a study of the only Hox gene to be analysed in this way, H oxC -6, significant
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discrepancies were observed between RNA and protein distributions suggesting that 

the interpretation of Hox gene function based solely upon the distribution of 

transcripts may be misleading and incomplete (Nelson et al., 1996).

Although there is no clear example of the vertebrate Hox genes possessing a homeotic 

function during development as strikingly demonstrated by the Drosophila homeotic 

mutation antennapedia (Ed. Duboule, 1994) there is however substantial evidence 

that alterations in HoxA and HoxD expression affect pattern formation during limb 

development. The function of many of the Hox genes expressed withing the limb has 

been studied by deleting their activity in transgenic mice. Disruption of each gene 

results in a particular phenotype generally affecting the pattern of skeletal elements 

within that region of the limb where the gene is normally expressed. Whereas some 

gene knockouts exhibit defects in both forelimbs and hindlimbs, consistent with the 

genes' expression in both limbs, others show limb specific effects. For example, 

HoxD-13 mutants have defects in both the forelimb and hindlimb, which include a 

reduction in length of some bony elements, loss of phalanges, bone fusions and the 

formation of an extra bony element by cells of the posterior margin of the bud (Dolle 

et al., 1993). In contrast, only the forelimbs are affected in mutants for HoxD-9 and 

HoxD-12 (Davis and Capecchi, 1996; Fromental et al., 1996), and defects include a 

reduction in growth of the proximal humerus for HoxD-9, and a reduction in bone 

length of distal elements such as the metacarpels and phalanges in the case of HoxD- 

12. Similarly, deletion of HoxA-10 only affects the hindlimb producing an abnormal 

proximal skeleton (Favier et al., 1996). Misexpression studies have also been 

employed to study Hox gene function. Ectopic and overexpression of HoxD-11 in the 

early chick leg bud (by retroviral transfection of the embryo) produces a larger than 

normal digit I condensation, which undergoes an extra segmentation event to produce 

a toe with two phalanges instead of one (Morgan et al., 1992; Nelson et al., 1996).
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Functional redundancy amongst the Hox genes has been established through the 

analysis of double mutants and in every mutant combination examined so far, 

synergism between the different genes has been detected (for example see Davis and 

Capecchi, 1996; Favier et al., 1996; Fromental et al., 1996). One very striking 

example is the effect of HoxA-11 and HoxD-ll deletion upon the radius and ulna of the 

forelimb. Single knockouts of these genes produce minor alterations in the shape of 

the distal ends of the radius and ulna (Davis and Capecchi, 1994; Small and Potter, 

1993). However, in mice mutant for both these genes, the radius and ulna are almost 

completely absent from the forelimb (Davis et al., 1995).

The initial nested expression pattern of the HoxA and HoxD genes in the limb bud has 

led to the proposition of a simple model whereby the HoxA genes pattern the PD limb 

axis and the HoxD genes pattern the AP axis. However, the subtle phenotypes of 

single Hox gene knockouts and the synergy observed in the double mutants both point 

to a large degree of redundancy amongst the Hox family and such results are 

incompatible with a simple "Hox code". Furthermore, after the initial activation of 

the Hox genes in the bud their expression patterns are highly dynamic, with distinct 

phases and complex domains for each gene (Duboule, 1994; Nelson et al., 1996). The 

phenotypes of the lack-of-function knockouts and misexpression studies have been 

interpreted as evidence that the Hox genes function by regulating the proliferation of 

cell populations and the timing of developmental events (Duboule, 1994; Nelson et 

al., 1996) although the mechanisms by which Hox genes could influence cell 

proliferation or the timing of gene expression remain unknown.

Hox genes may provide the link between the control of cell growth and pattern 

formation, and play key roles during the development of the limb. The Hox genes are 

thus ideal candidates for the targets of the complex network of signalling molecules 

that mediate patterning and outgrowth of the vertebrate limb. It is therefore not
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surprising that those members of the HoxD complex that are initially expressed in the 

posterior limb bud mesenchyme surrounding the ZPA are activated in a similar nested 

pattern in anterior limb bud mesenchyme by the application of retinoic acid, 

polarising region grafts or Shh (Izpisua-Belmonte et al., 1991; Laufer et al., 1994).

The activation of HoxD gene expression by the ZPA and Shh appears to be be 

mediated by a member of the bone morphogenetic protein (BMP) family of growth 

factors. The BMPs were originally identified in extracts of bovine bone that could 

induce ectopic cartilage formation when implanted subcutaneously in rats (see 

Wozney et al., 1989). BMP-2 and BMP-4 are structurally very closely related and 

have a high degree of amino acid sequence identity to the product of the Drosophila 

decapentaplegic gene(dpp) which mediates hedgehog signalling in Drosophila during 

larval development (see Chapter 5). In the developing vertebrate limb bud, transcripts 

of Bmp-2 are expressed in the posterior mesenchyme and colocalise with the ZPA, 

and expression is activated in anterior mesenchyme by application of RA, polarising 

region grafts and Shh (Francis et al., 1994; Laufer et al., 1994). When Bmp-2 was 

ectopically expressed in the anterior bud mesenchyme, fg f-4  expression was 

ectopically activated in the anterior AER, followed by activation of the 5' HoxD genes 

in the anterior mesenchyme, in an overlapping, nested pattern (Duprez et al., 1996b). 

However, the activation of Hox expression by ectopic BMP-2 occurs with a 

significant delay (~20 hours) when compared with Hox activation by RA, Shh or 

polarising grafts, suggesting that BMP-2 may be required for later stages of Hox 

expression rather than the initial activation phase. Bmp-2 expression plays a role in 

mediating Sonic induction of HoxD gene expression as well as in the feedback loop 

whereby Sonic expression in the ZPA maintains/g/*-4 expression in the posterior AER 

(Figure 1.13). In addition, there is evidence that BMP-2 might play a more direct role 

in limb patterning by regulating cartilage and muscle development (Duprez et al., 

1996a).
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1.15 Signalling centres and urodele limb development

The tremendous efforts that have been applied to the study of patterning in the 

vertebrate limb bud have identified three key signalling regions in the bud (the ZPA, 

AER and dorsal ectoderm) and many of the signalling molecules and molecular 

components which connect them to coordinate the regulation of cell proliferation and 

differentiation. Studies have identified Hox genes, members of the homeobox family 

of transcription factors, as targets of the signalling networks although it is 

exasperating to many developmental biologists that the targets of Hox gene activity 

should remain so very elusive. In the light of this abundance of information, the 

question arises as to what extent this signalling framework is involved in patterning 

the developing or regenerating urodele limb?

Although the roles of the ZPA and AER have been rigourously characterised in the 

context of mammalian and avian limb bud development, the presence of similar 

signalling centres in the developing urodele limb bud has not been unambiguously 

demonstrated. For example, a structure comparable to the apical ectodermal ridge 

does not form during urodele limb development. The expression of ridge markers 

such as fgf-4 dLW&fgf-S has not been examined in the urodele, nor is it known whether 

an interface between wnt-7a- and /mjc-7-expressing dorsal cells and engrailed- 

expressing ventral cells occurs at the distal tip of the urodele limb bud, as in the 

mouse and chick (Loomis et al., 1996; Riddle et al., 1995), which might underlie the 

subsequent expression of ridge markers. It has not been possible to transplant urodele 

distal bud ectoderm onto host chick or mouse buds that have had their AER removed 

to test whether urodele distal ectoderm has a function simailar to the AER in 

supporting limb bud outgrowth and patterning. Thus, whilst it would be surprising if 

urodele apical limb bud ectoderm proved not to be functionally comparable to the 

AER, the possibility clearly remains.
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There is however evidence to support the existence of posterior polarising activity in 

the urodele limb bud. In a study by Slack (Slack, 1976), strips of ectoderm and lateral 

plate mesoderm from the posterior margin of the limb rudiment of the axolotl were 

grafted to the anterior margin of the rudiment of a host embryo. When allowed to 

develop normally, in the majority of cases the host forelimb developed with a mirror- 

image duplication of the autopodium. Similar grafts of anterior tissue had no effect 

upon limb patterning. In addition. Slack demonstrated that the duplicated limb 

elements formed from host tissue, by performing interspecies grafts from Pleurodeles 

to the axolotl which supports the existance of a signalling activity in the posterior 

limb rudiment. This activity in the axolotl flank was mapped, and found to overlap 

with, and extend posterior to, the limb rudiment, a distribution comparable to the 

localisation of polarising activity in the flank of the early chick embryo (Hombruch 

and Wolpert, 1991; Slack, 1976).

There is little data available regarding the localisation of polarising activity during the 

later stages of urodele limb development and it has not been possible to mimic the 

avian ZPA graft in the urodele. However, the response of chick and mouse limb buds, 

and urodele limb buds, to surgery can be remarkably similar. For example, systemic 

application of RA to higher vertebrate and urodele limb buds causes teratogenesis and 

a loss of distal pattern elements in the bud (Morris-Kay, 1992; Scadding and Maden, 

1986). Furthermore, the response of both chick limb buds and urodele limb buds to a 

180° rotation of the AP axis of the tip of the limb bud is the induction of two 

supernumerary limbs (Fallon and Crosby, 1975; Maden and Goodwin, 1980; Saunders 

and Gasseling, 1963) and can be explained by the presence of polarising activity in 

the posterior limb bud mesenchyme (Fallon and Crosby, 1975).
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1.16 Signalling centres and urodele limb regeneration

To what extent pattern formation during regeneration is regulated by the signalling 

networks that pattern the developing vertebrate limb bud is unclear. The observation 

that a 180° rotation of a blastema about its PD axis induces supernumerary limb 

formation comparable to that observed following the equivalent manipulation of the 

developing chick limb bud strongly suggests that the final outcome of the patterning 

mechanisms (i.e. positional identity) is conserved between development and 

regeneration (Iten and Bryant, 1975). Muneoka and Bryant amputated the forelimbs 

of larval axolotl and allowed blastemas to form (Muneoka and Bryant, 1982). The 

contralateral hindlimb bud was amputated (hindlimb development is retarded with 

respect to forelimb development in amphibia) near the base and exchanged with the 

forelimb blastema. In both instances, supernumerary limb structures were induced to 

the anterior and posterior as the graft developed which suggests that patterning 

mechanisms in developing and regenerating urodele limbs are the same.

Although a comparison of the effects of surgical manipulations of developing and 

regenerating limbs points to the conservation of patterning mechanisms, there is little 

molecular data available regarding the patterning of the regenerate. Both FGF 

receptors (Poulin et al., 1993) and FGF-2 (Mullen et al., 1996) have been detected in 

the wound epidermis and blastemal mesenchyme by in situ hybridisation (receptors) 

and immunohistochemistry (FGF-2). Furthermore, FGF-2 was able to rescue 

outgrowth of the blastema following denervation (Mullen et al., 1996). There is also 

a significant body of work describing the expression of members of the Hox gene 

family during regeneration (see also Gardiner and Bryant, 1996). For example, 

members of both the HoxA and HoxD clusters that are expressed in the limb during 

development are re-expressed in the blastema (Brown and Brockes, 1991; Gardiner et 

al., 1995; Simon and Tabin, 1993). The expression of the HoxA  genes in the
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developing and regenerating urodele limb has been studied by whole mount in situ 

hybridisation (Gardiner et aL, 1995) and their expression during development was 

comparable to that in the chick and mouse. During regeneration, HoxA-9 and HoxA- 

73 are re-expressed simultaneously 24-48 hours post-amputation, in the same region 

of the distal limb. Thus spatial and temporal co-linearity of expression is not 

observed during the activation of these Hox genes during regeneration, although only 

two members of the HoxA cluster were examined in this study. However, the 

expression domains of these two genes becomes spatially distinct as the blastema 

develops, with HoxA-9 expressed throughout the blastemal mesenchyme and HoxA-13 

expression being restricted to the more distal part. Treatment of the blastema with a 

dose of RA sufficient to proximalise its positional identity caused a down-regulation 

of HoxA-13 expression in the distal part of the blastema. HoxD-10 and HoxD-11 

expression in the blastema has been examined by RNase protection (Brown and 

Brockes, 1991; Simon and Tabin, 1993) and RNA levels were found to be -3- to 5- 

fold higher in a proximal blastema versus a distal one. A proximalising dose of RA 

increased the level of HoxD-10, but not HoxD-11 y in a distal blastema to the level 

observed in a proximal blastema. Therefore, Hox genes, which are clearly important 

in patterning the developing limb bud, are re-expressed in the blastema, although not 

necessarily in similar patterns. Furthermore, treatment of the blastema that results in 

alterations in pattern formation causes changes in Hox gene expression that are 

consistent with the respecification of positional information.

Studies on limb development have identified a number of signalling centres that 

regulate the patterning of the developing limb bud. Several genes have been 

characterised that may mediate the activities of these centres. The signalling centres 

are interconnected to ensure the coordinate regulation of cell proliferation and 

differentiation across the axes of the limb bud. Retinoic acid affects patterning across 

the AP axis when locally applied to the anterior wing margin, and is also required to
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m aintain lim b bud outgrowth. Furthermore, retinoic acid appears to be  in v o lv e d  in 

the e s ta b lish m en t  and identity o f  the l im b fie ld . In contrast, until v ery  recen t ly ,  

s tu d ies  o f  patterning o f  the regenenakrhave been  con cern ed  m o s t ly  w ith  su rg ica l  

m anipulations o f  the regenerate. The effect  o f  R A  upon the pattern o f  the regenerate  

provided the first insight into the m olecular basis o f  patterning in the b lastem a. T here  

is n o w  ev id en ce  for the role o f  H o x  genes in patterning the regenerate, co n f irm in g  the  

s u g g e s t io n  from  surgica l ex p er im en ts  that the patterning m e c h a n is m s  o f  l im b  

d e v e lo p m e n t  and regeneration share m any com ponents .  It s e e m s  t im e ly  to b e g in  to 

id en t ify  and characterise  the g en es  and proteins w hich  regulate  pattern form ation  

during regeneration. It has therefore been m y goal throughout this s tudy to attach  

s o m e  m olecu lar  flesh to the skeletal m odels  o f  pattern formation during urodele  l im b  

regeneration.
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Figure 1.1 Regeneration in the adult newt. R egenerative structures at the rostral end  

o f  the Emperor N ew t  (Tylo to tr i ton  verrucosus) .  1, dorsal crest; 2, limb; 3, retina; 4, 

lens; 5, upper and lower jaw s.
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Figure 1.2 Regeneration o f  the adult newt limb. Regeneration o f  the forelimb o f  a 
R ed-spotted N ew t {N otophthalm us v ir idescens)  after amputation at distal (mid  
radius/ulna) or proximal (mid humerus) sites. The photographs were taken at 7. 21, 25. 
28, 32 , 42  and 7 0  days after amputation. Note that the blastema g ives  rise to structures 
distal to its level o f  origin.
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Figure 1.3 The blastema is patterned by local ce ll-cell interactions. (A ) When the AP  
(or D V ) axis o f  the blastema is reversed with repect to the stump, tw o supernumerary  
limbs are induced where the anterior and [X)sterior tissues o f  graft and host are 
confronted, both o f  which have host handedness. The stump and the grafted blastema  
contribute to the su|iernumerary limbs which suggests  that there is no anterior or 
posterior organising centre which induces supernumerary growth from adjacent tissue. 
Instead, the cells  o f  the stump and graft react to the positional disparity, and 
proliferation is stimulated. Thus the m issing tissue is generated through a process o f  
intercalation. The handedness o f  the supernumeraries is predicted by the orientation o f  
the anterior and posterior poles o f  the graft and host with respect to the direction o f  PD  
outgrowth. ( B) Newt limb with tw o supernumerary regenerates formed after 
transplantation o f  a regenerate at the stage o f  early digits from left to right. The central 
limb is a left limb that developed directly from the grafted blastema (T). Both anterior 
(A S) and posterior (PS) supernumerary regenerates developed c lose  to the graft 
Junction (arrow). (C) Skeletal preparation o f  a limb sh ow in g  both anterior (A S) and 
posterior (PS) supernumerarx regenerates generated by a left to right blastemal 
transplant. The autopodium derived from the grafted tissue ( T ) retained its left 
handedness. Both AS and PS are right limbs. All three regenerates }X)ssess 
/.eugo|X)dial e lem ents  which articulate with the duplicated humeral head. The arrow 
indicates the graft Junction.
Note that supernumerary limb formation can be stimulated by the reversal o f  the 

A P axis o f  deve lop ing  avian, murine and urodele limbs, and regenerating urodele  
limbs. These observations suggest that the patterning m echanism s o f  developm ent and 
regeneration are likely to be highly conserved, and depend upon intercalary growth.

From Iten and Bryant, 1975.
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Figure 1.4 Relationship between positional disparities, growth and patterning. 
Lheureux's (1 9 7 5 )  experiment demonstrated that uniformity o f  positional values  
around the circum ference o f  the amputation plane inhibits the formation o f  the blastema  
and subsequent regeneration. Hatched tissues have been X-irradiated to prevent 
participation in regeneration. (A) W hen both the skin and core o f  the limb are X-  
irradiated, limbs do  not regenerate after amputation. (B )  L im bs with an X-irradiated 
core can be rescued when provided with a normal c ircum ference  o f  unirradiated skin.
(C) A  longitudinal strip o f  skin bearing on ly  one set o f  circumferential values is 
rem oved from an un-irradiated limb, rotated 90". and wrapped around an irradiated limb  
w h o se  skin has been removed. Regeneration fails to occur after amputation. (D ) Only  
w hen at least tw o  different qualities o f  positional information from the limb  
c ircum ference are present (e.g. dorsal and ventral, or anterior and posterior) will  
regeneration take place.
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Figure 1.5 Posilional idcnliiy  in ihc urodcic limb blastema. W hen a distal 
blastema (wrist) is grafted to a proximal stump (shoulder) a normal arm 
results, but the intercalated structures derive predominantly from the stump  
while transplanted ce l ls  are predominantly found in the hand. This  
phenomenon! is called intercalation.
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Figure 1.6 RA treatment proxi mail ses a distal blastema during limb regeneration. (A )  
Control regenerates show  the normal skeletal pattern o f  the hand fo l lo w in g  amputation at 
the wrist level (show n by line segment). (B )-(D ) Increasing doses  o f  RA progressively  
proxim alise  the regenerate, in (D ) a com plete  arm including the shoulder girdle (arrow)  
is produced. Abbreviations: h, humerus; r. radius; u. ulna.

From S tocu m  and Crawford, 1987.
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RAI I RA

(C) Double outgrowth (D) N o regeneration

Figure 1.7 Retinoic acid posteriori ses and ventraiises the positional identity o f  the 
blastema as show n by its e ffects on the regeneration o f  double half limb stumps.
1 lustrated at the top are surgically created double anterior (A ) and posterior (B) limb 
stumps w hich  will regenerate up to 3 digits upon amputation. After a proximalising  
dose  o f  retinoic acid, double posterior limbs fail to regenerate on amputation (D),  
whereas double anterior limbs regenerate double outgrowths (C). In (C), 
dedifferentiating ce lls  (shaded, lower case letters) from the stump have anterior 
(X)sitional values and are thought to contribute d iverse positional values to the 
[XDSteriohsed blastema . In (D ),  dedifferentiating ce l ls  have similar positional values to 
the RA-treated blastemal cells ,  and the lack o f  [X)sitional diversity arrests regeneration. 
A stericks indicate sites o f  intercalation; bold letters denotes  ce lls  o f  the stump. 
Abbreviations; A, a anterior; P, p posterior; RA retinoic acid.

From  Bryant and Gardiner, 1992.
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Ligand B inding
A  D N A -B in d in g  Dim érisation
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Figure l.S Schcm aiie  diagram show ing the slrucuirc ol ihc newt retinoic acid  
receptors and the chim eric constructs. (A) Diagram sh ow in g  the dom ains ol' the 
retinoic acid receptors. The E region contains the ligand binding domain and also  
one ol the transcriptional activating regions (A F-2). the C region the D N A  binding  
domain and the A /B  region the other transcriptional activating region (AF-1 ). (B)  
The structures ol the individual newt R A R s. The A regions ol a.2 and 62 result 
I'rom alternative splicing; 61A dil'l'ers from 6 1 B in using an upstream start site. (B)  
Schem atic diagram sh ow in g  the structure ol the chim eric R A R s. The R A  binding  
domain and A F-2 activating region (E/F) ol the newt R A R s w as replaced with the 
corresponding thyroid hormone (T3) binding dom ain ol the X enopus thyroid  
hormone receptor a  (TRa). here show n in green. The chim eric  receptors respond  
to T3, but regulate genes  controlled by retinoic acid response e lem ents  (R A R E s).  
because they retain the D N A  binding domain o f  the parent RAR.

42



A RAR 

T3R 

XRAR

Î T3

Ü _ f " ' L

Figure 1.9 Selective activation o f  a single  RAR in distal limb blastemal ce lls  proxim alises  
their distribution in intercalai} regeneration. (A) Schem atic diagram ol'experimental  
design. Chimeric R A R /T3 receptors (xR A R s) contain the N terminal hall ol' the newt 
R A R s and the C terminal hall o) the X enopus T 3 R a  which binds T3. They are 
translected into distal m esenchym al ce l ls  by particle bombardment ol an inverted  
blastema, and this is then grafted to a proximal stump in the configuration o f  Fig. 1.5.
After activation o f  the chimaeras with T3. the distribution o f  the transfected ceHs (red 
dots) in the intercalary regenerate is determined with a semi-automated procedure 
em p loy in g  nuorescence-based  detection o f  alkaline phosphatase (a co-transfected  
marker) with a con focal m icroscope, and subsequent im age analysis. The  
boundaries o f  the intercalated region with the transplanted blastema and with the stump  
can be recognised in sections and are show n dotted. The diagram sh o w s a proximalised  
distribution. (B) Distribution o f  ce l ls  transfected with RAR51 in a section o f  an intercalary  
regenerate. This is a false colour im age where transfected ce lls  are show n as ye llow  dots. 
The distribution is w eighted towards the distal tip. (C) Distribution o f  ce lls  transfected  
with RAR62. The distribution is w eighted towards the proximal base o f  the regenerate.
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Figure 1.10 The role o l' ihc  cell surl'ace in the positional identity ol the blastema.
(A) W hen distal c e l ls  (red) are juxtaposed with proximal ce l ls ,  the distal c e l ls  are 
engu lled  by the proximal. (B ) W hen a distal blastema is grafted to the dorsal 
surface o f  a proximal blastema so that the ce l ls  make contact, it translocates during 
regeneration to a position corresponding to its original level o f  origin. See also  
Fieure 1.5
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Figure 1.11 R especif icalion  o f  AP paliern in ihe d eve lop ing  chick linib bud. (A)  
A normal limb bud show ing ihe positions ol the apical ectodermal ridge ( AER)  
and polarising region (ZPA). The Sonic h ed g eh o g  gene {Shh)  is expressed by ce l ls  
o f  the Z PA . and fgf-4 is expressed in the posterior half o f  the AER. B e lo w  is 
show n the normal skeltal pattern o f  the l imb.  (B)  Limbs with mirror-image  
duplications in their .AP axes are formed by implantation o f  any o f  the fo llow in g  
into the anterior marging o f  the limb bud at stage 19-21: ce lls  from a polarising  
region; abead soaked in retinoic acid: C O S ce lls  or chick ce lls  expressing  Shh\ or a 
bead soaked in Shh protein. Such implantations are associated with an anterior 
spread o f  fg f-4  expression in the AER, and the establishm ent o f  an additional 
polarising region in the anterior m esenchym e. Show n below  is the resulting  
skeltal pattern o f  a l imb bud manipulated in this way. The arrowheads mark digit 
2. which is the anterior-most diiiit in the normal limb.
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Figure 1.12 Sonic hedgehog expression coincides with the ZPA during limb bud 
outgrowth, and can be induced by retinoic acid.

(A) The relative polarising activity of posterior limb bud tissue (as mapped by Honig 
and Summerbell, 1985) is illustrât^ at different developmental stages, as well as whole 
mount in situ analyses of Sonic hedgehog at the same developmental time points.

(B) Beads soaked in 1 mg/ml retinoic acid were implanted in the anterior margin under 
the AER of stage 20 limb buds. Sonic expression, as visualised by whole mount in situ 
hybridisation, is shown at 24, 36 and 48 hours post-implantation. The black 
arrowheads indicate ectopic Sonic hedgehog expression along the anterior wing margin; 
the white arrowheads indicate the implanted beads.

From Riddle et al., 1993.
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Mesenchyme Mesenchyme ZPA

Figure 1.13 A proposed model of interactions between the signalling centres that 
pattern the vertebrate limb. FGF-4 and Wnt-7a maintain Shh expression in the 
posterior mesenchyme. Shh activates the early, posterior phase of HoxD 
expression. BMP-2 maintains FGF-4 expression in the AER and, together with 
FGF-4, activates the later, distal phase of HoxD gene expression.
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Materials and Methods
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2.1 Solutions and miscellaneous buffers

2.1.1 PCR

lOX Perkin Elmer buffer

100 mM Tris

500 mM Potassium chloride 

15 mM Magnesium chloride 

0.01% w/v Gelatine 

pH 8.3

dNTP mix

2 mM each of dATP, dTTP, dOTP and dCTP

Bluescribe miniprep primers

Universal: TTGTAAAACGACGGCCAGT 

Reverse: GGAAACAGCTATGACCATG

2.1.2 Agarose and non-SDS polyacrylamide gel electrophoresis 

lOX TBE

1 M Tris

0.83 M Boric acid 

10 mM EDTA pH 8.3

50



2.1.3 Blunting of DNA fragments 

5X T4 DNA polymerase buffer

250 mM Tris

75 mM Ammonium sulphate 

35 mM Magnesium chloride 

0.5 mM EDTA 

50 mM 2-mercaptoethanol 

1 mg/ml BSA 

pH 8.8

2.1.4 Dephophorylation of plasmid vectors 

lOX Calf intestinal phosphatase buffer

0.5 M Tris

10 mM Magnesium chloride 

1 mM Zinc chloride 

10 mM Spermidine 

pH 9.0

2.1.5 DNA ligation

lOX T4 DNA ligase buffer

660 mM Tris

50 mM Magnesium chloride 

lOmMDTT 

lOmM ATP 

pH 7.5
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2.1.6 DNA-sequencing 

5X sequencing buffer

200 mM Tris

100 mM Magnesium chloride 

250 mM Sodium chloride 

pH 7.5

Sequenase diluting buffer

10 mM Tris 

5mMDTT 

0.5 mg/ml 

pH 7.5

dG Labelling mix

7.5 |Lim dOTP, dCTP, dTTP

Stop solution

95% v/v Formamide 

0.05% w/v bromophenol blue 

0.05% w/v Xylene cyanol FF 

20 mM EDTA

2.1.6 Northern analysis 

lOX MOPS buffer

0.4 M MOPS 

0.1 M Sodium acetate 

10 mM EDTA 

pH 7.0
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Formaldehyde loading buffer

50% v/v Glycerol 

ImM EDTA

0.25% w/v Bromophenol blue 

0.25% w/v Xylene cyanol FF 

pH 8.0

20X SSPE

0.2 M Phosphate buffer

2.98 M Sodium chloride

0.02 M EDTA

pH 7.4

2.1.7 RNase protection analysis 

Protection nucleotide mix

1 |xl each of rATP, rOTP, rCTP (10 mM stock) 

1 |il of rUTP (0.1 mM stock)

5X T3, T7 transcription buffer

200 mM Tris

100 mM Magnesium chloride 

250 mM Sodium chloride 

pH 7.5
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Protection hybridisation mix

80 % v/v Formamide 

40 mM PIPES buffer 

0.4 M Sodium chloride 

1 mM EDTA 

pH 6.4

RNase buffer

10 mM Tris

300 mM Sodium chloride 

SmMEDTA 

pH 7.5

2.1.8 Radioactive in situ hybridisation 

In situ hybridisation buffer

50% Formamide 

0.3 M Sodium chloride 

20 mM Tris 

5mMEDTA

10% w/v Dextran sulphate 

IX Denhardt's solution 

0.5 mg/ml yeast tRNA
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2.1.9 Whole mount in situ hybridisation 

lOX DiG nucleotide mix

1 mM dATP, dCTP, dOTP 

0.65 mM dTTP 

0.35 mM DIG-dUTP 

pH 7.5

Hybridisation buffer

50% formamide 

5X SSC

1 mg/ml yeast tRNA 

100 |ig/ml heparin 

IX Denhardt's solution 

0.1% Tween-20 

0.1% CHAPS 

5 mM EDTA

WM Solution 1

50% v/v Formamide 

5X SSC 

1% v/v SDS

WM Solution 2

50% v/v Formamide 

2X SSC 

1% v/v SDS
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NTMT

100 mM Tris 

100 mM Sodium chloride 

50 mM Magnesium chloride 

1 mM Levamisol (Sigma) 

pH 9.5

Development solution

340 |ig/ml NBT (Promega)

175 pg/ml BCIP (Promega) 

in NTMT

2.1.10 Cell staining 

Buffer A

80 % v/v PBS 

1 mM Magnesium chloride

X-Gal staining solution

35 mM Potassium ferricyanide 

35 mM Potassium ferrocyanide 

1 mg/ml X-Gal

Alkaline phosphatase staining solution

100 mM Tris; pH 9.5 

100 mM Sodium chloride 

5 mM Magnesium chloride 

340 pg/ml NBT (Promega)

175 lig/ml BCIP (Promega)
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2.1.11 Biotinylation and 2D-PAGE 

Solubilisation buffer

2% w/v Chaps (Sigma) 3-([3-cholamidopropyl)dimethyl 

ammonio]-1 -propane-sulfonate 

2% v/v p-Mercaptoethanol

Wash buffer

10 mM Tris

0.5 M Sodium chloride 

0.25% v/v Triton X-100 

0.1 mg/ml BSA 

pH 8.0

DTT elution buffer

8M urea 

50mMDTT

10 mM Disodium hydrogen phosphate 

0.5% v/v NP40 

0.01 mg/ml BSA

Equilibration buffer

2.5% SDS 

5mMDTT 

125 mM Tris 

10% Glycerol

0.05% w/v Bromophenol blue 

pH 6.8
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2.1.12 Miscellaneous buffers 

TE

10 mM Tris 

Im M  EDTA 

pH 8.0

20X SSC

3 M Sodium chloride 

0.3 M Sodium citrate 

pH 7.0

SOX Denhardt's solution

1% w/v Ficoll

1% w/v polyvinylpyrrolidone 

1% w/v BSA

PBS

137 mM Sodium chloride

2.7 mM Potassium chloride

4.3 mM Disodium hydrogen phosphate

1.4 mM Potassium dihydrogenphosphate 

pH 7.3

PET

0.1% v/v Tween20 

in PBS
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TBS

100 mM Tris-Cl

154 mM Sodium chloride

pH 7.5

TEST

0.1% v/v Tween20 

in TBS

BPBS

80% PBS with calcium 

and magnesium (Gibco BRL)

PMN buffer

10 mM Sodium phosphate 

100 mM Sodium chloride 

1 mM Magnesium chloride 

pH 7.2
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2.3 The polymerase chain reaction

The polymerase chain reaction (PCR) is a rapid procedure for in vitro enzymatic

amplification of a specific segment of DNA. DNA to be amplified is denatured by

heating the sample. In the presence of a thermostable DNA polymerase and excess 

dNTPs, oligonucleotides that hybridise to the target sequence can prime new DNA 

synthesis. The first cycle is characterised by a product of indeterminate length; 

however, the second cycle produces the discrete "short product" which accumulates 

exponentially with each successive round of amplification. Approximately 1 million

fold amplification is obtained after 30 cycles (an order of magnitude per 5 cycles).

2.3.1 Gene cloning by PCR using degenerate oligonucleotide 

prim ers

50 |il reactions contained the following:

5 |ll lOX PCR buffer (Perkin Elmer)

5 |il dNTP mix 

5 |il primer 1 (50 pmoles)

5 |il primer 2 (50 pmoles)

DNA template (cDNA library, 1-5x10^ pfu ; 10-50 ng cDNA; 1-5 |il aliquot of 1st 

round PCR)

2.5 units Taq polymerase (Perkin Elmer)

H2O to 50 |J.l and covered with a few drops of light mineral oil.

Typical reaction conditions were: 35 cycles of 94®C for 45 seconds; annealing 

temperature for 45 seconds to 5 minutes; 72°C for 1 minute minimum, and 30 seconds 

for each 500 bp of expected fragment size; and a final extension at 72®C for 7 minutes. 

The reactions were performed in a DNAThermal Cycler (Perkin Elmer Cetus) and 

analysed by horizontal agarose gel electrophoresis. Any appropriately sized DNA 

fragments were cloned and sequenced. If no appropriate band was visible, 1 |il of the
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reaction was removed and used as template in a second round of PCR with the same 

primers, or a second set of primers internal to the first pair.

2.3.2 Degenerate oligonucleotide primer design

To facilitate the design of degenerate oligonucleotide primers for use in PCR to clone 

newt homologues of developmentally important genes, known gene family members 

were aligned using the Pileup program in the GCG software. Both nucleotide and 

amino acid sequences were aligned, and conserved regions were identified in this way. 

It proved to be very important to design oligos with the least degeneracy possible. This 

was achieved in three ways. Firstly, conserved regions were chosen containing amino 

acids of the least redundancy in terms of codon usage. Secondly, the corresponding 

nucleotide sequence of such regions was examined to see whether particular nucleotides 

were preferred in the actual gene. Thirdly, if three- or fourfold degeneracy was 

unavoidable at a particular position, then inosine was chosen for that base. The initial 

annealing temperature chosen for the degenerate oligos was around 45°C regardless of 

the sequence of the oligos used.

2.3.3 Amplification of DNA of known sequence by PCR

Amplification by PCR was performed using 20 pmoles of each oligonucleotide primer 

(size 20-30 mer), 2 units Taq polymerase (Perkin Elmer), 0.2 mM dNTPs in Ix PCR 

buffer (Perkin Elmer). The annealing temperature of the oligos was calculated as 2°C 

for each A/T and 4°C for each G/C and the lower temperature used. The following 

reaction conditions were used: 30 cycles of 940C for 30 seconds; annealing for 30 

seconds; 72°C for 30 seconds minimum, and 30 seconds for each 500 bp of expected 

insert size. The reactions were analysed by horizontal agarose gel electrophoresis.
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2.3.4 PCR minipreps

PCR was used to check that transformed bacteria contained a pBluescribe vector with 

an appropriately sized insert Bacteria were picked from NZCYM/amp plates onto fresh 

plates with a 200 |il Gilson pipette tip, and the tip was then placed into a PCR tube 

containing the following reaction mix

2.5 |il Perkin Elmer 10 X PCR buffer 

2 pi dNTP mix

2 pi pBluescribe primer mix (10 pmole each of Uni and Rev primers)

20.5 pi H2 O

0.2 pi Taq polymerase (1.25 units)

The tip was stirred in the reaction, removed and mineral oil (Sigma) added. The 

following reaction conditions were used: 25 cycles of 94°C for 30 seconds; 56°C for 

30 seconds; 72°C for 30 seconds minimum, and 30 seconds for each 500 bp of 

expected insert size; and a final extension at 72^C for 7 minutes. The reactions were 

then analysed by horizontal agarose gel electrophoresis and plasmids containing insert 

were identified.

2.4 E xtraction  of DNA fragm ents from  low -m eltin g  

temperature agarose gels

DNA fragments were resolved by horizontal agarose gel electrophoresis using 

SeaPlaque GTG (Flowgen) low melting-point agarose gels run in IX TBE. The gels 

were viewed on a UV transilluminator, and the required DNA fragment excised in the 

minimum of agarose. 100 pi of H2O was added to the band in an eppendorf, and the 

mixture heated at 65°C for 10 minutes. Once the gel had melted, 400 pi of tris- 

saturated phenol was added, and the mixture vortexed, and centrifuged at 13 OOOx g for

3 minutes. The upper phase was removed to a separate tube, and 100 pi of water added
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to the phenol, the mixture vortexed and centrifuged. The upper aqueous phase was 

removed and pooled with the first, 400 }il of tris-satiu’ated phenol was added, and the 

mixture vortexed, and centrifuged at 13 OOOx g for 3 minutes. The upper aqueous 

phase was removed and vortexed with 400 pi of 24:1 chloroformiisoamylalcohol. The 

mixtiu*e was centrifuged, and the upper aqueous phase removed. DNA was precipitated 

from this phase by the addition of 0.1 vols 3 M sodium acetate (pH 5.0) and 2.5 vols 

100% ethanol. The DNA was collected by centrifugation at 13 OOOx g for 10 minutes, 

the pellet was washed in 70% ethanol, and resuspended in TE. An aliquot was 

electrophoresed to check for purity.

2.5 Blunting of DNA fragments

5' and 3' overhangs were eliminated from DNA fragments using T4 DNA polymerase. 

The polymerase has single-stranded and double stranded 3' to 5' exonuclease activity 

and will both "fill in" 5' overhanging termini, and will remove 3' overhanging termini. 

The following reaction was set up

1 pg DNA fragment

2 pi lOX T4 polymerase buffer 

1 pi 2 mM dNTP mix

2.5 units T4 DNA polymerase 

H2O to 20 pi

and incubated at 37®C for 5 minutes. The reaction was stopped with 1 pi of 0.5 M 

EDTA, extracted with phenol/chloroform, and the DNA precipitated. All PCR 

fragments were treated in this way prior to cloning into the Smal restriction site of the 

pBluescribe vector.
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2.6 Déphosphorylation of DNA fragments

Déphosphorylation of cloning vectors prevents self-ligation during subsequent ligation 

reactions. Vectors to be used for cloning PCR products are not treated in this manner as 

the PCR DNA fragments do not have a 5' phosphate group to form the phosphoester 

linkage to the 3' OH of the vector during ligation. DNA fragments with a 5’ overhang 

were incubated with 1 unit of calf intestinal alkaline phosphatase (CIAP) in IX 

phosphatase buffer at 37°C for 30 minutes, a second aliquot of CIAP was added, and 

the reaction continued for a further 30 minutes. Blunt-ended or recessed 5' termini 

were incubated with 1 unit of CIAP in IX phosphatase buffer at 37°C for 15 minutes, 

and 56°C for 15 minutes. A further unit of CIAP was added and the incubations at 

both temperatures were repeated. The reaction was terminated by heating to 68°C, and 

the DNA extracted with phenol/chloroform, and precipitated with ethanol as previously 

described.

2.7 DNA ligation

Restriction fragments were subcloned by mixing 50 ng of digested, dephosphorylated 

pBluescribe vector with insert DNA (vectordnsert 1:3 molar ratio) in 10 |il of IX T4 

DNA ligation buffer containing 5 units of T4 DNA ligase (NEB). Purified PCR 

fragments were subcloned by mixing 50 ng of Smal-digested pBluescribe vector 

(Stratagene) with insert DNA (vectorrinsert 1:10 molar ratio) in 10 )l i 1 of IX T4 DNA 

ligation buffer containing 5 units of T4 DNA ligase. An increased insert:vector ratio is 

used when ligating blunt-ended DNA fragments because of the reduced efficiency of the 

reaction. Ligation reactions were incubated at 12°C for 16 to 48 hours and used to 

transform competent cells.
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2.8 Bacterial transformation

Plasmid DNA was used to transform Epicurian Coli XL2-Blue Ultracompetent Cells 

(Stratgene) that have a maximum transformation frequency of 5x10^ transformants/|Xg 

of plasmid DNA. The manufacturer's protocol was followed and typically 2-5 |il of 

ligation reaction was used to transform 100 |il of cells. 10 |il and 100 |il aliquots of the 

transformation mix were spread onto 1.5% Bacto-Agar (Difco)/NZCYM (Gibco BRL) 

plates containing 100 |ig/ml ampicillin. For blue/white selection of transformed cells, 

the plates were spread with 100 jil of NZCYM plus 20 \l\ of 2% X-gal (5-Bromo-4- 

chloro-3-indolyl-b-D-galactoside) in DMF (dimethyl formamide) and 20 fil of 2% IPTG 

(isopropyl b-D-thiogalactopyranoside), prior to the spreading of the transformation 

mix. The plates were incubated at 37®C overnight and colonies picked for further 

analysis. The plates were chilled at 4°C for 1 hour to help distinguish between blue and 

white colonies.

2.9 DNA preparations

A single bacterial colony was used to innoculate 5 ml of L-broth containing 100 |ig/ml 

of ampicillin, and the cultured incubated with shaking at 37®C overnight. For large 

scale preps, 1 ml of this culture was used to innoculate 200-500 ml of NZCYM media 

containing 100 lig/ml ampicillin, and the culture incubated overnight with shaking. All 

DNA preps were performed using the C^iagen system (alkaline lysis of bacteria 

followed by anion exchange resin purification of supercoiled DNA). Plasmid quality 

and concentration were determined spectroscopically by measuring the A260/A280 

ratio.
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2.10 DNA-Sequencing

The chain-termination method of sequencing DNA involves the in vitro synthesis of a 

DNA strand by a DNA polymerase I enzyme, using a single stranded DNA template. 

Synthesis is initiated at a unique site in the template where the oligonucleotide primer 

anneals. The synthesis reaction is terminated when a dideoxy nucleotide analogue is 

incorporated, which lacks the 3' OH group required for the elongation reaction. The 

dideoxy chain termination method (Sanger et al., 1977) was used for double stranded 

DNA sequencing using the USB Sequenase kit. Double stranded DNA was denatured 

in the following way. 5 }il of DNA (1 mg/ml) were incubated with 5 ql of TE and 10 p,l 

of 0.4 M NaOH at room temperature for 10 minutes. The DNA was precipitated by the 

addition of 8 |il of 5 M ammonium acetate (pH 5.2) and 112 \il of 100% ethanol, and 

incubation on dry ice for 2 minutes. The precipitated DNA was collected by 

centrifugation (10 minutes at 13 OOOx g), washed with 70% ethanol, dried, and 

resuspended in 7 |il H2O, 2 |xl 5x sequencing buffer, and 1 |il of the appropriate primer 

(0.5 pmol). The primer was annealed to the ssDNA template by incubating the mixture 

at 37°C for 20 minutes. The labelling mix, comprised of the following components, 

was added to each reaction:

1 ^1DTT (0.75 M)

2 |il dG mix

1 III [a-35S] dATP 1000 Ci/mmol

2 |il diluted Sequenase enzyme (3.25 units)

The reaction was incubated at room temperature for 5 minutes. For each labelling 

reaction, 4 tubes were labelled G, A, T or C and to each was added 2.5 |il of the 

termination mix containing the appropriate dideoxynucleotide. The tubes were 

preheated at 37°C for 30 seconds before 3.5 }il of the labelling reaction was added and 

the mixture incubated at 37®C for 5 minutes. The reaction was terminated by the 

addition of 4 pi of Stop solution, the mixture was heated to 85^C for 5 minutes and
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then 1.5 |il were loaded onto a 4% acrylamide, 7 M urea wedge-shaped thickness 

gradient gel (wedge size 0.2 mm to 7jri)n; LKB 2010 Macrophor Sequencing System). 

The samples were electrophoresed at 2200 Volts with the gel at 50°C until the 

bromophenol blue dye front reached the bottom of the gel. The urea W2is removed from 

the gel by soaking the gel in 10% acetic acid (v/v) for 45 minutes. The gel was dried to 

the sequencing plate (30 minutes at 80°C) and autoradiographed against Kodak XAR5 

film

2.11 RNA preparation

W henever RNA was manipulated or analysed, all solutions were 

obtained as 'RNase free', or were treated with diethylpyrocarbonate 

(DEPC), in the following manner, to inhibit RNase activity. 0.002 

volumes of DEPC was added to the solution, mixed thoroughly, and the 

solution autoclaved to inactivate any remaining DEPC.

Total RNA was prepared from newt tissue or cells by homogenising the tissue in 4 M 

guanadinium thiocyanate, 25 mM sodium citrate pH 7.0, 0.5% w/w Sarcosyl, 0.1 M b- 

mercaptoethanol. Any tissue debris was removed by centrifugation at 2000 rpm for 5 

minutes. The following solutions were added:

0.1 vols 2 M sodium acetate (pH 4.0)

1 vol water-saturated phenol

0.2 vols chloroform/isoamyl alcohol (49:1)

and the mixture was vortexed and incubated on ice for 15 minutes. The mixture was 

centrifuged in a Beckman J6 Centrifuge at 4200 rpm for 40 minutes at 4°C, and the 

supematent precipitated with an equal volume of propan-2-ol at -20^C for 1 hour. Two 

subsequent rounds of precipitation with propan-2-ol were performed before
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resuspending the RNA in DEPC TE. Typical RNA yields were 1 mg from 1 g of newt 

tissue, and 200 |ig from 8x10^ cultured newt cells.

2.12 Poly(A)+ RNA selection

Poly(A)+ RNA was selected using the PolyATtract System 1000 (Promega) following 

the manufacturer's instructions. Briefly, biotinylated (dT)i5 oligos were annealed to 

the total RNA . The biotinylated (dT)i5 oligos anneal to the polyadenylated mRNAs, 

and these duplexes were removed from the total RNA using streptavidin-coupled 

magnetic particles which bind to the biotinylated oligos, and can be isolated from 

solution with a strong magnet. The approximate yield of poly(A)"^ RNA from total 

RNA was 5%.

2.13 cDNA Synthesis

The enzymatic conversion of mRNA into single-stranded cDNA was achieved using the 

3' to 5' polymerase activity of avian myeblastosis virus (AMV) reverse transcriptase 

primed with oligo (dT) primers. Single-stranded cDNA was converted into double

stranded cDNA by removing any DNA-RNA hybrids with RNase H and filling in the 

gaps with E. coli DNA polymerase I, similar to nick translation. cDNA was 

synthesised from poly(A)'^ RNA using a cDNA synthesis kit (Boehringer). For first 

strand synthesis, the following were mixed 

4 |il buffer 1

1 |il RNase inhibitor

2 III mix of dATP, dGTP, dCTP, TTP (2 mM each)

2 |il oligo (dT)i5 primer (40 ng)

2 juig poly(A)+ RNA

2 |il AMV reverse transcriptase (40 units)

H2O to 20 |il

6 8



and the reaction incubated for 60 minutes at 42°C. For second strand synthesis, the 

following were added to the reaction on ice 

40 |il buffer 2

1 |xl RNase H

5 |il E. coli DNA polymerase I (25 units)

54 îl H20

and the reaction incubated for 60 minutes at 12°C, 60 minutes at 22°C and 10 minutes 

at 65®C. The reaction mixture was purified by phenol/chloroform extraction, cDNA 

precipitated with ethanol, and resuspended in an appropriate volume. Typically 2 |Lig of 

RNA yielded 0.5 | i g  of cDNA.

For the synthesis of circular cDNA for inverse PCR, after second strand synthesis, 

cDNA was blunt-ended by adding 4 |il of T4 DNA polymerase (4 units) to the reaction 

and incubating at 37°C for 10 minutes. The reaction was stopped by adding 10 |Xl 

EDTA (0.2 mM, pH 7.2) and 2 \i\ of 10% Sarkosyl solution. The reaction mixture was 

purifted by phenol/chloroform extraction and the cDNA was size-selected with a Size 

Sep-400 Spun Column (Pharmacia) to remove low molecular weight cDNA. For 

circularisation (see Huang et al., 1990), the following were mixed:

100 |il of cDNA containing 100 ng of DNA 

25 |il T4 DNA ligase buffer

6 |il T4 DNA ligase (6 units)

2 |il T4 RNA ligase (80 |ig)

and the reaction was incubated at IS^C for 16 hours. The reaction mixture was purified 

by phenol/chloroform extraction and the circularised cDNA was size-selected using a 

Size Sep-400 Spun Column (Pharmacia) to remove low molecular weight cDNA. For
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subsequent inverse PCR, 1/10 of the synthesised cDNA was used in 100 |xl reactions 

with 100 pmole of primers.

2.14 DNA radiolabeiling

The method of Fimberg and Vogelstein (1983) was used to radioactively label DNA. 

Briefly the protocol uses random sequence hexanucleotides to prime DNA synthesis at 

numerous sites on a denatured DNA template using the Klenow DNA polymerase I 

fragment Using the Boehringer Manheim kit, the following reagents were combined 

5-100 ng DNA fragment

1 III of dATP, dGTP, dTTP (0.5 mM stock)

2 |il reaction mix 

H2 O to 14 111

and the mixture boiled for 5 minutes to denature the DNA. The following were added 

on ice

5 îl [a-32p) dCTP (3000 Ci/mmol)

1 |Ltl (Units) of Klenow

and the reaction incubated at 37°C for 45 minutes. Unincorporated nucleotide was 

removed with a 050 Sephadex spun column.

2.15 Screening of bacteriophage cDNA lib raries w ith  

radioactively labelled DNA probes

Plating bacteria were obtained by growing a culture of the appropriate E. coli strain 

overnight in NZCYM media containing 0.2% maltose (w/v) and 10 mM MgS04. 100 

ml of this culture was centrifuged at 4000x g for 10 minutes, and the bacterial pellet 

resuspended in 40 ml of 10 mM MgS0 4 . The bacteriophage library was diluted in SM 

(5.8 g/1 NaCl; 2 g/1 MgS0 4 .7 H2 0 ; 50 ml 1 M Tris-Cl, pH 7.5; 0.1% gelatin) such that 

0.5x10^ to 10  ̂plaque forming units were contained in a volume of SM no greater than
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100 |j,l. 1 ml of plating bacteria was added to the diluted library, and incubated at 37®C 

for 20 minutes to allow the 'phage particles to adsorb. The mixture was added to 40 ml 

of molten (45°C) 0.8% top agarose (8 g/1 agarose dissolved in NZCYM media), mixed 

gently, and poured onto a dried NZCYM plate (20x20 cm tissue culture plate poured 

with 250 ml of 1.5% Bactoagar in NZCYM (containing antibiotics if required) and 

allowed to set. The plates were incubated at 37°C for 6-12 hours until the plaques 

covered the plate but did not become confluent. The 'phage and bacteria were 

transferred to Hybond-N nylon membranes (Amersham) by laying the membrane 

directly on top of the plates, which had been chilled at 4°C to harden the top agarose 

layer. The filters were left in place for 30 seconds for the first lift, and 60 seconds for 

the duplicate lift. During this time, the membrane was orientated by stabbing a needle 

through the filter and into the agar. The bacteria were then lysed, and the DNA 

denatured by laying the filter colony-side uppermost for 5 minutes on Whatmann 3MM 

paper soaked in Denature (0.5 M NaOH; 1.5 M NaCl). The membranes were 

neutralised for 5 minutes on Whatmann paper soaked in Neutralise (1 M Tris-Cl, pH 

8.0; 1.5 M NaCl) and washed in 2X SSC to remove any agarose and cell debris. The 

filters were air-dried, and the bound DNA cross-linked to the membrane using a UV- 

crosslinker (Stratalinker 2400, Stratagene) under standard conditions.

The filters were prehybridised in hybridisation buffer (1 M NaCl; 10 mM sodium 

phosphate, pH 7; 0.5% SDS; 0.01% sodium pyrophosphate; 100 |ig/ml BSA; 100 

jO-g/ml tRNA), sealed inside plastic bags, for 30 minutes at 65°C. The prehybridisation 

buffer was replaced with fresh solution containing radiolabelled DNA probe (that had 

been denatured by boiling for 5 minutes) at approximately 0.5-1x10^ d.p.m./ml of 

hybridisation solution. The filters were incubated overnight at 65°C, submerged in a 

waterbath. Filters were washed in 2X SSC/0.1% SDS at room temperature and then 

with multiple, 10 minute washes at 65°C in O.IX SSC/0.1% SDS until the radioactivity 

of the filters , when checked with a Geiger counter, produced a signal only a few fold
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above background levels. The filters were then air dried and exposed to Kodak XAR5 

film at -70°C for 1-2 days.

The duphcate autoradiographs were then orientated with the primary library filters using 

luminous tags that had been attached to the material used to support the filters, and the 

autoradiographs were marked at the points where the filters contained needle holes. 

The duplicate autoradjpaphs were orientated with each other on a light box, and 

hybridisation spots that occurred in the same position on both filters were marked. The 

plates containing the library were then placed on top of the autoradiographs and 

orientated according to the needle marks. A core of the plate corresponding to the 

position of the hybridisation signal was removed using the large end of a 1 ml Gilson 

pipette tip, and incubated in 1 ml of SM containing 10 |il of chloroform, for 1 hour. 

The SM supematent, containing 'phage particles, was then titred, or the approximate 

titre calculated from the core size. An ahquot of the eluted 'phage particles was replated 

onto 150 mm plates to obtain 1500-2000 plaques per plate, and the plates screened as 

above. Positive plaques were picked with the large end of a 200 }il Gilson pipette tip 

and placed into SM for 5 minutes. 1 [il of this stock, and 1 and 10 |il of a 1:100 dilution 

were plated onto tertiary 85 mm plates and screened above. Isolated, pure plaques were 

then picked from the tertiary plates with a glass Pasteur pipette into 0.5 ml SM/10 p.1 

chloroform.

2.16 High titre bacteriophage stock

An aliquot of the supematent from a single plaque (see above) containing approximately 

10  ̂pfu (approximately 1/10 of a resuspended plaque) was mixed with 100 pi of plating 

bacteria and incubated at 37°C for 20 minutes. 3 ml of molten (45°C) 0.7% top 

agarose in NZCYM was added to the mix, and poured onto a fresh 85 mm plate 

containing 1.5% agar/NZCYM. The plate was incubated for 6-10 hours at 37°C until 

plaques were visible and 95% of the bacterial lawn was lysed. 5 ml of SM was added
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to the plate, which was incubated overnight at 4®C. The SM was harvested and the 

plate washed with 1 ml of SM. 100 pi of chloroform was added to the pooled SM, 

which was then cleared by centrifugation at SOOOx g for 10 minutes, and the 

supematent removed and stored at 4°C as a stock. For subsequent cloning of the 

bacteriophage insert, RNase A and DNase I were added to the above stock to a final 

concentration of 1 pg/ml and the reaction incubated at 37°C for 10 minutes. An equal 

volume of PEG precipitation solution (20% polyethylene glycol; 2 M NaCl in SM) was 

added and the mixture incubated at 0°C for 1 hour. The bacteriophage were harvested 

by centrifugation at SOOOx g for 20 minutes, resuspended in 0.5 ml of SM, and cleared 

by centrifugation at SOOOx g for 5 minutes. The supematent was removed and to it was 

added 5 pi of 10% SDS, 5 pi of 0.5 M EDTA (pH S.O) and 5 pi of 10 mg/ml 

proteinaseK, and the reaction incubated at 65°C for 15 minutes. The reaction was 

extracted with phenol, phenol/chloroform, and chloroform. The resulting aqueous 

layer was precipitated with an equal volume of propan-2-ol and the DNA harvested by 

centrifugation at 13 OOOx g for 10 minutes. The resulting DNA pellet was resuspended 

in TE and could then be digested with an appropriate enzyme, and the phage insert 

subcloned into the pBluescribe plasmid vector (Stratagene).

2.17 Northern analysis

Northem analysis was used for the identification and size analysis of RNA transcripts. 

5 pg of total RNA or 5 pg of poly (A)"**-selected RNA was separated by horizontal 

agarose gel electrophoresis through a 1.5% agarose/0.66 M formaldehyde gel mn in Ix 

MOPS buffer. RNA samples were adjusted to 10 pi with water and the following were 

added

5 pi lOx MOPS running buffer 

10 pi 12.3 M formaldehyde 

25 pi formamide
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and the mixture incubated at 55®C for 15 minutes. 10 \x\ of formaldehyde loading 

buffer was added to each sample before loading onto the gel. The samples were 

electrophoresed at 110 Volts/ 65 mA until the bromophenol blue dye had run 2/3 the 

length of the gel. The gel was rinsed in water to remove any formaldehyde and RNA 

was transferred by capillary transfer to Nytran (Scleicher and Schuell) nylon 

membrane, in lOX SSPE, for 2 hours. The RNA was cross-linked to the Nytran using 

a UV-crosslinker (Stratalinker, Stratagene) under standard conditions. The Nytran was 

incubated for 1 hour at 42°C in hybridisation solution (50% formamide, 5X SSPE, 100 

|ig/ml BSA, 5X Denhardt’s solution, 1% SDS, 200 |ig/ml sheared salmon sperm 

DNA, 0.1% sodium pyrophosphate) and then hybridised with 10^ d.p.m. of probe per 

ml of hybridisation solution at 42°C overnight. The Nytran was then washed with 100 

mM sodium phosphate buffer/ 1% SDS at room temperature, followed by high 

stringency washes for 2 x 15 minutes at 65®C in 10 mM sodium phosphate buffer/ 1% 

SDS. The membrane was then exposed to Kodak XAR5 film at -70°C for 

autoradiography. A single lane on each gel was loaded with 5 |Lig of total RNA. After 

electrophoresis, this part of the gel was cut off, rinsed in water, and then stained in 0.5 

lig/ml ethidium bromide to reveal the position of the newt 18S and 28S ribosomal RNA 

bands according to which, the size of RNA transcripts was estimated.

2.17 RNase protection analysis

RNase protection analysis was used to measure the amount of a specific RNA molecule 

in an RNA sample prepared from tissue or cultured cells, and thus assay the level of 

gene expression. The technique uses a single-stranded radiolabelled RNA probe, 

synthesised by in vitro transcription, which is hybridised to the sample RNA. The 

hybridisation reactions are treated with single-strand-specific ribonucleases of broad 

sequence recognition range, which removes probe any unhybridised sample RNA. 

Fragments of probe annealed to homologous sequences in the sample RNA are left
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intact and are recovered by ethanol precipitation, and are resolved by polyacrylamide 

electrophoresis.

RNA probes for RNase protection analysis were synthesised by in vitro transcription. 

Appropriate DNA fragments were cloned into pBluescribe. The plasmid was linearised 

with an appropriate restriction enzyme so that antisense RNA would be transcribed 

using either T3 or T7 RNA polymerase. The in vitro transcription mixture contained:

5 |xl 5x transcription buffer

4 |il nucleotide mix 

1 111 0.75 M DTT

1 |il RNase inhibitor

5 111 [a-32P] UTP 400 or 800 Ci/mmole 

0.25 - 0.5 jig DNA

10 units T3 or T7 RNA polymerase 

DEPC H20 to 25 pi

The reaction was incubated at 37°C for 45 minutes. 1 pi of RNase-free DNase (10 

units; Stratagene) was added and the mixture incubated for 15 minutes. Unincorporated 

UTP was removed by passing the reaction mixture through a Sephadex G50 spun 

column. The Sephadex G50 beads were preswollen in DEPC H20. The bottom of a 1 

ml syringe was blocked with a circle of Whatman GF/C glass microfibre filter and the 

syringe filled with the G50 suspension. The column was packed by centrifugation at 

lOOOg for 2 minutes. The volume of the probe mix was increased to 100 pi by the 

addition of 1 pi of 10 mg/ml yeast tRNA and DEPC water, and the sample loaded onto 

the column. The radioactively labelled RNA transcripts were collected on centrifugation 

for 2 minutes at lOOOg, and incorporation was assessed by measuring 1 pi of the probe 

in a Dupont BC2000 counter. Typical incorporation was 10^ pl"l.
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0.5x10^ to 10^ dpm of probe was added to 5 or 10 }ig of total RNA resuspended in 

hybridisation mix. The mixture was heated at 85°C for 5 minutes to denature the RNA 

and then rapidly transferred, and immersed in, a 45®C waterbath and incubated 

overnight. Unhybridised RNA was digested by adding 300 |il of RNase buffer 

containing RNaseA (2 |ig/ml) and RNaseTl (0.5 p-g/ml; Sigma), and the mixture 

incubated at 30°C for 45 minutes. RNase was digested by adding 15 |il of 10% SDS 

and 5 |Lil of proteinaseK (10 mg/ml stock) to the mixture and incubating at 37°C for 10 

minutes. Protected RNA fragments were extracted with 400 |il of phenol/chloroform 

and 1 jil tRNA (10 mg/ml stock), and precipitated by the addition of 2.5 volumes of 

100% ethanol. RNA was resuspended in 4 |il Stop solution, denatured at 85°C for 5 

minutes, and loaded onto a 0.4 mm thick, 6% polyacrylamide, 7 M urea gel, in IX 

TBE. Samples were electrophoresed at 1800 Volts for sufficient time to resolve the 

protected fragment from input probe. The gel was transferred to Whatman 3 MM paper, 

dried under vacuum (30 minutes at 80°C), and autoradiographed against Kodak XAR5 

film.

2.18 Radioactive in situ hybridisation with cultured newt 

ce lls

In situ hybridisation relies upon the hybridisation of a specifically labelled nucleic acid 

probe to homologous sequences in individual cells or tissue sections and thus allows a 

quantitative measurement of gene expression, and, more importantly, a localisation of 

gene expression within a particular tissue.

Cells were plated at high density onto acid washed, sterile glass slides that had been 

subbed once with 0.5 mg/ml poly-L-lysine and three times with 0.75% gelatine and 

incubated as normal. The cells were washed three time in APBS and fixed in freshly 

prepared 4% paraformaldehyde in APBS. The cells were washed in APBS and
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incubated for 10 minutes at room temperature in 250 ml of 0.1 M triethanolamine HCl, 

pH 8.0 containing 0.63 ml of acetic anhydride. The cells were again washed in APBS, 

and once in 150 mM NaCl before being dehydrated in ethanol. The cells were 

hybridised in 40 jLil of hybridisation buffer, containing a 9:1 mix of hybridisation 

bufferiprobe (see 2.17 for probe synthesis), which was placed onto the slide and 

covered with a glass coverslip, at 55°C for 6 hours. The slides were washed in the 

following manner:

50% formamide/2x SSC for 30 minutes at 50^C 

50% formamide/lx SSC for 30 minutes at 50°C 

50% formamide/0.2x SSC for 15 minutes at 50°C.

The cells were dehydrated in ethanol, and dipped in photographic emulsion (see 2.28).

2.19 Whole mount in situ hybridisation

Digoxigenin-labelled probe was made in the following way. The reaction mixture 

contained:

2|il lOx transcription buffer (Boehringer)

1|I10.2MDTT

2 |il nucleotide mix, pH 8.0

1 |ig linearised plasmid

1 |il RNase inhibitor

10 units T3 or T7 RNA polymerase

H2 O to 20 }il

was incubated at 37°C for 2 hours. A 1 |il aliquot was removed and electrophoresed 

through a 1% agarose gel in TBE running buffer to judge the extent of transcription. In 

efficient reactions the band of RNA was approximately 10 fold more intense than the 

linearised plasmid band indicating that approximately 10 jig of probe had been 

synthesised in total. 2 jil of RNase-free DNase were added to the probe reaction, and 

incubated at 37°C for 15 minutes. The RNA was precipitated by adding 100 jil of TE,
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10 |il of 4 M LiCl, and 300 |il of 100% ethanol, and incubating the mixture for 2

minutes on dry ice. The RNA was collected by centrifugation (10 minutes at 13 000

xg), washed with 70% ethanol, and resuspended in TE at a concentration of 0.1 pg/|il.

Tissue for whole mount in situ hybridisation was fixed in 4% paraformaldehyde and 

dehydrated in methanol (see 2.31). The tissue was transferred to clean glass vials and 

rehydrated by successive washes in PBT/75% methanol, PBT/50% methanol, 

PBT/25% methanol and 2 washes in PBT. Tissue pigment was bleached for 1 hour in 

6% hydrogen peroxide in PBT. It was extremely difficult to remove pigmentation of 

the embryo in this manner, even when bleach times were extended to several days. 

Tissues were washed 3x in PBT then treated with proteinase K (10 pg/ ml) for 5 

minutes, and then washed in freshly prepared glycine (2 mg/ml) in PBT, and twice in 

PBT. Tissues were refixed in 0.2% glutaraldehyde in 4% paraformaldehyde in APBS 

for 20 minutes, and washed twice in PBT. Tissues were transferred to a 2 ml screw 

cap microtube and 1 ml of hybridisation mix was added. The tissues were then 

incubated at 70®C for 1 hour in a waterbath. The hybridisation mix was replaced with 

fresh mix containing the DiG probe at 10 pg/ml. The tissues were incubated at 70°C 

overnight.

After hybridisation, the tissue was washed in the following way 

2x solution 1, 30 minutes, 70°C;

2x solution 3, 30 minutes, 70°C;

3x TBST, 5 minutes, room temperature.

The tissue was then blocked with 10% goat serum in TBST for 90 minutes at room 

temperature. During this period, the anti-digoxigenin antibody (Boehringer) was 

preabsorbed in the following manner. 3 mg of newt powder (acetone-extracted newt
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tissue) was added to 0.5 ml of TBST and incubated at 70°C for 30 minutes. The mix 

was cooled on ice and 5 |il of goat serum and 1 |il of anti-DiG antibody was added.

The mixture was incubated for 1 hour at 4°C with continuous agitation. The newt 

powder was pelleted by centrifugation for 10 minutes at 13 OOOx g. The supematent 

was removed and its volume increased to 2 ml with 1% goat serum in TBST. The 

blocking solution was removed from the tissue and replaced with the preabsorbed 

antibody and incubated overnight at 4°C with continuous agitation. The tissues were 

then washed in the following manner 

3x TBST, 5 minutes, room temperature;

5x TBST, 1 hour, room temperature;

Ix TBST, overnight at 4°C;

3x NTMT, 10 minutes, room temperature.

The tissues were then incubated at room temperature in development solution until 

sufficient staining had developed. Tissues were then washed 3 times with PB ST, and 

passed through 25% glycerol, 50% glycerol, and 100% glycerol, and stored in 100% 

glycerol at 4®C.

2.20 Paraffin wax embedding and microtome sectioning of 

tissues

After whole mount in situ hybridisation, issues were washed twice for 20 minutes in 

100% ethanol at room temperature, and twice for 30 minutes in Histo-Clear (National 

Diagnostics) at room temperature. The Histo-Clear was replaced with a 1:1 Histo- 

Cleariwax (pastillated Fibrowax, BDH) mixture at 60^0, and the tissues were incubated 

at 60°C for 20 minutes. The tissues were then incubated with 3 changes of wax at 

60^C for 20 minutes each, transferred to a mould filled with molten wax, and orientated 

as appropriate. After hardening overnight at 4°C, the embedded tissues were sectioned 

on a microtome; 8-15 |im sections were routinely cut and collected on glass slides that 

had been subbed with 0.5 mg/ml poly-L-lysine. The sections were dewaxed in xylene
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and mounted straight from the xylene in D.P.X. mountant (BDH) under glass 

coverslips.

2.21 Embedding of tissues for vibratome sectioning

The albumin/gelatine embedding mixture was made by dissolving 4.5 g of gelatine (300 

Bloom) in 100 ml of PBS with heating. The volume was increased to 800 ml with PBS 

and 270 g of albumin (grade II, Sigma) was added and allowed to dissolve. 180 g of 

sucrose was added and dissolved, and aliquots of the final solution stored at -20°C until 

required. Newt embryos and blastemas were incubated overnight in the embedding 

mixture, and placed into an embedding mould filled with embedding mixture. 0.1 

volumes of 25% gluteraldehyde was added and quickly mixed, to set the embedding 

mixture (approx. 1-2 minutes). The blocks were allowed to harden overnight at 4°C. 

The blocks were fixed to the vibratome stage with cyanoacrylate glue and sections of 

50-l(X) |xm were routinely cut.

2.22 Calcium phosphate cell transfection

The method of Darrow (1980) was used to transfect F9 cells. Briefly, DNA (5-20 |ig) 

was added to 430 |il H2O and 63 p.1 of 2 M CaCl2 , and the mixture added dropwise to 

500 |il of transfection buffer (136 mM NaCl, 5 mM KCl, 11.2 mM glucose, 208 mM 

HEPES, 1.4 mM Na2HP0 4 ; pH 7.1). After incubation at room temperature for 30 

minutes, the mixture was added to cells and incubated overnight at 37°C after which the 

medium was changed.

2.23 Transfection of newt cells

Newt blastemal cells (BlHl) and myogenic (Al) cells were transfected with a DNA 

particle gun (Bio-Rad PDS-IOOOH biolistics machine) which employs pressurised 

helium to propel DNA-coated gold particles into cells. To prepare sufficient particles 

for 2 samples, 20 |il of a 60 mg/ml stock of 1-3 |im diameter gold beads was added to 8
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fil of plasmid DNA (up to 8 |Xg), 28 |ii of 2.5 M CalCl2 and 6 }il of 1 M spermidine. 

The beads were pelleted by centrifugation (30 seconds at 13 OOOx g) and then washed 

in 50 |il 70% ethanol followed by 50 |il 100% ethanol before resuspension in 20 )xl of 

100% ethanol. 10 }xl of the suspension was loaded dropwise onto an ethanol-washed 

Kapton disc (Bio-Rad) in a moisture-free container and allowed to dry. Cells were 

grown to confluence in 6 cm plastic culture dishes, the medium was removed, and the 

dishes placed 10 cm below the nozzle of the helium gun, before being shot at a rupture 

pressure of 450 p.s.i. under reduced pressure (25 in. Hg vacuum). After transfection, 

new medium was added to the cells which were incubated for 12-24 hours before 

replating as appropriate.

2.24 p-Galactosidase staining of newt cells

Cells were washed in buffer A, and fixed for 5 minutes with 0.5% glutaraldehyde (v/v) 

in buffer A. The cells were washed for 15 minutes in buffer A and X-Gal staining 

solution was added. The cells were incubated at 37®C overnight and washed with 

buffer A.

2.25 Alkaline phosphatase staining of newt cells

Cells were fixed as for P-galactosidase staining (2.24). The dishes of cells were heated 

to 65°C for 15 minutes to destroy endogenous alkaline phosphatase activity, then 

stained for the expression of the heat-resistant transfected enzyme with AP stain 

solution. The solution was added and the cell incubated at 37°C until the stain had 

developed sufficiently.
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2.26 (3-Galactosidase assay

Cell extracts were prepared from 6 cm plastic culture dishes in 250 jil of PMN buffer 

containing 0.1% NP40. The assay mixture contained 

10 |il chlorophenol red- p-galactopyranoside (40 mg/ml)

10 - 90 |il cell extract 

to 100 |il with PMN buffer

The mixture was incubated at 37°C until the colour turned from yellow to deep orange 

(2-20 minutes) and its absorbance at 570 nm was analysed on an automatic plate reader 

(Dynatech MR 7000 Microplate Reader). Extracts from mock transfected cells were 

used to measure background p-galactosidase activity which was subtracted from all 

sample readings

2.27 Chloramphenicol acetyl transferase (CAT) assay

Extracts of cells were made as for the p-galactosidase assay (2.26). The CAT assay 

was performed in a volume of 0.15 ml containing 50 |il of cell extract, 0.13 M Tris-Cl 

pH 8.0, 0.5 mM butyryl CoA and 30 |xl D -th reo -[d ich  loro  a c e ty l-1- 

^^C]chloramphenicol (54 mCi/mmol). The incorporation of ^^C was determined by 

the method of Seed and Sheen using the double back-extraction procedure. Briefly, 

300 |il of xylene was added to the assay mixture, the mixture was vortexed and 

centrifuged (3 minutes at 13 000 xg). The xylene (upper layer) was removed from the 

mixture to a fresh Eppendorf tube and to it was added 150 |il of TE. The mixture was 

vortexed and centrifuged (1 minute at 13 000 xg). The xylene was removed and 

extracted with a fresh lot of TE. Finally, the xylene was removed to a scintillation vial, 

4 ml of scintillant was added (Beckman Ready Safe), and the ^^C content measured in a 

scintillation counter (Beckman LS 1801). Controls of nontransfected cells were 

included in the assays and the activity subtracted from each sample.
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2.28 ^H-thymidine labelling of cells in culture

BlH l cells were cultured in 6 cm plastic tissue culture dishes as described. [3H] 

Thymidine ([methyl 1-1',2'-3h ] thymidine, 124 Ci/mmol, Amersham) was added to the 

medium at l|iCi/ml and the cells were incubated for 8 hours prior to autoradiography. 

The cells were fixed as for p-galactosidase staining, dehydrated in 100% ethanol, and 

covered with a thin layer of photographic emulsion (Ilford K5). The emulsion was 

exposed for 2-3 days, and developed for 8 minutes in 20% Phenisol (Ilford) and fixed 

with 20% Hypam (Ilford) for 1 hour.

2.29.1 Biotinylation

For the biotinylation of cultured newt cell, BIHl cells were cultured to confluency in 10 

cm plastic tissue culture dishes. The cells were washed three times with BPBS, and 

were labelled with either 5 mis of BPBS containing 0.5 mg/ml of SB (ImmunoPure 

Sulfo-NHS-Biotin, PIERCE, sulfosuccinimidobiotin) or 5 mis of BPBS containing 50 

|xl of a 100 mg/ml solution of NB (ImmunoPure NHS-SS-Biotin, PIERCE, 

sulfosuccinimidyl 2-(biotinamido) ethyl-1,3-dithiopropionate) in DMSO. The cells 

received 2 lots of labelling solution for 15 minutes each. Unreacted biotin was 

quenched by washing the cells 3 times with BPBS containing 5 mM glycine. For the 

biotinylation of blastemas in vitro, the blastemas were harvested, washed in BPBS and 

excess liquid removed. 100 |il of SB (0.5 mg/ml) was added to the blastemas which 

were incubated at room temperature for 30 minutes. 5 |il of 1 M glycine was added to 

quench any remaining reactive biotin.

2.29.2 Blastema and cell extracts

Extracts of blastemal proteins biotinylated with SB were obtained by boiling the 

blastema for 5 minutes in 50 |il of solubilisation buffer. After cooling, the particulate 

matter was pelletted by centrifugation at 20 OOOx g for 10 minutes at 4°C, and the
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sample made up to 8 M urea. Extracts of cell proteins biotinylated with NB were made 

in the following manner. 0.5 ml of solubilisation buffer was added to the cells, which 

were incubated for 5 minutes with shaking at 4°C. The cells were scraped and the 

supematent centrifuged at 20 OOOx g for 10 minutes at 4°C. The supematent was 

concentrated to 100 pi using a Centricon 3 spun dialysis column (Amicon) according to 

the manufacturer's instructions. The sample was made up to 8 M urea.

2.29.4 Purification of NB-labelled proteins

Cells were solubilised in 1 ml of solubilisation buffer and the particulate matter pelleted. 

NB-labelled proteins were bound to avidin-coupled agarose beads (ImmunoPure 

Immobilized Avidin Gel, PIERCE) in the following manner. The avidin-agarose beads 

were preblocked in wash buffer for several hours at 4°C. The cell extract was added to 

200 pi of the agarose mixture (approximately 50% v/v agarose) and incubated with 

agitation for 2 hours at 4°C. Unbound protein was removed by washing the beads 5 

times in wash buffer. The labelled proteins were released from the avidin by cleavage 

of the NB -S-S- bond, which was achieved by incubating the beads in 0.5 ml of DTT 

buffer for 10 minutes at room temperature, twice. The two eluates were pooled and 

concentrated to 100 pi using a Centricon 3 spun dialysis column (Amicon) according to 

the manufacturer's instructions.

2.29.5 Isoelectric focusing

12 cm glass tubes with an internal diameter of 1.5 mm were cleaned in 1 M HCl for 24 

hours and rinsed thoroughly in water. The gel mix for the lEF gels contained 

8.25g Urea

2 ml 30% acrylamide/1.8% bis

0.75 ml Ampholyte, pH range 3.5-10 (Pharmacia LKB)

6 ml H2O
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The solution was degassed under vacuum for 10 minutes and 0.3 ml of NP40 was 

added. The solution was filtered through a 0.2 |im filter capsule using a syringe. 

Polymerisation was initiated with 10 pi TEMED and 70 pi of 10% ammonium 

persulphate. The tube gels were placed vertically in the polymerising solution and filled 

to within a set distance of their tops using a 1 ml syringe attached to the top of the glass 

tube with a short length of plastic tubing. Isoelectric focusing was carried out in a 

BioRad PROTEAN Gel Electrophoresis Cell. The upper reservoir ( -ve, catholyte) was 

20 nM sodium hydroxide and the lower reservoir (+ve, anolyte) was 10 mM 

phosphoric acid. The gels were prerun at 200 Volts for 1 hour. The samples were 

applied to the tops of the gels through the anolyte with a 50 |il Hamilton syringe. The 

samples were electrophoresed for 16 hours at 700 Volts. After electrophoresis, the 

acidic end of the gel (located towards the anode) was marked with a spot of 

bromophenol blue. Gels were processed immediately, or stored frozen in the glass 

tubes at -20^0.

2.29.6 2nd Dimension SDS-PAGE

The second dimension gels were run in a Hoeffer system, using 14 cm by 14 cm gels, 

1.5 mm thick. The lEF gels were extruded from their glass tubes using a 1 ml syringe 

into Equilibration buffer and placed onto a glass plate where it was straightened using a 

spatula and transferred onto the top of the SDS-PAGE gel. A thin layer of molten 0.5% 

agarose was pipetted onto the top of the lEF gel to seal it in position. Routinely, 7.5% 

polyacrylamide gels were electrophoresed in 192 mM glycine, 25 mM Tris-Cl, 0.1% 

SDS. The gels were electrophoresed at 30 mA until the dye front reached the bottom of 

the gel (approximately 4-5 hours).

2.29.7 Western Blotting

After 2D-PAGE, proteins were transferred onto nitrocellulose (Schleicher and Schuell 

BA 85) using the semi-dry transfer method. Transfer was for 1 hour at 150 mA in a
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tris-glycine buffer (25 mM Tris-Cl; 192 mM glycine; 20% methanol; 0.1% SDS; pH 

8.3). The nitrocellulose membranes were blocked for 1 hour in PBT and incubated 

with a 1:1000 dilution of the streptavidin-HRP reagent (PIERCE) in PBT at room 

temperature. The filters were washed 3 times in PBT for 1 hour and proteins were 

visualised using the Amersham ECL system, a light-emitting, non-radioactive detection 

system for the horseradish peroxidase enzyme, according to manufacturer's 

instructions.

2.30 Animals

Adult newts {Notophthalmus viridescens) were obtained from Charles Sullivan Co., 

Inc. (Nashville Tennessee, USA). Newt were kept at 2 P C  in tanks containing 30-100 

animals and fed on bloodworms and Daphnia. For all surgical procedures, animals 

were anaesthetised in 0.1% w/v tricane (3-aminobenzoic acid ethyl ester) and amputated 

using scissors. Amputation of the forelimb was at mid-humerus (proximal) or distal 

radius/ulna (distal) levels, and at the homologous position for the hindlimb. The bone 

at the stump was trimmed back ~ 1 mm to prevent protrusion. After amputation animals 

were kept in 0.5% sulphamerazine (4-amino-N-[4-methyl-2-pyramidinyl]- 

benzenesulfonamide) overnight and returned to the tanks.

2.31 Newt embryo production

Gravid females were obtained from Charles Sullivan Co., Inc. (Nashville Tennessee, 

USA). The females were kept at 21°C and fed frequently with D aphnia  and 

bloodworms. The animals were injected peritonealy each day with 100 i.u. of human 

chorionic gonadotrophin (Sigma). The pond weed in the tanks was inspected daily for 

eggs which are wrapped in the leaves of the weed by the females. Leaves containing 

eggs were cut from the plant and transferred to petri dishes containing sterile water. 

Unfertilised eggs that failed to cleave and mouldy eggs were discarded. At stages 32- 

34, when the outgrowth of the forelimb buds had commenced, the embryos were
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removed from the egg sac, anaesthetised in 0.1% tricane, and fixed overnight at 4°C in 

fresh 4 % paraformaldehyde in DEPC-treated APBS. The embryos were washed twice 

in PBT and dehydrated by passage through PBT/25% methanol, PBT/50% methanol, 

PBT/75% methanol, and two lots of 100% methanol. Embryos were stored at -20^0 in 

100% methanol, and could be stored for up to 2 months until in situ hybridisation 

analysis.

2.32 RA-blastemas

After amputation of the limb, the blastema was allowed to develop for 7 days. Animals 

received an intraperitoneal injection of 7 |il of 5.10 M all-trans retinoic acid dissolved 

in DMSO. Control injections of 7 }il of DMSO were also carried out. The blastema 

was then allowed to develop for a further 2 days if required for whole mount in situ 

hybridisation analysis, or 7 days if required for RNA extraction.

2.33 Tissue culture
2.33.1 Description of newt cell types

BlHl cells were derived from explants of medium bud blastemal mesenchyme and A l 

cells were derived from explants of normal hindlimb tissue (Ferretti and Brockes, 

1988).

2.33.2 Culture of newt cells

Newt cell cultures were maintained in AEMEM (63% Minimum essential media with 

Earle's salts (ICN); 10% heat-inactivated fetal calf serum; 50 i.u./ml penicillin; 50 

|Xg/ml streptomycin; 0.28 i.u./ml insulin; 0.29 mg/ml glutamine). Cells were grown as

monolayers in plastic tissue culture flasks that had been coated in 0.75% gelatine and 

incubated in a humidified atmosphere of 3% CO2 , 97% air at 25°C. Typically 2x10^ 

cells were plated onto a 162 cm^ tissue culture flask. Newt cells in culture have a 

doubling time of approximately 3 days, and so need to be subcultured once a week
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under these conditions. For subculture, cells were washed in APBS (80% PBS) and 

incubated with 10 ml of Ix trypsin/EDTA, diluted in APBS, for 2-3 minutes at room 

temperature. 2 ml of AEMEM was then added to inactivate the trypsin and the cells 

were harvested by centrifugation at lOOOx g for 3 minutes.

A l cells were induced to differentiate into myotubes by culture in reduced serum 

conditions (Ferretti and Brockes, 1988; Lo et al., 1993). Al cells were plated at 100% 

confluency onto gelatine-coated plastic tissue culture dishes that had been scored with a 

fine grid pattern to limit the size of the myotubes. Once the cells had recovered from 

replating, the AEMEM was replaced with AEMEM containing only 0.5% heat 

inactivated fetal calf serum. After 4-5 days, over 90% of cell nuclei were contained 

within multinucleate myotubes.

2.34 M iscellaneous

2.34.1 Plasmids

The cloning vector pBluescribe was obtained from Stratagene and was used for all 

cloning procedures. The plasmid EF^-gal, in which expression of the lacz gene is 

driven by the Xenopus E f  7 promoter, was obtained from P. Krieg (Krieg, 1989). 

The plasmid pCAP, in which the expression of the human alkaline phosphatase gene is 

driven by the SV40 promoter, was engineered in the laboratory (described in Schiltius 

et al., 1993). The plasmid pCDNl, in which the expression of an activated rat Notch 1 

molecule (amino acids 1848 to 2531) is driven by the human EF7 a  promoter was 

obtained from G. Weinmaster (Shawber et a l, 1996).
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2.34.2 Antisera

The polyclonal sera specific for the rat Notch 1 cytoplasmic domain (amino acids 2286 

to 2531) was obtained from G. Weinmaster (93-4; Shawber et al., 1996) and used at a 

dilution of 1:100. The secondary antibody used with this sera was rhodamine-coupled 

swine anti-rabbit (DAKAO) used at a dilution of 1:100. The antisera were diluted in 

PBS/5% goat serum and applied to cells for 30-60 minutes at room temperature. Non

specific bunding was prevented by washing the cells thoroughly with PB S/5 % goat 

serum before and after antibody binding. The cells were viewed by 

immunofluorescence microscopy. Controls were carried out using each antibody alone, 

and gave no signal.
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Chapter 3

A microassay for surface 
components of the newt 

limb blastema
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3.1 Introduction

In Chapter 1, the concept of positional identity was introduced, and this provides a 

framework around which more detailed models of patterning can be discussed. 

Evidence was put forward for the idea that the positional identity of blastemal cells 

might be represented in the form of a graded distribution of cell surface proteins. 

Several studies have identified genes whose expression varies in a position-dependent 

manner along the proximodistal axis of the limb. For example, members of the 

homeobox family of transcription factors which are known to control key 

developmental events in Drosophila (Akam, 1987), and are candidates for regulating 

pattern during vertebrate development, are expressed in the blastema (see Chapter 1). 

The expression of Hox D-10 and D-11 (Brown and Brockes, 1991; Simon and Tabin, 

1993) in the blastema is induced upon amputation, at levels 3- to 5-fold higher 

proximally. Furthermore, treatment of a distal blastema with a proximalising dose of 

retinoic acid elevates the expression of Hox D-10 to a proximal level (Simon and 

Tabin, 1993). Such data are consistent with Hox D-10 and D-11 playing a role in the 

specification of positional information along the proximodistal axis of the limb 

blastema, although the precise relevance to the phenomenon of intercalation discussed 

in Chapter 1 remains unclear.

3.2 Investigating the molecular basis of positional information

There have been attempts to identify directly proteins which might be involved in the 

specification of position along the PD axis during limb regeneration. The technique 

of SDS-PAGE has been used but was shown not to have the resolution required to 

identify position-dependent differences in protein synthesis (Maden, 1988). Several 

studies have used the more powerful technique of 2D-PAGE which has the resolution 

to permit the identification of over 1000 proteins from a complex biological source 

and is sufficiently sensitive to enable a protein species representing as little as 10“̂  or

91



10"  ̂ of the total protein to be detected. In 2D-PAGE, proteins are first separated 

according to charge by isoelectric focusing in the first dimension, and according to 

molecular weight by SDS-PAGE in the second dimension (O'Farrell, 1975). Slack 

(Slack, 1982) carried out a thorough study of protein synthesis during limb 

regeneration in the axolotl. The pattern of protein synthesis in proximal blastema 

versus distal blastemas was compared using 2D-PAGE. Several criteria were used to 

assess whether a difference in protein synthesis was significant: 1. PD differences 

should be the same in the hindlimb as in the forelimb; 2. PD differences should be 

shown by blastemas at all stages; 3. differences should be located in the mesenchyme 

and its derivatives rather than in the epidermis; 4. the differences should be found in 

different individual animals. Few PD differences found in the study were able to 

satisfy any of these criteria and none satisfied them all. A study by Carlone et al. 

(Carlone et al., 1992) used 2D-PAGE to identify proteins involved in the specification 

of positional information along the P-D axis of the regenerating limb. They identified 

34 proteins whose expression level varied along the P-D axis, 11 of which were 

regulated to proximal levels by treatment of distal regenerates with RA.

3.3 Use of the avidin/biotin system to identify cell-surface proteins

The methodology used in this present study takes the novel approach of examining 

the proteins expressed only at the surface of cells. A traditional approach to studying 

cell-surface proteins would be to metabolically label total cell proteins using, for 

example, ^^S-methionine. Large amounts of tissue could then be used in a standard 

protocol to prepare a membrane fraction by a series of ultra-centrifugation steps and 

a recent technique using the detergent Triton X-114 has been used to purify 

membrane proteins (Bordier, 1981). However, such procedures are relatively 

insensitive, require large amounts of initial material, and may often produce 

preparations containing significant amounts of cytoplasmic and nuclear proteins. The 

biotin-avidin system, originally developed for enhancing signal detection in a wide
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range of immunological techniques (Wilchek and Bayer, 1988) has successfully been 

adapted to allow the simple and rapid detection of cell-surface and extracellular 

matrix proteins in ID and 2D gels of tissue homogenates (Von Boxberg et ah, 1990). 

Avidin, and its carbohydrate-free derivative streptavidin, bind to biotin, a 244 Da 

vitamin found in tissue and blood with the strongest known non-covalent biological 

interaction (~ Ka= 10^5 m -1) between protein and ligand. An N-hydroxysuccinamide 

ester form of biotin can be synthesised which allows it to react with lysine groups 

present in proteins (see Wilchek and Bayer, 1988, and references therein). Two 

different biotin derivatives have been used in this study. Both Sulfo-NHS-biotin (SB) 

and NHS-S-S-biotin (NB) are water soluble biotin derivatives that can penetrate intact 

tissues but cannot penetrate cell membranes (Figure 3.1). They are able therefore 

able to react with a wide range of cell-surface and extracellular matrix proteins and 

their biotin groups are readily bound by avidin and streptavidin. The -S-S- bond in 

NHS-S-S-biotin is cleavable, which allows NHS-S-S-biotin labelled proteins to be 

purified on an avidin-coupled support, and then released from the avidin by reduction 

of the sulphur bond. Recognition of such a protein on a gel would require prior 

metabolic labelling whereas Sulfo-NHS-biotin labelled proteins could be recognised 

by a streptavidin-coupled reagent such as streptavidin-horseradish peroxidase (HRP).

In the work described below, two different types of biotinylation were developed. In 

one method, biotinylated proteins were purified using avidin-coupled agarose beads 

before 2D-PAGE. In the second, proteins were separated by 2D-PAGE directly after 

biotinylation, and detected using streptavidin-coupled horseradish-peroxidase (HRP) 

after Western blotting. Two different strategies were used to investigate the potential 

cell-surface representation of positional identity. The first was based upon the 

observation that RA can respecify the proximodistal axis of the regenerating limb (see 

Chapter 1). An explanation of the action of RA in this system has been advanced 

(Bryant and Gardiner, 1992; see Chapter 1), and suggests that RA treatment leads to a
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uniformity of positional values in the blastema. Since RA will inhibit the growth of 

blastemal cells in culture, this effect might also reflect the modification of the 

positional values of the blastemal cells in culture. It should then be possible to 

investigate the effect of RA upon proteins of the cultured blastemal cell-surface and 

to identify proteins whose expression is sensitive to RA. Such a protein could well be 

part of the mechanism by which positional identity is encoded. At the same time as 

the above approach was being developed, using the rather plentiful supply of cultured 

cells, a more ambitious experiment was planned. The sensitivity of the SB protocol 

described below was such that it was possible to label a single blastema in vitro and 

resolve the cell surface proteins expressed therein. This facilitated the comparison of 

cell surface proteins expressed from a proximal and a distal blastema, of the same 

animal, and search for position-related differences in cell surface protein expression.
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Results

Figure 3.2 outlines the two methodologies that have been used in this study. There 

are three significant differences between the two approaches:

1) NB requires the use of radiolabelled proteins

2) In NB the cell-surface proteins are purified from total cell protein 

before resolution by 2D-PAGE

3) Proteins in NB are identified by autoradiography whereas in SB 

they are transferred to nitrocellulose by Western blotting and identified 

with streptavidin-HRP.

3.4 Evaluating the NB and SB protocols

Both approaches were initially developed to analyse the effect of RA upon cell- 

surface protein expression by cultured blastemal cells (B lH l cells). Cells were 

grown in 10 cm culture dishes until confluent and then exposed to 5x10"^ M RA for a 

period of three days, which has been shown to inhibit their growth by -50%  

(Schilthuis et al., 1993). During the final 24 hr period, NB cells were labelled with 

300 |iCi of 35s-niethionine. The samples were then processed according to the 

protocols in Figure 3.2 using the methods described in Chapter 2 (section 2.29). 

Figure 3.3 compares typical gels from the two different methods. Both methods 

yielded over 50 spots on the final autoradiographs, but the NB protocol produced a 

significantly distorted pattern, with artefactual streaks in the alkali region of the 1st 

dimension gel. Both protocols gave completely blank gel patterns when control cells 

that had not been biotinylated were analysed, confirming that aU streptavidin-binding 

proteins present in the cell extracts were biotinylated cell-surface and matrix proteins 

(data not shown). Although a significant number of proteins were present in the gels 

obtained using the two biotinylation protocols, they represent a small fraction of the 

total number of proteins expressed by the B lH l cells. Figure 3.4 compares the BlHl

95



cell-surface proteins identified by the SB protocol with the total complement of 

proteins expressed by the BlHl cells as revealed by metabolic labelling with 35s- 

methionine, and subsequent 2D-PAGE. In the original autoradiograph from which 

Figure 3.4B was obtained, several hundred spots are visible.

3.5 RA alters cell-surface protein expression by BlH l cells

The NB protocol was used to investigate the effect of RA treatment upon the 

expression of cell-surface proteins by BlHl cells. Confluent 10 cm dishes of BlHl 

cells were cultured, half of which were exposed to 5 x 10"  ̂ M all-trans RA, and 

processed according to the NB protocol after 3 days. Figure 3.5 shows a region of the 

2D autoradiographs obtained from ~1Q3 RA-treated and control cells. Much of the 

pattern of both autoradiographs is similar although several differences can be 

observed between Figure 3.5 A and B. However, the level of the spot indicated by 

the arrow, which is in a region of the gel that is both well resolved and almost 

identical in pattern between the two samples, was considerably elevated in the 

autoradiograph of the RA-treated cells versus the control cells.

3.6 Use of the SB protocol to investigate position-related differences 

in cell-surface protein expression by cells of the nev t̂ limb blastema

After several such experiments it became clear that the SB protocol would be the 

more suitable for an investigation into position-specific differences in blastemal cell- 

surface protein expression. The SB protocol did not require proteins to be 

radiolabelled, and the blastema could readily be biotinylated in vitro in 30 minutes. 

Proteins could be extracted in a small volume (50 jil) of solubilisation buffer that 

removed the requirement for the Centricon concentration step which is used in the NB 

protocol. It was felt that the washing of the avidin-agarose beads that was needed in 

the NB protocol to remove non-specifically bound proteins was such that some 

proteins of low abundance might be lost. A streptavidin-agarose reagent that would
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have reduced non-specific binding was not commercially available. Furthermore, the

NB protocol continued to cause significant distortions of the gel pattern in the 1st

dimension The use of the streptavidin-HRP reagent in conjunction with the ECL

reagent in the SB protocol allowed the detection of amounts of protein as low as 0.1 
3

ng (Figure .6) and was thus highly sensitive. In addition, exposure times of between 

5 seconds to 5 minutes were needed with the ECL kit whereas the NB 

autoradiography step required an exposure of -7  days.

The SB protocol was therefore used to investigate position-specific differences in 

blastemal cell-surface protein expression. A total of 8 newts received forelimb 

contralateral proximal and distal amputations. The blastemas were allowed to 

develop for 10 days. After harvesting the blastemas, the wound epidermis was 

dissected free to leave only the mesenchyme since the wound epidermis, and 

epidermis in general, does not posses graded positional values (Carlson, 1976). The 

tissues were then biotinylated and processed for 2D-PAGE following the SB protocol. 

After the blastemal proteins were solubilised, the sample was split into half, and the 

two halves were resolved on separate gels. Thus the cell-surface proteins from 

approximately 10^ blastemal cells were resolved on each gel. A comparable number 

of spots were obtained on the gels from the blastema and cultured BIH1 cell samples 

(Figure 3.7 A, B) although the overall patterns were quite different. Most significant 

was the appearance of high molecular weight protein trails in the samples from the 

blastemas that are characteristic of cell-surface glycoproteins (Figure 3.7 C, D) (see 

Von Boxberg et al., 1990). These spots may represent growth factor receptors or cell

cell signalling molecules that are not expressed by the cultured cells, and extracellular 

matrix components specific to the environment of the blastema.
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The SB protocol thus makes it possible to compare the cell surface proteins expressed 

by a proximal blastema with those of a distal blastema from the same animal. This 

technique therefore ensures that the tissues that are being compared are as similar as 

possible in terms of the age and cellular composition, and eliminates any variation 

between different animals. In addition, the flexibility of the ECL system allowed 

multiple exposures of differing length to be obtained in a very short period. Hence it 

was possible to rapidly identify proteins of both high and low abundance in the 

blastemal samples (Figure 3.8). Figure 3.9 illustrates the similarity of cell-surface 

protein expression between a proximal and a distal blastema from the same animal. 

Out of the 8 pairs of blastemas that were analysed in this trial, this was the only pair 

of which both the proximal and distal blastemas gave rise to such well-resolved 

patterns of spots, which underlines the overall technical difficulties that were 

encountered with this technique.

However, Figure 3.10 illustrates that there was a region of the autoradiograph, around 

the 40-50 KD range, at the acidic end of the 1 st dimension, where the pattern of spots 

was highly reproducible and the spots were well resolved in the majority of blastemal 

samples. (Note that this region is similar to that illustrated in Figure 3.5). It was 

therefore possible to compare this region of the autoradiograph for three proximal and 

three distal blastemas. This small comparison emphasises that, when searching for 

differences in protein expression related to a particular characteristic, samples should 

be as closely matched as possible in all other respects. In Figure 3.10 both qualitative 

and quantitative differences can be observed within the proximal and distal blastema 

samples, as well as between them, even amongst this small number of spots. 

However, in Figures 3.10 B and E, which represent blastemas obtained from the same 

animal, the pattern of spots is almost identical. In Figures 3.10 B and E, 2 spots are 

indicated whose level is increased in the distal blastema versus the proximal blastema. 

In order to be confident that such a difference is significant, a large number of
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matched blastemas would have to be examined. For example, if the unmatched 

proximal and distal blastemas in Figure 3.10 are compared (e.g. A and D, D and F) 

the putative position-related difference in protein expression of these two proteins 

cannot be seen.
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Discussion

This study has developed the biotin-avidin system coupled with 2D-PAGE to 

investigate cell-surface proteins of the regeneration blastema. Several attempts to 

investigate position-specific differences in protein expression during limb 

regeneration using 2D-PAGE have been described. The technique of 2D-PAGE is 

able to resolve the large number of proteins expressed by complex biological tissues 

and the SB biotinylation protocol developed herein has proved to be a sensitive and 

rapid method for specifically identifying cell-surface proteins. There are, however, 

many difficulties associated with this technique which can lead to irreproducibility of 

gel patterns and the problem of artefactual variation in gel patterns is common to all 

studies using 2D-PAGE. For example, it was found both in this study and in others 

(Greenberg and Adler, 1982) that the same sample, split and electrophoresed at the 

same time, revealed apparent difference in protein expression. These differences, 

caused by variations in the nature of the gels in each dimension and their running 

conditions, lead to artefactual changes in specific protein spots. In my study, gels 

were poured in large numbers using identical solutions and the biotinylation 

procedure was optimised and followed as closely as possible in each experiment. In 

addition, both first and second dimension gels were run under closely defined 

conditions. Although attempts were made to standardise gel conditions as much as 

possible, variation always occurred. Furthermore, cell-surface proteins are often 

hydrophobic and of high molecular weight which can lead to problems with sample 

solubilisation and transfer. A result of introducing the step of Western blotting into 

the protocol meant that the uneven transfer of hydrophobic membrane proteins over a 

very large range of mass and isoelectric point caused further difficulties with 

reproducibility. The analysis of proteins of a more restricted range of mass and 

isoelectric point would, in retrospect, have lessened the problems encountered with 

Western blotting. In a well resolved gel the number of protein spots in a blastemal
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sample was in excess of 50. It proved very difficult to analyse this number of 

proteins for quantitative and qualitative changes without the use of a computer -based 

imaging system. This was an even greater problem when gel patterns from similar 

samples failed to align and showed variable Western transfer. In the sample of 8 

newts used in the above trial, a total of 16 blastemas were analysed. Since each 

blastema sample was split into two, 32 gels were run in the trial. This is comparable 

to the study of Slack (Slack, 1982) where 125 gels were used to study differences in 

protein expression between forelimb and hindlimb, proximal and distal blastema, and 

wound epidermis and mesenchyme.

The study of Slack (Slack, 1982) is one of several that have used 2D-PAGE to 

analyse differences in protein expression during limb regeneration. While Slack's 

study failed to find any reproducible differences in protein expression, two other 

studies have recently met with greater success. The work of Carlone et al (Carlone et 

al., 1992) reported over 30 proteins whose expression varied in the blastema along the 

proximodistal axis of the limb, and 6 of these were appropriately sensitive to retinoic 

acid treatment. One of these proteins was sequenced and identified as a member of 

the heat shock family. It is interesting to note that the 57 KD product of the newt type 

II keratin, NvKII, whose RNA is expressed in the blastema at a level 3- to 5-fold 

greater distally than proximal, and is down regulated by RA (Ferretti et al., 1991), 

was not identified in their study. It could be that post-transcriptional regulation of 

NvKII expression produces a distribution of protein that is different to that of its 

RNA.

The development of these techniques took place during the first year of my studies. 

The problems with the irreproducibility of the gels and the manual analysis, made it 

difficult to identify candidate proteins with a sufficient degree of confidence. 

Although a position-related difference in cell-surface protein expression was noted in
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Figure 3.10, I estimate that approximately 50 pairs of blastemas would have to be 

analysed to confirm whether or not this difference is truly position-related, given the 

failure rate of the SB protocol in the trial that was performed In view of the 

additional difficulties associated with purifying approximately 1-5 |ig of a candidate 

protein for subsequent sequencing, it was decided to terminate the project. Yet the 

use of 2D-PAGE on a large-scale routine basis, coupled with computerised image 

analysis, remains a very powerful technique. The biotinylation protocol developed 

for use with single blastemas has a great potential in studying the cell-surface during 

regeneration; similar techniques have identified neural cell-surface proteins and have 

been used with preparative 2D-PAGE to facilitate their purification in order to 

produce specific monoclonal antibodies with which to further study protein 

expression.

Recent studies have again confirmed the importance of cell-surface proteins in 

regulating position-specific growth and differentiation. The four-jointed  gene, 

recently isolated in Drosophila (Brodsky and Steller, 1996; Villano and Katz, 1995) 

encodes a type II membrane glycoprotein which can be cleaved to release a secreted 

C-terminal fragment. The gene is expressed in a restricted pattern along the 

proximodistal axis of the developing leg and wing (Villano and Katz, 1995) where it 

potentially functions as a positive regulator of regional growth and differentiation 

along the PD axis of the imaginai disc. In light of the tremendous contribution to our 

understanding of development that has resulted from cloning vertebrate homologues 

of the Drosophila genes, it appeared more productive to isolate homologues of genes 

such as four Jointed, rather than to search directly for the protein products of such 

genes. In the next chapter I describe the potential role of the Notch gene family in 

positional information and report the identification and characterisation of a newt 

Notch homologue.
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Figure 3.1 The structures of NHS-SS-biotin (A) and Sulfo-NHS-biotin (B), 
and schematic digrams of their reaction with a primary amine group (C,D).
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Sulfo-NHS-biotin Protocol (SB)

Sample biotinylation

Protein extraction

i
Protein resolution by 2D-PAGE

Protein transfer to nitrocellulose 
by electroblotting

1
Protein detection with horseraddish- 

peroxidase coupled streptavidin

Protein visualisation with 
ECL kit

NHS-SS-biotin Protocol (NB)

Radiolabelling of cells with 
35S-methionine

i
Sample biotinylation

i
Protein extraction

i
Purification of biotinylated proteins 

using avidin agarose beads

i
Cleavage of biotin from protein 

with DTT

i
Sample concentration with 

spun dialysis column

1
Protein resolution by 2D-PAGE

Protein visualisation by 
autoradiography

Figure 3.2 A schematic diagram of the protocols used to identify cell surface 
proteins with Sulfo-NHS-biotin (SB) and NHS-SS-biotin (NB). See text and 
Chapter 2 for details.
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Figure 3.3 E xam ples o f  ce ll surface proteins expressed  by cultured new t B lH l ce lls , 
identified with the N B (A ) and SB (B ) protocols, and reso lved  by 2D -P A G E . B lH l  
ce lls  were cultured as described in Chapter 2, and processed  according to the protocols  
outlined in Figure 3 .2 . W hen the b iotinylation  step w as om itted  from each protocol, the 
subsequent g e ls  were com p lete ly  blank (data not show n). M olecu lar w eigh ts are 
indicated in KD.
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Figure 3 .4  B io lin y la lion  i den lilie s  a sm all fraclion o f  the lolal cellu lar proteins. 
(A ) B l H l  cell surface proteins identified  by the SB protocol. (B ) Total cellu lar  
proteins o f  B 1 HI c e lls  resolved  by 2D -P A G E . B 1 HI ce lls  were cultured as for 
the NB protocol and total cell proteins were m etabolica lly  labelled  and 
so lu b ilised  as for the NB protocol. The b iotinylation  step w as om m itted . and 
approxim ately 2()9î o f  the total so lu b ilised  protein obtained from a conH uent 
10 cm  dish o f  B l H l  ce lls  w as reso lved  directly by 2D -P A G E . M olecular w eigh t  
is marked in KD.
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Figure 3 .5  A ce ll surface protein expressed  by cultured blastem al c e lls  w hose  
expression  is stim ulated by retinoic acid. N ew t B lH l c e lls  w ere cultured in 10 cm  
dishes as described. H alf o f  the d ishes were exp osed  to 5x10-7 M R A  for 3 days. 
C ell surface proteins from the tw o ce ll sam ples were labelled  and identified  
according to the N B  protocol. The tw o g e ls  show n above were typical o f  those  
obtained w ith control untreated (A ) and R A -treated (B ) B l H l  ce lls . Identical 
proteins in the tw o sam p les are labelled  w ith low er case  letters (e.g . a, a'; b, b’; c, c' 
etc .). The protein spot labelled  w ith an arrow is exp ressed  at m uch greater lev e ls  
in R A -treated ce lls . Its m olecu lar w eigh t is  approxim ately 7 0  K D . D uplicate g e ls  
run from the sam e sam p les gave identical results, and the experim ent w as  
perform ed tw ice. M olecular w eigh ts are marked in K D .
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B io iin y la lcd  B SA  
(67 K Da)

B io iin y la lcd  
ovalbum in  
(45 K Da)

Figure 3 .6  An assay o f  ihc scn siliv iiy  ol ihc SB prolocol. D ilu lio n s oi' a so lu lion  
ol‘ b io iin y la lcd  B S A  and b io iin y la lcd  ovalbum in  were reso lved  by PA G E . The 
proieins were iranslerred lo n ilrocellu lose  by sem i-dry b lo llin g , and d eiec ied  using  
ihe sirep iavid in-H R P  (PIER C E) reageni and v isualised  w iih  B C IP /N B T . The 
amoLini ol prolein eon la ined  w iih in  each band is ind iealed  above ihe lanes in 
nanogram m es. A s liiile  as 1 ng o f  prolein can be d eiec ied  in a band, su ggeslin g  
ihal a prolein spol con ia in in g  approxim alely  0.1 ng should be readily d eiec ied  w iih  
ihis prolocol.
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Figure 3.7 T ypical pattern o f  cell surface protein expression  by lim b blastem a  
m esen ch ym e (A ) com pared with cultured B lFIl ce lls  (B ) identified  by the 
SB protocol. The asterixes in (A ) mark trails o f  spots characteristic o f  
cell surface proteins that are d ifferentia lly  g ly co sy la ted . G lycosy la tion  can affect 
the isoelectr ic  point o f  the protein w ithout s ign ifican tly  affectin g  its m olecu lar  
w eight. T hese trails are show n enlarged in (C) and (D ). The sm ears marked in 
(C) can be identified  as a trails o f  ind ividual spots in the original autoradiograph. 
M olecular w eigh ts are marked in K D .
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Figure 3.8 The SB protocol w as able to identify the cell surface proteins exp ressed  
in a sin g le  blastem a. A  series o f  exp osu res o f  the 2D -P A G E  g e l after the analysis  
o f  approxim ately 50%  o f  the protein com prising  a sin g le  proxim al forelim b  
blastem a w ith the SB protocol. Exposure tim es on K odak X A R  film  were (A ) 5 
seconds; (B ) 20  seconds; (C) 60  seconds; (D ) 9 0  secon d s. W ith the ECL detection  
m ethod, m ultiple exp osu res can be m ade from a sin g le  2 D -g e l w hich  en ab les both 
low - and high-abundance proteins to be reso lved . M olecu lar w eig h ts  are sh ow n  in 
KD.
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Figure 3 .9  A  com parison o f  the com p lem en t o f  ce ll surface proteins exp ressed  by 
a sin g le  proxim al (A ,C ) and sin g le  distal (B ,D ) blastem a. The proteins w ere 
identified  with the SB protocol. C om parable exposure tim es (A ,B  9 0  seconds; 
C ,D  15 secon d s) reveal the h igh  degree o f  sim ilarity betw een  the tw o patterns o f  
proteins. The asterixes in (A ) and (B ) mark reg ion s o f  the g e ls  that are show n  
enlarged, and w ith a shorter exposure tim e, in (C) and (D ). M olecular w eigh ts are 
show n in KD.
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Figure 3 . 10  A  com parison o f  ce ll surface proteins expressed  by proxim al versus 
distal b lastem as. A  com parison  o f  the pattern o f  protein spots in a sm all region o f  
the 2 D -g e ls  from three proxim al (A -C ) and three distal (D -F ) b lastem as w as m ade. 
T his region w as ch osen  because it contained  spots that w ere w ell-reso lv ed  in a 
high ly  reproducible pattern, and cou ld  be v isu a lised  w ith a short, 15 second  
exposure. H ow ever, qualitative and quantitative d ifferen ces can be observed  both  
w ithin and betw een  the sam p les o f  proxim al and distal blastem al patterns. T hese  
d ifferen ces are un likely  to result from variations introduced by the SB  protocol and 
su ggest that there are sign ifican t d ifferen ces in b lastem al cell-su rface protein  
expression  independent o f  positional identity. H ow ever, B and E, w h ich  were  
obtained from the sam e anim al, are alm ost identical in pattern apart from the 
qualitative d ifference in the spots m arked by the asterix. M olecu lar w eigh t is 
marked in KD.
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Chapter 4

A newt Notch homologue 
is expressed in the limb 

blastema, and in 
differentiated cells in 

culture
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4.1 Introduction

The previous chapter detailed a search for proteins whose expression might encode 

positional information in the regeneration blastema. There is strong evidence to 

support the hypothesis that the positional identity of the blastema is represented at the 

cell-surface by the graded expression of cell-surface proteins. My study however 

failed to identify candidate proteins due to the technical difficulties encountered using 

the 2D-PAGE method for resolving proteins. In this chapter I will describe the 

isolation of a newt member of the Notch gene family, and an analysis of its potential 

role in positional information. While this study was in progress, a large body of work 

was published regarding the function of Notch proteins in vertebrate development. I 

will describe the expression and function of the newt Notch gene in the light of this 

new information.

4.2 Function of the Notch gene in Drosophila development

Studies of developmental mutants of Drosophila have identified the Notch gene as 

playing a key role in cell interactions regulating differentiation and patterning. The 

role of Notch was first illustrated in studies of embryonic neurogenesis (Poulson, 

1937; Poulson, 1940). During the development of the Drosophila central nervous 

system, a monolayer of equipotent neuroectodermal cells separates into two 

populations of cells: (1) a regularly spaced pattern of neuroblasts, which delaminate 

from the monolayer and go on to produce the neuronal lineages separated by (2) 

intervening dermoblasts which form the epidermis (reviewed in Compos Ortega and 

Hartenstein, 1985). In the absence of functional Notch protein in the embryo all the 

cells of the neuroectoderm adopt the neuronal fate leading to a lethal neural 

hyperplasia. Genetic mosaic analysis of Notch function (Heitzler and Simpson, 1991) 

has demonstrated that wild-type cells adopt the epidermal fate if adjacent cells 

express a lower level of Notch activity than themselves, but produce neuronal

114



precursors if adjacent cells express a higher level of Notch activity. This 

demonstrates that there is competition between the cells in choosing a fate, and that 

the Notch protein is required for the mechanism whereby the cells chose between 

alternative fates.

Notch mediates the choice of cell fate in a number of other tissues. During the 

development of the retina of the eye, ommatidia are assembled in a stereotyped 

fashion. Loss of Notch activity was shown to affect all cell fate decisions in the 

retina: early loss affected photoreceptor and cone cell development; at later stages 

bristles were affected, then pigment cells (Cagan and Ready, 1989). Loss of Notch 

activity during the whole of the period of retinal development caused all cells to adopt 

a default state as a photoreceptor or a pigment cell. These results suggest that the role 

of Notch in the choice of different cell fates is permissive rather than instructive. 

Notch also acts during the differentiation of non-neural tissues such as somitic 

muscle. In embryos with reduced Notch activity, the number of muscle precursors 

increases over 5-fold, at the expense of the surrounding cell types (Corbin et al.,

1991); again Notch functions in a binary choice of cell fate: muscle precursor or non

muscle mesoderm.

4.3 Notch signalling

The structure of the Drosophila Notch protein is consistent with its function as a 

signal receptor. The Notch  gene (Wharton et al., 1985) encodes a 300 KD 

transmembrane protein (Kidd et al., 1986) with a large extracellular domain of 36 

tandem epidermal growth factor (EGF)-like repeats and 3 cysteine rich Notch/Lin-12 

repeats (Figure 4.1). The intracellular domain is comprised of 6 tandem Ankyrin 

repeats (Blank et al., 1992) and a PEST sequence (Rogers et al., 1986). Genetic 

analyses have identified two structurally related ligands for the Notch receptor 

encoded by the Delta and Serrate genes (Flemming et al., 1990; Kopczynski et al..
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1988; Thomas et al., 1991; Vassin et al., 1987). The extracellular domains of the two 

proteins resemble that of Notch in that they contain a number of EGF-like repeats, 

and a second cysteine rich motif. The EGF-like repeats are important for protein 

interactions and cell aggregation assays have shown that both Delta and Serrate bind 

to the extracellular (EGF)-like repeat region of Notch, and that repeats 11 and 12 are 

necessary and sufficient for this interaction (Fehon, 1990; Rebay et al., 1991).

Genetic mosaic analysis has shown that Delta acts non-autonomously, consistent with 

its proposed role as a signalling ligand for the Notch receptor (Heitzler and Simpson,

1991). Loss-of-function mutations in Delta cause similar cell-fate transformations as 

Notch mutations suggesting that the Notch receptor is activated upon the binding of 

Delta (Fortini and Artavanis, 1993). Genetic and molecular studies have identified 

several components of the Notch signal-transduction pathway (Figure 4.1). The 

protein products of two genes, deltex and Suppressor o f Hairless \Su(H)], may 

interact directly with the Ankyrin repeats of Notch (Diederich et al., 1994; Fortini and 

Artavanis, 1994). Deltex is a cytoplasmic protein, whereas the product of Su(H) is 

translocated into the nucleus when Notch binds to its ligand Delta. Inside the 

nucleus, several members of the Enhancer of split family of basic helix-loop-helix 

proteins are transcriptionally activated by Notch signalling (Jennings et al., 1994). 

The complete Notch signalling pathway appears to be conserved in amphibia and 

higher vertebrates (reviewed in Artavanis et al., 1995).

4.4 Vertebrate Notch genes

Many vertebrate homologues of the Drosophila Notch gene have been cloned and 

characterised including homologues in Xenopus (Coffman et al., 1990), zebrafish 

(Bierkamp and Campos, 1993), rat (Weinmaster et al., 1991; Weinmaster et al.,

1992), mouse (Lardelli et al., 1994; Uyttendaele et al., 1996) and humans (Ellisen et 

al., 1991; Larsson et al., 1994). At present, the vertebrate Notch gene family contains
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four genes (Uyttendaele et al., 1996). All of the homologues are very highly 

conserved throughout their coding regions, and are approximately 50% identical at 

the amino acid level, both with respect to each other and the Drosophila Notch 

protein. The vertebrate Notch genes are expressed in overlapping patterns, and their 

localisation resembles that of Drosophila Notch. Thus in both amphibians and higher 

vertebrates, high levels of Notch RNA are detected in regions of undifferentiated, 

proliferating CNS progenitor cells. For example. Notch genes are highly expressed in 

proliferative neuroepithelia such as the ventricular zone of the brain when CNS 

neurons are being bom (Weinmaster et al., 1991). In Xenopus and rat, high levels of 

Notch RNA in the developing eye are localised to the proliferative zones of the retina 

and lens (Coffman et al., 1990; Weinmaster et al., 1991). As in Drosophila, 

vertebrate Notch expression is not restricted to the developing nervous system: 

transcripts are detected in all three germ layers and their derivatives. In particular. 

Notch genes are expressed at very high levels in the presomitic mesoderm during 

somitogenesis and a band of Notch transcripts marks out each newly forming somite 

(Bierkamp and Campos, 1993; Conlon et al., 1995; Lardelli et al., 1994; Weinmaster 

et al., 1991). The expression data of the Notch genes in Drosophila and vertebrates 

strongly suggest that the Notch  genes play multiple roles in patterning and 

differentiation of the embryo.

4.5 Functional assays of Notch genes using extracellularly deleted 

constructs

Insight into the precise role of Notch  during differentiation and patterning has 

emerged from studies expressing truncated forms of Notch in several species. These 

Notch constructs have had their extracellular ligand-binding domains deleted and 

resemble the naturally occurring oncogenic forms of mammalian Notch proteins 

encoded by the mouse int-3 gene, associated with mouse mammary tumours, and the 

human TAN-1 gene found in T lymphoblastic leukaemias (Ellisen et al., 1991;
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Robbins et al., 1992). The similarity of the truncated Notch phenotype to those from 

gain-of-function alleles of Notch (Rebay et al., 1993), to TAN-1 and int-3, and to the 

mosaic analysis of Heitzler and Simpson (Heitzler and Simpson, 1991) has led to the 

suggestion that the deleted constructs represent constitutively activated forms of the 

Notch receptor. Transient expression of activated Notch throughout the Drosophila 

embryo, during the period in which the neuroectoderm differentiates, suppressed 

neuroblast segregation and virtually all ectodermal cells gave rise to epidermis 

(Lieber et al., 1993; Rebay et al., 1993; Struhl et al., 1993). When activated Notch 

was expressed later in the developing eye disc, it transiently blocked cell-fate 

commitment and cells expressing activated Notch either adopted a default cell-fate, or 

differentiated incompletely. However, expression of the construct in cells that 

normally remained uncommitted during the time of analysis had no effect. Injection 

of an activated Notch construct into the Xenopus embryo disrupted the differentiation 

of the neural and mesodermal lineages, where the endogenous Notch  gene is 

expressed (Coffman et al., 1993). In particular, the cement gland and neural crest 

failed to develop, whereas there was hypertrophy of muscle tissue and the neural tube. 

In these studies using transient expression of activated Notch, cells were able to 

recover and complete their differentiation, or respond to later developmental cues 

once exogenous Notch signalling had subsided. Taken together, the data suggest that 

Notch acts to maintain the competence of many different cell types to respond to 

differentiative cues, and differentiation commences when Notch signalling activity 

ceases.

My interest in cloning a newt homologue of Notch arose from the early studies of the 

development of the Drosophila neuroectoderm which demonstrated that the Notch 

molecule was a transmembrane protein, that mediated cell adhesion via the Delta 

ligand. In addition, the detailed study of Hietzler and Simpson (Heitzler and 

Simpson, 1991) revealed that cell fate determination within the neuroectoderm was
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sensitive to the relative cellular level of Notch protein within neighbouring cells. 

Together these data strongly supported a role for a newt homologue of Notch in the 

encoding of positional information regeneration. For example, the differential 

expression of Notch in blastemas of differing proximodistal levels could underlie the 

proximodistal positional identity of the blastema. This role is further supported by 

Crawford and Stocum's studies of blastema differential affinity and level-specific 

properties of the regenerate (see Chapter 1). In this chapter I report that a newt Notch 

homologue is uniformly expressed along the proximodistal axis of the limb during 

regeneration, and that its RNA levels are insensitive to retinoic acid which does not 

support such a role for the newt Notch homologue. Newt Notch is also expressed 

during development in a similar pattern to Notch family members in other species. 

Data has emerged during my studies from experiments in both Drosophila and higher 

vertebrates showing that the Notch receptor appears to regulate the differentiation of 

cells by controlling their ability to respond to inductive signals during the 

determination of cell fates. In light of this new data I also describe a study to 

investigate the ability of a constitutively active Notch receptor to block myogenesis in 

cultured newt cells.
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Results 

4.6 Cloning of the newt Notch gene

A large number of degenerate primers were designed, corresponding to the regions 

most highly conserved in the vertebrate Notch gene family. These were used in PCR 

reactions with several newt cDNA libraries as template. A single Notch  product, 

N800 (Figure 4.2A), was obtained with primers corresponding to the LNR region of 

the Xenopus Notch homologue, Xotch (amino acids 1260 to 1387). The N800 

sequence was used to probe approximately 1 million plaques of a newt blastemal 

cDNA library. Only 4 positive clones were identified which suggested that the newt 

Notch molecule was present at a very low level in the library. Two different, 

overlapping cDNA clones were isolated from the library screen, A1 and B2, 

approximately 3 Kb and 2 Kb in length respectively (Figure 4.2A). The nucleotide 

sequence and predicted protein product of clone B2 is shown in Figure 4.2B. The 

sequence corresponds to amino acids 810 to 1387 of the Xenopus Xotch molecule. 

Figure 4.3 shows the sequence identity of the predicted newt Notch protein with the 

similar region from Notch proteins of other Drosophila and zebrafish. The putative 

newt Notch protein is most similar to Notch cloned from zebrafish and Xenopus (55% 

amino acid identity, 65% similarity). The region of the Notch molecule cloned from 

the newt includes to EGF repeats 22 to 36.

4.7 Tissue distribution of newt Notch transcripts

A Northern blot containing 5|ig of RNA and 5|ig of poly(A)+ RNA from adult 

hindlimb was hybridised with the pAlh2 probe (Figure 4.2A) at high stringency. 

Three bands were detected in poly(A)+ RNA (Figure 4.4). The smallest band was 

approximately 10 Kb, and corresponds to the size of the Notch  mRNA transcript 

observed in other species (Bierkamp and Campos, 1993; Coffman et al., 1990; Kidd
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et al., 1986; Weinmaster et al., 1991). The two other bands were much larger and are 

most likely to represent partly processed Notch mRNAs rather than different Notch 

genes since all the Notch genes thus far cloned have a transcript of between 8 to 10 

Kb. Some RNAs in the newt appear to be poorly processed and cDNAs containing 

intron sequences have often been isolated from dT-primed newt cDNA libraries.

The expression of the newt Notch gene was further analysed by RNase protection. 

All RNA samples were normalised by reference to transcripts detected with a newt 

translation elongation factor l - a  (E F l-a )  probe (Simon and Tabin, 1993). 

Expression levels were quantified using a Molecular Dynamics imaging system. 

Expression of Notch was detected in RNA from both normal and blastemal tissue 

from the limb and tail (Figure 4.5A) as a protected fragment of 220 bp. The 

expression of Notch was comparable in both normal and regenerating tissue (compare 

lanes 1 and 3, 2 and 4). To investigate a potential role for Notch in encoding 

positional information in the limb blastema. Notch  expression at differing 

proximodistal levels was analysed by RNase protection. The expression of Notch 

transcripts did not vary along the PD axis of the adult limb (Figure 4.5 A, lanes 1 and 

2) and was similar in blastemas of different proximodistal origin (lanes 3 and 4). It is 

well known that retinoic acid is able to respecify PD position during regeneration (see 

Chapter 1). However, there was no effect of retinoic treatment on the level of Notch 

RNA in the blastema although retinoic treatment has been shown to up-regulate 

Notch expression during the development of mouse teeth (Mitsiadis et al., 1995). 

Notch RNA in the blastema was detected at equal levels in both the wound epidermis 

and the mesenchymal cells (Figure 4.6 ).
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4.8 Cellular localisation of Notch in the limb blastema

Newt Notch was shown to be expressed in the limb blastema by RNase protection, 

and its cellular localisation has been investigated by whole mount in situ 

hybridisation. The distribution of Notch transcripts in the regenerating limb has been 

studied at 9 days after amputation, before differentiation is apparent, and at the palette 

and digit stages when differentiation and morphogenesis are in progress (Figure 4.7). 

The Notch RNA was detectable at a low level in the blastema as early as 9 days after 

amputation and in microtome sections of a 9 day old blastema. Notch  RNA was 

detected throughout the mesenchyme and wound epidermis (Figure 4.7A). Oblique 

sections of blastemas that also included some stump tissue revealed Notch expression 

in the dermal layers of normal skin (Figure 4.7B). In blastemal sections almost all of 

the blastemal cells expressed Notch RNA. Notch expression was also detected at later 

stages of regeneration, during the period of differentiation. At this time, expression in 

the epidermis had ceased, nor was Notch RNA detected in cartilage (Figure 4.7C-E). 

Significant levels of Notch RNA were detected throughout the remaining tissue of the 

regenerate even at the late digit stage (Figure 4.7D-E). Therefore Notch is expressed 

very early in regeneration during the accumulation of blastemal cells, in both the 

wound epidermis and blastemal mesenchyme. Expression is maintained during the 

growth of the blastema and during later stages of differentiation when transcripts 

become localised to the tissue surrounding the digits.

4.9 Localisation of Notch in the newt embryo

The expression of Notch has been studied in early newt embryos by whole mount in 

situ hybridisation (Figure 4.8). High levels of Notch transcripts were detected 

throughout the developing somites during somitogenesis (Figure 4.8A), and in the 

developing notochord (Figure 4.8B). Notch RNA was also present at high levels in 

the embryonic nervous system. In particular there was significant Notch expression
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in the developing optic vesicle in cells of both the lens and retina (Figure 4.8C), and 

similar levels of Notch RNA were detected in the neuroepithelium of the otic vesicle 

(Figure 4.8D). The expression of Notch in the newt embryo is similar to that 

observed in other species and supports a role in the development of not only the CNS 

but also mesodermal tissue such as axial muscle.

4.10 Use of a constitutively active Notch receptor to investigate 

myogenesis in vitro

During the course of these studies, several papers were published which suggested 

that Notch might play a key role, not simply in mediating binary choices of cell fate, 

but more generally in regulating the competence of cells to respond to inductive 

signals and their ability to differentiate accordingly. An area of interest in the 

laboratory has been the role of muscle in contributing to the formation of the blastema 

by dedifferentiation. A study by Lo et al. (Lo et al., 1993), used cultured newt A1 

cells that were originally derived from explants of ankle mesenchyme and form 

myotubes in response to low serum conditions. After labelled myotubes were 

implanted under the wound epidermis of limb blastemas, strongly labelled 

mononucleate cells were observed after 1 week demonstrating a reversal in the 

mononucleate to multinucleate transition of vertebrate myogenesis. The expression 

pattern of Notch  in the newt embryo shown above is consistent with a role in 

regulating muscle development. Figure 4.9A shows by RNase protection that the 

cultured newt cells used in the study of Lo et al. (Lo et al., 1993), express Notch 

transcripts at a similar level to the adult limb and blastema. However there was no 

decrease in the level of Notch RNA in the cultured cells when they differentiated in 

vitro into multinucleate myotubes (Figure 4.9A). This is in contrast to the 

observation in other organisms that Notch levels are dramatically reduced in muscle 

once a somite has formed (Bierkamp and Campos, 1993; Lardelli et al., 1994; 

Williams et al., 1995). The level of Notch RNA in the cultured cells was too low to

123



be readily detected by in situ hybridisation. However, probes were radiolabelled 

with 33p, an isotope with a much shorter half-life than (25 days versus 87 days), 

but with less associated scattering than 32p Using these probes it was possible to 

show by in situ hybridisation that both mononucleate A1 cells and multinucleate 

myotubes expressed comparable amounts of Notch transcripts in vitro (Figure 4.9B, 

C).

Studies using Notch constructs deleted in the extracellular region, which appear to 

behave as constitutively active receptors, have shown that such molecules are able to 

delay or even block differentiation in a range of cell-types and species. More 

recently, the activation of an intact Notch receptor by the continuous presence of 

ligand was sufficient to prevent the differentiation of myogenic cells in vitro (Lindsell 

et al., 1995). A rat Notchl construct encoding an extracellularly deleted molecule 

was obtained from G. Weinmaster (pCDNl; Figure 4.10A). The molecule encoded 

by this construct has recently been shown to inhibit myogenic differentiation in 

culture (Shawber et al., 1996b). To examine the role of Notch signalling during 

myogenic differentiation, newt A1 cells were transfected with the pCDNl expression 

plasmid. Separate plates of A1 cells maintained in high serum were transfected with 

either EF|3-gal plus pCDNl or pCAP (4 pg each), mixed together, replated and 

exposed to a reduced serum concentration (Figure 4.10B). Four days later, when 

large numbers of myotubes were visible on the plates, they were fixed and stained for 

both P-galactosidase and alkaline phosphatase activity to identify cells transfected 

with the EFP-gal and pCAP plasmids respectively (Figure 4.11 A)

The fraction of alkaline phosphatase positive cells that were multinucleate was 

calculated as a measure of the control rate of myogenesis and varied in different 

experiments between 20% and 31% (see Figure 4.1 IB). This was compared to the 

equivalent fraction for P-galactosidase positive (and hence pCDNl expressing) cells
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on each plate. Any effect of CDNl expression on myogenesis should be apparent in 

this comparison. CDNl had no detectable influence on myogenesis in this system; 

the difference in the frequency of myotube formation between CDNl-expressing and 

control cells did not vary by more than 1.5-fold (Figure 4.1 IB).

The lack of an effect of CDNl expression on myogenesis could have been due to the 

failure of the pCDNl constmct to direct proper expression of the CDNl molecule in 

newt cells. This is unlikely as the promoter used in the pCDNl plasmid, the E F la  

promoter, is known to direct high levels of transcription in newt cells as the large 

number of viral and eukaryotic promoters that have been tested in this laboratory. A 

polyclonal antisera to the CDNl molecule was obtained from G. Weinmaster (93-4; 

Shawber et al., 1996b) and used to detect CDNl protein in transfected cells. Figure 

4.12 shows that the antisera specifically recognised a fraction of the newt cells that 

had been transfected with pCDNl, and this fraction was appropriate for the 

transfection efficiency obtained using the Biolistic method (approximately 1 to 5%). 

Control labelling with antisera alone was negative (data not shown). These data are 

consistent with the 93-4 antisera recognising CDNl protein in cells transfected with 

the pCDNl expression plasmid.
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Discussion

This study reports the cloning of a newt member of the Notch gene family, an 

analysis of its RNA expression pattern, and an investigation of its function during the 

differentiation of myogenic newt cells in culture. Although only a partial cDNA of 

the newt Notch gene was cloned, the conservation of sequence in the EGF repeat 

region strongly suggests it is a true homologue of Notch. Northern analysis revealed 

a transcript similar in size to that of Notch  mRNAs from other species. N otch  

expression was detected at similar levels in both adult and regenerating tissue by 

RNase protection. The Notch gene is therefore similar to members of the Hox and 

hedgehog gene families, in being a gene that plays a key role during the development 

of higher vertebrates, that is expressed in the regeneration blastema of the newt limb 

(see Chapters 1 and 5). The expression of such genes during regeneration suggests 

that similar molecular mechanisms may be acting to regulate both development and 

regeneration (see Summary).

Notch RNA was detected at equal levels in blastemas of differing proximodistal 

levels of origin, and the level was unaffected by retinoic acid treatment. If the 

distribution of Notch protein reflects the presence of Notch RNA, then the above data 

do not support a role for differential Notch expression in the mechanism underlying 

the positional identity of blastemal cells. It is important to note however, since Notch 

is believed to function as a signal receptor, that a proximodistal gradient of a Notch 

ligand could exist during regeneration. Hence the activity of the receptor could be 

regulated by a mechanism other than by changes in the amount of Notch RNA. In 

light of this result, I tried to identify a homologue of the Notch ligand Serrate, by 

screening a newt blastemal cDNA library at low stringency with a chick Serrate 

probe (Myat et al., 1996) (See Appendix). This search was unsuccessful and so the 

distribution of Notch ligands in the blastema remains unknown.

126



Notch transcripts were also detected in the newt embryo in a comparable pattern to 

that reported from a range of other organisms. High levels of Notch RNA were found 

in the developing nervous system of the newt, in particular in the developing 

neuroepithelia of the brain, the optic and otic vesicles, and the notochord. Newt 

Notch is therefore expressed in undifferentiated, proliferating progenitor cells in both 

the embryonic CNS and the regenerating limb. The strong correlation of Notch 

expression with undifferentiated cells is in keeping with the postulated role for Notch 

genes in regulating the selection of cell fates. Notch expression is not restricted to the 

developing nervous systems of other species, and high levels of expression have been 

detected in various mesodermal derivatives in both D rosophila  and higher 

vertebrates. In particular. Notch is required for the development of somatic muscle in 

Drosophila and the mouse (Conlon et al., 1995; Corbin et al., 1991). In the newt 

embryo, significant Notch expression was throughout the developing somitic muscle 

at stage 32-34. In the zebrafish. Notch RNA did not accumulate equally throughout 

the somite which suggests there are differences between the cells of the various 

regions of the somite (Bierkamp and Campos, 1993). Differences between the cells 

of chick somites have been found with respect to axonal growth (Norris et al., 1989), 

and axonal growth in D rosophila  can be mediated in part by the Notch/Delta 

pathway, in the case of the intersegmental nerve (Giniger et al., 1993). Thus, Notch 

expression in the newt somites is likely to be important for muscle cell development. 

In addition, whilst Notch RNA is uniformly distributed throughout the newt somites 

at the stage examined. Notch may play a role in subsequent innervation as suggested 

by data from other species.

Notch expression is down regulated as cells differentiate (Lindsell et al., 1995; Myat 

et al., 1996). It is therefore striking that in culture, newt A1 cells continue to express 

Notch RNA after they have differentiated into multinucleate myotubes. Whilst the
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ectopic expression of Notchl in differentiating mouse C2C12 myoblast cell lines fails 

to prevent myotube formation in culture (Lindsell et al., 1995), continued signalling 

by an activated Notch receptor, achieved by using a bone fide ligand or a truncated 

Notch construct, will block the myogenic differentiation of these cells (Lindsell et al., 

1995; Shawber et al., 1996b). This result supports the hypothesis that Notch 

signalling delays differentiation, and functions to maintain cells in an uncommitted 

state.

Expression of the CDNl Notch construct, used by Shawber et al. to block 

myogenesis, failed to block the formation of myotubes by the myogenic newt A1 

cells. However, Shawber et al. stably expressed the CDNl molecule in clonal cell 

lines whereas the experiment reported in this Chapter used transiently transfected 

cells. Therefore, only 1% to 5% of the cells used in this present assay expressed the 

CDNl molecule, and these cells would therefore be surrounded by cells that were 

untransfected. Such a situation might prevent the cell-cell interactions mediated by 

an activated Notch molecule, and thus prevent CDNl from affecting differentiation in 

this assay. Furthermore, the isolation of stable C2C12 transfectants may have 

selected for secondary events favouring clonal expansion at the expense of the ability 

to undergo myogenic conversion, although these C2C12 cell lines could form 

myotubes when transiently transfected with a CDNl antisense construct, which does 

not support this proposition. In light of my result, it is interesting that the transient 

expression of the newt Msx-1 gene in a similar assay failed to block the differentiation 

of the newt A1 cells (Crews et al., 1995), whereas the stable expression of murine 

Msx-1 in the F3 mouse myoblast cell line blocked myogenic differentiation (Song et 

al., 1992).

Shawber et al. present further data to suggest that Notch signalling can potentially 

activate two independent signalling pathways. One pathway proceeds via the
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activation of CBFl, which is the mammalian homologue of the Drosophila 

Suppressor of Hairless [Su(H)] protein, and the subsequent up-regulation of HES-1, 

the mammalian homologue of the Drosophila Enhancer o f Split [E(spl)] genes; the 

second pathway is independent of these signalling components (Shawber et aL, 

1996b). The Notchl construct expressed in my assay lacks those parts of the protein 

necessary to activate CBFl and does not induce HES-1 expression (Shawber et al., 

1996b). Whilst activation of the CBFl-independent pathway blocked myogenesis in 

C2C12 myoblasts, activation of the CBFl-pathway did not (Shawber et al., 1996b), 

whereas overexpression of HES-1 was sufficient to inhibit the MyoD-induced 

myogenic conversion of lOTl/2 cells (Sasai et al., 1992). The failure of the CDNl 

molecule to block the myogenesis of newt A1 cells may reflect the absence of the 

CBFl-independent signalling pathway in these cells. Therefore it remains possible 

that the ectopic expression of a Notch molecule that is able to activate CBFl could 

block the differentiation of newt A1 cells into myotubes. However, since myotubes 

derived from A1 cells are able to dedifferentiate in the context of the blastema (Lo et 

al., 1993), and serum can stimulate these myotubes to re-enter the cell cycle in culture 

(Tanaka et al., 1996), the continued expression of Notch by the newt myotubes might 

be part of, or central to the mechanism which enables the myotubes to dedifferentiate 

during regeneration and give rise to mesenchymal blastemal cells.

No data is presented in this thesis regarding the expression of Notch in the developing 

newt limb bud. A single embryo at the limb bud stage was analysed by whole mount 

in situ hybridisation, and Notch RNA was detected in the limb bud mesenchyme and 

epidermis. I am presently analysing a large number of limb bud stage embryos to 

investigate Notch expression in the limb bud. In a recent report, Notchl was detected 

in the AER of the vertebrate limb bud but not in the mesenchyme (Shawber et al., 

1996a). However, the same study reported the expression of a Notch ligand 

throughout the limb bud mesenchyme which suggests that a Notch homologue is also
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likely to be expressed here. Therefore, in the future I would like to present further 

data suggesting that Notch expression is important for both newt limb development 

and regeneration.
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Figure 4.1 Notch signalling.

(A) Structure of the Notch, Delta and Serrate proteins with the domains labelled. EGF- 
like repeats number 11 and 12 of the Notch molecule are highlighted.

(B) A speculative model for Notch signalling. The Notch receptor may bind to either 
Delta or Serrate through its extracellular 11th and 12th EGF-like repeats. Ligand 
binding may result in receptor multimerisation that is stabilised by interactions between 
the intracellular CdclO repeats of Notch and the cytoplasmic protein Deltex. These 
events may control the putative nuclear translocation of the DNA-binding protein 
Suppressor of Hairless and its known association with the Hairless protein. The 
transcriptional induction of the Enhancer o f split [E(spl)] bHLH genes appears to 
depend on Notch signalling and the molecular role of Mastermind remains to be 
determined (see Artavanis et al., 1995).
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Figure 4.2 Newt Notch.

(A) Organisation of the newt Notch cDNAs and subclones used as probes compared 
with the full length Notch molecule. N800 is the original fragment of Notch obtained 
by PCR. A1 and B2 are overlapping cDNAs obtained by screening a newt limb 
blastema ^gtU library with the N800 cDNA. pAlh2 is a subclone of A1 used as a probe 
in RNase protection and whole mount in situ hybridisation analyses.

(B) Structure of the newt Notch cDNA showing the nucleotide and predicted amino 
acid sequence of the B2 Notch cDNA subclone. Cysteine residues conserved in the 
EGF-like repreats are in red type.
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Notch
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B2

A l

A1H2

3780

2430

1580

4660

4660

4660

1 8 6 0 —  2080

B 1 GAATTCCGGACAGTTACGCCCTGTATAGGGGAGGTCACAGAGAGAATGTCCTAGCTCCTTGCTCTTCAAGCCCTTGTGAA 8 0
1 I P D S Y A L Y R G G H R E N V L A P C S S S P C E  2 7

8 1  AATGGCGGTGTCTGTGACCATACACCAGACTACGAAGGATTCTTATGCAGCTGTGCCCCTGGATGGCAAGGCCAGAAGTG 1 6 0
2 7 N G G V C D H T P D Y E G F L C S C A P G W Q G Q K C  5 3

1 6 1  CAACGTGGATATTAACGAATGCGACAGGAGCCCTTCCAAGAACAGGGGCACATGCACCAACCTTCGTGGAAGCTACACCT 2 4 0
54 N V D I N E C D R S P S K N R G T C T N L R G S Y T C  8 0

2 4 1  GTGCATGCCGCCCAGGCTTCAGTGGCACTGACTGCGAGACTGGCATCAATGATTGTGCACCTAATCCATGTTTGAATGGG 3 2 0
8 1  A C R P G F S G T D C E T G I N D C A P N P C L N G  1 0 7

3 2 1  GGAACATGCCAAGACAGCATTAGTACCTTCTCTTGCACCTGCATGCCTGGCTTCACTGGCCCGCGCTGTGCCACGGAGAT 4 0 0
1 0 7 G T C Q D S I S T F S C T C M P G F T G P R C A T E I  1 3 3
4 0 1  CAACGAGTGCCTGAGCAGCCCTTGCCGCAACGGAGGCTCTTGCACGGACTATGTGAATAGCTACACCTGCACATGTCTGC 4 8 0
1 3 4  N E C L S S P C R N G G 5 C T D Y V N S Y T C T C L P  1 6 0
4 8 1  CAGGCTATGCCGGCATTCACTGTGAAAAGAACATCCAGGACTGCACAGCCAGCTCGTGCTTCAATGGCGGAACTTGCACA 5 6 0
1 6 1  G Y A G I H C E K N I Q D C T A S S C F N G G T C T  1 8 7
5 6 1  GACAGTGTCAACCCCTACATCTGCACCTGCCGCCCAGGCTTCACGGGCTTCAACTGTCAGCACGAGArrGACGAGTGCGA 640
1 8 7 D S V N P Y I C T C R P G F T G F N C Q H E I D E C E  2 1 3
6 4 1  GTCCCGGCCTTGTCTGAACGGAGGGGTGTGCATAGACGGAGTAGAGTCATACCGTTGTACCTGCCAAGAGGGTTATACAG 7 2 0
2 1 4  S R P C L N G G V C I D G V E S Y R C T C Q E G Y T G  2 4 0
7 2 1  GCAGCCAGTGCCAGAACTATTTGGACTGGTGCAGCAGATCTCCCTGTCAAAACGGGGGTCGCTGCAGGCAAACTGGGGCT 8 0 0
2 4 1  S Q C Q N Y L D W C S R S P C Q N G G R C R Q T G A  2 6 7
8 0 1  TCCTTCAAGTGTGAATGCCCTGGGGGATGGACCGGTCCATACTGCGACATCCCCAGTGTTTCCTGCATGGTGGCAGCTAG 8 8 0
2 6 7  S F K C E C P G G W T G P Y C D I P S V S C M V A A S  2 9 3
8 8 1  CAGGAGAGGGGTGAGCGTGGAAAACCTGTGTGAACACGGAGGCTCATGCATCAATGCTGGAAGCACCCACCAGTGCATCT 9 6 0
2 9 4  R R G V S V E N L C E H G G S C I N A G S T H Q C I C  3 2 0
9 6 1  GCATGGGAGGTTACACGGGCAGCTACTGCGAGACAGAGGTGGACCAGTGCCAACCGAATCAGTGTCACAATGGGGCCAAA 1 0 4 0
3 2 1  M G G Y T G S Y C E T E V D Q C Q P N Q C H N G A K  3 4 7

1 0 4 1  TGCCACAGCTATGTAGGAGGCTATGTATGTGAGTGTCCACCAGGGTTTGAGGGCAAGAACTGTGAATATGACATTGATGA 1 1 2 0
3 4 7  C H S Y V G G Y V C E C P P G F E G K N C E Y D I D E  3 7 3

1 1 2 1  ATGCCAGTCCCATCCTTGCCAGAATGGAGGCACCTGTGTTGACTTGATTGGGCGTTACATGTGTTCCTGCCCACCAGGAA 1 2 0 0
3 7 4  C Q S H P C Q N G G T C V D L I G R Y M C S C P P G T  4 0 0

1 2 0 1  CTCTGGGAGTCCTCTGTGAAATCAATGAAGATGACTGTGCCCCCAGTAGCCGCACCCCAAAATGCCTCAACAATGGCACC 1 2 8 0
4 0 1  L G V L C E I N E D D C A P S S R T P K C L N N G T  4 2 7

1 2 8 1  TGTGTGGACAAGGTTGGTGGTTACCGTTGCAAnGTCCTCCCGGATACACTGGCGAGCGGTGCGAAGGGGACATCAACGA 1 3 6 0
4 2 7  C V D K V G G Y R C N C P P G Y T G E R C E G D I N E  4 5 3

1 3 6 1  G TG TCTTTCA A A CCCCTG CCA TCCCCAGAATATGTTGGATTGCAnCAACTCTCCAATGACTATCAATGTGTTTGCAAGC 1 4 4 0
4 5 4  C L S N P C H P Q N M L D C I Q L S N D Y Q C V C K Q  4 8 0

1 4 4 1  AGGGATATGCAGGTCGACGATGCCAGAGTGCTGTGAACACTTGTGAATCTCAACCCTGCCAGAATGGAGGCATCTGCCAG 1 5 2 0
4 8 1  G Y A G R R C Q S A V N T C E S Q P C Q N G G I C Q  5 0 7

1 5 2 1  GTGACGGTGAACATGCCACTGGGTTACACCTGTCGGTGCCCACCGAGCTATTCCGGACCCAACTGTGAGAGAAATCTACT 1 6 0 0
5 0 7  V T V N M P L G Y T ( R C P P S Y S G P N C E R N L L  5 3 3

1 6 0 1  AAGCTGCCATGA A CnACnG CTTCA A TG G GG G CA CTTG TTTG CA G A CA TCCCTG G GTGCA CG G TG CA G GTGCC TGC CAG  1 6 8 0
5 3 4  S C H E L T C F N G G T C L Q T S L G A R C R C L P G  5 6 0

1 6 8 1  GATTCACAGGCTCTAGCTGCCACGTCCGTGGCAACAGCAGTTGTGCCAGTTTACCCTGTCACAATGGTGGCACCTGTAAA 1 7 6 0
5 6 1  F T G S S C H V R G N S S C A S L P C H N G G T C K  5 8 7

1 7 6 1  GAGACGCCTCGCTTCCCATATTTCCACTGCnGTGCTTACAGGACTTCACAGGCATCAGGTGCGAGAAGAGGGCACGCAT 1 8 4 0
5 8 7  E T P R F P Y F H C L C L Q D F T G I R C E K R A R I  6 1 3

1 8 4 1  AATCCCACGCCAAACGGAGCCACCGGTACATGAGCAGCGGTGCCCACGAGAGGACTGTCGGGCCAAGGCAGGAGACTCTT 1 9 2 0
6 1 4  I P R Q T E P P V H E Q R C P R E D C R A K A G O S Y  6 4 0

1 9 2 1  ATTGTGACAAAGAGTGCAATGTGCAGTCCTGCCAATGGGATGGTGGGGACTGTTCCCTGTCTGTGGATGACCCATGGAAG 2 0 0 0
6 4 1  C D K E C N V Q S C Q W D G G D C S L S V D D P W K  6 6 7

2 0 0 1  AATTGTGAGAATCGTCCGTCGTGGCGCTTGTTTAACAATAGCCAGTGTGACGAGCTGTGCAACACACCGGAATGTTTGTA 2 0 8 0
6 6 7  N C E N R P S W R L F N N S Q C D E L C N T P E C L Y  6 9 3

2 0 8 1  TGACAACTTCGACTGCAGGCCGGAATTC 2 1 0 8  
6 9 4  D N F D C R P  E F 7 0 2
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Figure 4 .3  Noich proteins are highly conserved. The predicted amino acid 
sequence o f  newt Notch is compared with those ol' Drosophila  ( l ly )  Notch,  
/ehrafish  (fish) Notch. Residues that are identical in the three sequences  are 
enclosed  in boxes; a dash indicates a gap in the alignment. The EGF-like repeat 
number is show n above the sequence.
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- 10 Kb

Figure 4 .4  Northern blot o f  the newt N otch  transcript. Northern blot analysis w as  
performed with 5 pg o f  total R N A  and 5 pg o f  poly(A )+  R N A  and probed with  
p A lh 2 .  The size o f  the transcript w as estimated from the m obility  o f  the newt 28S  
and 18S ribosomal R N A s. Lanes: L adult fore limb R N A ; 2, adult forelimb

poly(A )+  R N A . Three transcripts were detected in adult fore limb poly(A )+  R N A .  
The 10 Kb transcript corresponds to the processed N otch  m R N A . The two larger 
transcripts (> 2 0  Kb) are likely  to correspond to partly-processed N otch  R N A . The  
exposure time for the figure w as 14 days.
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Figure 4 .5  N otch  expression analysed by R N ase protection. (A) Expression ol 
newt N otch  in tlie adult limb and limb blastema. R N A  sam ples (5 pg) were  
nom ialised  with an E F l a  probe (S im on and Tabin 1993) and analysed by RNase  
protection with the p A lh 2  probe. Lanes: (1) proximal limb; (2) distal limb; (3) 
proximal limb blastema; (4) distal limb blastema; (5) tRNA. The protected  
fragment was 2 2 0  bp. (B) Effect o f  retinoic acid (RA) treatment on Notch  
expression in the blastema. Blastemal R N A  w as prepared from anim als treated 
with a proxim alising dose o f  RA d isso lved  in D M S O  or with D M S O  alone (see  
Chapter 2). R N A  sam ples (5 pg) were nom ialised  with the E F l a  probe and 
analysed by RNase protection with the p A lh 2  probe. Lanes; (1) untreated 
blastema; (2) RA-treated blastema; (3) adult limb. Neither RA nor D M S O  alone  
altered the level o f  Notch  R N A  in the blastema. The gel im ages  were obtained  
directly from a M olecular D yn am ics  Phospholm ager and imported into the Adobe  
Photoshop software package. All bands have been quantified using the 
Phospholm ager and any apparent difference in intensity is within the nomial  
experimental variation o f  approximately two-fold.
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Figure 4 .6  L ocalisaiion  o f  N otch  in the blastema. R N A  sam ples (5pg) were  
normalised with the E F l a  probe and analysed by R N ase  protection with the 
p A lh 2  probe. Lanes: (1) blastema m esenchym e; (2) w ound  epidermis; (3) w hole  
blastema. N otch  expression w as detectable in both the m esen ch ym e and the 
wound epiderm is at a similar level.
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Figure 4 .7  Localisation o f  Notch  transcripts in the blastema during regeneration. The  
localisation was revealed by w hole  mount in situ hybridisation using the p A lh 2  probe,  
and subsequent microtome sectioning. A -E  show  a time course o f  the changes in the 
expression  o f  Notch  transcripts during growth and differentiation o f  the newt limb  
blastema. Stages o f  the blastema are: (A , B) 9 days; (C) palette stage; (D , E) digit  
stage. N otch  transcripts are expressed at a low  level throughout the blastema at 9  days  
(A) and are present in the dermis o f  the stump, around the dermal glands (g) (B).
N otch  is expressed during later stages o f  differentiation (C-E). Transcripts are 
excluded  from the cartilage (c) and epidermis (e). and are restricted to the layer o f  
dermis w hich surrounds the develop ing  digits. Scale  bar is (A , C, D) 300  u m ; (B. E) 
80 p m .

139



%

Figure 4 .8  Localisation o f  Notch  transcripts in the newt embryo. The localisation o f  
N otch  transcripts was revealed by w hole  mount in situ hybridisation with the p A lh 2  
probe, and subsequent microtome sectioning o f  paraffin-embedded embryos. (A)
Lateral section o f  a stage 30-32  em bryo with anterior to the left. Notch  R N A  is detected  
throughout the deve lop ing  som ites (m). (B) A  high magnification view o f  
transcripts localised to the em bryonic notochord (n). N otch  transcripts are highly  
expressed throughout the deve lop ing  nervous system  for exam ple  in the em bryonic eye  
liens (1); retina (r)| (C) and otic ves ic le  (D). Scale  bar is (A ) 300  pm ; (B) 4 0  p m ; (C- 
D) 80  pm .
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Figure 4 . 9  Expression o f  Nofch  during m yogen ic  differentiation o f  cultured newt AI 
cells. (A ) R N A  sam ples (5 ug) from newt A1 ce lls  and m yotubes induced from A 1 
cells  in low serum conditions (Chapter 2) were analysed by R N ase protection w ith the 
pA 1 li2 probe. Lanes ( 1 ) A 1 cells; (2) myotubes. The level o f  Notch  RN.A was equal in 
A 1 cell and m yotubes. (B) Detection o f  Notch transcripts in both m yogen ic  newt AI 
ce lls  and multinucleate m yotubes by in situ hybridisation using a ” P-labelled p A lh 2  
probe. Dark field (B ) bright field v iew s (C) o f  A1 ce lls  (a) and multinucleate m yotubes  
(m l hybridised with a p A lh 2  probe. Scale bar is 100 um .
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Figure 4 .10  The effect o f  p C D N l expression on m yotuhe formation in culture. (A)  
Schem atic  diagram o f  the extracellular deletion mutation o f  the rat notch 1 gene  
encoded  by the p C D N l plasmid. pC.NDl encodes  am ino acids 1X48 to 2531 o f  the 
rat Notch 1 protein, and lacks the entire extracellular domain and transmembrane  
region (see Shawber et al., 1996) D om ains are coloured as in Figure 4 .1 . (B) 
Schem atic diagram o f  experiment to determine the effect o f  C D N l  expression on 
the frequency o f  myotube formation. See text for details.
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B
(3-gaJ+(pCDNl + l Aik. plios.'*' (pCDNI')

Experiment Total number number of % Total number number of % %
number of cells myotubes myotubes of cells myotubes myotubes similiuity

1 484 148 31 402 1(H) 25 124
2 607 119 20 196 49 25 80
3 450 132 29 226 46 20 145
4 446 104 23 144 36 25 92
5 411 83 20 185 37 20 1(X)
6 452 114 25 934 280 30 83
7 771 197 26 105 32 31 84

Figure 4.11 EITcci o f  p C D N l expression on m yogen cs is .  (A ) Exam ple o f  
labelled cell types observed in the m y o g en es is  experiment. C ells  were iransl’ected  
with marker p lasm ids and stained for [i-galactosidase and alkaline phosphatase  
activity. The figure illustrates a m yotube expressing (3-galactosidase that was  
stained blue with X-gal and a m ononucleate  cell expressing alkaline phosphatase  
that w as stained purple with BCIP. Scale bar is 100 pm. (B) The table sh o w s  the 
results o f  7 experim ents in w hich the frequency o f  m yotube formation by ce lls  
cotransfected with p C D N l (4 pg) and EFfi-gal (4 pg) is com pared to the frequency  
of  those transfected with pC A P (4 pg) in the same culture dish. Note that in no 
case did the frequency o f  m yotube formation for ce lls  expressing  pCDNl/EF(3-gal  
differ by more than 1.5-fold from that o f  the control ce l ls  expressing  pCAP.  
demonstrating that in newt cells .  pC D N I expression has no detectable effect  on the 
m v o e e n e s is  o f  A1 cells ,  under these conditions.
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Figure 4 . 12 Newt ce lls  express C D N 1 after transfection with pCDN 1. A polyclonal 
antisera to the C-terminal o f  rat Notch 1 (9 3 -4  ; Shawber et ah. 1996) labels newt A 1 
ce lls  and m yotubes that have been transfected with the p C D N l expression construct. 
Im m unofluorescence with a rhodamine-coupled secondary antibody (A) and phase 
contrast v iew  (B) of A1 myotubes labelled with the 93 -4  antisera. Controls with 
single  antibodies were negative (data not shown). Scale bar is 100 um.
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5.1 Introduction

I have discussed in the introduction that the mechanism by which cells assess their 

position within a morphogenetic field is a significant problem within the field of 

developmental biology as a whole, and within the field of amphibian regeneration in 

particular. Genetic analysis of Drosophila development has identified several genes 

whose vertebrate homologues play central roles in the development of the embryo. 

More recent work on the Drosophila gene hedgehog and its vertebrate homologues 

has led to startling progress in the understanding of how signalling centres organise 

development.

5.2 The Drosophila hedgehog gene

The Drosophila gene hedgehog was first identified in the screen of Nusslein-Vollard 

and Wieschaus (Nusslein-Volhard and Wieschaus, 1980) for mutations that affected 

larval cuticular patterning. During Drosophila development, the spatially restricted 

expression of the engrailed {en) and wingless (wg) genes serves to demarcate the 

anterior and posterior margins respectively of each parasegment (van den Heuvel et 

al., 1989). While the establishment of these patterns of expression occurs at the 

blastoderm stage of development in response to cues generated by the pair-rule genes 

(DiNardo and O'Farrell, 1987; Howard and Ingham, 1986; Ingham et al., 1988), their 

subsequent maintenance depends on mutual cell-cell interactions (DiNardo et al., 

1988; Martinez Arias et al., 1988). Thus in the absence of either gene, the expression 

of the other quickly ceases. Expression of hh by the engrailed expressing cells has 

been shown to maintain wingless expression at the anterior (Figure 5.1 A) (Hidalgo 

and Ingham, 1990; Ingham, 1993; Tabata and Korn berg, 1994). H ed g eh o g  

expression is additionally required for the patterning of the imaginai discs. During 

the patterning of the eye disc, a wave of pattern formation and cell-type determination 

moves from posterior to anterior across the presumptive eye epithelium (Ready et al..
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1976; Tomlinson and Ready, 1987). The expression of the gene decapentaplegic 

(dpp), a TGFp homologue (Padgett et al., 1987), by cells of the morphogenetic furrow 

is a primary mediator of furrow movement (Heberlein et al., 1993; Ma et al., 1993). 

Expression of hh by cells posterior to the morphogenetic furrow is required for 

expression of dpp in the morphogenetic furrow, and consequently for the progression 

of the furrow across the eye disc (Figure 5. IB). Surprisingly, Hh protein from the eye 

discs is also responsible for the progressive neural differentiation in the lamina of the 

optic lobe in the Drosophila brain. As the photoreceptor cells differentiate in the 

morphogenetic furrow of the developing eye, they send axons containing Hh peptide 

to their final target cells, where the secreted Hh peptide induces the differentiation of 

glia and neurons (Huang and Kunes, 1996). Similarly during the development of the 

leg and wing discs, hh expression is required for the induction of dpp expression at 

the anterior/posterior compartment boundary of the disc (Figure 5.1C, D) (Capdevila 

and Guerrero, 1994; Ingham and Fietz, 1995; Zecca et al., 1995). The expression of 

hh is consistent with a role in positional signalling during metameric segmentation, 

and imaginai disc development.

5.3 The Drosophila Hedgehog protein

Further evidence to support the role of hedgehog in positional signalling comes from 

studies of its protein product. The hh gene encodes a 471 amino acid (52kD) (Lee et 

al., 1992; Mohler and Vani, 1992; Tabata et al., 1992) secreted protein (Lee et al., 

1992; Tabata and Kornberg, 1994). An N-terminal hydrophobic region with 

homology to Type II signal sequences acts to target the protein to the plasma 

membrane (Lee et al., 1992). The Hh protein undergoes post-translational 

modification to yield three major species: a 39kD species generated by cleavage of 

the signal peptide sequence; and 19kD and 25kD species generated by the 

autoproteolysis of this secreted form into N- and C-terminal peptides respectively 

(Lee et al., 1994; Lee et al., 1992; Porter et al., 1995; Tabata and Komberg, 1994).
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The discovery of the processing of the Hh protein has led to the suggestion that the 

different modes of Hh action may be mediated by the two different portions of the 

protein (Lee et ah, 1994; see Perrimon, 1995). Investigation of the distribution of the 

N- and C-terminal peptides has shown that the N-terminal portion is closely 

associated with the surface of those cells in which it is expressed, whereas the C- 

terminal species is more widely distributed (Lee et al., 1994). It is now clear that Hh 

acts over a very short range in the parasegment and imaginai disc to regulate other 

signalling factors such as Wg and Dpp (Diaz et al., 1994; Jiang and Struhl, 1995) and 

it is these secondary factors which mediate the long-range influence of Hh activity. 

The biochemical activity of the Hedgehog protein has recently been show to reside 

entirely in the N-terminal fragment of the protein (Fietz et al., 1995; Porter et al., 

1995).

5.4 Transduction of the hedgehog signal

Crystallisation of the 200 amino acid N-terminal portion of the Hh protein (Hall et al.,

1995) has revealed that it contains a structure analogous to the catalytic sites of the 

zinc hydrolases such as thermolysin and carboxypeptidase, raising the possibility that 

substrates of Hh hydrolytic activity might play a key role in its signalling. Several 

genes have been shown to act downstream of Hh in its signalling pathway, and 

suggest that Hh is a secreted signalling molecule which binds to a receptor in 

responding cells (Figure 5.2). One candidate receptor is encoded by the patched gene 

(Hooper and Scott, 1989; Nakano et al., 1989), which is expressed in Hedgehog- 

responsive cells of early embryos and imaginai discs. Mutations in the ptc gene yield 

phenotypes that can also be produced by ectopic hh expression. Ptc inactivates the 

transcription of hh target genes such as wg and dpp. In ptc mutants these genes are 

ectopically activated (Capdevila et al., 1994; Hidalgo and Ingham, 1990; Martinez 

Arias et al., 1988) whilst ptc overexpression represses their transcription (Ingham et 

al., 1991; Johnson et al., 1995; Sampedro and Guerrero, 1991; Schuske et al., 1994).
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In contrast, hh overexpression causes ectopic embryonic wg expression (Ingham, 

1993), and ectopic dpp and wg expression in wing discs (Easier and Struhl, 1994; 

Capdevila and Guerrero, 1994; Tabata and Komberg, 1994). If Ptc is a receptor for 

Hh, it is unusual in that its activity is inhibited rather than activated by binding Hh. 

Thus a balance between the opposing activities of Ptc and Hh determines the level of 

target gene expression. The structure of patched suggested by its amino acid 

sequence does not resemble known receptors however. Ptc is related to transporters 

which facilitate the movement of small molecules such as sugars, ions or small 

peptides across membranes.

Recent work on the segment polarity gene smoothened has show that it too is required 

for the response of cells to hedgehog signalling during the development of both the 

embryonic segments and imaginai discs (Alcedo et al., 1996; van den Heuvel and 

Ingham, 1996). The smo gene encodes a 1024 amino acid protein with 7 predicted 

transmembrane domains, related to the Frizzled (Fz) family of serpentine proteins 

(Vinson et al., 1989; Wang et al., 1996). The C-terminal cytoplasmic region of the 

protein contains several consensus target sites for cAMP-dependent protein kinase 

(PKA) and G-proteins. The presence of these motifs suggest that Smo is a G-protein- 

coupled receptor (Alcedo et al., 1996; van den Heuvel and Ingham, 1996).

Embryos that lack zygotic smo gene activity exhibit a weak 'segment polarity' 

phenotype similar to that of weak alleles of hh. When both maternal and zygotic smo 

gene activity is removed, smo embryos have a strong segmentation phenotype 

indistinguishable from that of hh null alleles. In addition, Hh is unable to signal in a 

5wo-mutant background indicating that Smo is necessary for Hh signalling (Alcedo et 

al., 1996; van den Heuvel and Ingham, 1996). The same is true during imaginai disc 

development (van den Heuvel and Ingham, 1996). Expression of hh in the posterior 

compartment of the wing disc triggers dpp expression along the AP border (Perrimon,
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1995) and clones of smo mutant cells at the AP border lose dpp expression, indicating 

that Smo is required to transduce the Hh signal. However, a detailed genetic analysis 

of the relationship between Hh, Smo and Ptc suggests a complex relationship 

between Ptc and Smo in transducing the Hh signal (Alcedo et al., 1996).

Two recent biochemical studies appear to have solved this problem, and have 

proposed a model of the Ptc/Smo relationship. Labelled Hh protein was shown to 

bind to cells ectopically expressing Ptc protein, with high affinity (Marigo et al., 

1996; Stone et al., 1996) and Hh and Ptc could be immunoprecipitated and 

crosslinked. In addition, cells expressing Smo failed to bind Hh protein (Stone et al.,

1996). When cells expressed both Smo and Ptc, the two proteins formed a complex 

that could be detected by co-immunoprecipitation, and this complex could also bind 

Hedgehog. The genetic studies in Drosophila (Alcedo et al., 1996; van den Heuvel 

and Ingham, 1996) and these biochemical data have been explained by the hypothesis 

that Ptc is a ligand-binding component and Smo a signalling component in a multi

subunit Hh-receptor complex (see for example Stone et al., 1996). An unusual feature 

therefore of this complex is that the Hh binding-protein (Ptc) appears to be a ligand- 

activated suppressor of a signalling unit (Smo). It remains to be determined whether 

Smo has a constitutive signalling activity in the absence of any inhibition by Ptc. 

Given the similarity between Smo and Fz proteins such a ligand may be a wingless- 

related protein as these secreted molecules can use Fz proteins as receptors (Bhanot et 

al., 1996; see Perrimon, 1996).

Genetic analyses have identified a number of proteins whose activity might be 

directly regulated by Hh signalling including Fused (Fu), Suppressor of Fused 

[Su(Fu)], Cubitus interruptus (Ci), and PKA (reviewed in Ingham, 1995; Perrimon, 

1995). Drosophila S2 cells (which express Ptc) respond to the addition of Hh by 

phosphorylating the Fused protein (Therond et al., 1996). Fused itself is a serine
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threonine kinase (Preat et al., 1990) raising the possibility that protein 

phosphorylation plays a part in Hh signalling. Ci is a zinc finger protein (Orenic et 

al., 1990) and elevated levels of Ci are sufficient to activate the Hh target genes dpp 

and ptc, even in the absence of Hh signalling (Alexandre et al., 1996; Dominguez et 

al., 1996). Thus Ci appears to be a transcriptional activator that mediates Hh 

signalling. cAMP-dependent protein kinase (PKA) has also been implicated in the 

hedgehog signalling cascade. Inactivation of PKA has the same effect as mutations in 

ptc - constitutive expression of the hh target genes (Blair, 1995). Thus simplistically, 

the Hh receptor complex could inhibit the activity of PKA upon ligand binding, and 

alleviate the repression of Hh target genes. However there is also evidence to suggest 

that PKA acts in parallel to Hh/Ptc/Smo signalling (see Blair, 1995).

5.5 Vertebrate hedgehog genes

The cloning of vertebrate homologues of hedgehog has yielded startling information 

regarding the molecular mechanisms which pattern the vertebrate embryo. 

Expression of hedgehog coincides with many important signalling centres and the 

mechanism of hedgehog signalling appears to be highly conserved. The family of 

vertebrate hedgehogs comprises at least four genes, members of which have been 

cloned in chick (Riddle et al., 1993), mouse (Chang et al., 1994; Echelard et al., 

1993), humans (Chang et al., 1994; Marigo et al., 1995), Xenopus (Ekker et al., 1995; 

Stolow and Shi, 1995) and fish (Currie and Ingham, 1996; Krauss et al., 1993; 

Roelink et al., 1994). The family members show a striking degree of sequence 

conservation both amongst themselves and with Drosophila Hh. Conservation is 

highest in the N-terminal half of the protein at over 60%. The vertebrate molecules 

lack the Type II signal sequence seen in Drosophila and instead appear to be targeted 

to the secretory pathway by a conventional 25 amino acid signal sequence (Riddle et 

al., 1993). It is notable that in spite of this difference, the sequence conservation is 

such that fish Sonic hedgehog can replace Drosophila Hh function (Krauss et al.,
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1993) in vivo. Processing of the vertebrate molecules occurs via autoproteolysis to 

generate 19kD and 25kD species as in Drosophila (Porter et al., 1995). Functional 

assays in Xenopus show all Hh activity to reside in the N-terminal half of the protein 

(Ekker et al., 1995). In vitro assays show the molecules to be functionally identical 

(Ekker et al., 1995), and Ihh and Shh are functionally interchangeable in vivo 

(Vortkamp etal., 1996).

There is evidence that hedgehog may play a role in dorsoventral patterning of the 

neural tube and somites (Echelard et al., 1993; Fan and Tessier, 1994; Johnson et al., 

1994; Krauss et al., 1993; Roelink et al., 1994), in intestinal development (Roberts et 

al., 1995; Stolow and Shi, 1995) and spermatogenesis, and as a negative regulator of 

the differentiation of hypertrophic chondrocytes during bone growth (Lanske et al., 

1996; Vortkamp et al., 1996). Experimental manipulations in the chick, Xenopus and 

mouse implicate the notochord and floor plate in the regulation of ventral spinal chord 

development. Ectopic floor plate induction is produced when grafts of notochord 

fragments are placed in close proximity to the early chick neural plate. Conversely, 

ablation of the notochord results in the failure of floor plate development. Thus 

signalling by the notochord is required for the initial induction of the floor plate, and 

Placzek et al (Placzek et al., 1993) have shown that the signal is contact mediated. 

Floor plate grafts are also capable of floor plate induction (Placzek et al., 1993; 

Yamada et al., 1991) suggesting that signals for the floor plate have self-inducing 

properties. The notochord and floor plate are also thought to signal to ventrolateral 

regions of the spinal chord to induce motor neuron formation (Hirano et al., 1991; 

Placzek et al., 1991; Yamada et al., 1993). Induction of motor neurons does not 

appear to be contact-dependent, and occurs at a fixed distance from the notochord. 

The establishment of a normal pattern within the ventral spinal cord is dependent on 

two distinct signalling centres, the notochord and floor plate.

152



The expression of Sonic hedgehog in the notochord is synchronous with its floor plate 

and motor neuron inducing activities, and the ectopic expression of Sonic in fish, 

frogs and rodents induces both the ectopic expression of floor plate marker genes 

such as axial and HNF-Sp and the differentiation of floor plate at abnormal positions 

in the neural tube (Figure 5.3) (Echelard et al., 1993; Krauss et al., 1993; Roelink et 

al., 1994). The data for Sonic mediating the contact-dependent signal from notochord 

to induce floor plate is made more compelling by the following observation. When 

neural plate explants were cultured in contact with Sonic-expressing COS cells, floor 

plate markers were induced in those neural tube cells close to the COS cell monolayer 

(Tanabe et al., 1995). Media that had been conditioned by the COS cells failed to 

induce floor plate markers, suggesting that signalhng required cell contact.

Expression of Sonic is also induced in the floor plate cells at the time that floor plate 

cells acquire floor plate-inducing ability. Floor plate inducing activity persists in the 

floor plate after the notochord has lost floor plate inducing activity, and whilst Sonic 

expression remains in the notochord after it has lost the ability to induce floor plate, 

the persistent expression of Sonic in the floor plate cells is consistent with Sonic 

signalling playing a role in the homeogenetic induction of floor plate (Roelink et al.,

1994). In contrast with the transient floor plate inducing activity of the notochord, 

both the notochord and floor plate retain the capacity to induce motor neuron 

formation for substantial periods (Yamada et al., 1993). The continued expression of 

Sonic in the notochord is temporally more consistent with this activity. Whilst floor 

plate induction by notochord is contact mediated, motor neuron inducing activity by 

the notochord and floor plate is diffusible (Yamada et al., 1993). COS cells 

expressing Sonic can induce motor neuron markers in neural plate explants when 

grown adjacently in co-culture (Roelink et a l, 1994; Tanabe et a l ,  1995). In 

addition, recombinant Sonic peptides will induce floor plate and motor neuron 

markers in neural tube explants in vitro (Marti et al, 1995a; Roelink et al., 1995) and
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motor neuron markers can be induced in the absence of floor plate markers suggesting 

that Sonic might induce motor neurons directly.

The above expression studies suggest that in the ventral CNS, Sonic peptides may 

mediate both short- (floor plate) and long- (motor neuron) range induction in the 

vertebrate CNS. Marti et al used antibodies to Sonic peptides to address the question 

of the localisation of Sonic in the CNS (Marti et al., 1995b). The N-terminal Sonic 

fragment was very closely associated with the surface of cells expressing Sonic, and 

no diffusion of the fragment was detected. Sonic expressing cells of the floor plate 

were in contact with motor neuron cells in the ventral-most region of motor neuron 

induction. Thus, even in the absence of appreciable diffusion of Sonic protein. Sonic 

expression is consistent with the direct induction of motor neiurons by the floor plate.

The notochord and floor plate will induce digit duplications when grafted to the 

anterior of the developing chick limb bud, and these duplications mirror those 

obtained by grafting a ZPA to this region of the bud. ZPA activity has been carefully 

mapped both spatially and temporally within the limb bud (Honig and Summerbell, 

1985) and the pattern of Sonic expression in the limb bud matches the localisation of 

ZPA activity from stage 17 to stage 29 (see Chapter 1). The coincidence of Sonic 

expression with the ZPA raises the possibility that Sonic might mediate the signalling 

by the ZPA during the specification of AP pattern during limb bud outgrowth. A RA- 

soaked bead placed at the anterior margin of the limb bud can induce ectopic ZPA 

tissue that is capable of causing mirror-image duplications. Such implanted beads 

induce Sonic expression in exactly the same place as they induce ZPA activity, and 

with appropriate kinetics, suggesting that Sonic expression is indicative of ZPA 

tissue.
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The interactions of Shh with the apical ectodermal ridge and the underlying 

mesenchyme of the developing limb bud have recently been the subject of much 

investigation (Laufer et al., 1994; Niswander et al., 1994), and have assumed a central 

position in our understanding of AP patterning and limb development. Shh  is 

apparently the only member of the family expressed at these early stages of limb 

development, and thus it is active in an isolated centre at the posterior margin. At 

later developmental stages, during the formation of skeletal elements, another 

hedgehog gene, Indian (Ihh), is expressed in the developing cartilage and appears to 

play an important role in the control of chondrogenic differentiation (Lanske et al., 

1996; Vortkamp et al., 1996). It has been suggested that Shh and Ihh have the same 

signalling capabilities, since they can substitute for each other in certain experimental 

systems. The apparently different roles of these two genes in limb development, 

therefore, seem to depend on their different spatial and temporal patterns of 

expression rather than on different activities.

5.6 Hedgehog and limb regeneration

In urodele amphibians such as the newt and axolotl, the limb regenerates after 

amputation from a mound of undifferentiated mesenchymal cells called the blastema. 

Although the blastema and the limb bud have an obvious resemblance, there are clear 

differences between development and regeneration in the scale of the process, the 

origin and identity of the mesenchymal progenitor cells (Ferretti and Brockes, 1991), 

and certain aspects of the mechanisms implicated in limb outgrowth and 

morphogenesis. For example there is no evidence for a signalling region in the 

blastema that is comparable to the ZPA, and models of patterning have emphasised 

the importance of local contact-dependent interactions between cells (Bryant et al., 

1981; Bryant and Gardiner, 1992). Although there have been no reports of polarising 

region grafts during urodele limb development, grafts of tissue from the posterior 

margin of the limb field to the anterior of the bud do evoke AP duplications (Slack,
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1976). While RA is able to respecify the proximodistal (PD) axis of the blastema 

(Maden, 1982), it apparently does so by direct action on the responding blastemal 

cells (Pecorino et al., 1996), rather than by induction of a signalling centre. In view 

of the potential importance of the hedgehog family for urodele limb regeneration, and 

the interest of the comparison with development we have sought to identify members 

expressed in this context. This study describes a newt homologue of Xenopus banded 

hedgehog that is uniformly expressed by mesenchymal blastemal cells from the initial 

stages of regeneration, is regulated by RA, and, surprisingly, is uniformly expressed 

in the early newt limb bud. These results underline differences between regeneration 

and development, and between development in urodeles and other vertebrates.
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Results

5.7 Isolation of a newt homologue of banded hedgehog

Degenerate primers corresponding to the highly conserved amino terminal region of 

the Sonic hedgehog protein were used in PCR reactions with newt blastemal cDNA 

and blastemal cDNA libraries as template. A single hedgehog product was obtained 

from newt blastemal cDNA (Figure 5.4B) but not from several cDNA libraries. This 

sequence was extended using inverse PCR to obtain full-length newt hedgehog cDNA 

(Chapter 2). Figure 5.4A shows the nucleotide sequence of the newt hedgehog with 

the predicted protein product. Several motifs are highly conserved within the 

hedgehog family and these are present in the newt sequence. Thus the newt protein 

contains an amino terminal hydrophobic region of 24 residues, immediately 

downstream of the predicted initiation methionine (Figure 5.5A), and this has been 

proposed to function as a signal peptide and direct secretion of the Hedgehog proteins 

(Riddle et al., 1993). Next to the signal peptide is a 5 amino acid sequence CGPGR, 

which is absolutely conserved in Hedgehog proteins and is thought to be the amino 

terminus of the secreted protein. In common with the vertebrate Hedgehogs, the newt 

protein lacks an extended amino terminal region beyond the signal peptide, a region 

which in Drosophila contains a type II secretory signal sequence (Lee et al., 1992). 

Alignment of the newt Hedgehog protein with other members of the Hedgehog family 

indicates that it is the homologue of Xenopus Banded hedgehog (83% amino acid 

similarity) and chick Indian hedgehog (85% amino acid similarity) (Figure 5.5A, B) 

rather than a homologue of Sonic hedgehog, since it shares only 78% sequence 

similarity with a urodele Sonic homologue (Takabatake et al., 1996). X enopus  

banded hedgehog is the anuran homologue of Indian (Ekker et al., 1995), and the 

isolation of urodele banded  strongly suggests that banded  is the amphibian 

homologue of mammalian and avian Indian. It is anticipated that the nomenclature
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will change in future (see Zardoya et aL, 1996), but it seems appropriate at present 

that the newt homologue is denoted N-bhh..

5.8 Tissue distribution of newt hedgehog transcripts

A Northern blot containing RNA and poly(A)+ RNA from adult forelimb and 

hindlimb was hybridised with a probe from the 3’ UTR region (Figure 5.4B) of the 

hedgehog cDNA. A single band of ~ 2.5kb was visible in poly(A)+ RNA from both 

forelimb and hindlimb (Figure 5.6). The lack of signal in the unselected RNA, and 

the exposure time for Figure 5.6 suggested that the level of the N-bhh transcripts was 

low.

The expression of N-bhh was further analysed by RNase protection. All RNA 

samples were normalised by reference to transcripts detected with a newt translation 

elongation factor 1-a (EFl-a) probe (Simon and Tabin, 1993). Expression of N-bhh 

was detected in RNA from both normal and blastemal limb tissue (Figure 5.7) as a 

protected fragment of 120 bp. The expression of N-bhh was equal in both normal and 

regenerating tissue (lanes 1 and 3, and 2 and 4). The expression of N-bhh did not 

vary along the PD axis of the adult limb Ganes 1 and 2) and was similar in blastemas 

of differing proximodistal origin (lanes 3 and 4). Comparable results were obtained 

using a protection probe from the 3' UTR of N-bhh confirming that the protected 

fragment was specific for N-bhh (data not shown).

It has been shown that the wound epidermis of the blastema is a potential source of 

RA for the underlying mesenchyme (Viviano et al., 1995) and RA is known to 

regulate hedgehog expression in vertebrates (Riddle et al., 1993). To analyse N-bhh 

expression in the blastema in greater detail, a preparation of proximal blastemas was 

dissected into epithelial and mesenchymal fragments and RNA extracted from each.
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Figure 5.8 shows that expression of N-bhh was detected in the mesenchymal 

component of the blastema but not in the wound epidermis.

5.9 Cellular localisation of banded hedgehog in regenerating and 

developing limbs

Expression of Sonic hedgehog in the developing vertebrate limb is known to be 

restricted to the posterior margin of the limb bud. Since N-bhh was found to be 

expressed by RNase protection in the blastemal mesenchyme, we have 

investigated its cellular localisation by whole mount in situ hybridisation. In our 

initial experiments we found that the 3' UTR probe gave identical results to p740, 

which contained regions of the hedgehog gene that are highly conserved within the 

family. Since shorter development times were needed to detect the hybridisation 

signal with the longer p740 probe, it was used throughout the following studies. No 

hybridisation signal was observed in control experiments using a sense phh probe 

(Figure 5.4B) or the anti-digoxigenin antibody alone.

I have studied N-bhh distribution in the regenerating limb at 3, 9 (not shown), and 15 

days after amputation, before differentiation is apparent, and at the palette and digit 

stages when differentiation and morphogenesis are in progress (Figure 5.9). The N- 

bhh message was detectable in the small number of blastema mesenchymal cells 

beneath the wound epidermis as early as 3 days after amputation. In vibratome 

sections of the blastema some hybridisation signal was also detected around the 

muscle fibres at the cut edge of the stump (Figure 5.10A, B). In the stump, N-bhh 

expression was seen in the mesenchyme surrounding the dermal glands (Figure 11 A), 

but was not detectable in other stump tissues (Figure^lOC, D). The number of N-bhh- 

positive cells in the blastema increased with time and both vibratome (Figure^l 1 A, B) 

and microtome (Figuref[l 1C, D) sections of whole mount preparations revealed that 

almost all of the blastemal cells expressed N-bhh RNA. However, when the blastema

159



has flattened and differentiation has commenced, N-bhh expression was dramatically 

reduced (Figure 5.9C) and by the digit stage N-bhh levels were undetectable (Figure 

5.9D). No hybridisation signal could be detected in microtome sections of palette or 

digit stage blastemas that had been analysed by whole mount in situ hybridisation 

(Figure 5.12) but in whole blastema, expression of N-bhh at the palette stage appeared 

to be restricted to cells surrounding the regenerating digits (Figure 5.9C). This is in 

direct contrast to the expression of the mammalian counterpart to bhh, Ihh, which is 

restricted to the regions of differentiation at the distal termini of the developing bones 

(Lanske et al., 1996; Vortkamp et al., 1996). Therefore, N-bhh is expressed very 

early during regeneration, when blastemal cells are accumulating at the cut surface of 

the stump, and its expression is maintained in mesenchymal cells during growth of 

the blastema. With the onset of differentiation, at the palette stage, significant down- 

regulation of N-bhh transcripts is observed, and expression is apparently excluded 

from regions of cartilage formation.

Sonic hedgehog is the only member of the hedgehog family that is detectable in the 

early developing limb bud of chick and mouse (Chang et al., 1994; Echelard et al., 

1993; Riddle et al., 1993). I have studied the expression of N-bhh in newt embryos to 

establish whether its expression in the limb is restricted to the regeneration blastema, 

or whether it is also expressed during development. I performed whole mount in situ 

hybridisation on stage 32 newt embryos, since at this stage the developing limb bud is 

at a comparable stage to a 12-15 day blastema. N-bhh  transcripts were detected 

within each somite of the newt embryo producing a characteristic striated pattern 

(Figure 5.13.A) as observed in the Xenopus embryo (Ekker et al., 1995). N-bhh 

expression was also detected in the ectoderm surrounding the whole embryo and in 

the balancers (Figure 5.13B), but no significant level of expression was found either 

in the neural tube or notochord (Figure 5.13B) or in the developing brain (Figure 

5.13D). Since Sonic is the only member of the family expressed in the early limb
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bud, and is localized to the posterior margin, it is surprising that N-bhh expression 

was readily detectable throughout the newt limb bud mesenchyme. Paraffin sections 

of whole mount preparations revealed that almost all of the mesenchymal cells in the 

limb bud expressed N-bhh (Figure 5.13C) like those of the regeneration blastema, and 

comparable results were obtained with the 3' UTR probe. N-bhh appears therefore to 

be expressed in limb progenitor cells during both development and regeneration.

5.10 Regulation of N-bhh by retinoic acid

Since RA has been shown to regulate the expression of Sonic hedgehog in the chick 

and mouse limb bud we have investigated whether N-bhh expression in the blastema 

is affected by this putative morphogen at concentrations which induce proximodistal 

duplications in the regenerating limb. The level of expression of N-bhh was analysed 

in 14 day old blastemas of animals which had been injected with an appropriate dose 

of RA dissolved in DMSO, or DMSO alone, 7 days after amputation. The analysis by 

RNase protection showed that the expression of N-bhh transcript was approximately 

4-fold higher in RNA prepared from RA-treated blastemas compared to DMSO 

controls (Figure 5.14). In order to assess how rapidly this up-regulation occurs, we 

studied the expression of N-bhh by in situ hybridisation of blastemas from animals at 

9 days post-amputation which had been injected with RA 48 hours earlier. We found 

that N-bhh was already up-regulated by 48 hours after RA injection, since in RA- 

treated blastemas the hybridisation product was clearly visible within 4 hours from 

adding the alkaline phosphatase substrate, whereas only faint reactivity could be 

detected in controls at this time (data not shown). Therefore both RNase protection 

and in situ hybridisation analysis showed that expression of N-bhh in the 

regeneration, like that of Sonic in the chick limb bud, was regulated by RA.
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Discussion

The above data confirm the isolation of a newt member of the hedgehog family of 

signalling molecules. The motifs that have been shown to be conserved throughout 

the hedgehog family are present within the predicted protein. A signal sequence 

which is present only in the Drosophila molecule is absent from the newt protein. 

Database searched with both the nucleotide sequence and with the predicted protein 

have identified the newt gene as a homologue of the Xenopus banded hedgehog gene 

(X-bhh) (Ekker et al., 1995). The expression of X-bhh has been studied during the 

development of the Xenopus embryo (Ekker et al., 1995). Expression is detectable at 

stage 8, and transcripts are initially localised to the peripheral regions of the neural 

plate. Widespread X-bhh expression is associated with anterior structures and at later 

stages high expression is observed in the otic vesicle, the eye and the branchial 

arches. At this stage, X-bhh expression is found in the developing mesoderm as an 

array of chevron-shaped bands delineating the somites. It is from this pattern that this 

hedgehog gene has been given the name banded. Thus far, there has been no reported 

expression of X-bhh in the developing Xenopus limb buds.

Sequence comparisons of X-bhh with other family members revealed it to be the 

counterpart of the vertebrate Indian hedgehog {Ihh) (Ekker et aL, 1995). The 

expression of Ihh has been described in both the mouse and chick embryos (Bitgood 

and McMahon, 1995; Lanske et al, 1996; Vortkamp et al., 1996). In the mouse, Ihh 

shows two main sites of expression. Ihh is expressed in the gut endoderm, and 

becomes localised to the more differentiated regions of the villi as the duodenum 

develops (Bitgood and McMahon, 1995). There is significant expression of Ihh 

associated with the developing bones: Ihh expression is detected in regions of 

cartilage formation, and is highest in chondrocytes in the growth regions, with a lower 

level of expression extending to the hypertrophic region (Bitgood and McMahon,
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1995). The role of Ihh has recently been studied in bone formation in the developing 

chick limb bud (Lanske et a l, 1996; Vortkamp et al., 1996). Ihh plays a key role in 

regulating the rate of cartilage formation by inhibiting the differentiation of 

hypertrophic chondrocytes. Thus, during vertebrate limb development both Shh and 

Ihh are expressed in the limb bud: Shh is expressed at very early stages and mediates 

AP patterning; and Ihh is expressed later and regulates bone development.

It is striking that the expression of newt banded hedgehog (N-bhh) presents a different 

picture. In regeneration, it is expressed beneath the wound epidermis at a very early 

stage, when the first blastemal cells arise. Expression is also observed around the cut 

edges of the muscle fibres at the plane of amputation. N-bhh is not expressed in adult 

muscle suggesting that this pattern of expression is a response to amputation. 

Expression of N -bhh  around the muscle is interesting because muscle 

dedifferentiation is thought to contribute significantly to the formation of the blastema 

(Casimir et al., 1988; Hay, 1959; Kintner and Brockes, 1984). Cultured newt 

myotubes are able to reverse their differentiated state and form mononucleate cells in 

vivo (Lo et al., 1993), and it has been possible to recreate part of this process in vitro 

by showing that cultured newt myotubes can be induced to re-enter the cell cycle 

(Tanaka et al., 1996). I therefore hope to investigate the activity of N-bhh  in this 

assay.

N-bhh continues to be expressed in the blastemal mesenchyme throughout the 

accumulation of the blastema. At all stages the majority of mesenchymal cells 

expresses N-bhh and there is no restriction of expression to any particular region of 

the blastema. At the onset of differentiation in the regenerate, expression of N-bhh is 

down regulated and appears to be excluded from regions of cartilage formation, 

precisely those regions where Ihh is found in the chick limb bud. The expression data 

for N-bhh does not support a role for N-bhh in the regulation of cartilage formation in
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the manner for which it has been proposed for its vertebrate counterpart, Ihh (Lanske 

et aL, 1996; Vortkamp et aL, 1996). It has not been reported whether Xenopus 

banded expression is associated with cartilage formation and it remains possible that 

the amphibian homologue of Ihh is not involved in this process. I am presently 

investigating the expression of N-bhh during cartilage formation in the embryonic 

limb to compare the expression of N-bhh in regeneration versus development. In 

addition, I am also studying the expression of Xenopus bhh during Xenopus limb bud 

development to allow a comparison to be made between the two organisms.

The difference in early expression of N-bhh during regeneration is also reflected 

during the development of the newt limb bud. N-bhh is expressed in the developing 

bud at stages prior to differentiation. As in the blastema its expression is uniform 

throughout the whole of the limb bud mesenchyme. Although there are clear 

differences between development and regeneration in the scale of the process, the 

origin of the mesenchymal progenitor cells (Ferretti and Brockes, 1991) and certain 

aspects of the mechanisms implicated in limb outgrowth and morphogenesis, 

nonetheless there is an obvious resemblance between the bud and the blastema, and 

many mechanisms are conserved (see Chapter 1 and Summary). This similar pattern 

of N-bhh expression in the limb bud and blastema might reflect a common 

mechanism in pattern regulation. An important difference between newt limb 

development and regeneration is that there is no evidence for a signalling region in 

the blastema that is comparable to the ZPA while, although there have been no reports 

of polarising region grafts during urodele limb regeneration, grafts of tissue from the 

posterior margin of the limb field to the anterior of the bud do evoke AP duplications 

(Slack, 1976). Thus the urodele limb bud might be expected to express Shh on the 

posterior margin. If the observed expression of N-bhh RNA is throughout the bud is 

reflected in the expression of the protein, it is problematic how the function of a local 

Shh source could be sustained. During the development of the somites in the
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zebrafish, two members of the hedgehog family act sequentially to induce a specific 

pattern of muscle pioneer cells (Currie and Ingham, 1996). Yet in all other cases so 

far examined, the activities of members of the hedgehog family are not member 

specific, presumably reflecting the marked conservation of the N-terminal fragment 

that mediates Hedgehog activity. For example. Sonic hedgehog protein is able to 

prevent differentiation of hypertrophic chondrocytes in a context where Indian 

normally mediates this effect, whereas local expression of Indian in the limb bud 

leads to anteroposterior duplications normally mediated by Sonic (Vortkamp et al.,

1996). It is clearly important to isolate urodele Shh, and to identify its expression in 

the limb bud, before these issues can be evaluated in detail.

It is striking that N-bhh expression in the blastema is regulated by a dose of RA that 

respecifies proximodistal identity. It has been shown that the implantation of a bead 

soaked in RA into the anterior of a chick limb bud can activate ectopic Shh expression 

similar to that observed in the posterior, with subsequent AP duplication (Riddle et 

al., 1993). In addition, systemic administration of RA to zebrafish embryos leads to 

the anterior duplication of a posterior region of Shh expression in the developing 

pectoral fin buds (Akimenko and Ekker, 1995). However, no other cases have been 

described where RA regulates the expression of a hedgehog family member. In the 

above case of the chick, the induction of ectopic Shh expression by RA requires 

factors from the AER overlying the mesenchyme, most likely to be FGF-4 (Laufer et 

al., 1994; Niswander et al., 1994). In limb regeneration, RA apparently acts to 

respecify PD identity by a direct action on blastemal cells that does not involve local 

induction of a signalling centre (Pecorino et al., 1996). The expression of N-bhh 

throughout the blastema, and its sensitivity to RA, are compatible with a role in 

establishing positional identity, and it will be interesting to determine if it is a target 

gene for RAR62 which is the RAR isoform that apparently mediates PD 

respecification (Pecorino et al., 1996). A second aspect of the induction of N-bhh by
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RA is that the wound epidermis of the blastema is a source of 9-cis-RA (Viviano et 

al., 1995) and it is therefore possible that the early expression of N -bhh  in the 

regenerate reflects the activity of this source on the underlying mesenchyme.

The observation that blastemal cells in culture have lost expression of N-bhh is 

similar to the finding that ZPA cells in vitro quickly cease to express Shh (Anderson 

et al., 1994). Whilst treating the cells in vitro with FGF-2 was found to maintain 

expression of Shh, it was not reported whether Shh expression could be re-activated in 

these cells once they had ceased its expression. It was not possible to re-activate N- 

bhh expression in the cultured blastemal cells by treating them with a combination of 

RA and FGF-2 (data not shown). This loss of expression of genes by the cultured 

blastemal cells has been previously observed for members of the homeobox gene 

family (Brown and Brockes, 1991; Crews et al., 1995).

It is interesting that familiar players in limb development such as RA, FGF, Hox 

genes and now hedgehog are expressed in limb regeneration but in some cases with 

different localisation (RA, hh) (Viviano et al., 1995), regulation {Hox genes) 

(Gardiner et al., 1995) or molecular identity (9 cis versus all trans isomers; bhh versus 

Shh) (Stratford et al., 1996; Viviano et al., 1995). Although the significance of these 

differences is not understood at present, it is noteworthy that regeneration can proceed 

on a larger scale than development, and this may have implications for the signalling 

mechanisms employed. It is interesting that the phenotype of the Sonic knockout 

mouse shows deletion of the distal structures of the limb, rather than a general defect 

in outgrowth of the limb bud (Chiang et al., 1996). It remains possible that an as yet 

unidentified member of the hedgehog family is expressed at earlier stages throughout 

the mammalian limb bud as we have observed for N-bhh in the newt limb bud. This 

study underlines that some caution is warranted in attributing universality to
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mechanisms in limb morphogenesis, not only between development and regeneration, 

but between urodeles and other vertebrates.
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Figure 5.1 Expression and lunelion ol h eJ g eh o g  during Drosophila developm ent.
(A) The ep idem iis .  Hh and w indless  are expressed at either side ol the 
parasegment boundary (dashed line) where they act in concert to maintain each  
other's expression, and the identities o f  the parasegmental border cells. (B) The 
eye  disc. H ed^eho^  is expressed  in the posterior compartment ol the eye  disc and 
induces the expression d p p  in the m orphogenetic  furrow (m) which is required 
lor the proper anterior propagation o f  the furrow. (C) The leg disc and (D ) w ing  
disc. Hh  is involved in the anterior-posterior (AP) patterning process, and 
subsequent outgrowth. Hh expression in posterior compartment ce l ls  induces the 
expression  o f  seco n d a n  signalling m olecu les  at the AP border. In the leg disc 
these are dp p  dorsal 1 y and wg ventrally (C). In the w ing disc, Hh induces  
expression  ofJ/?/? in dorsal and ventral regions, c lo se  to the AP border (D).
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Figure 5 .2  Transduction o f  Hh signalling in D rosophila . T he secreted Hh protein  
binds to Ptc and relieves the Ptc-dependent inhibition o f  S m o, w h ich  m ay in vo lve  
direct contact betw een Ptc and Sm o. Sm o is then able to activate the dow nstream  
genes  wg, d p p  and p tc  through the s ignalling  com p on en ts  F u sed  {Fu), C o s ta l-2  
{C o s-2 )  and Cubitus Interruptus (C iD ).  A ctivation  by S m o  may function via the 
inhibition o f  protein kinase A (P K A ),  although it is m ost  likely that P K A  acts in a 
parallel pathway.
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Figure 5.3 Sonic  expression in ihe ceniral nervous system. Sonic  expression  in the 
notochord (N C ) induces the lloorplate late (Flp) in overlying cells  ol the neural 
tube (NT). Sonic expression in iJie notochord and lloorplate induces ventral ce l ls  
fates such as motor neurons (marked by IslI  expression), and also patterns the 
som ites  (Som ) in the trunk where sonic  promotes the expression o f  sc lerotom e-  
sp ec if ic  markers (such as Pa.xJ and Twist)  at the expense  o f  the d erm om yotom e  
(marked by Pa.xS expression).
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Figure 5.4 A newt hedgehog family member.

(A) Structure of the N-bhh cDNA showing the nucleotide and predicted amino acid 
sequence of the N-bhh cDNA.

(B) Organisation of the N-bhh subclones used as probes, phh is the original fragment 
of N-bhh obtained by PCR and contains sequences highly conserved in the hedgehog 
family (Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993 ). p740 contains 
a smaW part of the conserved N-terminus of the gene and the major part of the less 
conserved C-terminus. The results of RNase protections using phh, and in situ 
hybridisations using p740 have been confirmed using pUTR which is comprised almost 
entirely of 3'UTR sequence (data not shown).
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1 ATGAAGCTGCTGGCCCTCCCACTGCTGGCCGTGGCGTGCGCTCTGCTGCTGGGGGGCCCCGGGGCGCTGG 7 0
I M K L L A L P L L A V A C A L L L G G P G A L G  2 4  

7 1  GCTGCGGGCCTGGCAGGGTGATCGGCCGCCGACCGAGGCCCCCGAGGCTTATCCCGCTCTCCTACAAGCA 1 4 0
2 4  C G P G R V I G R R P R P P R L I P L S Y K Q  4 7

1 41  GTTCCTGCCCCACGTGCCCGAGAAGACCCTGGGGGCCAGTGGGCGCTATGAGGGCAAGATCGCCCGCAAC 2 1 0
4 7  F L P H V P E K T L G A S G R Y E G K I A R N  70

2 1 1  TCGGAGCGCTTCAAGGAGTTGACGCCCAACTACAACCCGGACATCATCTTCAAGGACGAGGAGAACACGG 2 8 0
7 1 S E R F K E L T P N Y N P D I I F K D E E N T G  9 4  

2 8 1  GGGCGGACCGGATCATGACCCAGCGCTGCAAAGACCGGCTTAACTCCCTGGCCATTTCAGTCATGAACCA 3 5 0
9 4  A D R I M T Q R C K D R L N S L A I S V M N Q  1 1 7

3 5 1  GTGGCCCGGGGTCAAACTGCGGGTCACCGAGGGCTGGGATGAAGATGGTCACCACTCTGACGAGTCGCTG 4 2 0
1 17  W P G V K L R V T E G W D E D G H H S D E S L  1 4 0
4 2 1  CACTACGAAGGACGAGCGGTGGATATTACCACCTCAGACCGGGACCGTAACAAGTACGGCATGCTGGCCC 4 9 0
1 4 1 H Y E G R A V D I T T S D R D R N K Y G M L A R  1 6 4  
4 9 1  GGCTAGCGGCGGAAGCCGGATTCGACTGGGTCTACTACGAGTCCAAGGCGCACATCCACTGTTCGGTGAA 5 6 0
1 6 4  L A A E A G F D W V Y Y E S K A H I H C S V K  1 8 7
5 6 1  GTCCGAACACTCTGCTGCAGCAAAGACAGGCGGCTGCTTCCCTGCAAGGGCCCTGGCAACGCTGGAGAGT 6 3 0
18 7  S E H S A A A K T G G C F P A R A L A T L E S  2 1 0
6 3 1  GGCGAGAAGATCCCCATCGCAGATCTGGAACCTGGTCATCGAGTGTTGTGCATGGATGAGGGCGGCCGCA 7 0 0
2 1 1 G E K I P I A D L E P G H R V L C M D E G G R R  2 3 4  
7 0 1  GAACCTACAGCGATTTCTTAACCTTCCTCGACAGAGACTCTACAGCAGTGAAAGAGTTCTATGTGGTGGA 7 7 0
2 3 4  T Y S D F L T F L D R D S T A V K E F Y V V E  2 5 7
7 7 1  AACGCGAGACCCACCACGCAGACTGGCCCTCACCGCGGCCCATTTGCTCTTCGTTGCAGATAACTTCACT 8 4 0
2 5 7  T R D P P R R L A L T A A H L L F V A D N F T  2 8 0
8 4 1  GTGCCACTTACAGACTTCAGTACAGTTTTTGCCAGCCACGTGCAGCCTGGACAGTACATCCTTACAGAGG 9 1 0
2 8 1 V P L T D F S T V F A S H V Q P G Q Y I L T E G  3 0 4  
9 1 1  GGGTACTTGGGCTGCAGCCAGCTAGGGTGGTTTCTGTCACCACCCAGACTGACTCAGGTGCTTACGCACC 9 8 0
3 0 4  V L G L Q P A R V V S  V T T Q T D S G A Y A P  3 2 7
9 8 1  CCTCACGAGCCATGGCACGTTGCTGGTAGACGATGTAGTCGTATCCTGCTTTGCTGTGGTCCAAAAGCAT 1 0 5 0
3 2 7  L T S H G T L L V D D V V V S C F A V V Q K H  3 5 0

1 0 5 1  CAGCTGGCACAGCTCGCCTTCTGGCCACTGCGACTTTACCACAGCGTGGGTAGGCCAGAGACACAGCCAG 1 1 2 0
3 5 1 Q L A Q L A F W P L R L Y H S V G R P E T Q P E  3 7 4  

1 1 2 1  AGGGCATGCACTGGTACTCACTACTTCTTTACCGGCTTGGCAAGGTGTTGCTCATGAAGGAACAGTTCCA 1 1 9 0
3 7 4  G M H W Y S L L L Y R L G K V L L M K E Q F H  3 9 7

1 1 9 1  CCCTTTTGGTATGCCCTCTACAAAGAGCTGAGCACAGCTCTTTGTAGAGGGCCAGGGAAGGAGAAAGGAA 1 2 6 0
3 9 7  P F G M P S T K S 4 2 0

1 2 6 1  AAGGCGGGAGGAGACTAGCCTGCTGGGCAACACCAGCACACCTGATGTTGGCATGAGGCGATACAGCTCG 1 3 3 0
1 3 3 1  GAGATCTTTGGAGGCCGTGACTAGAGTGGGCAGCAGGGATGTCCACTGTCTCCCCACTTCCATACTCCCC 1 4 0 0
1 4 0 1  AATAGCCCTGTTCAAGCTTGGAGACCTGGGACAGAGACACACTGCAGGCCTGCTCTTAATTGCTTTTGTC 1 4 7 0
1 4 7 1  AAAAGAATTGTCCTGTTGGTGAGTCAGAAATATGGAAGGTCTCTAGTTTACAATCAGCGGAGAGAAACTG 1 5 4 0
1 5 4 1  TGTGAGTGAGCTATAGACTGATGGGTGGTCACCAGAAGTGGGATCACTCATGTTATTCTTAGATCCCTTC 1 6 1 0
1 6 1 1  TATGAAAGCAGACATGGAAGGGATG 1 6 3 5

B
1 1230 1650

•UTR

■' "  ' 1150

p740

1 2 2 0 ____________ 1570

pUTR
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Figure 5.5 Newt hedgehog is a homologue of Xenopus banded hedgehog.

(A) Predicted amino acid sequence of N-bhh and its similarity to Xenopus banded 
hedgehog QL-bhh\ 83% similar) and chick Indian hedgehog (Ihh; 85% similar). 
Residues that are identical in the three sequences are enclosed in coloured boxes; a dot 
indicates a gap in the alignment The predicted signal sequence (Riddle et al., 1993) of 
the Hedgehog molecule is indicated by the solid black line, and terminates next to the 
conserved CGPGR sequence. The presumed site of autoproteolytic cleavage of the 
molecule (Porter et al., 1995) is between residues 199-200 (TGG/CFF).

(B) Diagram illustrating the relatedness of the predicted Hedgehog proteins from 
various species. The newt Banded sequence is most closely related to Xenopus Banded 
hedgehog and chick Indian hedgehog. The alignment clearly demonstrates that Banded 
and Indian hedgehog are homologues. The comparison was made using the Pileup 
programme contained within the GCG software (Genetics Computer Group, Madison, 
Wisconsin). Newt Sonic was cloned from the Japanese newt Cynops pyrrhogaster 
(Takabatake et al., 1996).
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1 2 3

2.5 Kb

Figure 5.6 Northern blot o f  the N -bhh  transcript. Northern blot analysis  w as done
with 5 pg total R N A  and 5 pg poly(A )+  R N A  and probed with p740. The s ize  o f  
the transcript w as estimated from the m obility  o f  the new t 28S  and 18S ribosomal 
R N A s. Lanes: (1) hindlimb R N A ; (2) hindlimb poly(A )+  R N A ; (3) forelimb  

poly(A )+  R N A . A  2.5 Kb transcript w as detected in forelimb and hindlimb  
poly(A )+  R N A . The exposure time for the figure w as 7 days.
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Figure 5.7 Expression o i  N-bhh  in the limb and limb blastema. R N A  sam ples (10  
pg) were normalised with an E F l a  probe (S im on and Tabin, 1993) and analysed  
by R N ase  protection with the phh probe. Lanes: (1) proximal limb; (2) distal limb;  
(3) proximal blastema; (4) distal blastema; (5) tRNA. The protected N-bhh  
fragment was 120 bp.
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Figure 5.8 Localisation o f  N -bhh  in the blastema. R N A  sam ples (10  pg) were  
normalised with the E F l a  probe and analysed by R N ase  protection with the phh 
probe. Lanes: (1) blastema m esen ch ym e; (2) w ound epidermis; ^ ' N -bhh  
expression was detectable in the m esen ch y m e  but not the w ound epidermis.
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Figure 5 .9  Localisation o f  N-bhh  transcripts in the blastema during limb regeneration. 
A time course o f  the changes in localization o f  N-bhh  transcripts during the growth and 
differentiation o f  the blastema revealed by w hole  mount in situ hybridisations using the 
p740 probe. Stages o f  the blastemas are: (A) 3 days; (B ) 15 days; (C) Palette stage, (D)  
Digit stage. Scale bar is 350  pm.
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Figure 5.10 Localisation o f  N-hhh transcripts during the dedifferentiation o f  the slump  
tissues. (A -B ) Transverse section through 3 day blastema show ing N-hhh  transcripts 
around the muscle fibres at the plane o f  amputation. Longitudinal section through 3 day 
(C) and 15 day (D ) blastema show ing N-hhh  transcripts in the accumulating blastemal 
cells  (b). Note the clear division between N-hhh  expressing blastemal cells  (b), and the 
subjacent cartilage (s) which does not express N-hhh.  Scale bar; (A) 80 um ; (B -D ) 40  
u m .
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Figure 5.11 Localisation o f  N-hhh  transcripts in the blastema during limb regeneration. 
T he localization was revealed by w hole mount in situ hybridizations using the p740  
probe and subsequent microtome (A, C and D) and vibratome (B) sectioning. (A , C) 
Sections through 15 day blastemas, including stump tissue in (A). N-bhh  transcripts 
are localised throughout the m esenchym e o f  the blastema, and around the dermal glands  
(g) o f  the stump. (B and D) High magnification v iew s o f  vibratome (B) and m icrotom e  
(D ) sections through 15 day old blastemas sh ow in g  the presence o f  N-bhh  transcripts in 
the blastemal m esenchym e (m) and absence from the wound epidermis (w). Scale  bar 
is: 80 um  for (A, C) and 4 0  qm  for (B, D).
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Figure 5.12 Localisation o f  N-hlih transcripts during differentiation o f  the limb  
blastema. N-hhh  transcripts are not detectable in microtome sections o f  (A) palette ( B) 
digit stage blastemas analysed by w hole mount in situ hy bridisation with the p740  
probe. Cartilage condensations (c) are marked. Scale bar is 80 um.
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Figure 5 .13 Localisation o f  N-bhh  transcripts in the newt embryo. The localisation o f  
N-bhh  transcripts was revealed by w hole  mount in situ hybridisation with the p740  
probe (A ) and subsequent sectioning o f  paraffin-embedded em bryos (B and C).
Identical results were obtained with the pUTR probe (data not shown). (A) Lateral 
v iew  o f  tail region o f  a stage 32 em bryo with anterior to the right. N-bhh  transcripts are 
localised in a chevron-shaped band within each som ite  (arrowheads). (B) Transverse  
section through a stage 32 em bryo at the level o f  the limb buds. N-bhh  transcripts were  
detected in the balancers (b), the limb bud m esenchym e (m ), and the ectoderm  
surrounding the em bryo (e). (C) A  high magnification v iew  show ing N-bhh  localised  
to the limb bud m esenchym e (m) and overlying ectoderm (e) o f  a stage 32 embryo. 
Scale bar is 800  p.m for A , 100 p m  for B and 5 0  p m  for

(D) N -hhh  transcripts were also detected in the anterior forebrain.
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Figure 5 .14  Effect o f  retinoic acid (R A ) treatment on N -bhh  expression  in the 
blastema. B lastem al R N A  w as prepared from animals treated with a proxim alizing  
d ose  o f  R A  d isso lved  in D M S O  or with D M S O  alone (see Chapter 2). R N A  
sam ples (10  pg) were normalised with the E F l a  probe and analysed by R N ase  
protection with the phh probe. Lanes: (1) RA-treated blastema; (2) untreated 
blastema; (3) adult limb. The leve l  o f  N -bhh  expression  in the blastema w as  
increased approximately four-fold by R A . D M S O  treatment alone had no e ffec t  
on N -bhh  expression  (data not show n). Comparable results were obtained with 2 
independent preparations o f  blastemal R N A . ( i f  ) -
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Summary
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The molecular mechanisms which regulate growth and pattern formation during 

urodele limb regeneration are poorly understood and, until very recently, experiments 

have largely depended upon the surgical manipulation of the blastema. These 

investigations have, however, provided compelling evidence that the mechanisms for 

patterning the urodele blastema and the developing limb bud appear to converge, at 

the latest, once a sufficient number of limb progenitor cells has been accumulated. 

Whereas the regulation of the developing limb bud, for a considerable period of time, 

has been known to depend upon the activity of two signalling centres within the 

embryonic bud, the ZPA and AER, no such spatially restricted, morphogenetic 

activity has been demonstrated in the urodele limb blastema. Instead, models of 

patterning during regeneration have emphasised the importance of local interactions 

between cells of differing positional value in stimulating appropriate growth and 

differentiation. The potential role of the cell-surface in the morphogenesis of 

regeneration has been reinforced by demonstrations of differential blastemal cells 

adhesivity, and by the 'affinophoresis' experiments of Crawford and Stocum. Thus in 

simple terms, the positional identity of the blastema along the proximodistal axis of 

the limb could be represented by the graded expression of a cell-surface molecule in 

blastemas of differing proximodistal level. The expression of such a molecule ought 

to be sensitive in some way to reagents which can respecify the positional identity of 

the blastema, such as retinoic acid.

In Chapter 3 I have described work that was carried out to develop a method of 

identifying the complement of cell-surface proteins expressed by a single limb 

blastema, which is comprised of approximately 250, 000 cells. The protocol centred 

upon the use of a reactive biotin derivative to label only those proteins exposed at the 

surface of the cell. The blastemal proteins were resolved by 2D-PAGE, and the biotin 

labelled proteins were identified using an enzyme-coupled streptavidin reagent. In 

this way the cell-surface proteins expressed by a proximal and a distal blastema from
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the same animal could be compared, and differences in protein expression that were 

related to the level of origin of the blastema searched could be searched for. 

However, the blastemal cells expressed a considerable number of cell-surface 

proteins, and it proved very difficult to identify quantitative and, particularly, 

qualitative changes in the levels of spots on the 2D-autoradiographs. The variable 

nature of the pattern of spots produced by 2D-PAGE caused further difficulties in 

comparing gel patterns. The analysis of proteins of a more restricted range of mass 

and isoelectric point could have lessened the problems encountered with both the 

reproducibility and quality of the gel patterns, and would have enabled a more 

thorough analysis of the gel patterns without the use of a computer-based imaging 

system. After carrying out a trial of the protocol using 8 newts (which resulted in the 

production of over 150 2D-autoradiographs) I terminated the project. A sample of 50 

pairs of blastemas could have allowed me to identify a candidate protein which I 

might have been able to purify and obtain a sufficient quantity in order to begin a 

sequencing project. However, I felt that the risk of continuing with this work, and 

failing to generate sufficient data at each stage, was high enough to warrant a different 

approach to the analysis of the molecular basis of positional information during limb 

regeneration.

Several alternative approaches could be taken to identify molecular components of the 

blastema that might encode positional information such as the use of differential 

mRNA display or subtractive hybridisation to compare genes differentially expressed 

by a proximal versus a distal blastema. A recent study offers an attractive opportunity 

for progress in this field (Pecorino et al., 1996; see Chapter 1 and Figure 1.9). This 

work exploited the ability of RA to respecify the positional identity of the blastema 

and used chimeric RARs that could be activated by thyroid hormone to determine that 

the RAR 62 isoform alone mediated the morphogenetic effect of RA in the 

regenerating limb. Newt cell lines that stably express the chimeric 62 have been
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established, and by using the technique of subtractive hybridisation it may be possible 

to identify genes that are activated through only the 52 isoform in response to RA 

treatment. One would expect such genes to be putative components of the mechanism 

by which the positional identity of the blastema is specified.

The approach that I took is one that is very common in the field of developmental 

biology which was to identify the newt homologue of a gene whose function during 

the development of the fruit fly, Drosophila melanogaster, suggests that it might play 

a key role in patterning the regenerating limb. The Notch gene was chosen because it 

was a cell-surface signal receptor molecule, it could function as an adhesion molecule, 

and in addition, was known to mediate the determination of cell fate in the Drosophila 

neuroectoderm. I have described in Chapter 4 that a newt member of the Notch gene 

family is expressed in both the adult and regenerating limb, but at a uniform level, 

unrelated to the proximodistal level of origin of the adult and blastemal sample, and 

its expression was not regulated by RA. An attempt was made to clone a homologue 

of the Serrate family of Notch ligands in the hope that the expression of such a 

molecule might be compatible with the hypothesis of a gradient of Notch signalling 

activity mediating the positional identity of the blastema; however, this experiment 

was unsuccessful.

Additional work was presented in Chapter 4 describing the expression of newt Notch 

during the differentiation of myogenic newt cells in culture. This study was carried 

out in response to more detailed investigations of Notch function in both Drosophila 

and vertebrates that were published during my period of study. A large body of work, 

centred upon the use of constitutively active Notch receptors, has resulted in the 

proposition that Notch signalling maintains cells in an uncommitted state, and thus 

regulates their competence to respond to local inductive signals. It was therefore 

surprising to find that these myogenic newt cells were able to form myotubes whilst
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continuing to express the newt Notch gene. This result contrasts with that observed in 

vivo, in the fish, mouse and rat, where Notch expression ceases once the somites have 

formed.

A construct expressing a constitutively active rat Notch 1 molecule (called CDNl) was 

obtained from G. Weinmaster, and used to transfect the myogenic newt cells. 

Expression of this construct, which prevents the myogenic differentiation of murine 

C2C12 cells, failed to prevent the newt cells from forming myotubes. This result 

suggests that newt cells can differentiate in the presence of active Notch signalling, 

unlike many other vertebrate and invertebrate cells, in vitro as well as in vivo. 

Subsequent to this work, Shawber et al., have proposed that two signalling pathways 

may be operative downstream of the Notchy one involving activation of CBFl, and 

one not. The CDNl molecule was shown to activate only the CBFl-independent 

pathway, which, whilst able to block the differentiation of C2C12, failed to prevent 

the differentiation of the newt cells. It is clearly important, in future work, to test the 

activity of a Notch  construct that is able to activate the CBFl pathway in this 

inhibition assay using the newt cells. However, the result obtained with the Notch 

gene is comparable to that obtained in a similar assay with the newt Msx-1 gene 

(Crews et al., 1995). Expression of Msx-1 in a murine myoblast cell line prevented 

their differentiation whereas expression of the newt homologue of this gene in the 

myogenic newt cells did not block differentiation. In Chapter 4 I have discussed how 

the failure of these genes to block differentiation of the newt cells in culture may be 

related to differences in the regulation of myogenesis in newt cells, which are 

responsible for the ability of these cells to dedifferentiate in vivo, and to re-enter the 

cell cycle in vitro. Present work taking place in the laboratory is aimed at isolating 

the activity in serum which is able to stimulate the cultured myotubes to re-enter the 

cell cycle, and it is an attractive possibility that Notch signalling plays a role in this 

phenomenon and in dedifferentiation. Further components of the Notch  signal

188



transduction pathway will need to be isolated and analysed in this system in order to 

explore this possibility.

The study of vertebrate homologues of genes that regulate Drosophila development 

has been particularly fruitful. While my study was in progress, a vertebrate 

homologue of the Drosophila segment polarity gene, hedgehog, was cloned from a 

range of vertebrates. The pattern of expression of this gene, called Sonic hedgehog, 

during the development of the vertebrate limb was significant as it colocalised with 

the ZPA. The product of this gene has been shown to mediate the polarising activity 

found in the posterior margin of the embryonic limb bud, as well as polarising activity 

found in other parts of the embryo such as the notochord, and Henson's node. I set 

out to clone a newt homologue of Sonic hedgehog in order to study its expression 

during limb regeneration, to shed some light upon the presence or otherwise of 

morphogenetic signalling regions within the blastema. Although I isolated a different 

member of the vertebrate hedgehog family (called banded or Indian hedgehog), its 

expression pattern was surprising.

Newt banded hedgehog is expressed beneath the wound epidermis at the onset of 

regeneration, and throughout the blastemal mesenchyme during the phase of 

blastemal cell accumulation. As the blastema begins to differentiate, banded  

expression is down-regulated and does not associate with the developing cartilage. 

This is in contrast to the expression of the avian homologue, Indian, which is 

expressed by chondrocytes in the growth plates of the cartilage elements, but not in 

the limb bud at earlier stages of development, when only Sonic hedgehog has thus far 

been detected. The difference in early expression pattern is also reflected in the newt 

embryo where banded was detected throughout the developing limb bud. Present 

work is under way to investigate the expression of banded both in the newt limb bud 

at later stages when the cartilage elements are developing, and the expression of
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Xenopus banded in the developing Xenopus limb. In this way I intend to investigate 

whether the differences in the expression of newt banded reflect a difference between 

amphibian and higher vertebrate limb development, or whether the expression of newt 

banded in the early limb bud presages its induction in the blastema during 

regeneration and hence is specific to the ability of the urodele limb to regenerate. In 

addition it will be important to clone a newt Sonic hedgehog homologue and analyse 

its expression during newt limb development and regeneration. It will be interesting 

to discover whether newt Sonic is expressed at the posterior margin of the embryonic 

newt limb bud, which would suggest that urodele limb bud patterning was controlled 

by a ZPA-like activity (which has not been confirmed with grafting experiments), but 

a positive result will have implications regarding the differential transduction of the 

signals arising from the putative presence of two different Hedgehog proteins which 

appear to share a similar biological activity. Furthermore, it will be important to 

investigate whether newt Sonic is expressed in the blastema. Through this approach, I 

hope to begin to study whether the blastema is patterned in a similar manner to the 

limb bud, through the activity of signalling centres within the blastema, or whether 

the blastema derives sufficient positional information from the tissues of the stump to 

abrogate the requirement for additional polarising activity, with patterning being 

achieved strictly by the process of intercalation. In this respect it should be noted that 

Sonic expression is not an essential requirement for the initial activation of polarised 

HoxD gene expression in the developing avian limb bud (Noramly et al., 1996).
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Appendix

A newt homologue of the
nm23 gene
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A I  Introduction

The nm23 gene was first identified in a screen for genes whose RNA levels are reduced 

in tumour cells of high metastatic potential (Steeg et al., 1988). The gene encodes a 

nucleoside diphosphate kinase and homologues have since been cloned in a range of 

vertebrates and invertebrates. Transfection of nm23 cDNA into highly metastatic cell 

lines was found to reduce their metastatic potential in vivo by 50-90% (Leone et al., 

1991; Leone et al., 1993). A large number of clinical studies have now correlated 

reduced nm23 expression with tumours of high metastatic potential (for review see De 

La Rosa et al., 1995) suggesting nm23 is a putative metastatic suppressor gene, 

although elevated levels of nm23 expression have been detected in several studies.

My interest in characterising the newt nm23 homologue, which was isolated in a screen 

for homologues of the chick Serrate gene (Myat et al., 1996), resulted from studies of 

the Drosophila homologue of the nm23 gene. The abnormal wing discs (awd) gene of 

Drosophila encodes a protein which is almost 80% identical at the amino acid level to 

vertebrate Nm23 proteins (Rosengard et al., 1989). The gene was isolated in a screen 

for mutations that caused imaginai wing disc abnormalities (Dearolf et al., 1988). Awd 

is expressed at high levels in the developing wing, leg and eye-antenna imaginai discs 

(Dearolf et al., 1988; Timmons et al., 1993). Null mutations of the gene are lethal and 

mutant embryos die at the late larval stage. Mutant larvae have morphologically 

abnormal wings discs as a result of extensive cell death, and abnormal brains. 

Although cell death is restricted to the wing discs, neither the eye-antenna nor leg discs 

can develop normally in wild-type hosts. Thus, mutations in awd  result in the 

abnormal growth and development of the larval imaginai discs and brain. Mutations of 

awd also prevent the formation of brain tumours normally observed in mutations of the 

Igl gene (Timmons et al., 1993).
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An additional functional evaluation of the nm23/awd gene has been performed in 

Drosophila. The awd killer o f prune (awd^'P^) allele contains a single mutation in 

which proline-97 is changed to a serine (Lascu et al., 1992) yet developmental 

abnormalities, such as those associated with awd mutants, are observed only when the 

awd^'P^ allele is coexpressed with the prune eye colour gene (pn). Flies expressing 

the tum-1 oncogene, an allele of the hopscotch {hop) gene which encodes a protein 

tyrosine kinase, exhibit an over proliferation of phagocytic blood cells and formation of 

aggregated melanised haemocyte masses, resulting in lethality. Expression of the 

awd^'P^ allele (without coordinate expression of pn) resulted in increased survival of 

tum-1 hemizygotes supporting an anti-neoplastic function for the awd gene (Zinyk et 

al., 1993). Therefore the Drosophila nm23 homologue is required both for normal 

development, has an anti-neoplastic function in tum-1 mutants, and affects tumour 

growth and/or proliferation in Igl mutants.

Common changes in cell behaviour occur in tumourigenesis, development, and 

regeneration. For example, elevated cell proliferation in response to growth factor 

molecules drives the growth of the embryo, the formation of the regeneration blastema, 

and the growth of many different tumours. Periods of increased cell proliferation are 

followed by the differentiation of the newly formed tissues. Although the biochemical 

mechanisms underlying the biological role of the Nm23 protein are unclear at the 

present (De La Rosa et al., 1995; Postel and Ferrone, 1994), changes in nm23 gene 

expression have been associated with changes in cell proliferation (Keim et al., 1992) 

and differentiation during development (Dearolf et al., 1988) as well as tumour 

formation (De La Rosa et al., 1995; Rosengard et al., 1989; Timmons et al., 1993). I 

have therefore investigated the regulation of newt nm23 expression during regeneration 

and differentiation, and have assayed the effect of changes in nm23 RNA levels on cell 

proliferation in vitro.
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Results 

A.2 Identification of a newt nm23  homologue

A newt proximal forelimb blastema cDNA library was screened at low stringency with 

the chick serrate gene (Myat et al., 1996). Approximately 10^ plaques were screened 

with a 32p-iabelled probe, synthesised by random-primed labelling, using the full 

length chick Serrate gene as a template. Conditions for the first round of hybridisation 

were as described in Chapter 2 except that hybridisation was performed at 40°C for 24 

hours. The filters received a final wash in 2X SSC/0.1% SDS at 43°C for 10 minutes. 

Under these conditions a large number of plaques produced a hybridisation signal. 

Representative cores were removed from the plates and rescreened under similar 

conditions to the first round. After a third round of hybridisation, 15 cores were 

removed and the phage inserts cloned by PCR into the pBluescribe vector. The inserts 

were sequenced, and one phage contained a full length cDNA of a newt member of the 

nm23 gene family. Figure A.l shows the nucleotide and putative amino acid sequence 

of the newt nm23 gene. In order to discover why the chick Serrate gene should have 

hybridised to the nm23 sequence during this library screen, the sequences of the two 

genes were compared using the PASTA programme of the GCG analysis software. 

Figure A.2 shows that one region of the newt nm23 gene shares over 65% sequence 

identity, in a 70 bp overlap, with a region of the chick Serrate gene, although this 

homology does not extend to the predicted amino acid sequence. Radiolabelled probes 

synthesised by the random-priming method are on average 80-120 nucleotides in 

length, consequently a probe containing the entire region of sequence similarity is likely 

to have been synthesised. Such probes would be expected to hybridise specifically to 

the newt nm23 gene, even under stringent conditions. Thus the chick Serrate probe 

specifically recognised the newt nm23 gene under the conditions of the screen.
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Figure A.3 shows a comparison of the predicted newt Nm23 amino acid sequence with 

members of the nm23 gene family. The proteins share a very high degree of sequence 

identity over their full length, over 70%. The histidine residue at position 118 in the 

human and mouse proteins is the critical residue for NDPK activity being the presumed 

site of phosphorylation in the formation of the phosphoenzyme intermediate (Williams 

et al., 1993). This residue is completely conserved in the nm23 gene family (Postel and 

Ferrone, 1994; Williams et al., 1993) and is present in the newt predicted protein 

(Figure A.3).

A.3 Expression of the n m 2 3  gene in newt tissues and  

cultured cells

A Northern blot containing RNA and poly(A)+-selected RNA was hybridised with the 

full length newt nm23 gene at high stringency. A single band of ~0.8kb was visible in 

both total RNA and poly(A)+-selected RNA (Figure A.4). The size of the message was 

similar to nm23 transcripts from other vertebrates. The high level of hybridised probe, 

and the detection of a transcript in total RNA, suggested a high level of nm23 

expression

Further analysis of nm23 expression was carried out by RNase protection. Nm23 

expression in all tissues examined was extremely high, comparable to the ubiquitously 

and highly expressed translation factor E F l-a  which was used to normalise the RNA 

samples (Simon and Tabin, 1993). Expression of newt nm23 was detected in RNA 

from both normal and blastemal limb tissue (Figure A.5) as a protected fragment of 258 

bp. The expression of newt nm23 was equal in both normal and regenerating tissue 

(lanes 1 and 3, and 2 and 4). The expression of newt nm23 did not vary along the PD 

axis of the adult limb (lanes 1 and 2) and was similar in blastemas of differing 

proximodistal origin (lanes 3 and 4). Nm23 was expressed in cultured newt cells at a 

level similar to that in vivo (lanes 1, 3, and 5). The level of nm23 expression in these
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cells remained the same when they were induced to differentiate into myotubes (lanes 5 

and 6; see also Figure A.6).

The level of expression of nm23 by cells in culture was sufficiently high to be easily 

detected by 35s in situ hybridisation (Figure A.6). Strong hybridisation was observed 

both in the cultured cells and in their differentiated state, as myotubes. Control 

hybridisation with an nm23 sense probe gave no signal confirming the specificity of 

hybridisation.

A.4 Altered n m 2  3 expression does not a ffect  cell  

proliferation in culture

The levels of Nm23 protein have been shown to increase when some tumom* cell lines 

are mitotically stimulated. This increase in Nm23 expression parallels increase in pH]- 

thymidine uptake and the percentage of cells in S-phase (Keim et al., 1992). In 

addition, homologues of nm23 in M. xanthus and D. discoidium are essential for cell 

proliferation and levels fall upon differentiation (Munoz et al., 1990a; Munoz et al., 

1990b; Wallet et al., 1990). To test whether changes in nrri23 expression could directly 

alter the proliferation of cultured newt cells, a full length cDNA encoding newt nm23 

was cloned into the pSG5 expression vector and transfected into newt cells. Newt 

nm23 was cloned into the vector in both the sense and antisense orientation to 

investigate the effect of elevated and reduced nm23 expression on cell proliferation. 

Two populations of cells were transfected: those growing in normal media; and those 

that had been previously cultured in low-serum media to reduce their level of 

proliferation. To identify the transfected cells, all transfection mixtures contained 

plasmid DNA that expressed p-galactosidase. After transfection, the cells were 

incubated with [3H] thymidine prior to autoradiography. Transfected cells were 

identified by staining for p-galactosidase activity using X-gal (Figure A.7), and as 

previous experiments have shown that cotransfection occurs with a frequency of at least
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85% (Schilthuis et al., 1993), almost all of the p-gal positive cells should also contain 

the appropriate pSG5 expression construct An effect of nm23 on growth rate might be 

reflected in a difference in the proportion of transfected cells that have silver grains over 

their nuclei. The overexpression of nm23 in normally proliferating cells had no effect 

on the labelling index of the transfected cells (Figure A. 8) which was approximately 

40%. However, the expression of antisense nm23 RNA in these cells reduced their 

labelling index by approximately 25%. The expression of sense or antisense nm23 

RNA in cells with a reduced level of proliferation had no effect. The data is consistent 

with a reduction in nm23 expression causing a decrease in the proliferation rate of the 

B lH l cells although only a small number of cells were analysed in this study. From 

similar such experiments in the cultured newt cells (Gann et al., 1996; Schilthuis et al., 

1993), over 1000 cells would need to be counted for each experiment to ensure a 

reliable result was obtained.
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Discussion

The data presented above identify a newt member of the nm23 gene family. The gene 

was isolated by screening a newt blastemal library with the chick Serrate gene under 

conditions of low stringency. Comparisons of the newt nm23 sequence with that of the 

chick Serrate gene revealed a region of homology which would suggest a specific 

interaction between the two DNA molecules. Thus the nm23 gene appeared to cross- 

react specifically with the Serrate probe, and, being highly expressed in the limb 

blastema and so likely to be abundant in the library, was readily isolated in the screen.

The predicted amino acid sequence of newt Nm23 revealed the conservation of two 

motifs of the Nm23/NDPK family. The protein contained the conserved histidine 

residue which has been shown to be essential for NDPK activity (Postel and Ferrone, 

1994; Williams et al., 1993). The amino acid sequence also contained a leucine motif 

which is present in the Nm23 proteins of only higher eukaryotes. The leucine zipper 

motif normally comprises 7 leucine residues whilst the Nm23 motif contains 2 or 3 and 

is no longer thought to function as a leucine zipper (Dumas et al., 1992).

Changes in nm23 expression have been correlated with the process of tumourigenesis 

in both in vitro cell models and in vivo (for review see De La Rosa et al., 1995, and 

references therein), and the Drosophila nm23 homologue awd plays an essential role in 

normal cell proliferation and differentiation, as well as tumour formation. The changes 

in cell behaviour that occur during regeneration such as increased cell proliferation, 

increased cell motility and changes in states of differentiation also occur during tumour 

growth and metastasis. The expression of nm23 in the newt has been examined in both 

normal and regenerating tissues, as well as in an in vitro model of differentiation. 

However, nm23 was expressed at the same level in both normal and blastemal tissue. 

This is in contrast, for example, to the finding that expression of nm23 in the tomato
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plant is elevated upon wounding (Harris et al., 1994). Furthermore, nm23 levels 

remained the same when cultured limb cells differentiated into myotubes in vitro. 

Increased levels of nm23 have been found to correlate with the progression of two 

human tumours, and a human tumour line stimulated to proliferate showed increased 

levels of nm23 expression. However, no effect of increased nm23 expression was 

observed upon the rate of proliferation of newt cells in culture, although expression of 

antisense nm23 RNA in these cells did reduce their proliferation by approximately 25%.

Although the expression of nrri23 has been shown to have a clear effect of suppressing 

metastasis in two mammalian tumour cell hues (Leone et al., 1991; Leone et al., 1993) 

as well as in Drosophila tum-1 mutants (Zinyk et al., 1993), both increases and 

decreases in nm23 expression have been correlated with increased metastasis in a 

variety of human tumours in vivo (see De La Rosa et al., 1995), reflecting the 

heterogeneity of the metastatic process. The Drosophila nm23 gene is essential for 

normal development and reduced Nm23 protein levels cause widespread developmental 

defects. In addition, the accumulation of Nm23 protein during mouse embryogenesis is 

coincident with the functional differentiation of various epithelial tissues (Lasko et al., 

1992). However, levels of nm23 RNA remained constant in newt tissues undergoing 

differentiation, dedifferentiation and increased proliferation. Antibodies to human and 

rat Nm23 proteins failed to cross-react with newt Nm23 in vivo (data not presented) 

therefore any change in Nm23 protein levels during these processes could not be 

assessed. The high level of nm23 expression in all newt tissues tested suggests at the 

very least an important 'housekeeping' function for this gene.

The role of newt nm23 in the proliferation of the cultured newt cells could have been 

more carefully detailed in a larger study, and its potential regulation by retinoic acid 

investigated by RNase protection. However, I had initiated a project to study the 

mechanism of inhibition of cell growth through the RARal isoform, and the specificity
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of the RARs in gene activation in general, when it became clear the role of the Notch 

gene in regeneration was more subtle or less central than I had at first thought, and the 

screen for the Serrate gene generated so many false positives. I therefore finished my 

study of newt nm23 at this point, and concentrated on my study of the RARs and 

chimeras, data which is not presented in this thesis.
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ATGTCTGGCAACGGTATCACAGAGCGCACCTTCATTTGCATCAAGCCAGATGGTGTTCAA
M S K P D G V QG N G I T E R T F I C I  

6 1  CGGGGCCTTGTGGGAGAGATAATTAAGCGCTTTGAGCAGAAGGGCTACCGACTGGTGGCC 
2 1 R G L V G E I I K R F E Q K G Y R L V A  

1 2 1  ATGAAGTTTATACAGGCCTGCGAGGAACATCTTAAGGAGCATTACATTGACCTGAAGGAT 
4 1 M K F I Q A C E E H L K E H Y I D L K D  

1 8 1  CGCCCATTCTACCCTGGCTTGGTAAAATACATGGGCTCAGGCCCTGTTGTACCTATGGTC 
6 1 R P F Y P G L V K Y M G S G P V V P M V  

2 4 1  TGGGAAGGATTTAATGTGGTGAAGACTGGCCGGGTAATGCTGGGAGAGACCAACCCGGTC 
8 1 W E G F N V V K T G R V M L G E T N P V  

3 0 1  GATTCCAAACCAGGGACCATCCGTGGAGACTTTTGCATCCAGGTTGGCAGGAACATATGC 
1 0 1 D S K P G T I R G D F C I Q V G R N I C  
3 6 1  CATGGCAGTGACTCTGTGGAAAGTGCCAAAAAGGAGATCAACCTGTGGTTCAAGCCGGAA 
1 2 1 H G S D S V E S A K K E I N L W F K P E  
4 2 1  GAGCTGATTTCTTACACCACGTGCGCCAACGAATGGATCAACGAGGGGAACTGA 
1 4 1 E L I S Y T T C A N E W I N E G N *
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M. musculus B

R. ratus B

Styl (360) 474StuI (136) H. sapiens H2
5'UTR

newt nm23 f— M. musculus A

— R. ratus A

-122 136 — H. sapiens HI
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D. melanogaster

S. cerevisiae

A. Thaliana

D. discoideum
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Figure A. 1 The newt nm23 homologue. (A) Structure of the newt nm23 cDNA 
showing the nucleotide and predicted amino acid sequence. (B) Organisation of 
the newt nm23 homologue showing the position of the StuI site used in subcloning. 
The pNm 1 subclone was used in RNase protection and in situ hybridisation 
analyses and contains 122 bp of 5' UTR sequence and 136 bp of 5' coding 
sequence. (C) Diagram illustrating the relatedness of the predicted Nm23 proteins 
from various species. Note that there are two nm23 genes in rats, mice and 
humans. The comparison was made using the Pileup programme contained within 
the GCG software (Genetics Computer Group, Madison, Wisconsin).
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nm23 353 ACATATGCCATGGCAGTGACTCTGTGGAAAGTGCCAAAAAGGAGATCAAC.CTGTGGTTC 4 11
I 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1  11 I I  I I  I I I I  I 1 1 1 1 1

Serrate 750 cattgaaccatggcagtgcctctgtgaaa...ccaactggggtggtcagctctgtgacaa 809

nni23 412 aagccggaagagctgatttctt 433
I I I  I I I I I I  

Serrate big agacctgaactactgtgga... 8 31

Figure A.2 The nucleotide and predicted amino acid sequence of a region of the 
newt nm23 that shares over 65% nucleotide sequence identity with the chick 
Serrate gene. Identical matches between the two genes are marked with vertical 
bars and gaps that optimise the alignment are shown as dots.
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Figure A .3 N ni23  fam ily m em bers are h igh ly  conserved . The predicted am ino  
acid sequence o f  new t nni23  is com pared w ith those o\' D ro so p h ila ,  and the human 
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û

0.8 Kb

Figure A .4  Northern blot analysis o f  the new t n m 23  transcript. Northern analysis

w as perform ed w ith 5 pg total adult forelim b R N A  and 5 pg po ly (A )+  adult 
forelim b R N A , and probed w ith p N m l. The size  o f  the transcript w as estim ated  
from  the m obility  o f  the n ew t 28S  and 18S ribosom al R N A s. Lanes: 1, adult 
forelim b R N A ; 2, adult forelim b p o ly (A )+  R N A . A  sin g le , 0 .8  Kb transcript w as

detected in both total and po ly (A )+  R N A . The exposure tim e for the figure w as 6 
hours w ith K odak X A R 5  film  at room  tem perature.
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Figure A .5 Expression o f  newt nm23  in new t tissue and cultured cells. R N A  
sam ples (5 gg) w ere norm alised with an E F l a  probe (S im on and Tabin, 1993) and 
analysed by protection with p N m l. Lanes; (1) proxim al limb; (2) distal limb; (3)  
proxim al blastema; (4) distal blastem a; (5) A1 cells; (6) m yotubes; (7) heart; (8) 
kidney; (9) nm23  probe. L evels o f  nm23  R N A  were equal in all sam ples analysed, 
and were present at high levels w hen com pared with the E F l a  probe.
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Figure A .6  Expression o f  new t nni23  in cultured A 1 ce lls  and m yotubes. The 
exp ression  o f  newt n/n23  R N A  w as revealed by in situ hybridisation using the p N m l 
probe labelled  with by in vitro transcription. H ybridisation signal w as detected in 
the cytop lasm  o f  both undifferentiated new t A 1 ce lls  and differentiated m yotubes (A ,B )  
at sim ilar levels. N o  signal w as observed in control hybridisations w ith the p N m l 
sen se nrn23 probe (C ,D ). A ,B  bright field  and C ,D  dark field  v iew s. S ca le  bar is 250  
Lim.
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Figure A.7 Effect of newt Nm23 expression on cell proliferation. (A) Cell 
proliferation assay. Newt BlHl cells were transfected using a particle gun with 4 
pg of sense or antisense nm23 expression constructs, or vector alone, and 4 pg of 
EFp-gal to mark transfected cells. 24 hours after transfection the cells were 
replated and incubated for a further 7 days. On day 7, [^H]thymidine was added (1 
pCi/ml of media) and the plates were incubated for 8 hours before being stained 
for p-galactosidase expression, and processed for autoradiography with 
photographic emulsion. (B) The results of an experiment carried out as described 
in (A). Normal cells were maintained in AEMEM throughout the experiment. LS 
cells had previously been maintained in LS-AEMEM for 7 days to reduce their 
proliferation rate. Expression of vector alone or the nm23 sense construct had no 
effect upon cell proliferation. Expression of antisense nm23 in normally 
proliferating cells reduced their growth rate by 25%; there was no effect on LS 
cells however.
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