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Abstract

The regenerating newt limb blastema expresses a number of molecular markers
which are not expressed in the developing limb. Two antibodies which stain most if not
all of the mesenchymal cells of the blastema are LP1K and RGES53. In other species
these identify keratin 8 and keratin 18, which are usually restricted to simple epithelia.
The newt homologues of these keratins, NvK8/18 (Notophthalmus viridescens keratin
8/18) have been cloned.

It is shown that whilst NvK8/18 are down-regulated by retinoic acid in the liver,
this regulation is not seen in the blastema. However, in cultured limb cells obtained
from normal limb muscle (TH4B), RA clearly down-regulates NvK8/K18, there is a
decrease in their proliferation and differentiation into myotubes tékes place. In contrast
NvK8/18 are not directly regulated by RA in cultured blastemal cells (BIH1). In
addition retinoic acid neither has a direct effect on the proliferation or differentiation of
the BIH1 cells. Myogenesis of the BIH1 does occur at high cell density. Therefore it is
proposed that there are at least two mechanisms of forming muscle in the newt, one is
used for repair myogenesis the other for regeneration of muscle.

It is further shown that NvK8/18 are only expressed in the regenerating limb
when the nerve has entered the limb bud. The nerve does not control NvK8/18
expression, it appears to define a developmental stage whereby the blastemal cells have
to express NvK8/18 if regeneration is to proceed.

The link between NvK8/18 expression and proliferation appears to be direct.
Antisense oligomers targeted against NvK8/18 expressed in either limb or blastemal
cells causes a decrease in their proliferation and differentiation is observed. Therefore,
it is suggested that one of the first steps in blastemal cell differentiation is the down-
regulation of NvK8/18. A model is proposed how NvK8/18 could regulate

transcription.



Contents

Title page
Acknowledgements
Abstract

Contents

List of figures

List of tables
Abbreviations

Chapter 1- Introduction

.1 Regenerative potential of the vertebrates
2 Comparison of limb development and regeneration
2.1. Limb development
2.1.i Source of cells
.1.ii Function of the AER
2.1.iii The zone of polarizing activity (ZPA)
2.1.iv The ectoderm and the dorsal-ventral axis
2.1.v The interaction of the three limb axis is required for growth and
tterning of the limb
.2 Regenerating limbs
.2.1 Stages of regeneration
.2.ii The role of the WE
2.2.iii Origin of blastemal cells
.2.iv The requirement of a nerve supply for regeneration
2.2.v Pattern formation in the regenerating limb
.2.vi Expression of different molecular markers
Structure of the keratins
.4 Function of the keratins
1.5 Aims

1
1.
1.
1.
1.2
1.
1.
1.
pa
1.2
1.2
1.2
1.
1.2
1.
1.2
1.3
1

Chapter 2- Materials and Methods

2.1 Chemicals

2.2 Antibodies

2.3 Probes

2.4 Animals

2.5 Cloning and DNA Methods

2.5.1 Production of competent cells for transformation
2.5.2 Bacterial transformation

2.5.3 Standard DNA methods

2.5.4 Restriction digests

2.5.5 Agarose gel electrophoresis

2.5.6 Isolation of DNA fragments from gels

2.5.7 Subcloning and ligations

2.5.8 Isolation of plasmid DNA. Mini-prep

2.5.9 Isolation of plasmid DNA. Maxi-prep

2.5.10 Labelling of DNA by random oligonucleotide-primed synthesis
2.5.11 Purifying probes

2.6 Screening of AZAP blastemal cell culture library

2.6.1 Plating library

2.6.2 Screening with LP1K antibody

2.6.3 Screening with radiolabelled human cDNA K18 probe
2.6.4 Hybridisation

2.6.5 Excision of inserts

2.7 DNA sequencing

OO PhWN -



2.7.1 Enzymatic sequencing reactions

2.7.2 Preparation and running of sequencing gels
2.7.3 Sequence Comparisons

2.8 RNA analysis

2.8.1 Total RNA preparations

2.8.2 Extraction of poly(A)* RNA

2.8.3 Northern Analysis

2.8.4 RNase protection assay

2.9 In situ hybridisation

2.9.1 In vitro transcription

2.9.2 Preparation of subbed slides

2.9.3 Tissue preparation and Sectioning

2.9.4 Slide pretreatment

2.9.5 Hybridisation and washing

2.9.6 Autoradiography

2.9.7 Developing and histology

2.10 Tissue culture

2.10.1 Culture medium for newt cells

2.10.2 Delipidation of serum

2.10.3 [3H]Thymidine incorporation by newt cells
2.11 Protein analysis

2.11.1 Cytoskeletal preparations

2.11.2 Western blotting

2.11.3 Immunocytochemistry

2.11.4 Enzyme linked immunoadsorbant assay (ELISA)

Chapter 3- Cloning and tissue distribution of the newt simple
epithelial keratins, NvK8 and NvK18.

3.1 Introduction

3.2 Results

3.2.1 Isolation of cDNA clones

3.2.2 Sequence analysis of clones identified by LP1K

3.2.3 Sequence analysis of clones identified by the human K18 probe
3.2.4 Tissue distribution of the NvK8 and NvKI8 transcripts

3.2.5 Expression of NvK§ in the limb

3.2.6 Analysis of NvK8 and NvK18 expression by in situ hybridisation
3.3 Discussion

3.3.1 The newt simple epithelial keratins NvK8 and NvK18, represent
an earlier form than those present in higher vertebrates

3.3.2 The expression NvK8 and NvK18 are associated with regeneration

3.3.3 Possible roles of NvKS8 and NvK18 in regeneration
Chapter 4- Regulation of NvK8 and NvK18 by RA
4.1 Introduction

4.2 Results
4.2.1 Effect of RA on NvK8 and NvK18 expression in vivo

4.2.2 Effect of RA on NvK8 and NvK18 expression in cultured newt cells

4.2.3 Effect of RA on the proliferation of TH4B and BIH1 cells
4.2.4 Effect of cell density on myogenesis of TH4B and BIH]1 cells
4.2.5 Effect of RA on myogenesis of TH4B and BIH1 cells

4.3 Discussion

4.3.1 The newt simple epithelial keratins are regulated by RA

4.3.2 Heterogeneity in the newt regenerating blastema

4.3.3 Myogenesis of the TH4B and the BIH1 cultures occurs by two
different mechanisms

4.3.4 The possible roles of the TH4B and B1H]1 cells in the newt



Chapter 5-The role of the nerve on the expression of the simple
epithelial keratins NvK8 and NvK18

5.1 Introduction

5.2 Results

5.2.1 Comparison of the expression of NvK8 in adult denervated and
normal blastemas

5.2.2 Expression of NvK8 and NvKI8 in amputated and normal limb bud
5.2.3 Effect of FGF-2 and TPA on the proliferation of TH4B

and BIH1 cells

5.3 Discussion

5.3.1 The nerve is not required for the expression of NvK8 and NvK18
5.3.2 The BIH1 and TH4B cells are stimulated to proliferate through two
different pathways

5.3.2 The role of the nerve in limb regeneration

Chapter 6-The affect of antisense NvK18 and NvKS oligomers
on cultured newt cells

6.1 Introduction

6.2 Results

6.2.1 Effect of antisense oligomers, ANvKS8 and ANvK18 on the
phenotype of the BIH1 and TH4B cells

6.2.2 Effect of antisense oligomers, ANvKS and ANvK18 on
DNA synthesis in newt limb cultures

6.2.3 Effect of ANvK18 on expression of K18 protein in newt
limb cultures

6.3 Discussion

6.3.1 The expression of NvK8 and NvK18 in newt limb cells
are associated with proliferation

6.3.2 Is the function of NvK8 and NvK18 in the regenerating
blastema analogous to their function during embryogenesis ?

Chapter 7- General discussion

7.1 The association of NvK8 and NvK18 with proliferation
and differentiation

7.2 The source of cells for limb regeneration

7.3 Positional memory in the regenerate

7.4 The nerve may cause cell type specific transcription
7.5 The keratins may regulate transcription

7.6 Future directions

7.2 Bibliography

103

103
104

104
106

106
110
110

111
112

114

114
116

116
116

118
118

116
121

125

125
126
128
130
131
133

135



List of Figures
Chapter 1

Fig. 1.1. Successive stages of limb regeneration
of Notophthalmus viridescens.
Fig. 1.2. Schematic diagram of type I and type II keratin proteins

Chapter 3

Fig. 3.1. Restriction maps of the clones recognised by LP1K

and human K18 probes

Fig. 3.2. Nucleotide and deduced amino acid sequence of NvK8

Fig. 3.3. Amino acid comparison of NvK8 with Xenopus K8 (XK8),
mouse K8 (MK8), bovine K8 (BK8) and goldfish K8 (gfK8)

Fig. 3.4. Amino acid comparison of NvK18 with Xenopus K18 (X EndoB),
mouse K18 (M EndoB), human K16 (H K16) and human K17 (H K17)
Fig. 3.5. Tissue distribution of NvK8 and NvKI8 transcripts

Fig. 3.6. Spatial expression of NvK8.

Fig. 3.7. Expression of NvK8 and NvK18 in the limb blastema and
during development

Chapter 4

Fig. 4.1. Expression of NvK8 in liver and limb after

retinoic acid treatment

Fig. 4.2. Effect of RA on the expression of NvK8 and

NvK18 in cultured newt limb cells

Fig. 4.3. Effect of RA on DNA synthesis in cultured newt limb cells
Fig. 4.4. Effect of cell density on the myogenesis of newt limb cultures
Fig. 4.5. Effect of RA on the myogenesis of newt limb cultures

Fig. 4.6. Effect of RA on the adhesivness of cultured BIH1 cells

Fig. 4.7. 12/101 staining of cultured newt limb cells

Fig. 4.8. Effect of RA on K8 expression and myogenesis in cultured newt
newt limb cells

Chapter 5

Fig. 5.1. Expression of NvK8 in normal and denervated blastemas

Fig. 5.2. Expression of NvK18 and NvK8 in developing and
regenerating limb buds

Fig. 5.3. Effect of FGF-2 on DNA synthesis in cultured newt limb cells
Fig. 5.4. Effect of TPA on DNA synthesis in cultured newt limb cells

Chapter 6

Fig. 6.1. The relative positions and sequences of the antisense

oligomers used to deplete NvK8 and NvK18

Fig. 6.2. Effect of antisense oligomers on the phenotype of cultured newt
limb cells .

Fig. 6.3. Effect of antisense oligomers on DNA synthesis in

cultured newt limb cells

Fig. 6.4. Effect of antisense oligomers on DNA synthesis and expression of

K18 protein in cultured newt limb cells

21

63
65

66
69
72
74

105
107

108
109

115
117
119
120



List of Tables
Chapter 3

Table 3.1. Comparison of NvK8 with other type II keratins
Table 3.2. Comparison of NvK18 with other type I keratins

67
68



Abbreviations

BSA, Bovine Serum Albumin

DTT, Dithiothreitol

EDTA, disodium ethylenediaminetetra-acetate
EGTA, Ethylene Glycol-bis(B-aminoethyl Ether) N,N,N’ N’ -Tetraacetic Acid
g8, gravity

LB, Lennox L broth

PBS, Phosphate buffered saline

PFU, Plaque forming units

PIPES, Piperazine-N,N’ - bis (2-ethanesulfonic acid)
SDS, Sodium dodecyl sulphate

SSC, Saline-sodium citrate buffer

TAE, Tris-acetate

TBE, Tris-borate

TBS, Tris-buffered saline

Tris, Tris (hydroxymethyl) aminomethane

TE, Tris-EDTA



Chapter 1- Introduction

1.1 Regenerative potential in vertebrates

Urodele amphibians are the only tetrapod vertebrates that can regenerate the
complete structure of their missing limbs in response to amputation as adults and during
all stages of development. The other major tetrapod vertebrate groups, mammals, birds,
reptiles and anuran amphibian have limited regenerative ability which varies with
developmental stage and the species in question.

Higher vertebrates either have no regenerative capability, or regeneration is
limited to very distal structures. Adult mice and humans can regenerate the tips of their
digits if the wound is not closed (Illingworth, 1974; Borgens, 1982). Digits amputated
proximal to the nail bed undergo tissue repair rather than regeneration resulting in the
production of scar tissue. The scarring is a result of wounds that penetrate the dermis,
giving rise to the loss of tissue. Studies of the regenerative properties of mammalian limb
buds have been carried out both in vivo and in vitro. Limb buds amputated from rat
(Deuchar, 1976) and mouse embryos (Chan et al., 1991) at early developmental stages
(stage 2, Wanek et al., 1989b; E10, Martin, 1990) maintained in vitro are claimed to
regenerate. However, in both these studies the similarity between the normal and
regenerated limb buds may be more apparent than real. Very few of the regenerated limb
buds were morphologically normal and because of the limited life span of the cultured
embryos it could not be confirmed that a normal limb would develop. Ir vivo studies of
limb regeneration in mouse embryos at later developmental stages (Stage 7/8, Wanek et
al., 1989b; E12.5, Martin, 1990) have shown that, like in the adult, regeneration is
limited to the tip of the digits (Wanek et al., 1989a, Reginelli et al., 1995). Due to the
difficulties of in utero surgery at earlier developmental stages it has not yet been shown if
amputation of stage 2 limb buds can give rise to normal limbs.

Anuran amphibians (frogs and toads), can regenerate limb buds following

amputation at early developmental stages. This regenerative ability is gradually lost with
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developmental age. The limb buds undergo a proximal-distal and anterior-posterior
decline in their ability to regenerate as they develop, giving rise to hypomorphic limbs.
After metamorphosis, anuran limbs can regenerate only cartilage spikes (reviewed by
Wallace, 1981; Muneoka and Sassoon, 1992). The loss of regenerative ability is due to
an intrinsic change in the limb cells. Transplanting limbs between regeneration
-competent and -incompetent Xenopus does not alter their regenerative capacity (Sessions
and Bryant, 1988). This intrinsic change may be related to the differentiation state of the
cell as the sequence of differentiation of the limb progresses in a proximal to distal
direction, and digit differentiation in a posterior to anterior direction (reviewed by Tabin,
1991). Therefore, the distal or anterior part of the limb would be expected to have more
uncommitted cells than the proximal or posterior part of the limb. Upon amputation it
may be these uncommitted cells which can continue to proliferate in order to replace the
missing structures of the limb. Thus, in order to regenerate, proliferation of uncommitted
cells needs to occur, committed cells may only be able to undergo a few rounds of
proliferation before they are forced to differentiate leading to the production of scar
tissue. The chick limb bud does not have any inherent regenerative ability at any stage of
its development, nor does the adult limb suggesting that if uncommitted cells are present
the necessary proliferation factor or factors are missing.

Limb regeneration in the adult newt is an epimorphic process (Morgan, 1901); it
occurs by the formation of a blastema which consists of a mass of undifferentiated
mesenchymal cells. The blastemal cells proliferate, and once a critical mass is reached
they differentiate to recreate all the missing structures of the limb (reviewed by Wallace,
1981). Whilst the epimorphic process is dominant in the amputated limb, tissue repair is
also taking place in the injured tissues at the tip of the stump (reviewed by Carlson,
1978). The most well-defined repair process is the formation of a periosteal cartilaginous
cuff around the distal portions of amputated bones (Carlson, 1970). This cuff arises from
local connective tissues such as the periosteum and differentiates several days before
cartilage appears within the regeneration blastema. Since tissue repair and epimorphic

regeneration occur in the same limb they must interact, and it is possible that they are
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competing processes. The major response to amputation in higher vertebrates is tissue
repair whilst in lower vertebrates regeneration is the dominant process. The cells used in
tissue repair and regeneration may share a common source. In urodele limbs where
regeneration is prevented by skin grafts over the amputated limb stump, repair of
skeleton and muscle occurs; and the cells at the distal tip of the stump, which have the
potential of forming a blastema, form fibrocellular scar and a well developed dermal layer
(Carlson, 1970). When minced muscle is placed in an unamputated limb, the muscle
undergoes tissue repair; in contrast, upon amputation of the limb the minced muscle
contributes to the blastema (Carlson, 1975a). Thus, the cells that are prevented from

forming the blastema are forced to contribute to tissue repair.

1.2 Comparison of limb development and regeneration

The final product of limb development and regeneration is the formation of a
limb. Therefore, limb development and regeneration could be expected to use the same
mechanisms and as a consequence limb regeneration may be a recapitulation of limb

development.

1.2.1 Limb development

1.2.1.i Source of cells

The developing vertebrate limb bud is derived from the mesenchyme and the
ectoderm. The mesenchyme provides two sources of cells, the somitic myogenic
precursor cells (Chevallier et al., 1977; Christ et al., 1977) and the lateral plate mesoderm
cells (Searles and Janner, 1971). The myogenic precursor cells migrate from the somitic
mesoderm into the limb field before the limb bud is formed and give rise to the muscles
of the limb. The lateral plate mesoderm gives rise to connective tissues including the

skeletal elements and cartilage.

12



The developing limb has three axes. The anterior-posterior axis which is specified
before the limb bud forms; this has been shown by transplanting presumptive limb tissue
to the flank. Such transplants result in ectopic limbs with an anterior-posterior axis that
depends on the orientation of the graft rather than the host (Harrison, 1918; Hamburger,
1938; Zwilling, 1956b). The proximal-distal axis is determined during the growth of the
limb bud (Summerbell et al., 1973) and the dorsal-ventral axis is defined by the ectoderm
(MacCabe et al., 1974). The somitic myogenic precursor cells appear to have no axial
information; when the somites are removed a normal limb will form with normally
patterned skeleton and tendons (Chevallier et al., 1977; Kieny and Chevallier, 1979). At
the tip of the growing limb bud a thickening of the ectoderm produces a ridge running

from anterior to posterior. This ridge is called the apical ectodermal ridge (AER).

1.2.1.ii Function of the AER

The AER is required for distal outgrowth of the mesenchyme of the limb. It
maintains a progress zone at the apex of the limb bud (Summerbell et al., 1973) by
sending mitogenic signals to the immediately subjacent mesodermal tissue. The progress
zone is essential for continued elongation and subsequent proximal-distal patterning of
the limb. The cells which remain longer in the progress zone will produce more distal
structures (Summerbell et al., 1973).

Removal of the ridge causes truncation of the limb (Saunders, 1948; Summerbell,
1974; Rowe and Fallon, 1982). The inability of the chick limb bud to regenerate is a
consequence of its inability to reform a functional AER. If a AER is transplanted onto an
amputated chick limb bud stump, limb outgrowth is induced (Saunders et al., 1959).
Similarly in experiments where the mesodermal component of the limb is removed but
the AER is left intact, a limb bud regenerates (reviewed by Muneoka and Sassoon,
1992).

Members of the fibroblast growth factor (FGF) family are expressed in the ridge

(Niswander and Martin, 1992; Fallon et al., 1994). There are currently nine members of
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the FGF family, FGF-1 to FGF-9 (reviewed by Basilico and Moscatelli, 1992;
Miyamoto et al., 1993). All except the two prototypic members FGF-1 and FGF-2 have
signal peptides (reviewed by Basilico and Moscatelli, 1992). Members of the FGF family
are involved in cell growth, differentiation and survival as well as embryonic induction
and angiogenesis (reviewed by Basilico and Moscatelli, 1992).

Fgf-4 is expressed at high levels in the posterior cells of the AER as soon as it is
morphologically detectable and its expression declines during subsequent development
(Niswander and Martin, 1992). Therefore it is a prime candidate for being a mitogenic
factor produced by the ridge. When the AER is removed from a chick limb bud and
replaced by a bead soaked in FGF-4 limb truncation is prevented, and a virtually normal
limb results (Niswander et al., 1993)

Other mitogens must be secreted by the AER. Removing portions of the AER
shows that the posterior AER is necessary for normal development of both posterior and
anterior limb structures, whilst the anterior AER is required only for the development of
anterior limb elements (Rowe and Fallon, 1981; Todt and Fallon, 1987). This suggests
that the AER may be regionalized with respect to the production of factors that are
responsible for its effects on the underlying mesenchyme. It has been shown that the
apical ridge cells contain transcripts of genes that code for other growth factors including
the bone morphogenetic proteins (Lyons et al., 1990; Jones et al., 1991) and it may be
these that act downstream of FGF-4. Bone morphogenetic proteins (BMPs), are
members of the transforming growth factor-p superfamily (Lyons et al., 1991). Addition
of BMP-2 to cultures of limb mesenchyme without an AER inhibits growth, whereas
addition of BMP-4 has no effect on growth. In combinations of FGF-4 and BMP-2, each
can modulate the other depending on the concentrations used (Niswander and Martin,
1993). This indicates that the interplay between different growth factors during limb
development is the cause of the final limb shape thorough the refinement of proliferation

and the resultant differentiation of the mesoderm.
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1.2.1.iii The zone of polarizing activity (ZPA)

The limb mesenchyme contains the zone of polarizing activity (ZPA), which is
thought to be responsible for patterning along the anterior-posterior axis. If tissue from
the posterior margin of a limb bud is transplanted to fhe anterior margin, limbs develop
with mirror-image duplications of the digits. Transplanting anterior cells to the posterior
margin do not cause duplications (Saunders and Gasseling, 1968). The anterior posterior
positional information can be removed from the limb. If limb bud cells are dissociated
and repacked into a limb ectodermal coat the resultant limb has digits that are identical
(Finch and Zwilling, 1971; Pautou, 1973). Other tissues also have this polarizing
activity. ZPA like signalling has been detected in tail mesoderm (Saunders, 1977;
Saunders and Gasseling, 1983), Hensen's node, which is the avian equivalent of the
dorsal lip of the gastrula blastopore (Hornbruch and Wolpert, 1986) and in the floor plate
of the neural tube (Wagner et al., 1990). This indicates that a common mechanism of
pattern control is used repeatedly in development.

It has been hypothesised that the role of the ZPA is to release a diffusible signal
termed a morphogen, which forms a gradient across the early embryonic bud. Cells
acquire a positional value that depends on the local concentration of this signal. The cells
then interpret this positional value, which results in their growth and differentiation
(Wolpert, 1969). The evidence that the morphogen acts in a concentration dependent
manner has been shown by grafts of ZPA cells (Tickle, 1981). A graded patterning
response can be stimulated by varying the numbers of ZPA cells. Grafts of large
numbers of ZPA cells causes duplications of all three digits, whereas grafts of small
numbers of ZPA cells leads to the duplication of one digit. An intermediate number of
ZPA cells yields two extra digits.

A candidate for the putative polarizing region morphogen is retinoic acid (RA).
When beads loaded with RA are implanted under the anterior ridge of the AER, a
supernumerary set of digits results (Tickle et al., 1982; Summerbell, 1983). Thus the

RA-bead appears to mimic a graft of posterior cells into an anterior location. The
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response to exogenous RA is concentration dependent as the morphogen model requires.
In addition, the endogenous levels of RA form a gradient in the limb bud. There is a
higher concentration of RA in the posterior region of the polarizing region than the
anterior region (reviewed by Tabin, 1991).

However, there is now strong evidence to show that RA cannot be the true
morphogen (reviewed by Brockes, 1991; Tabin, 1991). It has been shown that the
minimal concentration of exogenous RA that elicits pattern duplication, induces the
expression of a endogenous retinoic acid-responsive gene (retinoic acid receptor 3 gene)
to a much higher level than that seen in the posterior limb (Noji et al., 1991). This
implies that the ZPA contains less RA than is required to induce limb bud duplications,
and it cannot be the true morphogen. However, the experiment assumes that the form of
RA used is equivalent to the form that is present in the ZPA. This assumption may be
false, since the RA metabolite 9-cis-retinoic acid (9-cis-RA) is 20-30 times more potent
than all-trans-RA, the form used in the above experiments, at inducing pattern
duplications (Thaller et al., 1993). Furthermore, it has been shown that following
application of all trans RA to the limb bud the ratio of 9-cis to all-trans-RA becomes 1:25.
This raises the possibility that it is 9-cis-RA that is the true morphogen, and that trans-RA
merely serves as a biosynthetic precursor (Thaller et al., 1993).

Nonetheless, it is now thought that RA induces an ectopic ZPA rather than acting
as a morphogen. If RA-soaked beads are removed from the chick limb bud at various
times after implantation and the wedge of tissue next to the bead is grafted into the
anterior of a host wing bud, cells next to the bead become functional ZPA cells about 15
hours after bead implantation (Wanek et al., 1991). By using chick-quail transplants and
associated markers the extra digits have been shown to be induced in the host limb buds
rather than derived from the-graft. The induced polarizing activity is not thought to be due
to the transfer of RA from the beads to the adjacent cells because RA in the tissue
surrounding the implant reaches a maximum concentration before there is polarizing
activity, and is very much reduced by the time the polarizing activity is detectable

(reviewed by Tabin, 1991).
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Other morphogens have been identified by looking at homologs of genes that are
involved in inductive signals in distantly related organisms. In Drosophila the segment
polarity genes mediate intracellular communication. The absence of segment polarity gene
function results in deletions and pattern duplications along the anterior-posterior axis of
each body segment, suggesting that they play a role in the establishment and maintenance
of positional information (reviewed by Martinez-Arias, 1989).

Two of the segment polarity genes, wingless (wg) and hedgehog (hh), are
expressed in distinct groups of cells at each parasegment border that seem to organise the
positional specification of cells within each segment (reviewed by Ingham and Martinez-
Arias, 1992). Thus, wg and hh appear to be key players in the cell patterning process.

The wnt genes, the higher vertebrate homologues of wg, have been found to be
involved in signalling. However, no wnt genes have yet been found to be differentially
expressed along the anterior-posterior axis of the limb (Parr et al., 1993). Therefore, the
wnt genes are not likely to be the ZPA morphogen.

In Drosophila functional analysis of hh has shown that it is a short range,
possibly contact dependent signal that is involved in cell-cell interactions and may
maintain the expression of wg at parasegment borders (Hidalgo and Ingham., 1990;
Ingham and Hidalgo., 1993). The higher vertebrates homologue of hh, sonic hedgehog
(shh), has been shown to encode a key inductive signal. It is expressed specifically in the
ZPA (Riddle et al., 1993), and in other signalling centres such as the notochord and the
floor plate (Echelard et al., 1993; Krauss et al., 1993). In the chick limb, skh alone can
mediate the polarizing activity of the ZPA. When fibroblast cells expressing shh are
grafted in either the anterior or posterior margin of the limb bud duplications only occur
in the anterior grafts (Riddle et al., 1993). RA, which induces ZPA activity, also induces
shh (Riddle et al., 1993). Therefore, shh is a key regulatory factor involved in anterior-
posterior patterning. It has recently been shown that shh can induce gene transcription in

a dose dependent manner (Marti et al., 1995) suggesting that it may be a true morphogen.
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1.2.1.1v The ectoderm and the dorsal-ventral axis

Patterning along the dorsal-ventral axis is controlled by signals from the
ectoderm. When the ectoderm is dorsoventrally reversed relative to the mesenchyme, the
dorsal-ventral axis of the resultant limb structures corresponds to the polarity of the
grafted ectoderm (MacCabe et al., 1974; Pautou, 1977).

One of the signalling molecules involved in dorsal ventral patterning is wnt-7a.
Transcripts of wnt-7a are confined to dorsal limb bud ectoderm in both mouse and
chicken (Dealey et al.; 1993, Parr et al., 1993). Knock-out of wnt-7a in mice results in
dorsal to ventral transformations (Parr and McMahon 1995). Footpads which are
normally found on the ventral surface of the limb are also found on the dorsal surface of

the limb.

1.2.1.v The interaction of the three limb axis is required for growth and patterning of the

limb

The effect of shh on the anterior-posterior axis occurs via the AER which is
responsible for the proximal-distal axis. When shh-expressing cells are transplanted
below the anterior AER beyond the domain of fgf-4 expression, fgf-4 is induced. This
suggests that fgf-4 is responsible for anterior-posterior patterning and shh is indirectly
responsible for proximal-distal patterning (Niswander et al., 1994; Laufer et al., 1994).
When the AER is removed, proximal-distal patterning is prevented and shh expression is
dramatically decreased, consequently anterior-posterior patterning does not take place.
This decrease in shh expression can be prevented by a FGF-4 soaked bead implanted into
the limb (Niswander et al., 1994; Laufer et al., 1994). The fact that the AER provides
mitogenic signals and shh regulates these mitogenic signals suggests that growth and
patterning are inextricably linked and that patterning in the proximal-distal axis and
anterior-posterior axis are mutually dependent upon one another. The initiator of this

feedback loop appears to be RA. Placing RA beads beneath the anterior AER, where fgf-

18



4 is not normally expressed, induces fgf-4 before shh expression (Niswander et al.,
1994). However, if a ridge is not present then RA cannot induce shh expression,
whereas RA and FGF-4 can induce shh when applied to limbs without a ridge
(Niswander et al., 1994). This suggests that both RA and FGF-4 are required to induce
shh, which then acts back on the AER to maintain fgf-4 expression. Once this feedback
loop is established there is no longer a requirement for RA (reviewed by Maden, 1994).

Signals from the ectoderm also participate in the interaction of the AER and ZPA
(reviewed by Tickle, 1995). In the wnt-7a knock-out mouse the size of the shh
expression domain is reduced, resulting in the loss of posterior limb structures such as
posterior digits (Parr and McMahon, 1995). In the chick, removing dorsal ectoderm from
the wing bud results in reduced expression of shh (Yang and Niswander, 1995). Grafts
of cells expressing wnt-7a can prevent this reduction in shh expression (Yang and
Niswander, 1995). Thus, each of the three limb axes are dependent upon each other for
their formation.

The genes that encode positional information appear to be the Hox genes. There
are 38 Hox genes in higher vertebrates, which are organized into four clusters, HoxA, B,
C and D (reviewed by McGinnis and Krumlauf, 1992). Hox genes are expressed both
temporally and spatially (Izpisua-Belmonte and Duboule, 1992). The Hoxa -10, 11 and
13 genes define the proximal -distal axis (Yokouchi et al., 1991; Haack and Gruss,
1993). Hoxa-10 is expressed most proximally and before Hoxa-13 , which is expressed
most distally in the limb. The Hoxd-9, 10, 11, 12 and 13 genes located in the 5’ end of
Hoxd cluster are expressed in the limb bud, in a anterior-posterior direction (Doll€ et al.,
1989; 1zpisua-Belmonte et al., 1991). The 3’- most gene, Hoxd-9, is expressed first and
through nearly all of the limb mesenchyme, whilst Hoxd-13 is expressed last in the most
posterior part of the limb bud. Hoxd-10, 11 and 12 extend into progressively more
anterior limb bud mesenchyme. Hoxd expression is controlled by cooperation of signals
that give rise to the different limb axis (reviewed by Tickle, 1995). Replacing the AER
with both a RA-bead and FGF-4- bead (Niswander et al., 1994) or shh- expressing cells

and a FGF-4-bead (laufer et al., 1994) results in the expression of Hoxd genes.

19



1.2.2 Regenerating limbs

1.2.2.i Stages of regeneration

In response to amputation of an adult urodele limb, there is a rapid migration of
epithelial cells over the amputated surface giving rise to the wound epithelium (WE).
Because the WE lacks a distinct basement membrane, it is in intimate contact with the
mesoderm. The damage caused by the loss of the limb signals phagocytes to accumulate
underneath the WE, and they remove the detritus from the injured tissues. At the same
time the extracellular matrix is remodelled liberating mononuclear cells into the limb tip
(reviewed by Thornton, 1968). Due to their mesenchymatous appearance the blastemal
cells are indistinguishable from one another. Consequently, it is not possible to identify
their former or future tissue type. It is from the blastema that all the internal tissues of the
regenerate subsequently develop (reviewed by Wallace, 1981).

Blastemal cells accumulate at the apex of the stump tip under the WE for 4-5 days
(Fig. 1.1A), at which point they begin to proliferate (Hay and Fischman, 1961, reviewed
by Wallace, 1981). This initial cell proliferation causes the blastema to grow as a
colourless protrusion at the tip of the limb (Fig. 1.1B). This protrusion eventually
becomes an elongated cone (Fig. 1.1C), which marks the beginning of the
differentiation phase. The cone then becomes flattened to give a palette shape (Fig.
1.1D). Condensations of blastemal mesenchyme cells occur progressively between the
cone and palette stages to produce cartilage. The first digits of the regenerate then
protrude from the palette to give a notch shaped blastema (Fig. 1.1E) and eventually the
2-3 digit regenerate (Fig. 1.1F). By continued growth the regenerate attains a normal size
and becomes a functional replacement of the missing part. Like limb development,

regeneration of the limb occurs in a proximal to distal direction.
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Fig. 1.1. Successive stages of limb regeneration of Notophthalmus viridescens.
A. Healed stump, 0-5 days. B. Early blastema, 10-14 days. C. Cone, 18-24 days.
D. Palette, 22-28 days. E. Notch, 24-33 days. F. 2-3 digit regenerate, 30-40 days.
Adapted from Wallace, 1981.
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1.2.2.ii The role of the WE

The WE is thought to be analogous to the AER. If the WE is removed or
prevented from forming by suturing full thickness skin over the amputated limb then
regeneration fails to occur (Mescher, 1976; Tassava and Garling, 1979; reviewed by
Wallace, 1981). This suggests that the prevention of the intimate contact between the WE
and the underlying mesodermal tissues is a necessity for normal regeneration. However,
unlike the chick AER, the WE regenerates within a few hours of its removal (reviewed
by Wallace, 1981).

Unlike the AER the WE may not secrete a mitogen. There is no difference in the
proliferation rate of blastemal cells during the first two weeks after limb amputation in
adult Notophthalmus viridescens whether a WE is present or absent (Mescher, 1976).
When blastemal cells are cultured alone or with an equal number of WE cells there is no
significant difference in their proliferation (Smith and Globus, 1989). At two weeks post
amputation the proliferation rate of the blastemal cells in normal regenerates is higher than
in amputated limbs without a WE (Mescher, 1976). This difference in proliferation may
be a consequence of the blastemal cells undergoing a change from one type that have a
low proliferation rate to another that have a higher proliferation rate.

The only member of the FGF family so far extracted from the WE is FGF-1,
which has been shown to stimulate the proliferation of blastemal cells (Boilly et al.,
1991). However, since FGF-1 does not have a secretory signal (reviewed by Basilico
and Moscatelli, 1992), it may not be secreted from the WE.

The function of the WE appears to be permissive rather than instructive. Whilst
the WE is not required for the appearance of blastemal cells, it is essential for their
aggregation (reviewed by Thornton, 1968). Daily irradiation of the WE with ultraviolet
light blocks the accumulation of blastemal cells (Thornton, 1958). When a skin wound is
made adjacent to a limb blastema, it is healed by migration of the surrounding epidermis
which includes the WE. Consequently the WE ends up in an asymmetric position

underneath which blastemal cells accumulate, and an asymmetric regenerate is obtained
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(Thornton, 1960). Transplanting the WE to the base of a limb blastema induces a second
blastema and an accessory limb such as occurs when an AER is transplanted to a ectopic
site on a chick limb bud (Thornton and Thornton, 1965). However, when the length of
the WE is increased a normal regenerate results (Thornton and Thornton, 1965) unlike in
the chick limb where a lengthened ridge causes formation of extra digits (Zwilling,

1956a; Goetinck, 1964; Saunders and Gasseling, 1968).

1.2.2 iii Origin of blastemal cells

One possible source of blastemal cells is that they are derived from the
dedifferentiation of tissues of the limb stump (reviewed by Muneoka and Sassoon,
1992). The dedifferentiated cells may remain determined and can only revert to the same
type of tissue from which they originated. Alternatively the dedifferentiated cells may be
able to undergo metaplasia, and form a variety of different cell types.

One of the first approaches used to address the problem of dedifferentiation and
metaplasia in limb regeneration was to follow the fates of individually marked cells after
grafting them into an unmarked host background (reviewed by Wallace, 1981). Such
marked cells consisted of grafts of haploid or polyploid tissue in a diploid host. The main
disadvantage of such a technique is that only a small number of cells can be analysed. A
alternative approach was to label the blastemal cells with tritiated thymidine. However, as
the label becomes diluted as a consequence of cell division, it becomes very difficult to
follow the marked cells. Thus, the vast majority of these experiments did not give
conclusive results.

These disadvantages were overcome by using irradiated limbs which are unable
to regenerate upon amputation. Grafts of unirradiated tissue are placed in host irradiated
limbs. The limbs are then amputated, the regenerate which has originated from the donor
tissue is examined for the presence of various tissue types (Namenwirth, 1974; reviewed
by Wallace, 1981). The purest grafts, those that only consist of one tissue type, such as

epidermis can only give rise to more epidermis. In contrast, grafts of muscle, that also
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includes the associated connective tissue, produce a complete regenerate except for
epidermis. Grafts of cartilage that consist of two tissue types, cartilage and some
fibroblasts, only ever gives rise to regenerated cartilage and fibroblasts (Namenwirth,
1974). These results imply that metaplasia does not take place to any large extent.
Furthermore, none of these experiments provide direct evidence that dedifferentiation
takes place.

Evidence for dedifferentiation in limb regeneration has been inferred from the
inheritance of tissue-specific sites of DNA hypomethylation, but no significant metaplasia
was observed (Casimir et al., 1988). By culturing newt cells from various tissues
(Ferretti and Brockes, 1988), cells of one tissue type can be isolated, labelled and put
back into the blastema and their fate followed. Cultured newt myotubes labelled with the
lineage tracer rhodamine-dextran and implanted under the wound epidermis of the limb
blastema were shown to give rise to mononucleate cells 2-3 weeks after implantation (Lo
et al., 1993). The proportion of myotubes that dedifferentiated was estimated to be only
15%, thus the role of dedifferentiation in the normal regenerative response is still unclear,
and since the lineage tracer did not persist beyond 4-6 weeks it could not be shown
whether the mononucleate cells actually contributed to the regenerate.

An alternative possibility is that blastemal cells arise from reserve cells. The
connective tissue of the dermis consists of fibroblasts and by quantitative cell marking it
has been shown that the early blastema is made up of a large number of these cells
(Muneoka et al., 1986). However, since definitive characteristics of the differentiated
state of the fibroblasts have yet to be established, it remains to be determined if the
fibroblasts contributing to blastema formation are really fibroblasts or a mixture of cell
types. Interestingly, one of the hypomethylated sites used to show muscle
dedifferentiation identified cells that did not belong to the muscle lineage, and this marker
identified 10% of the blastemal cells (Casimir et al., 1988). It is conceivable that these
blastemal cells are derived from the fibroblasts found in the connective tissue.

There is also evidence that a distinct population of myogenic precursors are

present in the adult newt. These cells are located next to the newt muscle enveloped in

24



their own external laminae; they have been termed post-satellite cells as they are thought
to be derived from the satellite cells present beneath the external lamina of muscle fibres
in larval urodeles (Cherkasova, 1982). In cultures of either minced or unminced urodele
limb muscle, the muscle fibres do not dedifferentiate but undergo degeneration (Schrag
and Cameron, 1983). In both cultures mononucleated cells, which are thought to be post
satellite-cells, are liberated. In appearance these cells are indistinguishable from blastemal
cells. They are able to undergo proliferation, fusion and ultimately myofibril formation,
and they may form part of the regenerating blastema (Cameron et al., 1986). At present

there is no evidence that reserve cells exist for other tissues in the newt.

1.2 .2 iv The requirement of a nerve supply for regeneration

Limb bud outgrowth is initiated before the limb is innervated, whilst the nerve is
always present in the regenerating blastema, and it is critical for regeneration to proceed
(reviewed by Wallace, 1981). The nerve influence is essential for the early phases of
regeneration corresponding to blastemal cell recruitment and the initial proliferation of the
blastema. Denervation of the newt regenerating limb up to the early blastema stage
prevents regeneration, whilst when denervation is performed at later stages,
differentiation proceeds normally, but smaller regenerates develop (Singer and Craven,
1948). In denervated blastemas the proliferation rate of blastemal cells is several orders
of magnitude lower than in normal blastemas (reviewed by Tassava and Olson, 1985;
Goldhamer and Tassava, 1987). Therefore, the nerve is thought to provide a trophic
factor which is required for blastemal cell growth but which is either not required for
growth of embryonic limb buds or it is provided from another source during
development (Singer, 1974: reviewed by Wallace, 1981). This trophic factor whose
nature is at present unknown, does not control the nature of pattern, but rather functions
as a permissive growth requirement (Muneoka et al., 1989).

The nerve influence seems to be local as it does not require the central nervous

system (Kamrin and Singer, 1959; Tomlinson and Tassava, 1987). Ganglionic grafts
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implanted into denervated limb blastema allow regeneration to occur once a sufficient
number of nerve fibres grow from the graft into the blastema (Kamrin and Singer, 1959,
Tomlinson and Tassava, 1987, reviewed by Wallace, 1981). The trophic activity is not
restricted to one particular cell type; sensory, motor nerves and or the central nervous
system can stimulate blastemal cell proliferation (reviewed by Tassava and Olson, 1985).
Various neurotransmitters have been tested for their mitogenic activities such as
acetylcholine, substance P, and norepinephrine (reviewed by Carlone and Mescher,
1985). Acetylcholine has no mitogenic activity in cultured limb regenerates and its release
can be blocked in vivo by botulinum toxin without affecting regeneration. Both
norepinephrine and substance P can stimulate blastemal proliferation. However, due to
their limited distribution neither norepinephrine, which is only found in the sympathetic
nervous system or substance P, which is only abundant in sensory nerves, can be the
trophic factor (reviewed by Carlone and Mescher, 1985). If a neurotransmitter is
involved, either it is distinct from already known ones, or a combination of different
neurotransmitters is required for regeneration (reviewed by Carlone and Mescher, 1985).

If the mitogenic factor is not a neurotransmitter then it might be a growth factor.
Crude homogenates from newt brachial nerves infused into denervated blastemas have
been shown to increase 14C leucine incorporation into soluble blastemal proteins
(Lebowitz and Singer, 1970). This trophic activity has also been found in newt brain
homogenates (Singer et al., 1976). This suggests that either there is a single growth
factor, or several closely related ones, that supply the required mitogenic activity.
Attempts to isolate this factor have proved unsuccessful (reviewed by Carlone and
Mescher, 1985).

One of the first growth factors to be isolated from nervous tissue was fibroblast
growth factor (Gospodarowicz, 1974) and members of the FGF family are essential for
limb development (Niswander and Martin 1992; Niswander and Martin 1993; Niswander
et al., 1993; Niswander et al., 1994). It has been shown that a crude FGF preparation
causes limited mitogenicity when infused into denervated limb stumps (Mescher and

Gospodarowicz, 1979; Gospodarowicz and Mescher, 1980) and FGF administered to
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amputated forelimbs of adult frog Rana pipiens which normally does not regenerate
causes a limited regenerative response (Gospodarowicz et al., 1975). However, since
infusion of FGF cannot substain regeneration it is unlikely that members of the FGF
family are the neurotrophic factors.

It has been shown that limb regeneration is a function of the density of nerve
fibers present at the wound surface of the limb stump (Singer, 1946; reviewed by
Wallace, 1981). Below a threshold density of nerve fibres regeneration will not occur.
Thus rather than the nerve providing a neurotropic factor, it may be the contact between
the nerve and the blastemal cells that allows them to proliferate (reviewed by Tassava and

Olson, 1985).

1.2. 2. v Pattern formation in the regenerating limb

The same kind of cell interactions have been assumed to be involved in the
patterning of developing and regenerating limbs (Muneoka and Bryant, 1982). Such
assumptions have come from combining regenerating and developing limbs. Grafts that
confront anterior cells of a developing limb with posterior cells of a regenerating limb and
vice versa lead to the formation of supernumerary limbs of normal structure (Muneoka
and Bryant, 1982). However, it is likely that cells of the limb bud hosts or grafts are
switched into a regenerative mode by injury. Thus graft and host cells would all be
interacting as regenerative cells, not as regenerative and developing limb cells (Stocum,
1991)

If different kinds of cell interactions take place in the developing and regenerating
limbs then the process of pattern formation may be different in the two cases. Positional
information is imposed on cells of the developing limb by the interaction of signalling
molecules produced by the anterior-posterior, proximal-distal and dorsal-ventral axes as
described in section 1.2.1.V. However, in the adult regenerating limb the blastemal cells
have inherent positional memory (Carlson, 1975,a b). If the flexor and extensor muscles

in the axolotl are cross-transplanted either whole or minced, subsequent amputation
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results in regenerates with multiple digits, some of which are non-identical. Thus the
anterior-posterior axis is already present in the limb blastema and cannot be altered,
unlike the anterior-posterior axis in the developing limb. This fixed anterior-posterior
axis in the regenerating limb suggests that there is not a equivalent of the ZPA in the limb
blastema.

It is the proximal-distal axis that has to be rebuilt in limb regeneration, and unlike
the anterior-posterior axis it is not an inherent property of the blastemal cells.
Transplanting distal blastemas to proximal levels results in normal regenerates whilst
transplanting proximal blastemas to distal levels results in serial duplications in the
proximal-distal axis of the limb (Stocum, 1975; Tank, 1978).

One of the similarities between patterning in limb regeneration and development is
that in both cases RA plays a key role. However, whilst in the chick limb bud RA causes
duplications in the anterior-posterior axis, RA causes proximal-distal duplications in the
regenerating amphibian limb (Niazi and Saxena, 1978; Maden,a b, 1983; Thoms and
Stocum, 1984; Scadding and Maden, 1986a b). In experiments where axolotls are treated
by immersion in RA, the developing limb becomes truncated whilst the regenerating limb
on the same animal undergoes a proximal-distal duplication (Scadding and Maden,
1986a). The simplest explanation is that the deletions are due to the teratogenic action of
RA (Lammer et al., 1985). HBwever, this is unlikely since the proximal-distal
duplication cannot be a consequence of a toxic effect of RA. Neither does RA destroy the
AER. In the chick the AER does become flattened in response to RA, but when a test of
its outgrowth is made by transferring it to an untreated mesenchyme, limb outgrowth
proceeds, suggesting that the effect is a secondary consequence of RA treatment (Tickle
et al., 1989).

RA respecifies the positional information of the blastemal cells during their initial
recruitment to the blastema; its initial effect is to decrease their proliferation, such that the
normal time course of regeneration is slower than normal (Maden, 1983a, b; Thoms and
Stocum, 1984; Maden et al., 1985). Treatment of blastemas beyond the recruitment stage

results in either hypomorphic limbs or inhibited regeneration (Maden, 1983a, b; Thoms
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and Stocum, 1984; Maden et al., 1985), suggesting that the blastemal cells undergo some
modification during the early regenerative response. Like chick limb development the
primary effect of RA is on the mesenchyme, not the epidermis (Maden et al., 1985). The
degree of proximalization is directly related to the dose of RA, a given maximum dose
causing complete duplication of the limb, whereas doses of RA above this level leads to
regenerative failure (Thoms and Stocum, 1984).

Like development pattern formation in the regenerating limb is thought to depend
on cellular proliferation (reviewed by Bryant and Gardiner, 1992). However, in the
regenerating limb the polar coordinate model (French et al., 1976; Bryant et al., 1981)
has been proposed rather than the morphogen model (Wolpert, 1969) to explain pattern
formation. In the polar coordinate model the limb cells already know where they are with
respect to one another, such that there is no requirement for a ZPA. The position of the
limb cells is specified by one coordinate corresponding to the proximal-distal axis of the
limb and the other corresponding on one of the concentric circles at different proximal-
distal levels. When two disparate positional values are apposed due to amputation, the
difference in positional values will be smoothed out by the intercalation of intervening
values generated by proliferation.

Further support that pattern formation in limb regeneration and development are
different, is the expression of Hox genes in the limb blastema (Gardiner et al., 1995).
During axolotl limb development the Hox genes obey the rules of spatial colinearity and
temporal colinearity (Izpisua-Belmonte and Duboule, 1992). The Hoxa genes appear
sequentially and Hoxa-13 is expressed more distally than Hoxa-9 (Gardiner et al., 1995).
However, during axolotl limb regeneration Hoxa-13 and Hoxa-9 are expressed at the
same time and in the same population of stump cells, giving them a distal Hox code

regardless of the level of amputation (Gardiner et al., 1995).
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1.2.2.vi Expression of different molecular markers

Monoclonal antibodies have been used to characterise proteins that are expressed
in the regenerating blastema but not in the developing limb. There are at least five such
antigens which are all either cytoskeletal or cytoskeletal associated proteins; WE3
(Tassava et al., 1986), WE4 (Tassava et al., 1993), 22/18 (Kintner and Brockes, 1985),
LP1K (Lane et al., 1985) and RGES3 (Ramaekers et al., 1984).

WE3 (Tassava et al., 1986) and WE4 (Tassava et al., 1993), are thought to
recognise actin associated proteins in cells of the WE. In Notophthalmus viridescens
mAb WE3 becomes associated with the cytoskeleton in the second week of regeneration
and persists in the WE until the digit stages of regeneration. In contrast mAb WE4
reactivity is first apparent at the wound healing stage and is expressed during all stages of
the regenerative process.

The 22/18 antibody was isolated after immunising mice with early limb blastemas
of Notophthalmus viridescens (Kintner and Brockes, 1985) and like WE3 and WE4
detects a cytoskeletal component (Ferretti and Brockes, 1990). It is first expressed 2-3
days after limb amputation in Schwann cells of the nerve sheath and interstitial cells of
the loose connective tissue (Gordon and Brockes, 1988). By the second week after
amputation, the vast majority of the blastemal cells express 22/18. The population of
blastemal cells that 22/18 recognises is associated with the nerve dependent phase of
proliferation. In denervated blastemas this population remains quiescent. The 22/18
negative blastemal cells continue to divide after denervation, particularly at the later stages
when regeneration is nerve independent (Kintner and Brockes, 1985). This suggests that
there are at least two populations of blastemal cells, one whose division is nerve
dependent and the other nerve independent.

The association of the expression of 22/18 with the nerve has been shown with
aneurogenic limbs (Fekete and Brockes, 1988). These are limbs that develop and
regenerate in the virtual absence of innervation. The aneurogenic limb responds to

amputation by forming a 22/18 negative blastema that can regenerate to form the missing
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parts of the limb. Such data suggest that the source of cells used for regeneration before
and after the nerve has entered the amputated limb are fundamentally different. The fact
that the aneurogenic limb acquires nerve dependence once it is innervated (Thornton and
Thornton, 1970) implies that the source of cells used for nerve independent regeneration
undergo some phenotypic change once the nerve as entered the limb.

Two other antibodies, LP1K and RGES3 recognise keratin proteins. The keratins
are components of the cytoskeletal network of some cells, and are usually restricted to
different types of epithelia (reviewed by Steinert and Roop, 1988). In other species
LP1K recognises several type II keratins by immunoblotting but is selective in tissue
sections for keratin 8 and keratin 7 in human tissues (Lane et al., 1985), whilst RGES3
recognises keratin 18 (Ramaekers et al., 1984). LP1K and RGES53 stain most if not all
the cells in the regenerating blastema 7 days after amputation of the limb (Ferretti et al.,
1989). In addition LP1K stains the WE (Ferretti et al., 1989). Whilst the source of cells
contributing to the blastema are not fully understood, the expression of keratins in the
progenitor cells of the blastema is unexpected, since blastemal cells do not originate from
epithelia (Hay and Fischmann, 1961). Therefore, it is of great interest to discover what

their role in limb regeneration may be.

1.3 Structure of the keratins

Keratins are members of the intermediate filament (IF) gene family which
consists of six groups based upon sequence homology and tissue specificity (reviewed
by Stewart, 1990). Type I (acidic) and type II (basic) IF are the keratins of which there
are 19 members. They are usually restricted to epithelia. Type III IF consists of three
proteins; vimentin which is expressed in mesenchymal cells and many different cell types
in culture, desmin which is a marker of myogenic cells, and the glial fibrillary acidic
protein (GFAP) which is found in glial cells and astrocytes. Type IV IF are the
neurofilament (NF) proteins of which there are three in the vertebrates NF-H, NF-M,

and NF-L. They are all expressed in neurones. Type V the nuclear lamins (A-, B-, C-)
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which unlike the other five members are expressed in the karyoskeleton rather than the
cytoskeleton. Type VI IF has only one member, nestin, which is restricted to
neuroepithelial stem cells.

The keratins share the same basic structure with the rest of the IF family
(reviewed by Steinert and Roop, 1988). The structure consists of a central a-helical
coiled-coil rod domain, flanked by N and C-terminal non helical domains. The central
rod domain can be further subdivided into four helical tracts 1A, 1B, 2A and 2B
separated by three non a helical linkers L1, L2 and L12 (Fig. 1.2)

The keratins are obligate heteropolymers (reviewed by Steinert and Roop, 1988).
A specific type I and type II keratin form a coiled coil structure via the heptad sequences
present in the helical tracts of the central rod domain. A chain is formed from two coiled
coil structures, and two of these pairs form a four chain structure which is the basic unit
of the IF; this is the smallest stable polymer that can exist in solution (reviewed by Moll
et al., 1982). These tetramers assemble into a hierarchy structure, of which the final
product is the 8 nm filament which appear as long flexous structures in the cell
cytoplasm.

The non helical domains are not involved in this interaction (reviewed by Steinert
and Roop, 1988). They protrude from the central rod domain and as a consequence are
highly variable between different IF. These domains can be divided into 3 subdomains
(Fig. 1.2). (a) high homology (H) domains; the type II keratins have H1 and H2 on
either side of the rod domain of 36 and 20 amino acids respectively, whereas type I
keratins only have a much shorter H1 domain; (b) high variability (V) domains which
contain inexact or exact peptide repeats; they vary from O amino acids in keratins of
epidermal derivatives such as nail and hair to 100 amino acids in the larger keratins. They
are usually rich in glycine and or serine repeats. (c) highly charged terminal (E1 and E2)
domains; these have been conserved in the same keratin of different species, but are
highly variable between different keratins providing unique epitopes that can be used for

the production of chain-specific antibodies.
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Fig. 1.2. Schematic diagram of (A) type I and (B) type II keratin proteins showing the
consensus domain structure of intermediate filament proteins. EI, VI and HI make up
the non-helical head domains; V2, E2 and H2 comprise the non-helical tail domain. The
rod domain is composed of the helical subdomains 1A, 1B, 2A and 2B and the non-
helical linkers L1, L12 and L2. Adapted from McLean and Lane, 1995.
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As a consequence of the high degree of variability in the end domains and the fact
that these regions are not involved in the assembly of the IF to any great extent, it is
thought that these end domains specify the function of the different keratins. The end
domains may participate in interactions between IFs and other cell components (reviewed

by Steinert and Roop, 1988)
1.4 Function of the keratins

Despite many studies on the structure of keratin filaments and their regulation;
little is known of their functions. They cannot simply be house keeping genes as some
cells do not require keratins in order to function.

The keratins are expressed in pairs in a tissue specific manner, and are reliable
markers of the differentiation state of the epithelial cells in which they are expressed
(Moll et al., 1982). In human epidermis the basal layers express keratin 5 and keratin 14,
as differentiation proceeds the cells which move to the skin surface switch to the
expression of keratin 10 and keratin 1 (Fuchs and Green, 1980; Roop et al., 1987).
Therefore, it is probable that keratins are involved in specialised functions related to the
differentiation state of the cell

The keratins are major components of the skin where they form a trans-tissue
network through their linkage to desmosomes at the cell membrane (Jones and Goldman,
1985). Therefore, they may serve a protective role by giving mechanical strength to the
cells in which they are expressed. Transgenic mice expressing a mutation of the keratin
14 protein have defective IF assembly; this causes a mechanical stress induced skin
blistering (Vassar et al., 1991) which is similar to a genetic disease known as
epidermolysis bullosa simplex (EBS). It has since been shown that patients with EBS
have a point mutations in their keratin 14 genes (reviewed by Fuchs et al., 1994; McLean
and Lane, 1995).

Whilst a mechanical role may be true for some keratins, it does not explain why

there are so many keratins. The simple epithelial keratins, keratin 8 and keratin 18 are
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unique compared to other keratins since they are not restricted to epithelia. They are
present as a maternal store in the oocyte and they are the first IF to be expressed in all
cells of early embryos before zygotic transcription starts in both mouse (Jackson et al.,
1980; Oshima et al., 1983) and frogs (Franz and Franke, 1986). As development
proceeds they become progressively restricted to epithelial or epithelial-like cells. A test
of their function by knock-out experiments in both Xenopus and mouse give conflicting
results. In Xenopus defects of gastrulation occur (Heasman et al., 1992) suggesting that
they may be serving a structural role. Whilst in the mouse knock-out of K8 gastrulation
proceeds normally, and structural defects are observed in the liver (Baribault et al.,
1984).

Keratin 8 and keratin 18 are expressed in epithelium derived tumours including
liver, pancreas, intestine, colon and mammary gland (Moll et al., 1982; Steinert and
Roop, 1988). They may be required for the invasive nature of the tumour, since
transfecting mouse cells with keratin 8 and keratin 18 causes them to become migratory
(Chu et al., 1993).

The keratins have been associated with proliferation (Connell and Rheinwald,
1983; Ben-Ze’ev 1986). High levels of K18 have been found in a subset of highly
proliferating retinal pigment epithelial cells (McKechnie et al., 1988). However, the
expression of the simple epithelial keratins is not always associated with proliferation.
Treatment of embryonic carcinoma (EC) cells with RA causes a decrease in their
proliferation, a induction of differentiation and expression of simple epithelial keratins

(Kurki et al., 1989).

1.5 Aims

The aims of this thesis are to clone the keratin recognized by LPIK in the
blastemal mesenchymal cells and its type I partner (Chapter 3). The possible functions of
the keratins will then be tested. They may be involved in pattern formation in the

regenerating limb (Chapter 4). This question will be answered by looking at their
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regulation in RA treated blastemas. Since keratin expression is associated with the
differentiation state of the cell, the effect of RA on the myogenic potential of cultured
limb cells which are known to differentiate into muscle will be examined (Chapter 4).
The nerve is known to be essential for regeneration to occur. Therefore, by looking at the
expression of the keratins in denervated blastemas and regenerating limb buds in the
absence and presence of nerves it will be possible to establish whether the nerve is
necessary for keratin expression (Chapter 5). Finally in chapter 6 antisense oligomers
targeted against the keratins in cultured blastemal cells will be assessed for their effect on

cell behaviour.
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Chapter 2- Materials and Methods

2.1 Chemicals

Except where specified all chemicals were obtained from Fisons Anal R grade.

2.2 Antibodies

LPIK (Lane et al., 1985, gift of E. B. Lane)

CK18.2 (Ramaekers et al., 1994, gift of F. Ramaekers)

12/101 (Kintner and Brockes, 1984, gift of J. P. Brockes)

Rhodamine-conjugated rabbit anti-mouse immunoglobulins, (Rh-Rb-aMlg, affinity
purified, DAKO)

Alkaline-phosphatase-conjugated rabbit anti-mouse immunoglobulins, (AP-Rb-aMlg,
affinity purified, DAKO)

2.3 Probes

The following probes were used in this study:-

i. Human K18. A 400 nucleotide human ¢cDNA K18 (Kulesh and Oshima, 1988)
fragment obtained by digesting human cDNA K18 with BglII and EcoRI. This was used
as a probe to clone NvK18 (Notophthalmus viridescens keratin 18).

ii. NvK8 (Notophthalmus viridescens keratin 8). A 300 nucleotide NvK8 probe,
obtained by cutting plasmid 2/3 (chapter 3) with Psi and subcloning the fragment into
the Pstl site of pBluescribe. Antisense riboprobes were synthesised by digesting the
subclone with HindlIl and using T7 polymerase. For northern analysis the 300
nucleotide fragment was liberated by using Pstl.

1ii. NvK18. A 290 nucleotide NvK18 probe obtained by digesting plasmid J 81 (chapter

3) with Bglll. Antisense riboprobes were synthesised using T7 polymerase. For northern
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analysis the 290 nucleotide fragment was liberated by using Bg/II and EcoRI.

iii. pSp6-D6. To check for equal loading of RNA in RNase protection analysis a newt
satellite probe was used; its level of expression does not vary along the proximal-distal
axis of the limb (Epstein and Gall, 1987). The antisense probe was synthesised by

cutting with HindIIl and using SP6 polymerase

2.4 Animals

Adult Notophthalmus viridescens were supplied by Amphibians of North
America. The animals were maintained in the laboratory at 19-20°C, and fed shredded
bovine heart on alternate days. Regeneration blastemas were obtained by anaesthetising
the newts in 0.1% tricaine (3-aminobenzoic acid ethlyester methanesulphate salt, sigma)
and amputating their limbs bilaterally either at the level of the mid-humerus (proximal
amputation) or of the mid-radius/ulna (distal amputation). Denervated blastemas were
obtained by severing the right limb spinal nerves at the mid-scapular level 2 days before
proximal limb amputation. The animals were allowed to recover in 0.5% sulfamerazine
(Sigma) for 18-24 hours and then kept at 25°C.

All trans-RA (Sigma) treatment was performed by injecting intraperitoneally (i.p)
10 pl of a RA-DMSO solution (30 mg ml-1); control animals were injected with 10 pl
DMSO. Newts were injected either with RA or DMSO 7 days after proximal limb
amputation. RA- and DMSO- treated blastemas were collected either 7 days or 12 days
later.

Tissues for RNA and protein extraction were stored in liquid nitrogen. Tissues
for in situ hybridisation were processed as described in section 2.9.3. Tissues for
immunoctyochemistry were processed as described in section 2.11.3.

To induce spawning gravid newts were kept at 25°C and injected daily with 100
units of human chorionic gonadotropin (HCG, Sigma). Embryos and larvae were staged
according to Gallien and Durocher (1957). Larvae were raised individually in aged tap

water in plastic petri dishes at 19-20°C and were fed three times per week. Bait consisted
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of live brine shrimp (Artermia) which were hatched in sea water and rinsed in tap water.
Embryos were anaesthetised by immersion in 0.01% tricaine in sterile distilled water.
Either their right or left limbs were amputated approximately midway along the proximal-
distal axis using tungsten needles. Embryos were collected for in situ hybridisation when

the limb blastemas reached the mid bud stage, usually after 3-4 days.

2.5 Cloning and DNA Methods

2.5.1 Production of competent cells for transformation

LB medium (Gibco): 1% (w/v) bacto tryptone, 0.5% (w/v) bacto yeast extract, 0.5%
(w/v) NaCl
LB plates: LB medium plus 1.5% (w/v) bacto-agar (Gibco)

Bacterial strain, BB4

This method is basically that of Maniatis et al., (1982). Throughout all steps in
this procedure sterile solutions and centrifuge bottles were used. A single colony of
E.coli (BB4) was used to inoculate a 5 ml aliquot of LB medium. After been grown

overnight the 5 ml culture was added to a flask containing 500 ml of LB medium and
grown until O.D.55( reached 0.40. The cells were then pelleted by centrifugation at 1600

x g for 10 minutes at 4°C. The supernatant was poured off and the pellet resuspended in

100 ml of 0.1 M CaCly. The resuspended cells were kept on ice for 30 minutes. The

cells were then pelleted at 1600 x g for 5 minutes and resuspended in 20 m] of 0.1 M
CaCly containing 15 % glycerol. Cells were then dispensed in 100 pl aliquots and stored

at -70°C until use.
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2.5.2 Bacterial transformation

TE: 10 mM Tris-Cl, pH 7.5, 1 mM EDTA.
Ampicillin (amp), was dissolved at 25 mg/ml in distilled water, filtered sterilised and

stored at -20°C. It was added to media and agar to a final concentration of 25 pLg/ml.

An aliquot of competent cells was rapidly thawed and 0.1-1 pg of DNA dissolved
in 5 pl of TE added. The mixture was incubated on ice for 20-30 minutes and then heat
shocked at 42°C for 2 minutes. One ml of LB medium was added and the cells incubated
at 37°C for 60 minutes. The culture was spun for 10 minutes at 3000 rpm in a bench top
centrifuge, and the pellet resuspended in 100 pl LB medium. The cells were plated on
LB/amp plates which were then incubated overnight at 37°C. Single colonies were picked

the next day for subsequent processing.

2.5.3 Standard DNA methods

Phenol for DNA extraction: phenol (Gibco) was mixed with an equal volume of 50 mM
Tris base, and left overnight to equilibrate. The aqueous phase was removed and an equal
volume of 50 mM Tris-Cl, pH 8.0 added. After the phases had separated the aqueous
phase was removed and a fresh volume of 50 mM Tris-Cl, pH 8.0 added. This step was
repeated until the pH of the phenol phase was 8.0. The phenol was then stored at 4°C.
Chloroform: isoamy] alcohol (24:1)

Routine procedures involved in DNA manipulation (e.g. phenol, chloroform

extraction, and ethanol precipitation) were performed as described in Maniatis et al

(1982). DNA samples were stored at -20°C.
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2.5.4 Restriction digests

All restriction enzymes (Promega) were used according to the manufacturers

instructions.

2.5.5 Agarose gel electrophoresis

TAE (20x): 0.8 M Tris base, 40 mM EDTA. set to pH 8.2 with glacial acetic acid.

TBE (10x): 900 mM Tris base, 900 mM boric acid, 40 mM EDTA.

Ethidium Bromide (EtBr, Sigma): 10 mg/ml.

DNA running buffer (10x): 50% glycerol, 20 mM Tris-Cl, pH 8.2, 20 mM EDTA, 0.1%
Bromophenol blue.

Agarose (Gibco)

Restriction digests, or other DNA samples, were analysed by electrophoresis
through agarose gels. The gels consisted of agarose (1-2 % depending on the size of
fragments to be separated) dissolved in either 1x TAE or TBE to which 0.5 pg/ml EtBr
was added. The DNA sample was loaded on the gel in DNA loading buffer. DNA
fragments were visualised under ultra-violet light. Fragment sizes were determined by
running DNA markers of known molecular weight, either A/HindIII (Gibco, size range

125-23130 bp) or @X 174 (Gibco, size range 72-1353 bp).

2.5.6 Isolation of DNA fragments from gels

The digested DNA was run on a 1% low melting point agarose gel. The fragment
of appropriate size was cut out of the gel using a sharp scalpel and transferred to a clean
tube. Three volumes of TE were added and the tube was incubated at 65°C until the gel
slice had dissolved. A equal volume of phenol was then added and the mixture was

vortexed and spun for 5 minutes at 1300 rpm in a bench top centrifuge. The aqueous
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phase was removed to a clean tube and re-extracted with chloroform. The fragment was

then concentrated by ethanol precipitation.

2.5.7 Subcloning and ligations

Fragments of interest were subcloned either in pBluescript or pBluescribe vectors
for subsequent amplification and to allow in vitro transcription. Vector DNA was
digested with the appropriate enzymes, the digestions checked on a agarose gel and then
the DNA was phenol/chloroform extracted and ethanol precipitated. The DNA fragments
to be subcloned were isolated from the gel as described in section 2.5.6. For the ligations
1 pg of vector DNA and 1 to 3 molar equivalents of insert DNA were used. The ligation
reaction volume was 10 pl and contained 1x ligase buffer (Promega), 1 mM ATP and 1u
of T4 DNA ligase (Promega). The ligation was carried out for six hours at room
temperature and the products were used to transform bacteria as described in section

2.5.2.

2.5.8 Isolation of plasmid DNA. Mini-prep

Solution I: 50 mM glucose, 25 mM Tris-Cl, pH 7.5, 10 mM EDTA autoclaved to
sterilise.

Solution II: 0.2M NaOH, 1% SDS.

solution IIT: 5 M KOAc (60 ml), 2 M HOAc (11.5 ml from stock), H2O (28.5 ml)
Isopropanol

CsCl

RNase A (10 mg/ml, Sigma)

The procedure used to isolate plasmid DNA from bacteria is essentially that of
Ish-Horowicz and Burke (1981). A single colony was inoculated into 5 mls of LB

medium, containing the appropriate selection, and grown overnight in a shaking
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incubator at 37°C. The cells were pelleted by centrifugation at 6000 rpm for 5 minutes in
a microcentrifuge. The pellet was resuspended in 100 pl of solution I and left at room
temperature for 5 minutes. Two hundred pl of solution II were added followed by 150 I
of solution III. The now lysed bacteria were incubated on ice for 10 minutes and then
spun at 1200 rpm for 5 minutes in a microcentrifuge. The supernatant was transferred to
a clean tube. The DNA was phenol/chloroform extracted and ethanol precipitated, the

resulting pellet was dissolved in 18 pl of TE and 2 pl of 10 mg/ml RNase A added.

2.5.9 Isolation of plasmid DNA. Maxi-prep

Large scale isolation of plasmid DNA was used for high purity preparations. Five
ml of a overnight LB/amp culture, which had been inoculated with a single colony, was
added to 500 ml of LB medium and grown overnight with shaking at 37°C. This 500 ml
culture was centrifuged at 6000 x g for 10 minutes and the supernatant discarded. The
pellet was resuspended in 50 ml of solution I and 2.5 ml of 80 mg/ml lysozyme and
incubated at room temperature for 10 minutes. This solution was then mixed with 100 ml
of solution II and left on ice for 5 minutes. Seventy five ml of solution III was then
added, the solution mixed and then incubated on ice for 20 minutes. The solution was
centrifuged at 20,000 x g for 10 minutes, and the supernatant removed to a clean tube.
The DNA was precipitated by adding 0.6 volumes of isopropanol and incubating at room
temperature for 10 minutes. The DNA was recovered by centrifugation at 15,000 x g for
10 minutes. The DNA pellet was dissolved in 4 ml TE, 4.4 g CsCl and 0.4 ml of 10
mg/ml EtBr were then added. The solution was then transferred to a 5 ml ultracentrifuge
tube and the tube filled up with 1 g/ml CsCl dissolved in TE. The ultracentrifuge tube
was heat sealed, and the sample centrifuged overnight at 350,000 x g in a Beckman
VTi65 rotor at 20°C. The banded plasmid was taken off the gradient with a syringe and
transferred to a centrifuge tube to which was added TE to a final volume of 5 ml. The

EtBr was removed by isobutanol extraction. The DNA was then ethanol precipitated, and

concentration was adjusted to 1 pg/ul by determining the OD3g0.
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2.5.10 Labelling of DNA by random oligonucleotide-primed synthesis

Klenow fragment buffer (10x, Promega): 0.5 M Tris-Cl, pH 7.5, 0.1 M MgClp, 10 mM
DTT, 0.5 mg/ml BSA.

Reaction mixture: 2.5 pul 0.5 mM 3dNTP mix (minus dATP, Promega), 2.5 ul 10x
Klenow fragment buffer, 5 pnl 3000 Ci/mmol [0-32P]dATP (50 UCi, ICN Flow), 1 ul

Klenow fragment (5-15 u, Promega), random hexanucleotides (1-5 pg, Promega)

The fragment of DNA (30-100 ng) to be labelled was isolated and purified and
combined with the random hexanucleotides in a total volume of 14 pl. The mixture was
then boiled for 5 minutes and put on ice. Eleven ul of the reaction mixture was then
added and the reaction incubated at room temperature for 4 hours. The labelled DNA was
purified by using a Sephadex G-50 column as described in section 2.5.11 and the

incorporation of 32P determined.

2.5.11 Purifying probes

Eight g of Sephadex G-50 (Sigma) were added to 100 ml of 5 mM Tris-Cl pH
8.0, and 5 mM EDTA. The mixture was autoclaved and stored at 4°C. The bottom of a 1
ml sterile plastic syringe was plugged with 2 GF/C Whatman filters cut with a no 2
corkborer. The syringe was filled with G-50 slurry until it formed a mound at the top of
the tube. The syringe was spun for 2 minutes at 1000 rpm to pack the Sephadex. The
unpurified probe was diluted to 200 il in TE and then loaded onto the column. The
column was then spun for 2 minutes at 1000 rpm and the probe collected in an eppendorf

tube.
2.6 Screening of AZAP blastemal cell culture library

A newt AZAP cDNA library constructed from cultured blastemal cells (gift of J.
P. Brockes) was used to clone NvK8 and NvK18
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2.6.1 Plating library

Top agarose: LB medium plus 7 g/l agarose (Gibco).

LB plates prewarmed at 37°C.

Suspension medium (SM) per litre: 5.8 g NaCl, 2g MgS04.7H20. 50 ml, 1 M, Tris-Cl,
pH 7.5, 0.01% gelatin (Sigma).

Recombinant phage and 100 pl of E.coli Y1090rk~ were mixed and incubated at
room temperature for 20 minutes. Top agarose, 3 ml for 90 mm petri dishes or 8 ml for
150 mm petri dishes was added to the E. coli/phage mix and the contents of the tube
poured onto prewarmed LB plates. The plates were incubated and processed for
screening either with LP1K antibody as described in section 2.6.2 or a human K18

radiolabelled probe as described in section 2.6.3.

2.6.2 Screening with LP1K antibody

Nitrocellulose (Schleicher & Schuell, BA85, 0.45 pum)

TBS: 0.1 M Tris-Cl, pH 8.0, 0.1 M NaCl

Isopropyl-8-D-thiogalactopyranoside (IPTG, Gibco)

TBS-Tween: TBS containing 0.05% Tween-20.

Alkaline phosphatase buffer (APB): 100 mM NaCl, 5 mM MgCl2, 100 mM Tris-Cl, pH
9.5

Alkaline phosphatase substrate solution: 10 mls of APB containing 66 |l Nitroblue
tetrazolium chloride (NBT, 0.05 g/ml, Gibco) and 33 pl of 5-bromo-4-chloro-3-
indolyphosphate p-toluidine salt (BCIP, 0.05 g/ml, Gibco)

The plates were incubated at 42°C until plaques appeared usually after 4-5 hours.
A nitrocellulose filter, pre-soaked in 10 mM IPTG and air-dried, was carefully placed on

top of the plate, and a pin used to make marks for subsequent orientation. The filter was
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left in place and incubation continued overnight at 37°C. The filter was then peeled off
the plate rinsed 3 times, 15 minutes each, with TBS. Non specific binding sites were
blocked with 1% Marvel in TBS for 1 hour at room temperature. The filters were washed
3 times for a minute each in TBS-Tween. They were then incubated for 1 hour with 5%
rabbit serum in TBS-Tween, and washed briefly in TBS-Tween.

The filters were reacted overnight at 4°C with LP1K mAb supernatant diluted 1:1
with TBS-Tween. They were washed 3 times over 1 hour in TBS-Tween, and reacted
with affinity purified alkaline-phosphatase-Rb-anti-M-Ig diluted in 1% rabbit serum in
TBS-Tween for 4 hours at room temperature. Unbound secondary antibody was
removed by washing the filters 3 times over 1 hour in TBS-Tween.

Alkaline phosphatase activity was developed by incubating the filters in the
substrate solution until the blue reaction product was clearly visible. The filters were

rinsed in H7O and dried between a few layers of filter paper. Positive plaques were

identified by aligning the filters to the original plate by using the pin marks.

2.6.3 Screening with radiolabelled human cDNA K18 probe

The plates were incubated at 37°C overnight. A dry nitrocellulose filter was
carefully placed on top of the plate, and a needle used to make marks for subsequent
orientation. The filter was left in place for two minutes and then peeled off. The filters
were prepared for hybridisation by transferring the filters with the plaques face up for 5

minutes each onto Whatman 3MM filter paper soaked in:

1) 0.5 M NaOH, 1.5 M NaCl
2) 0.5 M Tris-Cl, pH 7.4, 1.5 M NaCl
3) 2x SSC

The filters were allowed to dry and the DNA cross linked to the nitrocellulose by using a

UV-Stratalinker (Stratagene).
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2.6.4 Hybridisation

Denhardt’s solution (100x): 2% (w/v) BSA fraction V, 2% (w/v) Ficoll 400, 2% (w/v)
polyvinylpyrolidone. Filter sterilised and stored at -20°C.
SSC (20x): 3 M Na(l, 0.3 M sodium citrate.

The filters were prehybridised at 42°C in 50% formamide, 5x SSC, 5x Denhardts
reagent, 0.1% SDS, and 100 pg/ml salmon sperm for 4 hours. Denatured radiolabelled
probe (1 x 106 cpm) synthesised as described in section 2.2.10 was then added and the
filters hybridised at 42°C overnight.

The filters were washed for 20 minutes at room temperature in 1x SSC, 0.1%
SDS, followed by multiple washes of 15 minutes each at 68°C in 0.2x SSC, 0.1% SDS,
until the background signal detected by a Geiger counter was low.

The filters were then exposed to X-ray film (XAR 5, Kodak) at -70°C until a
signal was detected. Positive colonies were identified by comparing the signal on the

autoradiograph to the original plate, using the pin marks to align the two.
2.6.5 Excision of inserts

YT Broth (11): 5 g NaCl, 5 g yeast extract, 8 g Bacto-Tryptone
XL1-Blue cells
R408 helper phage (1 x 1011 pfu/ml)

Inserts were excised from the vector as described in the AZAP protocol
(Stratagene). Two hundred pl of phage stock were added to 200 pl of XL 1-Blue cells
and 10 pl of R408 helper phage. After the mixture was incubated at 37°C for 15 minutes,
5 mls of 2x YT media was added and incubation continued at 37°C for a further 4-6
hours. The mixture was then heated at 70°C for 20 minutes and spun at 1000 x g for 5
minutes. Two hundred pl of the supernatant was added to 200 pl of XL1-Blue cells and
incubated at 37°C for 15 minutes. Ten pl of the mixture was then plated on LB/amp

plates. The resulting colonies were then picked, the plasmid isolated and sequenced.
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2.7 DNA sequencing

DNA was sequenced enzymatically, using the USB sequenase kit.

2.7.1 Enzymatic sequencing reactions

Forty five pl of 0.25 M NaOH/1 mM EDTA was added to 2 pg of plasmid DNA
dissolved in 5 pl of TE. The mixture was incubated at room temperature for 5 minutes,
and ethanol precipitated. The pellet was resuspended in 7 pl H2O. Two pl of sequencing
buffer, and 1 pl of either T3 or M13 universal primer was then added and the mixture

incubated for 15 minutes at 37°C. To this mixture were then added:

1l DTT, 0.1 M

2ul labelling mix
0.5 ul a35S-ATP

2ul Sequenase

The reaction mixture was incubated for 4 minutes at room temperature. Three and
a half pl of the labelling reaction was then transferred to each of four prewarmed tubes
(37°C) each containing 2.5 pl of one of the 4 different dideoxy-nucleotides (termination
mix). The reaction was incubated at 37°C for 5 minutes, and terminated by adding 4 ul of

stop solution. The samples were stored at -20°C until use.

2.7.2 Preparation and running of sequencing gels

SequaGel concentrate (19:1 Acrylamide: Bisacrylamide, National diagnostics)
SequaGel dilutent (8.3 M urea, National diagnostics)

SequaGel buffer (10x TBE, National diagnostics)
NNN'N'-Tetramethyl-1,2-diaminoethane (Temed)

Ammonium persulphate 10%
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Running buffer, TBE

Before use gel plates were thoroughly cleaned with soapy water, and then rinsed
with distilled water. One plate was treated with dimethyl dichloro-silane solution rinsed
with ethanol and then allowed to air dry. A 6% gel was prepared by combining 24 ml of
SequaGel concentrate, 66 ml of SequaGel dilutent and 10 ml of SequaGel buffer. To
induce polymerisation 40 pl of TEMED and 800 pl of 10% ammonium persulphate were
added to the gel mixture.

The samples were heated to 80°C for 5 minutes and then loaded onto the pre-
warmed gel. After running, the plates were separated with a spatula, the gel transferred to
a sheet of Whatman 3MM filter paper, covered in Saran wrap and then dried in a gel

drier. Bands were visualised by autoradiography.

2.7.3 Sequence Comparisons

Sequences were compared using the software from the University of Wisconsin
Genetics Computer Group (UWGCG). The "Gap" programme was used to find the

optimal alignment between two predicted amino acid sequences.

2.8 RNA analysis

Diethyl pyrocarbonate (DEPC): 0.05% added to solutions before they were autoclaved to
destroy RNase.

Glassware and gel running tanks were rendered free of ribonuclease by washing in soapy
water, soaking in 2% "Absolve" (Dupont) overnight, and rinsing in high purity distilled

water.
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2.8.1 Total RNA preparations.

Homogenisation solution (final concentrations)

Guanidine thiocyanate (GTC): 47.26 g/100 ml.
Sodium citrate: 25 mM, pH 7.0

Sarcosyl (Sigma): 0.5%
Beta-Mercaptoethanol (Sigma): 0.1 M

One g of tissue was homogenised in 10 ml of homogenisation solution. The
homogenate was centrifuged at 1000 x g for 5 minutes in order to eliminate any visible
debris and transferred to a 50 ml tube. One ml of 2 M sodium acetate, pH 4.0, 10 ml of
phenol saturated with DEPC treated H>O, and 2 ml of chloroform:isoamy! alcohol (49:1)
were then added and the mixture left in ice for 15 minutes. The mixture was then
centrifuged for 20 minutes at 4°C at 25,000 x g. The upper aqueous phase was
transferred to a 15 ml centrifuge tube and an equal volume of isopropanol was added.
The RNA was precipitated at -20°C for 1 hour and centrifuged at 15,000 x g for 20
minutes.

The pellet was resuspended in a total of 5 mls GTC solution. An equal volume of
isopropanol was added to the supernatant and left for 1 hour at -20°C. The RNA was
precipitated by centrifuging at 25,000 x g for 20 minutes. The pellet was washed with
75% ethanol and respun at 25,000 x g for 5 minutes. The pellet was dried and

resuspended at a concentration of 2-4 mg/ml in DEPC treated water, and stored at -70 °C.
2.8.2 Extraction of poly(A)*T RNA

Poly(A)* RNA was isolated by using the polyATtract mRNA system IV
(Promega). Ten l of biotinylated oligo(dT) primer was hybridized to 5 mg/ml total RNA

for 30 minutes at room temperature. This solution was then added to a column of
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streptavidin MagneSphere particles (SA-PMPs) which binds the biotinylated oligo(dT)
primer and associated Poly(A)* RNA. The mixture was incubated at room temperature
for 10 minutes. The column was then placed in a magnetic stand to capture the SA-PMPs
which were then washed four times with 0.1x SSC. The poly(A)* RNA was eluted by
washing the column with 1 ml of DEPC treated water, the concentration determined and

stored at -70 °C.

2.8.3 Northern Analysis

Morpholinopropanesulfonic acid (MOPS, Sigma)
MOPS buffer (10x): 0.4 M MOPS, pH 7.0, 50 mM NaOAc, 10 mM EDTA (pH 8.0).

Filter sterilised and stored at 4°C.

RNA was electrophoresed through denaturing agarose-formaldehyde gels.
Agarose was melted in DEPC treated water and cooled to 55°C before the addition of 1x
MOPS buffer and formaldehyde to 2.1 M, from a 12.33 M stock. RNA samples were
prepared in 1x MOPS buffer, 2.1 M formaldehyde, 50% formamide and 1x DNA
loading buffer and were heated at 65°C for 10 minutes. The samples were then cooled on
ice for 15 minutes before loading into the wells. The gel was run in 1x MOPS buffer at
60-70V for 4-6 hours.

After electrophoresis the gel was rinsed several times in water to remove
formaldehyde and placed in 10x SSC. The gel was placed on a wick of Whatman 3MM
filter paper, that was pre-soaked in 20x SSC and in contact with a reservoir of 20x SSC
(Maniatis et al., 1982). A sheet of nitrocellulose, pre-wetted in water and 2x SSC, was
placed on top of the gel, followed by two pieces of Whatman 3MM filter paper, also pre-
wetted in 2x SSC. A syringe was used to apply SSC to nitrocellulose and 3MM paper to
ensure a good liquid seal. On top of this was placed a stack of tissues and a 1 kg weight.
After overnight transfer the lanes of the gel were marked and the filter rinsed briefly in 6x

SSC. The RNA was then crosslinked to the nitrocellulose by using a UV-Stratalinker
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(Stratagene). Filters were prehybridised, hybridised and washed as described in section

2.6.4.

2.8.4 RNase protection assay

Hybridisation buffer (PNE, 5x): 200 mM PIPES, pH 6.4, 2 M NaCl, 5 mM EDTA
RNase buffer: 10 mM Tris-Cl, pH 7.5, 0.3 M NaCl, 5 mM EDTA, 10 mM MgCl2

Five- ten ug of plasmid DNA was cut with the appropriate enzyme. The digest

was diluted to 100 pl and incubated for 30 minutes at 37°C with 5 pl proteinase K (10

mg/ml). It was then phenol, chloroform extracted and ethanol precipitated and the pellet

resuspended in 10 pl DEPC-H5O. To a sterile eppendorf tube in the following order

were added:

2ul
1wl
4l
1 ul each
1l
1l
Sul
4l

1 ul

linear DNA template

1 M DTT (Promega).

transcriptase buffer (5x, Promega).

10 mM rATP, rGTP, rCTP (Promega).
0.1 mM rUTP (Promega).

RNase inhibitor (Promega).

[0-32P]UTP (800 mCi/mmol, ICN Flow).
DEPC H»0.

T3, T7 or SP6 polymerase (Promega).

The reaction mixture was incubated at 37°C for 30 minutes. The reaction was

terminated by adding 1 ul RNase-free DNase (5000 u/ml) and 1 pl yeast tRNA (10

mg/ml), and incubating for 15 minutes at 37°C. The probe was purified by passing it

over a Sephadex G-50 column as desribed in section 2.5.11.

Five ug of total RNA were dried under vacuum and resuspended in 30 pl of 80%
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formamide in 5x PNE by shaking for 5 minutes on a eppendorf shaker. The probe
(500,000 dpm) was added and the samples heated to 80°C for 5 minutes.

After overnight hybridisation at 47°C, 300 ul of RNase solution containing 1.2 pl
RNase A (10 mg/ml) and 2.1 pl RNase T (50 u/pl) were added to each sample. The
mixture was incubated at 30°C for 30 minutes; 3 pl of 10% SDS and 5 pl of proteinase K
(10 mg/ml) were then added and the incubation continued for 15 minutes at 37°C. The
samples were then extracted with phenol/chloroform and ethanol precipitated. The pellets
were dried and resuspended in 5 pul of sequence loading buffer, heated at 80°C for 5
minutes and ran on a 6% sequencing gel prepared and processed as described in section

2.7.2.

2.9 In situ hybridisation

Hybridisation buffer: 50% deionised formamide, 0.3 M NaCl, 20 mM Tris-Cl, pH 8.0,
5 mM EDTA, 10 mM NaPOg4 (pH 8.0), 10% dextran sulphate, 1x Denhardts, 0.5 mg/ml

yeast tRNA.

PBS (10x): 1.37 M NaCl, 27 mM KCl, 80 mM NayHPOy4, 15 mM KH7PO4. For 11, 80
g NaCl, 2 g KCl, 11.5 g anhydrous NapgHPQOy4, 2 g KH7PO4.

Saline (10x): 8.3% (w/v) NaCl.

Pastillated Fibrowax (BDH)

2.9.1 In vitro transcription

Riboprobes were synthesised as described in section 2.8.4, except that the total
reaction volume was 30 pl and 10 pl of [0c-3SS]UTP (Amersham), specific activity
1000-1500 Ci/mmol, was used instead of 32p_UTP. The transcriptions were carried out
at 37°C for 60-120 minutes. The probe was purified by using a G-50 Sephadex column
and the incorporation determined. A half volume of 6 M ammonium acetate, and three

volumes of ethanol were added to the purified probe, the mixture left at -20°C for at least
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two hours, and then centrifuged at 1300 x g for 15 minutes. The pellet was resuspended
in 0.1 M DTT to a final activity of 1 x 106 dpm. To this solution 9 volumes of
hybridisation buffer were added, bringing the final activity to 1 x 105 dpm. Probes were

stored in hybridisation buffer at -70°C.

2.9.2 Preparation of subbed slides

Microscope slides were cleaned by passing them through 10% HCI in 70%
ethanol, water and 95% ethanol. After drying in an oven at 80°C, the slides were placed
in a 2% solution of TESPA (3-aminopropyltriethoxysilane, Sigma) in acetone for 10
seconds. The slides were then washed twice in acetone and once in water. They were

dried at 37°C overnight and stored foil wrapped.

2.9.3 Tissue preparation and sectioning

Tissues were fixed overnight at 4°C in 4% (w/v) paraformaldehyde.
Paraformaldehyde was prepared by dissolving it in PBS at 60°C for about an hour, and
then cooled to 4°C. Fixed tissues were then washed twice for 30 minutes in saline at 4°C.
The samples were then placed for at least 30 minutes in ethanol: saline (50:50), and two
times in 70% ethanol. The tissues were then dehydrated by passing then through 80%,
95%, 100% and 100% ethanol for 30 minutes at each step and histoclear twice for 30
minutes. The histoclear was replaced with a 1:1 paraffin wax/histoclear mixture at 60°C
for 20 minutes, and then tissues were transferred to prewarmed glass embryo dishes.
The tissues were passed through four changes of paraffin wax at 20 minute intervals
(total time in wax changes: 1 hour). The tissues were orientated with a hot needle and
allowed to cool. The embedded tissues were stored at 4°C.

Six um sections were cut on a microtome and the sections were placed onto
prewarmed subbed slides covered with DEPC water. The slides were dried overnight at

37°C, and the sections stored desiccated at -20°C until use.
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2.9.4 Slide pretreatment

The sections were dewaxed in histoclear, twice for 10 minutes. They were then
rehydrated by passing them through an alcohol series for 2 minutes each in 100%,
100%, 95%, 80%, 70%, 50% and 30% ethanol. The slides were washed in saline and
then PBS for 5 minutes each and then fixed in 4% (w/v) paraformaldehyde for 20
minutes. They were then washed twice for 5 minutes in PBS. The slides were placed
horizontally on aluminium foil with the sections facing upwards. The sections were
covered with a freshly made up 20 yg/ml proteinase K (Gibco) solution in 50 mM
Tris-Cl, pH 8.0, 5 mM EDTA. Proteinase K digestion was carried out for precisely 5
minutes at room temperature, and the slides were then washed in PBS for 5 minutes. The
sections were refixed in 4% (w/v) paraformaldehyde for 20 minutes and then acetylated
in fresh 0.25% (v/v) acetic anhydride in 0.1 M triethanolamine-HCI (pH 8.0) for 10
minutes. The slides were washed in PBS and then in saline for 5 minutes each time. The
sections were dehydrated by passing them through an alcohol series (concentrations as
above, different set of ethanols to those used immediately after HistoClear ). The slides

were air-dried and used for hybridisation.

2.9.5 Hybridisation and washing

Fifteen yl of hybridisation solution per 22/mm?2 coverslip was applied directly
onto the sections and a clean coverslip was lowered on top. The sections were hybridised
for 14-16 hours at 52°C in a box saturated with 50% formamide and 5x SSC. After
hybridisation the coverslips were dislodged by soaking in a solution of 5x SSC, 10 mM
DTT for 20 to 30 minutes. The slides were then washed in 50% formamide, 2x SSC,
100 mm DTT at 65°C for 30 minutes. This was followed by three 10 minutes washes in
0.5 M NaCl, 10 mM Tris.Cl, pH 7.50, 5 mM EDTA at 37°C and then a 30 minute
incubation, at the same temperature and in the same buffer, with 20 pg/ml RNase A.

After the RNase treatment the slides were washed in the same buffer for 15 minutes
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before being washed again in 50% formamide, 2x SSC and 10 mM DTT for 30 minutes.

Slides were finally washed in 2x SSC and then 0.1x SSC for 15 minutes each and
dehydrated through an alcohol series in 50 ml tubes: 30% ethanol, 0.25 M NH40Ac;

50% ethanol, 0.25 M NH4OAc; 70% ethanol, 0.25 M NH4OAc, 80% ethanol, 0.25 M
NH40Ac, 90% ethanol, 0.25 M NH4OAc, 100% ethanol, 100% ethanol. These ethanols

were not used for subsequent in situ experiments, but were retained for histological
processing after developing. The slides were air dried and then dipped for

autoradiography.

2.9.6 Autoradiography

Slides were dipped in Ilford K5 emulsion diluted 1:1 with 2% (v/v) glycerol, at
43°C, air dried in a plastic box at room temperature for 2 hours, after which a sachet of
desiccant was added. After a minimum period of 2 hours at room temperature, slides
were transferred to a desiccated box and placed at 4°C for the exposure period. Slides

were exposed for 5 days.
2.9.7 Development and histology

After warming to room temperature for at least one hour, the slides were
developed for 2 minutes in Kodak D19 developer (8g in 50 ml water), stopped in 1%
acetic acid, 1% glycerol in water for 1 minute and fixed in 30% sodium thiosulphate for 2
minutes. The slides were then washed in water, twice for 10 minutes. Sections were
dehydrated, air dried, rehydrated and stained with 0.02% (w/v) toludine blue until the
desired level of staining had been reached. Sections were dehydrated again and mounted
under a clean glass coverslip using Histacryl embedding compound (Sigma). Sections
were examined and photographed using bright field and dark ground illumination, using

an Olympus Vanox-T microscope.



2.10 Tissue culture

The newt cells used in this work were derived from newt thigh muscle (TH4B)

and forelimb mid bud blastemas (BIH1; Ferretti and Brockes, 1988)

2.10.1 Culture medium for newt cells

Minimal essential medium (MEM, ICN Flow) with Eagle's salt

Foetal calf serum (FCS, Gibco) heat inactivated at 56°C for 30 minutes.
Penicillin-streptomycin (P/S, 10000 units/ml, Gibco)

Glutamine (29.2 mg/ml, 100x, Gibco)

Insulin (Bovine pancreas insulin, crystalline,Sigma), 2000x: 10 mg/ml dissolved in
0.1M HCI. 100x: 0.5 mg/ml dissolved in A-PBS,

Gelatin: 0.5% bovine skin gelatin in water (Sigma G-9391). Solubilized at 60°C and
filter sterilised while still warm.

Leibovitz medium (L15) without glutamine (ICN Flow)

Trypsin/EDTA (TE, 0.25%, 10x, Gibco)

A-MEM (100 ml): 64 ml MEM, 24 ml sterile distilled water, 10 ml FCS, 1 m! P/S, 1 ml
glutamine, 1 ml 100x insulin (final concentration 0.28 iu/100 ml medium)

A-L15 (100 ml): 60 ml L15, 29 ml sterile distilled water, 10 ml FCS, 1 ml P/S

A-PBS (100 ml): 80 ml PBS, 20 ml sterile distilled water.

Newt cells were cultured on 0.5% gelatin either in plastic dishes/flasks (Gibco) or

on glass slides/ coverslips in A-MEM at 25°C in an atmosphere of 2% CO?2. Cells were

harvested either by cell scraping or by using TE diluted 1 in 10 in A-PBS. Trypsinised
cells were diluted in A-L15 medium and spun at 1000 rpm in a bench top centrifuge for

10 minutes.
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2.10.2 Delipidation of serum

Charcoal (BDH)

Serum was delipidated to remove retinoic acid. Ten g of charcoal and 1000 mg of
dextran was added to 10 ml of Tris-Cl, pH 7.40. The solution was made up to 1 litre
with distilled water. The solution was centrifuged at 4000 x g for 15 minutes and the
supernatant removed. The pellet was resuspended in 1 litre of FCS, and the mixture
incubated at 55°C for 30 minutes. The suspension was spun at 4000 x g for 15 minutes
at 4°C. The supernatant was transferred to a clean beaker and the incubation with
charcoal repeated. The delipidated serum was then filtered through a 0.2 pm filter and

stored at -20°C until use.

2.10.3 [3H]Thymidine incorporation by newt cells.

[3H]Thymidine incorporation by newt cells was determined after they were
cultured with either all-trans-RA (Sigma); dissolved in ethanol, FGF-2 (Gibco);
dissolved in A-PBS, 12-O-tetradecanoyl phorbol-13-acetate (TPA, Sigma); dissolved in
ethanol or antisense oligomers targeted against NvK8 and NvK18.

Newt cells were plated in gelatin coated 96 well plates (Gibco) at an initial
density of 750 cells/well. The next day hormone, growth factor or antisense oligomers
were added as required. [3H]Thymidine ([methyl-1', 2‘-3H]Thymidine, 124 Ci/mmol,
Amersham) was added to medium at 1 mCi/ml and the cells were grown for another 24
hours prior to collection on filter discs using an automatic cell harvester. The discs were

washed, dried and analysed by liquid scintillation counting.
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2.11 Protein analysis

2.11.1 Cytoskeletal preparations

Proteins were extracted from newt cell cultures.

Homogenisation buffer (HB): PBS (10 mM phosphate buffer, pH 7.5, 0.12 M NaCl)
containing: 1 mM EDTA, 1 mM EGTA, 1% Nonidet P40, 1 mM
phenylmethylsulphonylfluoride (PMSF), 0.2 mg/ml leupeptin, 2 mg/ml Na-benzoyl-L-
arginine methyl ester (BAME), 2 mg/ml Na-p-Tosyl-L-arginine methyl ester (TAME),
1/200 dilution in distilled water of a solution of 2 mg/ml N-tosyl-L-phenylalanine
chloromethylketone (TPCK), 1 mg/ml type I-S Soybean or 2 mg/ml type II-S Soybean
(SBTI), and 0.2 mg/ml pepstatin

One g of tissue was homogenised in 4 mls of HB with a teflon-glass
homogenizer. The sample was then centrifuged at 25,000 x g for 20 minutes at 4°C. The
supernatant (detergent soluble fraction) was removed and stored at -70°C until further
analysis. The cytoskeletal pellet (detergent insoluble fraction) was resuspended in 2 ml of
HB and centrifuged as before. This step was repeated 3 times. The final pellet was
resuspended in PBS. The protein concentration in both soluble and insoluble fractions

was measured by the Bradford assay.

2.11.2 Western blotting

Protogel (37.5:1, Acrylamide: Bisacrylamide; National diagnostics)

Sample buffer (5x, 8 ml): 0.5 M Tris-Cl, pH 6.80, 1 ml; glycerol 0.8 ml; 10% SDS, 1.6
ml; 2-b- mercaptoethanol, 0.4 ml; 0.05% bromophenol blue, 0.2 ml.

Running buffer 5x : Tris base 15 g/l; glycine 72 g/l, SDS 5 g/l.
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Transfer buffer (11): Tris base 5.8 g/l, glycine 2.9 g/l, SDS 0.37 g/1, methanol 200 ml,
HpO to 11
Temed

Ammonium persulphate, 10 %

10% separating gel: Protogel, 3.32 ml; SDS 10 %; 100 ul ,Tris-Cl, pH 8.8 (1IM), 3.75
ml; H20, 2.76 ml

5% stacking gel: Protogel, 1.66 mi, SDS 10%, 100 pul; Tris-Cl, pH 6.8 (2M), 2.50 ml;
H20, 5.69 ml

Proteins were separated by discontinuous polyacrylamide gels. The separating gel
was 10% monomer and the stacking gel 5% monomer. Gels were polymerised by using
100 pl of 10% ammonium persulphate and 10 ul of Temed. Ten ug of protein were
solubilized in loading buffer and boiled for 5 minutes before loading onto the gel. After
running, the plates were separated with a spatula, and the gel rinsed in distilled water and
transfer buffer. Nitrocellulose and Whatman 3MM filter paper cut to the size of the gel to
be blotted was soaked in H20 and then in transfer buffer for 5 minutes. The transfer
sandwich consisted of Whatman 3 MM filter paper, the gel, nitrocellulose and Whatman
3MM filter paper. The sandwich was then placed in semi-dry gel transfer apparatus (Bio-
Rad), and ran at 10 volts for 40 minutes. The gel was then removed stained for total
protein with indian ink or processed for antibody staining. For indian ink staining the
blot was washed in PBS- 0.4% Tween-20 two times for 5 minutes each. The blot was
then incubated in ink solution (100 ul ink in 100 ml of 0.3% Tween-20) for 1 hour and
then washed in multiple changes of PBS. For LP1K and 12/101 antibody staining the

filter was treated as described in section 2.6.2.

2.11.3 Immunocytochemistry

Tissues were embedded in O.C. T compound (Tissue Tek, Miles). Twelve pm

sections were cut on a cryostat. Both tissues and sections were stored at -70°C until use.
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Slides with frozen sections were washed in PBS for 5 minutes to remove the
embedding compound. Cultured cells grown on glass microscope slides were washed in
L15 medium to remove the serum. The frozen sections or cultured cells were fixed with
cold acid-alcohol (95% ethanol-5% acetic acid stored at -20°C) for 10 minutes and
washed in three changes of PBS for 10 minutes. They were then washed in PBS-0.05%
Tween-20 for 10 minutes. Slides were incubated with neat LP1K supernatant or 12/101
for 1 hour at room temperature, controls were incubated with 65% L-15/10% FCS.

Slides were then washed 3 times with PBS-0.05% Tween-20 for 15 minutes.
They were then incubated with the appropriate dilution of secondary antibody,
rhodamine-conjugated rabbit anti-mouse immunoglobulins, (Rh-Rb-aMIg) and Hecechst
dye for 45 minutes at room temperature. The secondary antibody was removed by
washing the slides three times in PBS-0.05% Tween-20 for 15 minutes. The slides were
then briefly rinsed in distilled water, and mounted using Permount. Sections were
examined and photographed, under bright field and fluorescence using an Olympus

Vanox-T microscope.

2.11.4 Enzyme linked immunoadsorbant assay (ELISA)

ELISAs were used to detect NvK18 protein expression using the undiluted
monoclonal antibody CK18.2. Cells were plated at an initial density of 750 cells per well
in gelatin coated 96 well plates (Gibco). After treatment the tissue culture medium was
removed and the wells washed with 70% L-15. The cells were fixed with cold acid-
alcohol for 10 minutes. The fixed cell cultures were then treated as for LP1K staining
(Section 2.10.3), except that the secondary antibody used was alkaline-phosphatase-
conjugated rabbit anti-mouse immunoglobulins (AP-Rb-aMl g, affinity purified, DAKO)
diluted in newt culture medium. The wells were then rinsed three times with PBS-0.05%
Tween-20, for a total of 15 minutes, and once for 5 minutes with 0.1 M Tris, pH 9.5.
Two hundred ul of substrate solution, p-Nitrophenyl Phosphate, (pNPP, Sigma) was

then added to each well, and the plate read at 405 nm after a 30 minute incubation.
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Chapter 3- Cloning and tissue distribution of the newt simple epithelial

keratins, NvK8 and NvK18.

3.1 Introduction

In higher vertebrates the LP1K mAb recognises several type II keratins one of
which is the simple epithelial keratin 8 (Lane et al., 1985), which has an apparent
molecular mass of 52000 (52 x 103 My). In the newt limb blastema LP1K recognises
two proteins, one of apparent molecular mass 52000 (52 x 103 My) which based upon its
size is probably the newt homologue of keratin 8, and a second protein of apparent
molecular mass 57000 (57 x 103My). The 57000 protein has already been cloned and is
called NvKII; it is a type II keratin which is closest in identity to the Xenopus keratin 5/6
(Ferretti et al., 1991). NvKII has been shown to be restricted to the WE of the blastema.
To selectively clone the second protein recognised by LP1K a cultured blastemal cell
AZAPII expression library was used.

In order to form a stable IF, stoichiometric amounts of specific type I and type II
keratins are required (reviewed by Steinert and Roop, 1988). The natural partner of K8 is
K18. In order to clone the newt equivalent of K18 a gel purified cDNA insert of 400
nucleotides coding for the central rod domain of human K18 (Kulesh and Oshima, 1988)

was radiolabelled and used to screen the same blastemal library.
3.2 Results
3.2.1 Isolation of cDNA clones
Initially 5 plaques identified by LP1K and 5 identified by the radiolabelled human

K18 cDNA probe were isolated from 5 x 105 plaques of a newt blastemal AZAPII cDNA

library (1.5 x 1010 pfu/ml). Single plaques were obtained by two further rounds of

purification. The cDNAs were then isolated using the AZAPII excision
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protocol (see materials and methods), the DNA purified and restriction analysis carried
out. All clones identified by LP1K had the same PstI and Sacl restriction sites, whilst
those identified by screening the library with the human cDNA K18 probe had the same
BglII and PstI restriction sites. Based upon their length and 5' extent, three clones from
each screening were chosen for sequencing. The total length of the overlapping cDNA
clones recognised by LP1K is 1700 nucleotides (Fig. 3.1B), whilst the longest clone
recognised by the human K18 probe, which contains the two shorter clones is 2400

nucleotides (Fig. 3.1C).

3.2.2 Sequence analysis of clones identified by LPIK

The nucleotide and predicted amino acid sequence of the three overlapping clones
identified by LP1K is shown in Fig. 3.2. In the longest open reading frame there are 498
amino acids and translation termination occurs at nucleotide 1494.

Amino acid sequence analysis identifies the cDNA as coding for a type II keratin,
specifically the newt equivalent of keratin 8. Therefore, the newt keratin was named
NvK8 (Notophthalmus viridescens keratin 8). There is no initiation methionine, and by
comparison with other keratin § proteins the newt sequence is missing approximately 10
amino acids (Fig. 3.3).

The homology of NvK8 with other type II keratins is shown in the central rod
domain (Fig. 3.3. Amino acids 111-416) where the amino acid identity is 69-87% (Table
3.1). The similarity of NvK8 with other K8 proteins is apparent in the head and tail
regions. It is at the N-and C-terminus that there is the greatest degree of variability
between different keratins within the same species, but high sequence conservation of
homologous keratins from different species (reviewed by Steinert and Roop, 1988). At
the N-terminus, the H1 subdomain of NvK8 (Fig. 3.3. Amino acids 81-110) has high
amino acid identity, (75-82%), with goldfish keratin 8 (gfK8, Giordano et al., 1989),
mouse keratin 8 (MKS8, Sémet et al., 1988) and Xenopus keratin 8 (XK8, Franz and

Franke, 1986), whereas the identity with other type II keratins, such as the newt NvKII,
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30 S0 70 20 110
AATTCGGCACGAGGGGCTCCCGGCCAGCGCAACTTCAGCAGCTTCTCGTACAGCTCCGGGGGGCCGGCCATCTCCCGGGCTAGCACCTCTGCCTTCACCCTGGGCTCCGGCTACGGGGCG
NS ARGAPGQRNFSSFSYSSGGPAISRASTSAFTLGSGYGA

150 170 190 210 230
GAAAGTTCAGCCATGGCTACCGGACTGCTACAGCTCGGGCAGCACCGGGGGAT CAGCACGGCCGT CAGCGTCAACCAGAGCCTGCTGGCCCCCTTGAACCTCGAGATCGACCCCCAAATC
ESSAMATGLLQLGQHRGI STAVSVNQSLLAPLNLETIDPAQI

270 290 310 330 350
CAGCAGGTGCGAACCGAGGAGAAGGAGCAGAT CAAGACCCTCAACAACAAGTTCGCTAGCTTCATCGACAAGGTGAGGTTCTTGGAACAGCAGAACAAGAT GCTGGAGACTAAGT GGAAC
QQVRTEEKEQIKTLMNNKEFASFIDKVYRFLEQQNIKMLETI KHWMSWN

390 410 430 450 470
CTTCTCCAGAACCAAAAGACAACCCGCAGCAACATGGACAGCATGTTT GAGGCCTACATCAACAACCT GCGGCGGCAGCTGGATAACCT GGGCCAAGAGAAGCACAAACT GGAGGCGGAG
LLQNQKTTRSNMDS SMFEAYTINNLRRQQLDNLGA QETIKHTIKITLTEAETE

510 530 Sse 570 S99
CTGGGGAACATGCAGGGCATGGT GGAGGACTTCAAGAACAAGTATGAAGAT GAAATTAACAAACGGACAGAGATGGAGAATGACTTTGT TCTTATCAAAAAAGATGTGGATGAGGCGTAC
L GNMQGMY EDFIKNKYTEDETINIKRTEMENDTFVLTIIKIKDVDEAY

630 650 670 690 710
ATGAACAAGGTGCAGCTGGAATCCCGATTGGAAGGCCTGACCGATGAAATCAACTTCTTGCGACAGCTCTAT GCGGAGGAGCTGAAT GAACTCCAGTGCCAGATCTCAGACACCTCCGTC
M NKVQLESRLEG GLTDETINFLRQLYAEELNELQCQI SDTS SV

750 770 790 810 830
GTCCTCTCCATGGACAGCAACCGCAAACTAGACCTGGACAGCATCATCGCCGATGT CAAGGCGCAGTATGAGGACATTGCCAATAAGAGCCGGCTGGAAGCTGAGAACAT GTACCAAATT
VLILSMDSNRKLDLDS STITIADVKAQYTEDTIANKSRLEAENMYRQTI

870 890 910 930 950
AAGTATCAGGAGCTGCAGACCTCCGCTGGCAGGTATGGAGATGACCTACGCAACACCAAGAAT GAGATTGCAGAGAT GAACCGCATCAT CAACCGGCT GCAGT CTGAAATTGATGCCCTT
K YQELQTSAGRYGGDUDLARNTIKNETIAEMNRTITINRLAOQSETID DAL

990 1010 1030 1050 107e
AAAAATCAGCGTGCCAACCTTGAGGCGGCCATCGCTGAGGCTGAGGAAAGT GTAGAACTT GCTAT CAAGGAT GCCAGGT CTAAGATGGCCGAGCTGGAGGCAGCACTGAATAAGGCCAAG
K NQRANILEAATIAEAEESVELAIKDARSIKMAETLEAALNEKAZK

1110 1130 1150 1170 1190
CAAGACATGGCTCGCCAGCT GCGCGAGTACCAGGAGCTGAT GAACGTGAAGCT CGCCCTGGACATTGAGATCGCCACCTACAGGAAGCTGCT GGAAGGAGAGGAGAACAGGAGGT TGGAA
Q DMARQLREYQEULMNVYIKLALDTIETIATYRKTLLETGETENRT RTLE

1230 1250 127e 1290 1310
TCGGGTATGCAGAACATGAGCATTCAGACGAAGACTTCCGGATATT CAGTGAGCAGCGGGTATGGCGGCAGCGGGTATGGCGGCAGCGGGTATGGGGGCAGTTACAGCAGCGGTGGATAT
S GMQNMSIQTIKTSGYSVSSGYGEGESGYGG6SG6YGG66SYS SGGY

13se 1370 139 1410 1430
GGCGGCAGCGGCTTTGGATCAGGATTCGGCAATACATTCTCGAGTGGAGCTTATGCTGTGAAT GCTGCCCCGCTGGAGAGCTCCAGGACAAAGCGCACTGTCCTGGTGAAGACGGTGGAG
G GSGFGSGFGNTFSSGAYAVNAAPLESSRTKRTVLVYKTVE

1470 1490 1510 1530 1550
ACCAAAGATGGGAAGGTCACGTCCGAGTCATCCGATTTCTTCACCAAGCCTTGAATAAGCCAACAAAACATTTCACTGATTCTAAGT GCCTTCCGTCAGCTCAGCCTCTCCTGGCAAGCA
T KD GQKVTSESSDFFTKE®P?®

1590 1610 1630 1650 1670
AAGCCAATTACTCTGGGACTTAGTTTCCGACAGATATTGGCAAATGGGAGTACTAAAT CCCCCTTCATAAGGAAT GCCCCCTCCAGACACTTGCATCCAATGTTGAGT GTTCCTCAATCC

1710
GCCTGACGCAAGGGCCCACTCGTCCCGAATT

Fig. 3.2. Structure of NvK8. Nucleotide and predicted amino acid sequence of the
composite NVK8 cDNAs. There is no initiation methionine suggesting that it is not a
full length sequence. Two sequence motifs TYRKLLEGE, which marks the change
from the helical central rod domain to the non helical C-terminus, and DGKVTSES,
which is similar to a motif found in other K8 proteins are underlined.
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human keratin 5 (HKS, Lersch et al., 1989) and human keratin 6B (HK6B, Tyner et al.,
1985) is only between 57 and 67% (Table 3.1). The change from the helical central rod
domain to the non helical C-terminus of NVK8 occurs at the consensus sequence
TYRKLLEGE, located in the H2 subdomain. In the C-terminus, NvK8 has 78%
sequence identity with XK8, 75% with gfK8, 52% with MKS8, but only 23% with
NvKIl, 41% with HK5 and 26% with HK6B (Table 3.1). The carboxyl tail of NvK8
also contains the distinctive sequence of the form DGKVTSES in the E2 subdomain (Fig.

3.3. Amino acids 502-521), which is observed in all K8 proteins.

NvKII HKS5  HK6b gfK8 XK8 MKS8

H1 64 67 57 81 82 75
rod domain 69 7 7 8 87 81
C-terminus 23 41 26 75 78 52

Table 3.1. Comparison of NvK8 with other type II keratins. Percentage of amino acid
identity of NvK8 with NvKII, human keratins 5 and 6b (HKS and HK6b), goldfish
keratin 8 (gfK8), Xenopus K8 (XK8), and mouse keratin 8 (MKS8). H1 refers to the 29

amino acids flanking the rod at the N terminus.

NvK8 has much closer sequence identity to the K8 proteins in the lower
vertebrates, Xenopus and goldfish than to the K8 proteins of mammals. This is apparent
in the central rod domain and is particularly striking in the C-terminus. The three lower
vertebrate proteins have a V2 subdomain (Fig. 3.3 amino acids 428-481) consisting of
glycine rich tetrapeptides of the form GGGY/l and GYGG. In XK8 there are four
GGGY/I repeats, in gfK8, there are four GGGY and one GY GG repeats whilst in NvK8
there are four GYGG repeats. The glycine rich V2 subdomain is absent in the K8

proteins of mammals.
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3.2.3 Sequence analysis of clones identified by the human K18 probe

Partial sequencing was carried out in order to establish the identity of the clones
identified by the human K18 probe. Sequence comparisons confirmed that it was a type |
keratin. The newt keratin contains two protein motifs that are highly conserved in the
type I keratins. These motifs are DNARPAADDFR (Fig. 3.4A) contained in helix 1B
region and DGKVVSES (Fig. 3.4B) located in the carboxyl tail. The newt keratin was
named NvK18 (Notophthalmus viridescens keratin 18), due to the high degree of amino

acid sequence identity with other K18 proteins (Table 3.2).

Helix 1B C-terminus
X endo B 70 72
Mendo B - 69 55
H K16 47 10
H K17 57 28

Table 3.2. Comparison of the amino acid sequences shown in fig. 3.4 of NvK18 with
other type I keratins. Percentage amino acid identity of Helix 1B and the C-terminus of
NvK18 with Xenopus K18 (X endo B), Mouse K18 (M endo B), human K16 (H K16)
and human K17 (H K17).

The sequenced part of helix 1B of NvK18 shares 72% amino acid identity with
Xenopus K18 (X endo B, LaFlamme et al., 1988) and 55% identity with mouse K18 (M
endo B, Singer et al., 1986) whilst its identity with human keratin 16 (H K16,
Rosenberg et al., 1988) and human keratin 17 (H K17, RayChaudhury et al., 1986) is
only 10% and 28% respectively. The carboxyl tail of NvK18 has the highest amino acid
identity with X endo B (70%) and M endo B (55%) than with the other type I keratins,
HK16 (10%) and HK17 (28%). In common with other K18 proteins so far sequenced



A. Helix 1B

NvK18 GMRPSLVLQIDNARPAADDFRVKFEAEQAIRTSVEMDIAGLRKVIDD
X endo B VENSQLVLQIDNARL-ADDFRVKYESEVAIRMSVETDIGGLRKLIDD
M endo B VDNARIVLQIDNARL~ADDFRVKYETELAMRQSVESDIHGLRKVVDD

H K16 IENAHALLQIDNARLAADDFRTKYEARTGLRQTVEADINGLRRVVDE
H K17 VDNANILLOQIDNARLAADDFRTKFETEQALRLSVEADINGLRRVVDE
NvK18 TNMNRLNLENEIESLREELIFLKKNHEDEVNNLQGQIASSGLTVEV

X endo B TNISRLNLENEFESLKEELIFLKRKNHODDVNELQAQIATSAVTVEV
M endo B TNITRLOLETEIEALKEELLFMKKNHEEEVQGLEAQIASSGLTVEV
H K16 LTLARTDLEMQIEGLKEELAYLRKNHEEEMLALRGQTGGDVN-VEM
H K17 LTLARADLEMQIENLREELAYLKKNHEEEMNALRGQVGGE IN~-VEM

B. C-terminus

NvK18 GGKKVITTTQKVVDGKVVSESNDTKVLKS
X endo B TVKKVITTTQRLVDGKVVAESNNTEVIKS
M endo B TVQK--TTTRKIVDGRVVSETNDTRVLRH
H K16 FTSSSSSSAVRPGPSSEQSSSSFSQGQSS
H K17 TTRQVRTIVEEVQDGKVISSREQVHQTTR

Fig. 3.4. Amino acid comparison of NvK18 with Xenopus K18 (X endo B), mouse
K18 (M endo B), human K16 (H K16) and human K17 (H K17). A. part of Helix 1B;
B. part of the C-terminus. The conserved motifs DNARPAADDFR and DGKVVSES
found in all type I keratins are underlined in NvK18.
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the carboxyl tail of NvK18 lacks the glycine rich repeats characteristic of epidermal type I

keratins.

3.2.4 Tissue distribution of the NvK8 and NvK18 transcripts.

To obtain an initial indication of the transcriptional regulation of NvK8 and
NvK18, northern analysis was performed using poly(A)* RNA from unamputated
(normal) forelimbs, forelimb blastemas, liver, stomach and gut. The 300 nucleotide Ps7I-
Pstl NvK8 (Fig 3.1B) and the 290 nucleotide Bgl/II-EcoRI NvK18 (Fig. 3.1C)
fragments were used as probes. The NvK8 probe detected a single transcript of ~2.1 Kb
(Fig. 3.5A) whilst the NvK18 probe detected a single transcript of ~1.4 Kb (Fig. 3.5B)
in RNA from liver, proximal forelimb blastemas, and stomach. No signals were detected
using either the NvK8 or NvK18 probe in RNA samples isolated from normal limbs and
gut. Thus, there is a single functional copy of NvK8 and NvKI8 and they are

regeneration associated.

3.2.5 Expression of NvK8 in the limb

RNase protection analysis, which is more quantitative and sensitive was carried
out to further study the expression of NvK8. The 300 nucleotide PstI-Pstl antisense
NvK8 probe was used to detect the NvK8 transcripts in normalised samples of total
RNA. The individual samples were normalised by optical density and by RNase
protection analysis with a newt satellite probe, pSp6-D6 (Epstein and Gall, 1987). In
order to analyse the spatial expression of NvK8 in newt appendages, tissue samples were
obtained at various proximal-distal levels (Fig. 3.6). A higher level of NvK8 expression
was detected in distal (fingers and hands) than proximal forelimb segments where only a
very faint signal was detectable. This suggests that in the adult newt limb the NvK§8

message is localised in the fingers.
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After amputating forelimbs at a proximal level, there was a strong induction of the
NvK8 message in mid bud stage blastemas (Fig. 3.6, lane 4). In order to analyse the
possible variation in expression along the proximal-distal axis of the regenerating limb,
paired samples of proximal and distal blastema RNA were obtained. As shown in fig.
3.6 (lanes 5 and 6), no difference in the levels of NvK8 expression between proximal
and distal blastemas were detected. NvK8 expression is also induced in regenerating
tails. NvK8 is expressed at low levels in normal tails and tails without tips, and at high

levels in regenerating tails (Fig. 3.6, lanes 7, 8 and 9).

3.2.6 Analysis of NvK8 and NvK18 expression by in situ hybridisation

In order to look at the precise location of the NvK8 and NvK18 messages in the
regenerating limb and to confirm that it is not expressed in the developing limb bud, in
situ hybridisations were performed on blastemas and newt embryos. The earliest time
that NvK8 was detected in the blastema was 5 days after amputation. In mid bud
proximal and distal blastemas most, if not all, blastemal mesenchymal cells are positive
for NvK8 and NvK18, whilst the WE, epithelia and stump tissue are negative (Fig. 3.7A
and B).

In the limb bud no expression of either NvK8 or NvK18 was detected during any
stage of its development (Fig. 3.7C and D). During development of the embryo strong
expression of NvK8 and NvK18 is found in the gut (Fig. 3.7C) and in the notochord
(Fig. 3.7C and D). The epithelial layer of the eye (Fig. 3.7G) and the inner epithelial
layer of neural tube (Fig. 3.7H) are also NvK8 and NvKI8 positive.
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Fig. 3.7. Expression of NvK8 and NvK18 in the limb blastema and during
development. In situ hybridisations were carried out using the 300 nucleotide PstI-Pstl
NvKS8 probe (A, D, E and F) and the 290 nucleotide BgllI-EcoRI NvK18 probe (B, C,
G and H). (A) proximal blastema; (B) distal blastema; (C) stage 32 embryo; (D) stage
41 embryo, limb; (E) stage 37 embryo; (F) stage 45 embryo, notochord; (G) stage 45
embryo, eye; (H) stage 32 embryo; neural tube. Note, NvK8 and NvK 18 are expressed
in most if not all the mesenchymal cells of the blastema whilst the wound epithelium is
negative (A and B). In contrast the developing limb buds do not express either NvK8 or
NvK18 (C and D). During development high levels of expression of NvK8 and NvK18
are found in the notochord (E and F) gut (E) and the eye (G) whilst lower levels of
expression are detected in the neural tube (H). Scale bar, 50 uM. Key, bm, blastema
mesenchyme; we, wound epithelium; g, gut; n, notochord; nt, neural tube; rlb, right
limb bud; 11b, left limb bud; rl, right limb; ee, eye epithelium; gi, gill.
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3.3 Discussion

3.3.1 The newt simple epithelial keratins, NvK8 and NvK18, represent an earlier form

than those present in higher vertebrates

LP1K, as in other species, cross reacts with the newt homologue of the K8
protein (NvK8). The sequence analysis of NvK8 and NvK18 suggest that they are the
evolutionary ancestors of other type I and type II keratins.

Like other K8 proteins, NvK8 shares sequence homologies with other type I and
II keratins. In the V2 subdomain all K8 proteins contain the sequence of the form
DGKLVSE which is found in a similar position in several type I keratins and in other
non-epithelial IF such as vimentin (Quax et al., 1983). In addition NvK8, like other
lower vertebrate K8 proteins, Xenopus (Franz and Franke, 1986) and goldfish
(Giordano et al., 1989) contains a V2 subdomain which is rich in glycine; such a domain
is also found in both type I and type II keratins expressed in complex or stratified
epithelia (Marchuk et al., 1984; Hanukoglu and Fuchs, 1983; Jorcano et al., 1984,
Steinart and Roop, 1988). The presence of the glycine rich repeats and DGKVTSES
motif in NvK8 confirms that it is only in the lower vertebrate K8 proteins that such
repeats are found together (Franz and Franke, 1986; Giordano et al., 1989). The other
epidermal keratins either have one or the other motif (Magin et al., 1986).

There is evidence to suggest that the lower vertebrate K8 proteins represent an
earlier form of the K8 protein that are now found in mammals. In the mammalian K8
proteins the glycine rich subdomain has not been conserved. In bovine K8 (Magin et al.,
1986), the V2 glycine rich subdomain is entirely lacking. The motif was probably once
present since the bovine keratin 8 has retained a SGYAGG motif which is similar to a
sequence found at the transition of the H2-V2 subdomains in the K8 proteins of other
species and it still contains the E2 subdomain. Therefore, the V2 subdomain in bovine

K8 may have been deleted. In mouse K8 (Sémet et al., 1988), some deletions of the V2
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subdomain have occurred since it is shorter than the V2 subdomain in K8 of lower
vertebrates. In addition the glycine rich domain has been replaced by one rich in serine.

The evolutionary conservation of the DGKVTSES motif in the lower and higher
vertebrate K8 proteins suggests that this sequence is important for a general function of
the keratins. The fact that, K8 proteins in lower vertebrates have conserved the glycine
rich motifs argues that they have retained a function that is no longer needed in the K8
proteins of the higher vertebrates.

The partial sequence of NvK18 shows that it has the highest degree of homology
with K18 proteins of lower vertebrates. NvK18 lacks a glycine rich V2 subdomain
characteristic of the epidermal type I keratins (Marchuk et al., 1984; Steinert and Roop,
1988). Consequently NvK18 is smaller than its partner NvK8. The glycine rich motif
has probably never been present in the K18 proteins, since the C-terminus of the K18
proteins in higher and lower vertebrates are similar in size. The lack of a glycine rich
motif in NvK18 and other K18 proteins suggests that it could not have given rise to type
I keratins with a glycine rich motif, whilst it may have given rise to type II keratins
lacking such motifs. Since both NvK8 and NvK18 have a DGKV-SES motif, NvK18
may have originated from NvKS.

Consistent with the hypothesis that K8 and K18 are the evolutionary ancestral
form of the type I and II keratins is their location in the genome. In the higher vertebrates
K8 and K18 are both located on chromosome 12 (Waseem et al., 1990) along with other
type II keratins (Romano et al., 1988) whereas type I keratins are located on
chromosome 17 (Romano et al., 1988). Thus, K8 may have undergone a gene
duplication event to give rise to K18. Translocation of K18 to another chromosome could
then have taken place and the rest of the keratin gene family could have evolved. The co-
localization of K8 /18 may also allow them to be differently regulated compared to the
other keratins (Waseem et al., 1990) as both genes could be directly regulated by domain
control regions. Such regulation could not occur with the other keratin pairs since they

are located on different chromosomes.
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3.3.2 The expression NvK8 and NvK18 are associated with regeneration

A similar tissue distribution of K8 and K18 is found in the adult newt and higher
vertebrates. They are expressed in simple epithelia of various organs such as the stomach
and in glands such as liver, both types of tissue are derived from the endoderm. This
suggests that the promoter and enhancer elements of K8 and /8 are conserved between
different species. Confirmation of such a view is provided by the expression of a human
K18 fusion gene in mice, where it has nearly identical patterns of expression as its
endogenous homologue (Thorey et al., 1993).

In response to amputation of the newt limb NvK8 and NvK18 are induced in the
cells of the limb blastema, whereas they are not expressed in the developing limb bud.
This suggests that limb regeneration is not a recapitulation of limb development. The
expression of K8 and K18 may be a general feature of regenerating systems as they are
also expressed in newt regenerating tails and in other lower vertebrate tissues where
regeneration is known to take place. In the goldfish, the visual pathway displays
continuous growth throughout life ( Johns and Easter, 1977; Meyer, 1978), and the optic
nerve is able to undergo regeneration. During both processes the goldfish homologue of
K8 is expressed (Giordano et al., 1989). Therefore, the expression of K8/18 may be
related to the greater regenerative capability of the lower vertebrates compared to the
higher vertebrates.

Whilst NvK8 and NvKI8 are not expressed in the developing limb, in the
regenerating limb they are expressed in all mesenchymal cells of the blastema, which
consists of cells derived from tissues of mesodermal origin, such as muscle, as well as
tissues from the ectoderm. This suggests that NvK8 and NvK18 are not markers of a
particular lineage rather their expression is promiscuous with regard to the tissue of
origin in the regenerating blastema. This promiscuous expression is also true in early
development. Keratin 8 and 18 are the first IF proteins to be expressed from a maternal
source in the oocyte of amphibia (Franz and Franke, 1986). In mammals K8 and 18 are

first detected at the 8 cell stage (Jackson et al., 1980; Oshima et al., 1983) before
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gastrulation and the consequent formation of the germ layers. In later development,
K8/18 are expressed in the notochord of Xenopus (LaFlamme et al., 1988), mouse
(Thorey et al., 1993) and newt (this study). The notochord is thought to be derived from
mesoderm rather than endoderm (reviewed by Hogan et al., 1985).

The reason for this non tissue specific expression of K8 and K18 in both
development and regeneration must lie in the regulatory elements of the genes. The
essential regulatory element of the human K18 gene has been shown to be the AP1
enhancer (Oshima et al., 1990). The AP1 enhancer is unusual in that it is not tissue
specific and it may be this promoter element that is responsible for the expression of
NvK8 and NvK18 in the regenerating blastema and during early development. The AP1
enhancer is activated by the transcription factors c-fos and c-jun and the levels of these
transcription factors are directly correlated with the amount of K18 expression (Oshima et
al., 1990).

The expression of NvK8 and NvKI8 is not an immediate response to
amputation, suggesting that some other factor that is released upon amputation is required
in order to switch them on. This factor may be the nuclear transcription factor c-fos
which has been shown to be induced within 15 minutes upon wounding in the rat

embryo (Martin and Nobes, 1992).

3.3.3 Possible roles of NvK8 and NvK18 in regeneration

Since the role of K8 and K18 in development and regeneration cannot be to
define specific lineages they must have a different role. Early development and
regeneration share common characteristics. The cells which express K8 and K18 are
undifferentiated and highly proliferating. This suggests that K8 and K18 may perform
the same role both in early development and regeneration. It has been suggested that a
possible role for the expression of K8 and K18 in early development before zygotic
transcription begins is to sort cells to early epithelial cells (Franz and Franke, 1986).

However, such sorting has never been shown in the embryo, and since all blastemal cells
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of the regenerating limb express NvK8 and NvK18 it is hard to envisage how they could
be involved in sorting. Another possible role for the expression of K8 and K18 in early
development is that their expression is indicative of differentative events towards
epithelialization (Viebahn et al., 1988). This cannot be true in the blastema as tissue other
than epithelia form.

In higher vertebrates, the K8/18 pair are one of the least stable pairs with respect
to urea mediated dissociation due to the presence of a serine rich C-terminus in K8
(Franke et al., 1983). This instability allows K8 and K18 to be more flexible than other
keratins. Such flexibility is compatible with the necessity for IF remodelling during
migratory processes and tissue organization which must occur during embryogenesis.
However, this function cannot be true in the regenerating limb, since NvK8 has a glycine
rich C-terminus which leads to a more stable and less flexible IF (Franke et al., 1983).

Another possible function for NvK8 and NvK18 is that they are required for the
initial recruitment of cells to the blastema (reviewed by Bryant and Gardiner, 1992).
However, blastemal cell recruitment takes place during the first three days after
amputation, a time when the keratins are not expressed, and the keratins are expressed
long after the initial recruitment phase suggesting that such a hypothesis cannot be true.

The expression of NvK8 and NvK18 five days after limb amputation, coincides
with the start of blastemal cell proliferation (Hay and Fischmann, 1961). This suggests
that their role may be to allow the blastemal cells to proliferate. They may perform a
similar function during development. Intense proliferation occurs in the epithelia of the
eye (McAvoy and Chamberlain, 1989) and the neural tube (Poelmann, 1980), and both

epithelia express NvK&8/18.
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Chapter 4- Regulation of NvK8 and NvK18 by RA

4.1 Introduction

In chapter 3 it has been shown that the newt equivalent of the simple epithelial
keratins NvK8 and NvK18 are expressed in the same adult tissues as in other species.
This suggests that the promoter and enhancer elements of K8 and K18 are conserved
between different species. Since it has been shown in other species that K8 and K18 are
regulated by RA (Kim et al., 1987), it is probable that NvK8 and NvK18 are also
regulated by RA.

RA controls the differentiation and proliferation of various cell types both in
culture and in vivo (Strickland and Mahdavi, 1978; Brietman et al., 1980; Kim et al.,
1987). In cultured human mesothelial cells the simple epithelial keratins, K8 and K18 are
positively regulated by RA and the cells assume an epitheloid morphology, whereas in its
absence the keratins are not expressed (Kim et al., 1987). Treatment of cultured murine
F9 embryonal carcinoma (EC) cells with RA induces them to differentiate into endoderm
like cells (Strickland et al., 1980; Hogan et al., 1983). The proliferation of the cells
decreases and they express the simple epithelial keratins (Lehtonen et al., 1983). RA also
has an effect on cell movement which is linked to the differentiation state of the cell.
Cultures of epithelial cells grown in RA free medium show a decrease in cell movement
and cannot undergo terminal differentiation, whereas when RA is added back to the
medium cell movement is increased and differentiation can take place (Fuchs and Green,
1981).

In the regenerating newt limb RA proximalises the positional identity of blastemal
cells in the proximal-distal axis, resulting in the duplication of structures proximal to the
amputation plane in the regenerate (Maden, 1983b; Thoms and Stocum, 1984; Scadding
and Maden, 1986a). The degree of proximalisation is proportional to the dose of RA
(Maden, 1983b, Thoms and Stocum, 1984). Susceptibility to proximalisation is highest

during the period of dedifferentiation and early blastema formation; treatment at later
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stages results either in hypomorphic limbs or inhibited regeneration (Maden, 1983b;
Thoms and Stocum, 1984). One of the known effects of RA on the blastema is to cause a
decrease in the growth rate and a consequent decrease in the size of the blastema (Maden,
1983b; Thoms and Stocum, 1984). Therefore, the effect of RA on proliferation and
positional identity of a blastemal cell may be linked. A link between proliferation and the
positional identity of a cell is also suggested in limb development. Sonic hedgehog which
is expressed in the ZPA is required for the expression of the growth factor FGF-4 in the
AER. FGF-4 then causes proliferation of the underlying mesenchyme and the
maintenance of sonic hedgehog expression. Thus, patterning of the mesoderm is
dependent on the same factors that cause its proliferation (Niswander et al., 1994; Laufer
et al., 1994).

If NvK8 and NvK18 are regulated by RA in the limb blastemal cells and this
regulation is related to the proliferation of the cells, this may suggest a causal relationship
between the expression of NvK8 and NvK18 in the blastema and the proximalising

effects RA.

4.2 Results

4.2.1 Effect of RA on NvK8 and NvK18 expression in vivo

To determine the effect of RA on NvK8 expression in liver, limb and regenerating
blastemas, newts were injected either with 0.3 mg of RA dissolved in DMSO which
reproducibly proximalises the regenerate or with DMSO alone. The liver and limb tissues
were harvested after 5 days. The RNA samples were normalised and analysed by RNase
protection. In the liver there was a decrease in the level of NvK8 transcripts 5 days after
RA treatment whereas in unamputated limbs RA had no effect on the expression of NvK8
(Fig. 4.1A). In order to analyse the effect of RA on the expression of NvK8 in the
regenerating blastema, newts were amputated at the level of mid-radius/ ulna. Seven days

later they were injected with RA. Blastemas were harvested both at an early time point
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(day 14), at the end of the delay in regeneration provoked by RA treatment (Maden,
1983b), and at a later time point (day 19) when they had reached the mid bud stage. As
shown in Fig. 4.1B, a proximalising dose of RA does not change the level of expression
of NvK8 in the blastema at either of the times analysed.

Thus, whilst NvK8is regulated at the level of transcription in the liver this
regulation does not occur either in normal limbs or in regenerating limb blastemas at

either of the times analysed.

4.2.2 Effect of RA on NvK8 and NvK18 expression in cultured newt cells

RA causes proximalisation of the limb regenerate during the period of blastemal
cell recruitment (Maden, 1983b; Thoms and Stocum, 1984). Therefore, if there is an
effect of RA on the expression of NvK8 and NvK18 in the regenerating blastema it may
occur before the time points analysed in vivo. It is very difficult to collect blastemal tissue
at earlier time points, since the initial effect of RA is to cause a decrease in the size of the
blastema. To overcome this problem RNase protections of NvK8 and NvK18 were
carried out on newt limb cultures. Limb cells (Ferretti and Brockes, 1988) either derived
from mid bud blastemas (BIH1) or from the normal limb muscle (TH4B) were cultured
continuously in the presence of 1 x 107 M RA in DMSO or DMSO alone. In normalised
RNA samples, there was no change in the levels of NvK8 and NvK18 mRNA in the
BIH1 cells either 6 hours or 3 days of continuous RA treatment (Fig 4.2A). In contrast,
the levels of NvK8 and NvK18 mRNA in the TH4B cells which were much lower than
in the BIH1 cells decreased after 6 hours in the presence of RA and this decrease was

maintained in 3 day RA treated cultures (Fig. 4.2B).

4.2.3 Effect of RA on the proliferation of TH4B and BIHI cells

RA causes a decrease in the proliferation of the blastema (Maden, 1983b; Thoms

and Stocum, 1984). This may be due to the down-regulation of NvK8 and NvK 18 by
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RA, since it has been shown that the expression of the simple epithelial keratins may be
related to the proliferative state of the cell (Lehtonen et al., 1983; Kim et al., 1987). In
order to see if this correlation was true, the TH4B and BIH1 cells were cultured in the
presence of various concentrations of RA and their proliferation measured. Because in
higher vertebrates the K8/18 pair have a protein half-life of 90-100 hr (Denk et al.,
1987), proliferation assays were carried out after 3 and 7 days. Proliferation was
measured by incorporation of [3H]thymidine.

In TH4B cells cultured medium containing serum from which RA had been
removed by delipidation there was a significant increase in their proliferation compared to
THA4B cells cultured in medium containing normal serum at both 3 and 7 days (Fig. 4.3A
and B, columns 1 and 5). When TH4B cells were cultured in medium containing
delipidated serum plus 1 x 10-8, 1 x 10-7 or 1 x 10-6 M RA there was a dose dependant
decrease in their proliferation after 3 and 7 days (Fig. 4.3A and B). The proliferation of
the TH4B cells in the presence of different concentrations of RA was also lower at 7 days
than at 3 days.

BIHI1 cells cultured in medium containing normal serum have a two fold higher
proliferative activity than TH4B cells and there is no decrease in BIH1 proliferation after
7 days compared to 3 days (Fig. 4.3C and D column 5). Unlike TH4B cells, there was
no significant increase in the proliferative activity of BIH1 cells cultured in medium
containing delipidated serum compared to those cultured in medium containing normal
serum at either 3 or 7 days (Fig. 4.3C and D, column 1). Nor was there a significant
dose dependent decrease in the proliferation of the BIH1 cells cultured in medium
containing delipidated serum plus 1 x 10-8, 1 x 10-7 or 1 x 10-6 M RA after 3 or 7 days
(Fig. 4.3C and D, columns 2, 3 and 4). However, the proliferation of the BIH1 cells
cultured in medium containing delipidated serum plus 1 x 10-6 M RA was consistently
lower than BIH1 cells grown in medium containing normal serum (Fig. 4.3C and D,

columns 4 and 5).
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4.2.4 Effect of cell density on myogenesis of TH4B and BIH] cells

Myogenesis was induced in cultures of TH4B and BIH1 cells by decreasing the
amount of serum in the medium to 1% (Ferretti and Brockes, 1988). At low cell density
the TH4B cultures formed significantly more myotubes than the BIH1 cultures (Fig.
4.4A and B). At high cell density whilst both the BIH1 and TH4B cultures formed more
myotubes than at low cell density, the increase in myotubes was more dramatic in the
BIH1 cultures (Fig. 4.4C and D). In BIH1 cultures the myotubes radiated from a central
mass of cells, in contrast the myotubes formed by the TH4B cultures were much better

aligned and longer than those formed in the BIH1 cultures.

4.2.5 Effect of RA on myogenesis of TH4B and BIH] cells

To investigate whether RA had an effect on the differentiation of the TH4B and
BIH]1 cells, 5,000 cells/cm?2 were plated on gelatin coated glass coverslips. Cells were
cultured either in medium containing normal serum or medium containing delipidated
serum supplemented with 1 x 10-8. 1 x 107 or 1 x 10-® M RA for two weeks. The
medium was changed every 3 days.

In medium containing normal serum the TH4B cultures formed myotubes after 6
days, whilst myotubes in the BIH1 cultures formed at 8 days. In TH4B cells cultured in
medium containing delipidated serum, whilst the cells aligned, there was less myogenesis
compared to cells cultured in medium containing normal serum (Fig. 4.5A and C).
Myogenesis occurred in TH4B cultures grown in medium containing delipidated serum
supplemented with RA. The amount of myogenesis was greater in the 1 x 10-8 and 1 x
10-7 M RA supplemented cultures (Fig. 4.5E and G) than the 1 x 106 M RA
supplemented cultures (Fig. 4.5I). In contrast, BIH1 cultures formed myotubes whether
they were grown in medium supplemented either with normal or delipidated serum (Fig.
4.5B and D). No dramatic change was seen in the amount of myogenesis in BIH1

cultures grown in medium containing delipidated serum supplemented with either 1 x 10~
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Fig. 4.5. Effect of RA on the myogenesis of newt limb cultures. Representative cultures
of TH4B cells after 12 days RA treatment (A, C, E, G, I) and BIH1 cultures after 8
days RA treatment (B, D, F, H, J). The cells were cultured at a initial density of 5000
cells/cm2 on gelatin coated 13 mm diameter glass coverslips in 24 well plates, the
medium was changed every 3 days. Medium containing: (A, B) normal serum; (C, D)
delipidated serum; (E, F) delipidated serum + 1 x 10-8 M RA; (G, H) delipidated serum
+ 1 x 10-7 M RA; (1, J) delipidated serum + 1 x 10-6 M RA. Note, the BIH1 cells form
myotubes in both RA supplemented and RA deficent medium, except in medium
supplemented with 1 x 10-6 M RA where the few cells that survive form long processes
(J). In the TH4B cells cultured in medium containing delipidated serum, the cells align
but little or no myogenesis occurs (C), whereas in RA supplemented medium the TH4B
cells form myotubes (E, G and I). Myotubes are indicated with an arrow. Scale bar, 50

um.






8or1x 1007 MRA (Fig. 4.5F and H). However, when BIH1 cultures were grown in
medium containing delipidated serum plus 1 x 100 M RA, no myogenesis occurred and
the number of cells decreased during the course of the experiment; those that remained
had very long processes (Fig. 4.5J).

After 10 days of culture there was a change in the adhesion of the BIH1 cells
which was not apparent in TH4B cells. In medium containing normal serum the BIH1
cells adhered more tightly to each other than to the coverslip resulting in cell clumps (Fig.
4.6A). In medium containing delipidated serum, whilst some pulling away of BIH1 cells
was evident, cell clumping was never seen. Instead the BIH1 cells adhered more tightly
to the glass coverslip than to each other (Fig. 4.6B). In medium containing delipidated
serum supplemented with RA the BIH1 cells formed clumps (Fig. 4.6C).

By using the muscle specific antibody 12/101 (Kintner and Brockes, 1984) the
top of these clumps were found to have myotubes (Fig. 4.7A and B). The myotubes
formed in the BIH1 cultures were much shorter and broader (Fig. 4.7C and D) than those
formed in TH4B cultures (Fig. 4.7E and F)

In order to obtain more quantitative data on the effects of RA on NvK8
expression and differentiation of BIH1 and TH4B cells Western blots were carried out.
TH4B and BIH1 cells were cultured for a total of 14 days in medium either containing
normal serum or normal serum supplemented with 1 x 10-7 M RA. Medium was changed
every 3 days. In BIH1 cultures grown for 14 days in the presence of medium containing
normal serum supplemented with 1 x 107 M RA, there was neither a change in the levels
of the NvKS8 protein (Fig. 4.8A, lanes 3 and 4) detected with the monoclonal antibody
LP1K nor in the amount of myogenesis detected with the 12/101 antibody (Fig. 4.8B,
lanes 4 and 5) compared to BIH1 cells cultured in medium containing normal serum. In
cultured TH4B cells the levels of NVK8 protein were found to be much lower than in the
BIH1 cultures (Fig. 4.8). There was a decrease in the amount of NvK8 protein (Fig. 4.8,
lanes 1 and 2) and an increase in the amount of myogenesis in RA treated TH4B cultures
(Fig. 4.8, lanes 2 and 3) compared to untreated TH4B cultures. Normalisation of protein

samples was checked by staining the blots with Indian Ink (Fig. 4.8C).
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Fig. 4.8. Effect of RA on K8 expression and myogenesis in cultured newt limb cells.
TH4B and BIHI1 cells were cultured either in normal medium or normal medium + 1 x
10-7 M RA for a total of 14 days, medium was changed every 3 days. (A) Western blot
of cytoskeletal fractions from cultured TH4B and BIH1 cells with mAb LP1K. Lanes
(1) TH4B cells cultured in normal medium; (2) TH4B cells cultured in normal medium
+ 1 x 10-7 M RA; (3) BIH1 cells cultured in normal medium; (4) BIH1 cells cultured in
normal medium + 1 x 10-7 M RA. (B) Western blot of protein soluble fraction from
cultured TH4B and BIH1 cells with mAb 12/101. Lanes (1) Limb muscle; (2) TH4B
cells cultured in normal medium + 1 x 10-7 M RA; (3) TH4B cells cultured in normal
medium; (4) BIH1 cells cultured in normal medium + 1 x 10-7 M RA; (5) BIH1 cells
cultured in normal medium. (C) A duplicate blot was processed for Indian Ink staining
as a loading control. Cytoskeletal fraction (CF) and protein soluble fractions (PS) of the
samples used in A and B. Lanes: (1) CF, TH4B cells cultured in normal medium; (2)
SF, TH4B cells cultured in normal medium; (3) CF, TH4B cells cultured in normal
medium + 1 x 10-7 M RA; (4) SF, TH4B cells in cultured in normal medium + 1 x 10-7
M RA; (5) CF, BIHI1 cells cultured in normal medium; (6) SF, BIH1 cells cultured in
normal medium; (7) CF, BIH1 cells cultured in normal medium + 1 x 10-7 M RA; (8)
SF, BIH1 cells cultured in normal medium + 1 x 10-7 M RA. 5 ug of protein were
loaded in each well except in B, lanes 3 and 4, where 10 yg were loaded. Note, the K8
protein (52 x 103 Mr), is down-regulated by RA in the TH4B cultures (A, lanes 1 and
2) but is not regulated by RA in the BIH1 cultures (A, lanes 3 and 4). 12/101 reacts with
two proteins of 70 and 75 x 103 Mr. These proteins increase in levels in RA treated
THA4B cultures (B, lanes 2 and 3), but are unchanged in RA treated BIH1 cultures (B,
lanes 4 and 5).
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4.3 Discussion

4.3.1 The newt simple epithelial keratins are regulated by RA

Like their mammalian homologues NvK8 and NvK18 are regulated by RA. This
regulation is at the level of mRNA. This regulation was seen in the liver and the TH4B
cells. This provides further evidence for the conservation of promoters of equivalent
genes in different species. The effect of RA on NvK8 and NvK18 is probably indirect,
since retinoic acid response elements (RAREs), which are required for RA to have a
direct effect on gene expression have not been found in the promoter of the mouse K8
gene (Sémet et al., 1988) or the promoter of the human K18 gene (Oshima et al., 1990).
Therefore, RA is probably regulating some other transcription factor that can then bind to
the regulatory sequences of NvK8 and NvK18. If the AP1 enhancer is present in NvK18
gene as in the human homologue (Oshima et al., 1990 ), then the candidate transcription
factors would be Jun and Fos. RA represses the ability of Jun-Fos to activate
transcription at the AP1 enhancer (Schule et al., 1990; Nicholson et al., 1990). However,
these cannot be the only regulatory factors as the effect of RA on human mesothelial cells

is to up-regulate both K8 and K18 (Kim et al., 1987).

4.3.2 Heterogeneity in the newt regenerating blastema

At the time points analysed, the expression of both NvK8 and NvK18in the
mesenchymal limb blastemal cells in vivo are not regulated by RA at the mRNA level.
One explanation for such a result is that if the regulation is transient, it may occur before
the time points examined. However, such transient expression seems to be unlikely.
When cultured BIH1 cells were treated with RA for either 6 hours or 3 days and analysed
for NvK8 and NvK18 expression, the same result as in vivo was obtained. As it has
been shown in limb regeneration that it is the mesenchymal cells that are directly affected

by RA (Maden et al., 1985), it is unlikely that such transient regulation is not seen in
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culture due to lack of interaction with other tissues such as the WE. Thus NvK8 and
NvK18 expressed in the BIH1 cells are not directly regulated by RA and therefore they
cannot be involved either directly or indirectly in pattern formation. This is consistent

with the result from chapter 3, where there was no difference between the levels of NvK8

between proximal and distal blastemas. In these blastemas the cells are at different levels
along the proximal-distal axis and would be expected to have different positional values.
Genes that are involved in pattern formation should show different levels of expression
along the proximal-distal axis.

RA inhibits the proliferation of the blastemal cells after the initial recruitment
phase (Maden, 1983b, Thoms and Stocum, 1984). This is a time when NvKS8 and
NvK18 are expressed (Chapter 3). Since neither the lack of RA or addition of either 1 x
10-7 Mor 1 x 10-8 M RA alters the proliferation of the BIH1 cells, they may not be the
only cells present in the blastemal mesenchyme. Further support for such a view is
obtained when the source of BIH1 cells is considered. The BIH1 cells were obtained
from mid bud blastemas when RA treatment does not alter patterning of the regenerate
(Maden, 1983Db). Since patterning and proliferation may be linked (Bryant and Gardiner,
1992) it would be expected that the proliferation of blastemal cells at the mid bud stage
would not be affected by RA. There is a decrease in the proliferation of the BIH1 cells
when they are cultured in medium containing delipidated serum supplemented with 1 x
10-6 M RA. This effect seems to be due to the toxicity of RA on the BIH1 cells, as the
number of cells left after 1 x 10-6 M RA are far lower than those originally plated.
However, as RA has not been shown to cause cell death in the regenerating limb it is
unlikely to be the reason why RA causes duplications.

In contrast RA causes a decrease in proliferation of TH4B cells and NvK8 and
NvK18 are down-regulated 6 hours after RA treatment, suggesting that the expression of
the simple epithelial keratins is related to the proliferative state of the cell. Since the effect
of RA on proximalisation of the blastema is dose dependent and the effect of RA on the
THA4B cells is also dose dependent, then this implies that either TH4B or TH4B-like cells

may be present during the early stages of blastemal formation.
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There is a high variability in the proliferation of the BIH1 cells compared to TH4B
cells. This variability may be because the BIH1 cultures consist of mixed populations of
cells with varying degrees of responsiveness to RA. However, an alternative explanation
is that the increased motility of the BIH1 cells caused by RA is the cause of the variability
in their proliferation. It would be expected that as the cells clump their proliferation would
decrease, thus RA would be having a indirect effect on their proliferation. In the TH4B
cultures where RA does not seem to affect their motility the cell density would remain
more homogenous than the BIHI1 cells thus leading to less variability in their
proliferation. Clumping of RA treated blastemal cells has also been observed in vivo after
the initial recruitment phase of cells to the blastema (Maden, 1983b, Kim and Stocum,
1986). This further suggests that the BIH1 cells may be present at a later stage than
THA4B cells in the blastema.

The expression of NvK8 and NvK18 in the BIH]1 cells like their expression in the
THA4B cells also seems to be related to their proliferation. RA does not effect the
expression of NvK8 and NvK18 in the BIH1 cells nor is there a change in their
proliferation. The link between NvK8 and NvK 18 expression and proliferation is further
supported by the observation that the BIH1 cells express higher levels of NvK8 and
NvK18 than the TH4B cells and the BIH1 cells have a higher proliferative rate than the
TH4B cells.

4.3.3 Myogenesis of the TH4B and the BIHI cultures occurs by two different

mechanisms

The myogenesis of the TH4B cells is dependent upon RA. In RA depleted
medium whilst the TH4B cells align, little or no cell fusion takes place, whereas in RA
supplemented medium cell fusion occurs. This increase in myogenesis is also related to
the proliferation of the cell and the expression of NvK8 and NvK18. RA down-regulates
both NvK8 and NvK18 in the TH4B cells, induces a decrease in their proliferation and

myogenesis occurs. This suggests that the expression of NvK8 and NvK 18 prevents the



differentiation of the TH4B cells. However, RA can induce the differentiation of
myogenic precursor cells by increasing the levels of myogenin, a muscle specific
transcription factor (Halevy and Lerman, 1993). It may be the increase in myogenin that
is the primary event in the differentiation of the TH4B cells and the down-regulation of
NvK8 and NvK18 are a secondary consequence of their differentiation.

Myogenesis of the BIH1 cells occurs more readily at high cell density. At low cell
density there is little myogenesis compared to equivalent cultures of TH4B cells. RA does
not directly affect the expression of NvK8 and NvK18 nor does it change the
proliferation of the BIH1 cells. However, RA does have an indirect effect on the levels of
NvK8 and NvK18 and myogenesis in the BIH1 cells. RA causes the BIH1 cells to be
less adherent to the culture dish and more adherent to each other. As a consequence cell
clumping occurs which causes a decrease in the levels of NvK8 and NvK18 and
myogenesis occurs. RA does not alter the amount of myogenesis of the BIH1 cultures. In
RA depleted medium myogenesis still occurs and in Western blots the amount of
myogenesis in normal and RA treated BIH1 cultures are the same. This suggests that it is
the cell density of the BIH1 cultures that is critical for myogenesis. Once this critical cell
density is reached the same amount of myogenesis occurs irrespective of the amount of
RA in the medium.

The requirement of a high cell density before differentiation of the BIH1 cells can
take place suggests that they may differentiate by the community effect. The community
effect requires the cooperation of several or many uncommitted cells via cell -cell
interactions for any one of them to progress to a differentiated state (Gurdon et al.,
1993). A possible mechanism that could mediate the community effect is a diffusible
factor secreted by responding cells. The concentration of this factor would reach a
threshold concentration at a critical cell density after which it would generate the
differentiation response.

Thus, the intrinsic difference between the TH4B and the BI1H1 cells is that the
TH4B cells but not the BIH1 cells can differentiate at low cell density and their

differentiation can be directly regulated by RA. Therefore, the TH4B cells are both
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committed and determined to the muscle lineage. The BIH1 cells may require numerous
cell-cell interactions before fusion to form muscle; this implies that BIH1 cells are less
committed than TH4B cells. These cell-cell interactions must be different than those that
occur when fusion into myotubes takes place, otherwise differentiation of the BIH1 cells
would occur at low cell density. Once the critical BIH1 cell density has been reached the
diffusible factor may cause the production of active adhesion molecules required for these
cells to fuse into muscle. In the TH4B cells the adhesion molecules required for muscle
fusion may always be present on the cell surface, and therefore allow them to form

muscle at a much lower cell density than the BIH1 cells.

4.3.4 The possible roles of the TH4B and BIH| cells in the newt

The above data suggest that there are at least two distinct populations of cells that
can differentiate into muscle and that they may have distinct functions.

The TH4B cells were obtained from newt muscle (Ferretti and Brockes, 1988). It
has been previously observed that such explants do not undergo dedifferentiation,
whether they are minced or cultured whole (Cameron et al., 1986). Thus the
mononucleate cells are already present in the muscle explants. It is thought that these cells
may be equivalent to the myogenic reserve cells, the satellite cells present beneath the
external lamina of the muscle fibres in higher vertebrates (Mauro, 1961). The TH4B and
muscle satellite cells share similar characteristics. Both cell types are determined to the
muscle lineage, and RA which causes a decrease in proliferation and consequent
differentiation of muscle satellite cells (Halevy and Lerman, 1993) as the same affect on
the TH4B cells. In response to amputation of the newt limb the TH4B cells may be
activated as the myogenic satellite cells are in response to muscle injury in higher
vertebrates (Mauro, 1961). Therefore, like the muscle satellite cells in higher vertebrates
the TH4B cells may be used for muscle repair. Recently it has been shown that myogenic

satellite cells bear a positional memory that is established in embryos, and retained in the
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adult (Donogue et al., 1992). Thus, the TH4B cells may provide some positional
memory to the regenerate.

The BIH1 cells are used for muscle regeneration. The community effect allows
cells to differentiate co-ordinately. The cells gradually become committed to their eventual
fate. This commitment depends on continuous feedback from environmental cues and
contacts with neighbouring cells. If the regenerating blastema consisted of TH4B cells
which are already determined, their differentiation would take place at different times.
This would bring the normal regeneration response to an end, as once a few cells had
differentiated, proper tissue organisation could not occur. Therefore, the BIH1 cells may
allow the regeneration of muscle and other tissues of the limb in a proper spatial and

temporal manner.
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Chapter 5- The role of the nerve on the expression of the simple epithelial

keratins NvK8 and NvK18

5.1 Introduction

The regeneration of limbs in adult urodele amphibians requires the presence of
nerves. Denervating and then amputating the limb in the adult newt leads to regenerative
failure until a nerve has regrown back into the stump (reviewed by Wallace, 1981). In
contrast early limb outgrowth and development are initiated before the limb becomes
innervated. In chapter 3 it was shown that NvK8 and NvK18 are expressed in the
regenerating adult limb blastema but not in the developing limb. Therefore, the nerve may
play a critical role in the expression of NvK8 and NvK18. In order to establish if this is
the case the expression of NVK8 was studied in blastemas of normal and denervated adult
limbs. Alternatively the nerve may define a developmental state whereby the blastemal
cells of the amputated limb have to express NvK8 and NvK18 if regeneration is to
proceed. To test this possibility the expression of NVK8 and NvK18 was compared
between amputated limb buds prior to and after innervation.

The nerve is thought to provide a growth factor (s) which stimulates the blastemal
cells to proliferate (reviewed by Wallace, 1981). This suggests that in the regenerating
limb there is a alternative control of proliferation to that operating in the developing limb
bud. In the chick members of the FGF family have been shown to be important in limb
bud development (Niswander and Martin 1992; Niswander and Martin 1993; Niswander
et al., 1993; Niswander et al., 1994). It has been shown that there is a rich source of
FGF-1 within peripheral nerves of the mouse (Elde et al., 1991). This suggests that the
nerve may release FGFs which can then induce the blastemal cells to proliferate. The
FGF signal is transduced by membrane-spanning protein tyrosine kinase receptors,
(reviewed by Johnson and Willians, 1993). There are at least four members of the FGF
receptor family (FGFR1-4), of which two, FGFR1 and FGFR2, have been shown to be

expressed in the regenerating newt limb blastema (Poulin et al., 1993).
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Once FGF has bound its receptor, the receptor dimerizes, and the signal is then
transduced through a variety of different pathways (reviewed by van de Geer and Hunter,
1994). One of these pathways is the phosphatidylinositol signalling pathway (reviewed
by Berridge, 1987). In this pathway second messengers inositol-1,4,5-triphosphate (IP3)
and 1,2-diacylglycerol (1,2-DAG) are formed from phophatidylinositol 4,5-
bisphosphate. 1,2-DAG can either be further cleaved to form arachidonic acid, which is
then used in the synthesis of prostaglandins and related lipid signalling molecules or it
can activate the enzyme protein kinase C. The effects of 1,2-DAG on protein kinase C
can be mimicked by phorbol esters, such as 12-0-tetradecanoyl phorbol-13-acetate
(TPA).

In order to try and identify the pathway through which a growth factor (s) may act
on the blastema, proliferation assays were carried out after culturing the BIH1 cells either
in medium containing either FGF-2 or TPA. Since it was shown in chapter 4 that the
THA4B and BIH]1 cells behaved differently in response to RA, then they may be stimulated
to proliferate through different pathways. Therefore, the effects of FGF-2 and TPA on

the proliferation of the TH4B cells was also deduced.

5.2 Results

5.2.1 Comparison of the expression of NvK8 in adult denervated and normal blastemas

The right forelimb of an adult newt was denervated 2 days before both limbs were
amputated at the level of the ulna/radius. Blastemas were collected 5 days after
amputation and analysed for expression of NvK8 by immunocytochemistry using the
LP1K antibody. In both denervated and normal blastemas NvK8 was expressed at

comparable levels (Fig. 5.1A and B).
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