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Abstract

Differences in gene expression and sensory modality indicate that sensory neurons of 
dorsal root ganglia (DRG) are of more than 20 different functional subtypes. A central 
role in the generation of this phenotypic diversity is played by the neurotrophin 
receptors, TrkA, TrkB and TrkC, but other factors are undoubtedly also involved.

I have investigated the role in sensory neuron development of another receptor tyrosine 
kinase. Ret. The ligand for this receptor has not yet been identified. The examination of 
Ret-deficient mice has shown that the receptor is required for the development of the 
enteric and some sympathetic neurons but has not elucidated the mechanism of receptor 
action. It seemed possible that a study of sensory neurons, that express c-ret yet survive 
in Ret-deficient mice, might be informative as to how Ret influences neuronal 
differentiation.

I have shown, using in situ hybridisation and analysis of mice expressing a reporter gene 
driven by the c-ret promoter, that c-ret is expressed in the DRG of neonatal mice on a 
subset of neurons ranging from the smallest to the largest cells, c-ret is co-expressed in 
85% of frX:A-positive neurons, but only 20% of rrA:B-positive neurons. Identification of 
its co-expression with trkC was more difficult since hybridisation signal for trkC 
strongly labelled a minor population of the largest neurons, but also weakly labelled a 
larger population of moderate to small neurons, c-ret was strongly co-expressed on many 
of the weakly rr^C-expressing neurons, but was only weakly expressed on the large, 
strongly frA:C-expressing neurons. In the DRG of Ret-deficient mice the pattern of trkA 
and trkB expression was normal. In contrast, the level of trkC expression in the cells that 
normally express c-ret was elevated about 10-fold. I therefore suggest that one action of 
Ret on sensory neurons is to down-regulate trkC expression, possibly introducing a 
further level of phenotypic diversity in this population.

This study followed my earlier attempt to generate conditionally-immortalised sensory 
neuronal cell lines from transgenic mice that expressed temperature-sensitive SV40 large 
T antigen under the control of the Hoxb4 promoter; this construct, however, appears to 
cause embryonic lethality prior to E9.0 and could not be used for the purpose intended.
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Chapter 1 

Introduction

1.1 Tyrosine kinase receptors

1.1.1 Overview

The development and survival of multicellular organisms and the generation of cellular 
diversity within them relies upon the existence of a competent communication network. 
Diffusible factors, such as polypeptide growth factors, differentiation factors and 
hormones, play a key role in this communication. One large group of growth and 
differentiation factors mediate their actions by binding to and activating cell surface 
receptors with ligand dependent tyrosine kinase activity. The receptor tyrosine kinases 
comprise a gene superfamily of over 30 members.

The role played by a number of receptor tyrosine kinases in the determination of cell fate 
during invertebrate and vertebrate development has been illuminated by the analysis of 
genetic mutants. In the Drosophila ommatidium a necessary event in the determination 
of R7 photoreceptor cell fate is the activation of a receptor tyrosine kinase, the product 
of the sevenless gene, by its ligand, the product of the BOSS gene (reviewed by 
Greenwald and Rubin, 1992). The adoption of 1°, 2* and 3" cell fates by vulval precursor 
cells in Caenorhabditis elegans is partly determined by induction from the overlying 
anchor cell of the somatic gonad. A candidate receptor for the inductive signal is the 
product of the let-23 gene, a receptor tyrosine kinase of the epidermal growth factor 
(EGF) receptor subfamily (reviewed by Greenwald and Rubin, 1992, Horvitz and 
Sternberg, 1991). In mice the c-kit proto-oncogene encodes a receptor tyrosine kinase 
that is a member of the platelet-derived growth factor (PDGF) receptor subfamily. 
Studies on mutant phenotypes which disrupt c-kit receptor function have shed light on 
the many roles of this gene in the developmental processes of melanogenesis, 
gametogenesis and haematopoiesis (Besmer, 1991).

All known receptor tyrosine kinases have a similar topology consisting of a glycosylated 
extracellular ligand binding domain, a single hydrophobic transmembrane region and a 
cytoplasmic domain that contains a tyrosine kinase catalytic region. Receptor tyrosine 
kinases can be divided into subclasses based principally upon the distinct structural 
characteristics of their extracellular domains. Ligand-induced activation of the kinase 
domain and its signalling potential are mediated by receptor oligomerisation. This results 
in the catalysis of autophosphorylation on tyrosine residues leading to the activation of
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distinct signalling pathways culminating in a cellular response such as proliferation, 
survival, differentiation or migration (reviewed by Ullrich and Schlessinger, 1990).

1.1.2 The Trk family of tyrosine kinase receptors

Many proto-oncogenes encoding proteins structurally related to receptor tyrosine kinases 
were first identified as transforming genes (in some cases this occurred by virtue of gene 
rearrangements) in DNA extracted from carcinoma tissue. One such gene is trk, an 
oncogene activated by a genetic rearrangement that occurred in a colon carcinoma 
patient. The rearrangement generated a highly transforming gene that contained a subset 
of trk gene sequences fused to a non-muscle tropomyosin gene (Martin-Zanca et al,
1986). This led to the identification and isolation of cDNA clones encoding the normal 
allele, the trk proto-oncogene (Martin-Zanca et al, 1989).

Two methods are principally used to isolate additional members of a gene family. 
Firstly, low stringency hybridisation of a cDNA library with, in this case, a specific 
probe can be used to identify other closely related sequences. Secondly, the polymerase 
chain reaction (PCR), using degenerate primers, is often employed to amplify the same 
gene from different species. Using the former method two additional members of this 
gene family were soon discovered, trkB (Klein et a l, 1989) and trkC (Lamballe et al, 
1991). In the following text the trk gene will be referred to as trkh while trk will denote 
the family of related genes and similarly Trk, the family of cell surface receptors. Studies 
have shown that members of this family are preferentially expressed in the developing 
and mature nervous systems of mammalian and avian species. The cognate growth factor 
ligands for TrkA, TrkB and TrkC have been identified as nerve growth factor (NGF), 
brain derived neurotrophic factor (BDNF) and neurotrophin-4/5 (NT-4/5), and 
neurotrophin-3 (NT-3) respectively (reviewed by Barbacid, 1994). Whether NT-3 also 
activates TrkA and TrkB receptors, in vivo, has been the subject of much debate since 
their discovery. Recently, Davies et a l  (1995) have demonstrated, in vitro, that NT-3 
can promote the survival of trigeminal and nodose ganglion neurons which lack TrkC 
receptors. Moreover, the NT-3 induced survival response was diminished in neurons 
which lacked both TrkC and TrkA or TrkB receptors. However, whether NT-3 interacts 
with TrkA and TrkB in vivo is currently unknown (the concentrations of NT-3 used in 
these assays was very high).

The neurotrophins, acting through cell surface Trk receptors, play important roles in the 
determination, development and maintenance of the mammalian and avian nervous 
systems. This will be discussed in detail later in this chapter. In the next section I shall 
outline the molecular structure of the Trk receptor subfamily.
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1.1.3 The molecular structure of Trk receptors

Full length Trk receptors have the classic structure of cell surface receptor tyrosine 
kinases described above (Figure 1.1). Both full-length and truncated Trk receptors 
possess extracellular domains which are very similar and I will therefore describe the 
structure of this domain collectively. At the amino terminal end of the extracellular 
domain is a signal peptide. This region is followed by two subsets of cell adhesion- 
related motifs (Schneider and Schweiger, 1991). Firstly, there are two distinct cysteine 
clusters, between which lie three tandem leucine rich motifs of 24 amino acid residues. 
Following the second cysteine rich cluster are two immunoglobulin-like domains. These 
immunoglobulin-like domains are similar to those found in Neural cell adhesion 
molecule (N-CAM) and the PDGF and fibroblast growth factor (FGF) receptor 
subfamilies (Schneider and Schweiger, 1991). It has recently been demonstrated that the 
second immunoglobulin-like (Igll) domain determines the specificity of the Trk 
receptors (Urfer et aL, 1995). In addition, constitutive activation of the TrkA receptor 
can be brought about by introducing mutations into the Igll domain either by the 
deletion of 51 amino acid residues encompassing the carboxy-terminal half of this motif 
or by replacing a single Cys^^ residue by Ser (Coulier et al., 1990).

TrkA
The trkA. gene encodes two full length receptor isoforms of 790 and 796 amino acid 
residues each (Figure 1.1). The longer isoform contains an additional 6 amino acid 
residues in the extracellular domain close to the transmembrane region. The 796 amino 
acid long isoform is primarily expressed in neuronal cells and the 790 amino acid long 
isoform has been found in cells of non-neuronal origin (reviewed by Barbacid, 1994).

TrkB
The trkB locus directs the transcription of 8 different transcripts ranging in size from 
0.7-9.0kb. Two different classes of receptor are encoded by this gene (Klein et al., 1989; 
Middlemas et al., 1991) (Figure 1.1). The first class constitutes one full-length protein 
isoform which is referred to as gpl45frA:B and comprises 821 amino acid residues. The 
second class includes two distinct receptors which have truncated cytoplasmic domains 
both lacking the entire kinase catalytic region (Klein et al., 1990; Middlemas et al., 
1991). gg95trkB was isolated from mouse and rat cDNA libraries and is expressed in 
adult mouse brain at levels which are comparable to the catalytic isoform (Klein et al., 
1990). TrkB.T2 was isolated from a rat cerebellar cDNA library and to date has not been 
defined at the protein level. These truncated isoforms differ from each other by the 
presence of 23 (gp95rr^B) or 22 (TrkB.T2) amino acid long cytoplasmic domains 
(Middlemas et al., 1991).
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TrkC
The trkC locus also encodes two classes of receptors (Figure 1.1). The first class 
comprises 4 different full-length, catalytic isoforms (Lamballe et al., 1991, 1993; 
Tsoulfas et al., 1993; Valenzuela et al., 1993). gpl45fr^C was identified as the product 
of a cDNA clone isolated from a porcine brain cDNA library. TrkC K25 and TrkC K14 
are translated from alternatively spliced exons. They differ from gpl45fr^C by the 
addition of 25 or 14 amino acid residues, respectively, which are located after the 
conserved consensus sequence YSTDYYR, encompassing the putative 
autophosphorylation site of gpl45frAC (Lamballe et al., 1991, 1993; Tsoulfas et al., 
1993; Valenzuela et al., 1993). TrkC K14 is expressed at low levels in adult mouse 
brain. TrkC K39 differs from gpl45rr^C by the insertion of the combined 25 followed 
by 14 amino acid long sequences in the same location as previously described for TrkC 
K25 and TrkC K14 (Lamballe et al., 1993). The second class comprises 4 truncated, 
non-catalytic TrkC isoforms (Tsoulfas et al., 1993; Valenzuela et al., 1993). The first 74 
cytoplasmic amino acid residues of these isoforms are identical to those of the 
juxtamembrane region of the full-length TrkC receptors. Sequences commencing C- 
terminal of the juxtamembrane region are derived from 4 distinct alternatively spliced 
exons which are designated as A (34 amino acids), B (46 amino acids), C (38 amino 
acids) and D (23 amino acids). The four truncated TrkC isoforms are generated by the 
alternative splicing of exons, B&C, B&D, C or A. To date there is no evidence that these 
isoforms are translated into protein in vivo.

1.1.4 Homology between the Trk receptors

The overall homology between the extracellular domains of the rat TrkA and TrkB 
(gpl45rr/:B) receptors is 57% (38% identity). The majority of homologous residues map 
within the second and third leucine repeat regions and the second immunoglobulin-like 
domain. The highest degree of homology occurs in the kinase catalytic domains (88%). 
The overall homology of porcine TrkC (gpl45frX:C) compared to human Trk and mouse 
TrkB (gpl45frAB) is 67% and 68% (54% in the extracellular domain and 87% in the 
kinase domain) respectively (reviewed by Barbacid, 1994).
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1.2 The role of neurotrophins in sensory neuron development

1.2.1 Introduction

Development of the vertebrate nervous system is precisely co-ordinated to ensure that 
sufficient numbers of neurons interconnect with specific target fields. An initial 
overproduction of neurons is balanced, at least in the peripheral nervous system, by their 
need to successfully compete for neurotrophins which are produced in limiting quantities 
within target tissue. Neurons which do not receive either appropriate or sufficient trophic 
stimulation, because they are inappropriately connected or because they are surplus to 
requirements, are eliminated in a process known as naturally occurring neuronal death 
(apoptosis).

This phenomenon was elegantly exemplified by a series of studies in the chick. Removal 
of the developing chick limb bud resulted in a decrease in the number of both sensory 
DRG and spinal cord motor neurons. Conversely, transplantation of an extra limb bud 
allowed the survival of an excess number of neurons which otherwise would have died 
during naturally occurring neuronal death.

The neurotrophic theory, as outlined above, arose primarily from work on NGF, the first 
identified and prototypical neurotrophin. From the early work of Rita Levi-Montalcini it 
was clear that NGF promoted the survival of sensory and sympathetic neurons of the 
PNS. In vitro studies which assessed survival and neurite outgrowth from explants and 
dissociated cell cultures determined that sympathetic and sensory DRG neurons 
responded to NGF treatment. Definitive proof was provided by immune deprivation 
studies which showed that NGF was essential for the survival of a subset of neural crest 
derived sensory and sympathetic neurons. This work was corroborated by the finding 
that neuron death, due to axonal lesion, could be prevented by administering NGF in 
vivo. That the target field is the driving force behind neuronal selection was supported by 
the observation that NGF is synthesized in the target tissue of sensory and sympathetic 
neurons in proportion to their final innervation density (reviewed by Levi-Montalcini 
and Angeletti, 1968; Levi-Montalcini, 1987; see also Scott, 1992).

The identification of other members of the neurotrophin family, namely BDNF, NT-3 
and NT-4/5, provided additional factors with which to test the neurotrophic hypothesis. 
A plethora of studies carried out in recent years has established that while NGF 
substantiates this theory it is inadequate to explain the diverse activities which other 
members of this family exert on developing sensory and sympathetic neurons.
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It is clear that in addition to their role as target-derived survival factors for functionally 
distinct subsets of sensory neurons, BDNF and NT-3 influence the early development of 
sensory neuron precursors. The picture is emerging that populations of sensory and 
sympathetic neurons are sequentially dependent upon a number of neurotrophins during 
their development and it is the interplay between these factors which generates the 
functional diversity observed within the PNS.

In the following sections I will review the evidence that NGF serves primarily as a 
target-derived survival and differentiation factor. To this end I will describe the role of 
NGF in trigeminal ganglion development since this system has been the focus of much 
experimentation over the last decade. Following on from this I will outline evidence that 
BDNF and NT-3, in addition to their roles as target-derived survival factors, drive 
processes such as proliferation and differentiation of sensory neuron precursors; here the 
bulk of evidence derives from studies on DRG.

1.2.2 The role of neurotrophins in neurite outgrowth from the trigeminal 
ganglion to the maxillary target field.

A. Trigeminal ganglion ontogeny
In avian species a minority of trigeminal ganglion neurons derive from the ectodermal 
placode but the majority are of neural crest origin (D'Amico-Martel and Noden, 1980). 
The relative contribution of neural crest and placode to the development of the 
mammalian trigeminal ganglion is, however, unknown. Trigeminal ganglion neurons are 
bom in two waves. In the first, few sparsely distributed, presumably placode-derived 
neuroblasts are bom and start to differentiate in the very early (E9) trigeminal. In the 
second, about 24 hours later, the majority of neurons are bom; these derive presumably 
from neural-crest-derived precursors (Stainier and Gilbert, 1991).

The mouse trigeminal appears during embryonic day 9 (E9) and by ElO both the 
ganglion and the whisker field become discernible. The first nerve fibres emerge from 
the trigeminal ganglion at E9.5 and increase in number to reach a maximum at E l3. The 
earliest fibres reach the epithelium of the maxillary process by E ll  and invade the 
differentiating whisker follicles during E l2. The latest fibres reach their peripheral 
targets shortly after E15. Between E13 and birth (E19) over half of the nerve fibres and 
neurons are lost as a result of naturally occurring neuronal death (Davies and Lumsden, 
1984,1986).

The axons of trigeminal neurons form the ophthalmic, mandibular and maxillary nerves. 
The maxillary nerve provides purely sensory input to the whisker pad. The mature
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whisker pad is the most densely innervated structure in rodents; the epidermis receives 
innervation from sensory endings that penetrate the underlying basal lamina to terminate 
on Merkel cells and the dermis contains a variety of encapsulated and non-encapsulated 
sensory endings.

B. The outgrowth o f trigeminal ganglion axons to the maxillary target field in the mouse 
is NGF-independent.
Several lines of evidence indicate that the outgrowth of trigeminal ganglion axons to the 
maxillary target field in the mouse is NGF-independent. Firstly, Lumsden and Davies 
(1983) demonstrated in vitro that the initial outgrowth of neurites from trigeminal 
ganglion explants is unaffected by the absence of NGF. Neurite outgrowth from 
trigeminal ganglion explants towards either the maxillary target field or the limb bud (a 
non-target control), was determined in the presence or absence of anti-NGF antibodies. 
Prior to E ll  the absence of NGF did not affect neurite outgrowth. At E l l ,  the stage at 
which the earliest nerve fibres contact the target epithelium in vivo, a small but 
significant inhibition of neurite outgrowth was observed and a day later, at E12, there 
was a marked inhibition of neurite outgrowth in the presence of anti-NGF antibodies. 
Furthermore, when trigeminal ganglion explants were cultured in the absence of the 
maxillary target field and in the presence of anti-NGF antibodies, neurite outgrowth was 
observed from ganglia of E9-E12 embryos; this outgrowth was greatest from E9 and ElO 
ganglia (Davies and Lumsden, 1984).

These results led to the conclusion that a chemical agent, unrelated to NGF, was 
produced by the maxillary process which directs the growth of very early trigeminal 
axons (Lumsden and Davies, 1983). Subsequently it was demonstrated that the 
trigeminal neurotrophic factor was a property of the epithelial, and not the mesenchymal, 
component of the maxillary target field and that this property was not shared by the 
adjacent target field of the geniculate ganglion (Lumsden and Davies, 1986).

Secondly, the initial outgrowth of neurites from trigeminal ganglion explants is 
unaffected by the presence of NGF. When NGF was added to the culture medium of 
trigeminal ganglion explants there was no increase in the magnitude of neurite 
outgrowth from E9 ganglia and the neurite outgrowth from ElO ganglia was only 
slightly augmented. In contrast, neurite outgrowth from E ll  to E l3 ganglia was greatly 
enhanced by the presence of NGF increasing to a maximum at E l3, coincident with the 
arrival of neurites in the maxillary pad in vivo, and declining after E14 (Davies and 
Lumsden, 1984). The lack of response of young trigeminal neurons to NGF was also 
shown in dissociated culture. 80% of neurons from ElO and E ll  trigeminal ganglia 
survive in the absence of neurotrophins for 24 hours. After 48 hours, however, almost all
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neurons are dead. The addition of NGF to the culture medium rescues less than 10% of 
ElO neurons, 25% of E ll neurons and 100% of neurons from E12 ganglia. Furthermore, 
from E12-E15 there is an increase in the dose response of neurons to NGF (Buchman 
and Davies, 1993). These results suggest that trigeminal sensory neurons only become 
responsive to NGF when their neurites first contact the maxillary target field in vivo or 
shortly afterwards.

This data was supported by the finding that NGF expression in vivo correlates with the 
arrival of the first trigeminal ganglion axons. NGF is first detected in the maxillary 
process at E l l ,  the stage at which the earliest nerve fibres contact the target epithelium. 
It increases to reach a maximum level by E l3, after which levels decrease. The decrease 
in NGF levels correlates with the axonal transport of NGF by trigeminal neurons from 
the periphery since NGF protein, but not mRNA, was detected in the ganglion at E l2, 24 
hours after its appearance in the periphery. The decrease in NGF in the target epithelium 
after E l3 also correlates with the period when most naturally occurring neuronal death 
occurs in the trigeminal; there is a 50% reduction in trigeminal neuron and fibre numbers 
between E13 and birth. NGF mRNA was detected in both the epithelium and 
mesenchyme of the maxillary process using Northern blot analysis. However, in situ 
hybridisation determined that the epithelium was more heavily labelled than the 
mesenchyme in E13 whisker pad; this accords with the larger numbers of sensory 
endings that terminate in the epidermis compared with the dermis in mature skin (Davies 
et a l, 1987).

Finally, NGF receptors are first expressed by developing trigeminal neurons at a stage 
when their fibres reach their targets. Explant and dissociated cultures of E9-E14 
trigeminal neurons were incubated with ^^^I-labelled NGF to localize NGF receptors. 
This determined that functional NGF receptors are not present on neurons during the 
initial phase of axonal outgrowth. At E9 NGF receptors were not localised on neurites. 
Between ElO and E14 there was an increase in the number of NGF-labelled neurons 
from 30-100% respectively. The observation that 30% of ElO trigeminal ganglion 
neurites were labelled with ^^^I-NGF conflicts with the proposal that NGF receptor 
expression is temporally linked to target-field innervation since the first neurites have 
not yet reached their target in the ElO embryo. However, the authors suggest that 
because these neurons were kept in culture for 24 hours prior to analysis it is likely that 
they continue to mature in culture in accordance with their actual age and that these 
ganglia, at the time of analysis, were actually ElO plus 24 hours in vitro (Davies et al.,
1987).

19



Recent experiments have determined the developmental expression patterns of trkh and 
p75, the high and low affinity NGF receptors respectively. Northern blot analysis 
detected trkh expression in E9.5-E15 trigeminal ganglia and this expression was shown 
to be specific to neurons by RT-PCR (reverse transcriptase-polymerase chain reaction). 
When the mean level of trkA mRNA per neuron was estimated this showed that there 
was a great increase in levels from E l2, a day after the first fibres reach the epithelium 
of the maxillary process. Expression of p75 was demonstrated by RT-PCR in E10-E15 
ganglia and the mean level of p75 mRNA increased between E ll  and E15 (Wyatt and 
Davies, 1993).

In summary, sensory neurite outgrowth from the trigeminal ganglion is NGF- 
independent. The acquisition of NGF-dependence by these neurons coincides with the 
arrival of their neurites in the target field and the synthesis of NGF by the maxillary 
field.

C. Neurotrophins other than NGF provide trophic support for sensory neurons prior to 
target tissue innervation.
BDNF and NT-3 may provide trophic support to neurons before and during the earliest 
phases of target innervation in the mouse. In culture it has been demonstrated that 
BDNF, NT-3 and NT-4/5 promote the survival of early trigeminal neurons. 80% of 
dissociated ElO and E ll  trigeminal neurons survive for 24 hours in the absence of 
neurotrophins. The presence of BDNF, NT-3 or NT-4/5, but not NGF, supports the 
survival of over 100% of these neurons. After E ll  these neurons rapidly loose their 
responsiveness to BDNF and NT-3 and survive only in the presence of NGF. During this 
period there was no additional survival in cultures containing BDNF or NT-3 plus NGF 
compared with cultures containing NGF alone. Thus, neurons that respond to BDNF, 
NT-3 and NT-4/5 early in development subsequently become NGF-dependent rather 
than die to be replaced by a separate subset of NGF-dependent neurons. By E l2, shortly 
before the onset of naturally occurring neuronal death, NGF provides trophic support for 
all of the neurons (Buchman and Davies, 1993; Davies et al., 1993).

The spatial and temporal expression patterns of NT-3 and BDNF suggest that these 
factors are accessible to trigeminal axons growing towards their target. In the developing 
mouse maxillary pad Schecterson and Bothwell (1992) showed, using in situ 
hybridisation, that whereas NGF is expressed predominantly in the epidermal cells 
overlying the dermis, NT-3 and BDNF  are expressed exclusively in the dermal 
mesenchyme. Furthermore, while the temporal pattern of NT-3 and NGF expression was 
the same (they were expressed between El 1.5 and E17.5 ) and both reached maximal 
levels in developing skin at E l5.5, BDNF mRNA peaked several days earlier, at El 1.5,
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coincident with the arrival of the first sensory axons. Using the more sensitive method of 
quantitative Northern blot analysis Buchman and Davies (1993) showed that NT-3 and 
BDNF mRNA could be detected in the maxillary target field as early as E9.5. In contrast 
to Schecterson and Bothwell (1992) NT-3 and BDNF expression was detected in both the 
mesenchyme and epithelium of the maxillary target field. This is probably due to the 
greater sensitivity of the method used in this study. However, at E l l ,  when the first 
neurites arrive at their target, BDNF levels are greater in mesenchyme than in the 
epithelium. In accordance with Schecterson and Bothwell (1992) they observed a peak in 
BDNF expression, at E12, prior to that for NT-3, at E13. Thus, the temporal expression 
pattern of BDNF  and NT-3, as demonstrated by these two groups, supports the 
observation from tissue culture work that trigeminal neurons loose their responsiveness 
to BDNF before NT-3 (Buchman and Davies, 1993). It is unlikely that either BDNF or 
NT-3 is the trigeminal ganglion chemotropic factor, proposed by Lumsden and Davies 
(1986), since they are expressed in both the epithelium and mesenchyme whereas this 
factor is released by the epithelium alone.

Data obtained from studies in the rat support the above observations in the mouse. 
Before describing this data I will briefly highlight the differences in the timing of 
trigeminal ganglion ontogeny in the rat compared with the mouse.

Rat trigeminal neurons are generated between ElO and E15 with a peak on day E l3 
(Altman and Bayer, 1982). The first trigeminal neurites grow into the first branchial arch 
during ElO. At E ll  the fibres reach the central region of the first branchial arch, 
approach the cutaneous targets at E l2 and innervation begins at late E12 (Arumae et al., 
1993).

Both NT-3 and BDNF induce the outgrowth of neurites from E10-E12 trigeminal 
ganglion explants. Moreover, NT-3 stimulated the growth of thick fascicles of neurites 
from ElO trigeminal ganglia (Arumae et al., 1993). The authors state that at this stage in 
development there is extensive migration of neural crest cells in the first branchial arch. 
In contrast, ganglion explants from E ll  and E l2, but not ElO, embryos were responsive 
to NGF (Arumae et al., 1993).

In vivo NT-3 expression, as determined by in situ hybridisation, is first observed in all 
regions of ElO first branchial arch mesenchyme and by E12 becomes restricted to the 
distal parts of the first and second branchial arches (Arumae et al., 1993). These findings 
suggest that NT-3 may play a role in the trophic support of sensory neuron precursors 
before and up until target field innervation and the authors suggest that perhaps NT-3 
participates in the formation of primary axonal pathways. However, this theory is
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inconsistent with in vitro mouse data of Lumsden and Davies (1986) indicating that the 
epithelium, and not the mesenchyme, of the first branchial arch directs neurite outgrowth 
from the trigeminal ganglion. Nonetheless, NT-3 may facilitate axon outgrowth in this 
system.

Although BDNF induces neurite outgrowth from ElO and E ll  trigeminal ganglion 
explants BDNF transcripts are not detected in the first branchial arch, where most 
expression is subepithelial, until E12 coincident with the arrival of the first trigeminal 
axons in the rat maxillary pad in vivo (Arumae et al., 1993). At E l8 BDNF hybridisation 
signal was observed in the mesenchyme surrounding the whisker follicles but not in 
epidermally derived follicle proper, consistent with the theory that BDNF is available to 
growing trigeminal neurites before target encounter (Ibanez et al., 1993). NGF  
transcripts were detected principally in the maxillary pad epithelium at E ll  and E12 
(Arumae et al., 1993). Thus, it appears in the rat that developing trigeminal neurons may 
receive stimulation from NT-3 at early stages in development prior to their exposure to 
either BDNF or NGF.

There is some evidence in the mouse that BDNF is synthesized by trigeminal neurons 
themselves and that this neurotrophin may therefore act in an autocrine or paracrine 
fashion. Schecterson and Bothwell (1992) detected BDNF, but not NT-3 or NGF, mRNA 
in trigeminal neurons between E l4.5 and E17.5 and the number of neurons expressing 
BDNF increased over this period. Thus, trigeminal neurons begin to express BDNF 
several days after transcripts appear in the maxillary pad and expression in neurons 
subsequently increases while expression in the target tissue decreases. This source of 
BDNF may therefore provide paracrine and/or autocrine trophic support to trigeminal 
sensory neurons during and after naturally occurring neuronal death but not when 
neurites are growing to their targets.

NT4/5 has been shown to induce neurite outgrowth from E10-E12 rat trigeminal 
ganglion explants (Arumae et al., 1993) and from E l5 dissociated trigeminal ganglion 
neurons (Ibanez et al., 1993). Since Arumae et al. (1993) also detected NT-415 
hybridisation signal between ElO and E12 in the epithelium, but not in the mesenchyme, 
of the first branchial arch they suggested that this neurotrophin was a possible candidate 
for the trigeminal neurotrophic factor proposed by Lumsden and Davies (1986).

Using RNAse protection analysis Ibanez et al. (1993) detected NT-415 expression in 
E13-E20 whisker pads. Furthermore, using in situ hybridisation they demonstrated NT- 
4/5 hybridisation signal at E16 and E l8 in the rat whisker follicles. Labelling was 
observed over the outer layers of the epidermally derived follicle proper (external root
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sheath) as well as in layers in close proximity to the vibrissae (internal root sheath). 
Combined, these experiments suggest that NT4/5 may provide trophic support to 
trigeminal neurons during innervation of the whisker pad in the rat. To date the 
developmental expression pattern of NT4I5 has not been reported in the mouse.

The generation of mice homozygous for a null mutation in the NT-415 gene (Conover et 
al., 1995; Liu et al., 1995) has enabled the role of this neurotrophin in nervous system 
development to be assessed directly. At late embryonic and post-natal stages there were 
no deficits in trigeminal ganglion development. This suggests that developing trigeminal 
sensory neurons do not depend upon NT-4/5 for their survival. However, the pattern of 
innervation of these neurons within the maxillary target field has not been analysed. 
Therefore we cannot conclude that trigeminal ganglion innervation of this tissue is 
normal and that NT4/5 does not play a role in the fine tuning of interactions between the 
axon and vibrissae as suggested by its restricted pattern of expression in the whisker 
field epithelium.

Evidence that the trk receptors are expressed in trigeminal neurons during their observed 
period of responsiveness to BDNF, NT-3 and NT-4/5 in vitro has been provided for trkC 
but not trkB. Using in situ hybridisation both trkC and trJcB hybridisation signal have 
been localised over trigeminal ganglion neurons at El 1.5 and E13.5 respectively 
(Tessarollo et al., 1993). However, in each case analysis was not carried out earlier in 
development and we therefore cannot assess receptor expression by these neurons prior 
to target field innervation.

D. Summary
The generation of mice with null mutations in the neurotrophins or their high affinity 
receptors has definitively shown that signalling through trkA, trkB and trkC is essential 
for the survival of developing trigeminal neurons (Crowley et al., 1994; Emfors et al., 
1994a, 1994b; Farinas etal., 1994; Jones etal., 1994; Klein etal., 1993, 1994a; Smeyne 
et al., 1994). However, when the percentage neuronal deficit resulting from the absence 
of each trk receptor is combined this figure far exceeds the total number of control 
trigeminal neurons. The neuronal deficits observed were 70-90% (Smeyne et al., 1994), 
60% (Klein et al., 1993) and 10-20% (Klein, 1994b) for trkA , trkB and trkC null 
mutants respectively. The sequential dependence of neurons upon different 
neurotrophins could explain why the same neuronal populations are eliminated in 
different trk null mutants.

There is conclusive in vitro and in vivo evidence that trigeminal neurons become 
responsive to NGF, dependent upon NGF and are exposed to this factor only when the

23



growing neurites encounter their target field, the whisker pad (see above). Culture 
studies have shown that trigeminal neurons display a switch in neurotrophin 
requirements from BDNF and NT-3 to NGF during the early stages of target innervation 
(Buchman and Davies, 1993). This data is supported by studies which have determined 
the developmental expression pattern of the neurotrophins using a variety of techniques 
(see above). Furthermore, Ernfors et al. (1992) reported a marked decrease in the 
number of fr^C-expressing trigeminal cells between E l3 and E l6. This observation 
supports the theory that trigeminal neurons switch neurotrophin dependence during 
development although an alternative explanation is that these neurons simply die since 
E l 3-El 6 coincides with the period of naturally occurring neuronal death in this 
ganglion. Clearly, these two possibilities need to be distinguished experimentally. 
Buchman and Davies (1993) suggest that the function of these early survival responses 
to BDNF and NT-3 may be to sustain the survival of neurons whose axons reach the 
target field during the earliest stages of its innervation. Based on their in vitro study they 
propose that neuronal NGF dependence does not begin until all axons have reached the 
target field and therefore have an equal chance of successfully competing for the limiting 
NGF supply. This would ensure that neurons are not mistakenly eliminated.

1.2.3 The role of neurotrophins in dorsal root ganglion development

In the previous section I outlined some of the evidence that BDNF and NT-3 influence 
early rodent trigeminal ganglion development prior to target innervation. Most data on 
this topic relates to dorsal root ganglion (DRG) development. In this section I will 
review the evidence that neurotrophins influence both neural crest and sensory neuron 
precursor development driving processes such as proliferation and differentiation. I will 
draw upon reports obtained from experimentation on both rodents and birds; the latter 
provides the bulk of data on this topic.

A. BDNF provides trophic support for sensory neuron precursors during early neuronal 
maturation
The idea that short-range factors of central origin influence the survival and/or 
differentiation of sensory precursors is not new. This proposal was put forward by Le 
Douarin based on the pattern of normal ganglion formation and on the results of back- 
transplantation experiments of sensory ganglia into the migratory pathways of young 
avian hosts (reviewed by Le Douarin: see Scott, 1992). This view was substantiated in 
experiments where deprivation of the DRG anlage from contact with the CNS by 
neuralectomy (Teillet and Le Douarin, 1983) or by implantation of a mechanical barrier, 
consisting of a thin silastic membrane inserted between the CNS and the DRG 
primordium, (Kalcheim and Le Douarin, 1986) caused the death of DRG cells. Local
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implantation of such membranes pretreated with an extract of 3- and 4-day old neural 
tubes, temporarily rescued significant numbers of DRG cells (Kalcheim and Le Douarin, 
1986). Furthermore, BDNF adsorbed on laminin-coated silastic membranes temporarily 
rescued a population of developing DRG cells separated from the neural tube; while 
under the same conditions NGF was without activity (Kalcheim et al., 1987). In vitro 
studies which assessed the efficacy of BDNF in dissociated cell cultures (Lindsay et al., 
1985) and expiants (Davies et al., 1986) of cranial and dorsal root ganglia had 
determined that sensory ganglia were responsive to neurotrophins early in development: 
at E3 for nodose and E4 for dorsal root ganglia (Davies et al., 1986). A number of 
subsequent studies suggest that BDNF plays a role in the survival and differentiation of 
sensory neuron precursors during early neuronal maturation.

Kalcheim and Gendreau (1988) showed in the quail that BDNF, but not NGF, stimulated 
the survival and/or differentiation of neural crest cells and in addition a subset of 
substance-P (SP) immunoreactive sensory neurons. Since BDNF did not affect the 
overall proportion of SP-positive neurons this suggests that while survival and/or 
neuronal differentiation depend upon BDNF supply, phenotypic expression does not. 
Further supporting data was provided by Sieber-Blum (1991) who showed that BDNF, 
but not NGF, causes a significant increase in the number of sensory neuron precursor 
cells (characterised by their expression of SSEA-1 and the absence of dopamine-B- 
hydroxylase) in clonal quail neural crest cell cultures. This increase was not due to 
enhanced survival of these cells because there was a concomitant decrease in the number 
of undifferentiated cells while the colony size remained unchanged. Finally, Wright et 
al. (1992) demonstrated that BDNF accelerates the process of sensory neuron 
maturation. This study was based on an assay which assessed the morphological 
maturation of early (E4.5) chick DRG neurons in culture (see above). Neuronal 
maturation was accelerated by the addition of either BDNF or NT-3, but not NGF. The 
fact that addition of BDNF antisense oligonucleotides to these cultures decreased the 
number of precursor cells which undergo maturation to levels well below that of the 
control suggested an autocrine or paracrine mechanism of BDNF stimulation. 
Furthermore, a low level of BDNF mRNA was detected in E4.5 DRG by Northern blot 
analysis, thus supporting such a hypothesis.

B. NT-3 influences neural crest and sensory neuron precursor development 
A definitive study by Gaese et al. (1994) showed that NT-3 is essential for sensory 
neuron development prior to target tissue innervation in the quail. Embryos were grown 
in the presence of anti-NT-3 or anti-NGF antibodies. By E5, before naturally occurring 
neuronal death has begun, NT-3 deprivation had resulted in a 34% loss of both DRG and 
nodose ganglion neurons whereas NGF deprivation resulted in only a 5% loss of DRG
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neurons and had no effect on nodose ganglion development. When embryos were 
examined at E l 1, a stage at which naturally occurring neuronal death is almost complete, 
both NT-3 and NGF deprivation had caused the lesion of 36% and 30% of DRG neurons 
respectively. Whereas NT-3 deprivation perturbed nodose ganglion development again 
the absence of NGF had no effect. These results agree with the hypothesis that NGF 
provides trophic support for neurons of neural crest origin following target tissue 
innervation and indicate that NT-3 is essential prior to this stage in development. 
Therefore although NT-3 clearly plays a role in sensory neuron development before 
target tissue innervation, we cannot conclude from this study whether it is important for 
the proliferation, differentiation or survival, (or a combination) of sensory neuron 
precursors.

Three lines of evidence suggest that NT-3 plays a role in two distinct phases of early 
sensory neuron development. Firstly, it has been shown that NT-3 is mitogenic for quail 
trunk neural crest cells either when applied exogenously to neural crest/somitic 
mesoderm cultures (Kalcheim et al., 1992) or when neural crest cells were grown on an 
NT-3 producing mesodermal cell hne (Pinco et al., 1993). Secondly, NT-3 was shown to 
promote the survival and/or differentiation, but not division, of already commited 
neuronal precursors; this was done by determining the number of neurons developing 
from cycling progenitors in quail neural crest cultures (Pinco et al., 1993). Thirdly, 
Wright et al. (1992) demonstrated two effects of NT-3 on cultures of early (E4.5) chick 
DRG cells. The assay assessed the morphological maturation of DRG neurons in culture; 
in the absence of growth factors initially the neurons (determined by neurofilament 
immunoreactivity) have small, spindle-shaped, phase-dark cell bodies and short neurites; 
after 24 hours in vitro 70% of these neurons have developed a more mature morphology 
characterised by spherical, phase-bright cell bodies and long neurites. Exogenous NT-3 
resulted in an increase in the number of precursors which differentiate into neurons and 
also an acceleration in the rate at which these precursors mature into morphologically 
identifiable neurons.

The determination of NT-3 expression by a number of groups indicates that both neural 
crest cells and sensory neuron precursors are exposed to this factor in vivo. Pinco et al. 
(1993) demonstrated NT-3 immunoreactivity over the entire cross-sectional area of quail 
E2 (before neural crest cell migration) and E3 (during neural crest cell migration) neural 
tubes but not over the adjacent mesoderm. Furthermore, when E2 neural tubes were put 
into culture NT-3 immunoreactivity, observed a day later, showed expression in the 
neuroepithelium but only in a few of the neural crest cells migrating from it. Later in 
development NT-3 immunoreactivity was detected in E7 DRG. Zhang et al. (1994) 
demonstrated NT-3, but not NGF, expression in E3.5 neuron-enriched DRG cultures
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using RT-PCR, suggesting that NT-3 is synthesized by sensory precursors themselves. 
These studies indicate that the neural tube is the first source of NT-3 available to 
responsive populations of neural crest and that upon migrating from the neural tube this 
factor may be temporarily available to the neural crest cells, but is not synthesized by 
them at high levels. During early ganglion formation low levels of neurotrophin 
production may sustain cells until neuronal differentiation occurs when neurotrophin 
production increases and neurons respond to these factors in an autocrine or paracrine 
fashion by accelerated maturation (Wright et al., 1992).

C. The developmental expression pattern of the neurotrophins
The developmental expression patterns of BDNF and NT-3 are consistent with a role for 
these neurotrophins in early sensory ganglion development. Northern blot analysis has 
detected BDNF and NT-3 mRNA in chick embryos between E3.5 and E l8 , with a peak 
in the expression of both neurotrophins at E4.5 (Hallbook et al., 1993). In contrast, NGF 
mRNA was shown to reach maximal levels at E8.0-E12 (Ebendal and Persson, 1988). 
These results are consistent with the hypothesis that NGF is required later in 
development than BDNF and NT-3. Zhang et al. (1994) demonstrated BDNF and NT-3, 
but not NGF, expression in neuron-enriched cultures of E3.5 quail DRG but this was 
done using RT-PCR. In the mouse Schecterson and Bothwell (1992) using in situ 
hybridisation analysis detected BDNF and NT-3 mRNA in E15.5 DRG, none was 
evident before this. A subset of neurons expressed BDNF (40-50%) and AT-5 (10-15%). 
Expression of the neurotrophins was also observed at E14.5 in the trigeminal (BDNF, 
not NGF or NT-3), geniculate (BDNF) and sympathetic ganglia (BDNF and NT-3). The 
earliest observation of NT-3 mRNA was in the motor neurons at E l 1.5.

D. The developmental pattern o f expression of the neurotrophin receptor genes
The isolation and cloning of the trk genes, encoding the high affinity neurotrophin 
receptors, has allowed rapid progress in our understanding of the role of the 
neurotrophins in neuronal development since it has enabled the identification of 
neurotrophin responsive cells at the single cell level.

Many groups have examined the developmental expression patterns of the genes 
encoding the high affinity neurotrophin receptors, in both mammals and birds. These 
studies indicate that sensory ganglion precursors may be responsive to neurotrophins 
early in peripheral nervous system (PNS) development at least from the stage of DRG 
anlagen formation in vivo. Before reviewing this data I would like to emphasize a 
number of facets of PNS development which are often overlooked when interpreting in 
situ hybridisation data which, unlike the analysis of gene deficient mice, examines a 
particular developmental time window.
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Sensory ganglion ontogeny
Aspects of vertebrate sensory ganglion development make it difficult to define precisely 
the developmental stage of a group of neurons within a particular sensory ganglion or 
when referring collectively to sensory ganglia. Firstly, PNS development occurs in a 
rostro-caudal gradient; thus neural tube closure, neural crest migration, sensory ganghon 
formation and axonal outgrowth occurs in a wave which progresses from the anterior to 
the posterior limit of the neural tube. Secondly, neurogenesis occurs in two successive 
and overlapping waves. Thus, in the rat lumbar DRG the majority of large neurons are 
bom on E12 and most cell division is complete by E l3 whereas the majority of small 
neurons are bom on E13 and cell division is complete by E15 (Lawson et al., 1974). 
Thirdly, although all DRG neurons are localised along the medial axis of the body the 
distances their axons have to travel to reach the appropriate target is significantly 
different. For example, sensory neurons of the trigeminal gangion extend axons over 
relatively short distances, to innervate the eye, the upper dental papillae and whisker pad, 
and the lower dental papillae via the ophthalmic, maxillary and mandibular nerves 
respectively. In contrast, the distances travelled by axons of lumbro-sacral DRG neurons, 
which provide sensory innervation to the hindlimb digits, are considerably longer. Thus, 
the first neurites of rat trigeminal neurons reach their cutaneous targets in the whisker 
pad at E12 whereas the axons of caudal DRG neurons reach their cutaneous targets in 
the tip of the toes at E l9, a time difference of one week. Consequently, when examining 
a particular developmental time window it is impossible to generalise about the state of 
maturity of a group of sensory neurons.

The expression of the trk genes during DRG development
Using in situ hybridisation the developmental expression pattems of the trk genes have 
been determined in both mammalian and avian species by many groups. By E9.5 in the 
mouse most/all of the neural crest cells, which will give rise to the sensory ganglia, have 
migrated from the neural tube and have coalesced to form the DRG anlagen which are 
clearly distinguishable at this stage. At E9.5 trkA (Martin-Zanca et al., 1990), trkB 
(Klein et al., 1990) and trkC (Tessarollo et al., 1993) are all expressed in the mouse 
DRG anlagen. Hybridisation signal for p75, the low affinity neurotrophin receptor, was 
localised over DRG from El 1.5 (Schecterson and Bothwell, 1992). To define gene 
expression in mouse embryos prior to E9.5 is difficult using in situ hybridisation with 
isotopically labelled probes (the method used in all studies of trk and neurotrophin gene 
expression in sensory ganglia to date) due to the small size of the cells under 
examination, and the scatter produced by the radioisotope. Furthermore, gene expression 
may be below the level of detection using this technique and therefore more sensitive 
methods are required. Northern blot or RNase protection analysis determined that 
whereas trkC is expressed in E7.5 (Tessarollo et al., 1993) and trkB in E8.5 (Klein et al..
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1990) whole mouse embryos, trkA could not be detected prior to E9.5 (Martin-Zanca et 
al, 1990).

DRG formation occurs in the quail between E2.5 and E3.0 and in the chick between E3 
and E4 (Lallier and Bronner-Fraser, 1988). This stage in development is equivalent to 
E9.5 in the mouse and E ll  in the rat. Using in situ hybridisation analysis trkC mRNA 
was localised in E2.5 quail DRG whereas trkA signal could not be detected until E6.0 
(Zhang et a l, 1994). In support of this, RNase protection analysis enabled the detection 
of trkC expression in E2.0 chick embryos. A day later, using in situ hybridisation, 
intense trkC hybridisation signal was observed over the undifferentiated cells of the 
trigeminal (Vth), geniculate (Vllth), petrosal (IXth) and jugular (Xth) cranial ganglia and 
the DRG. Moreover, in this study trkC mRNA was observed within cells migrating from 
the maxillo-mandibular ectodermal placodes towards the developing trigeminal 
(Williams et a l, 1993). Further evidence that genes encoding neurotrophin receptors are 
expressed in migrating neural crest was provided for trkQ (Klein et a l, 1990) and trkC 
(Tessarollo et a l, 1993) in the mouse. Expression of both genes was detected along the 
dorsal aorta at E9.5, a migratory pathway used by presympathetic neural crest cells (in 
the mouse although the DRG anlagen are formed by E9.5 the presympathetic neural crest 
cells are still migrating at this stage and the sympathetic anlagen are observed a day 
later, at E10.5).

E. The role o f neurotrophins in sensory neuron survival
To define precisely the role of the neurotrophins in mammalian sensory ganglion 
development a series of recent studies have generated mice with null mutations in both 
the neurotrophin receptor and neurotrophin genes (Crowley et a l, 1994; Emfors et a l, 
1994a, b; Farinas et al, 1994; Jones et a l, 1994; Klein et a l, 1993,1994; Smeyne et a l,
1994). This work demonstrates that neurons of different sensory modalities depend upon 
specific neurotrophins for their development (discussed in more detail in chapter 3). 
However, these studies have assessed the deficit in sensory neuron populations post- 
natally and therefore subsequent to naturally occurring cell death. Therefore, one cannot 
draw conclusions from this work, in mice, concerning the role of neurotrophins in 
processes other than survival.
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1.3 The Ret tyrosine kinase receptor

1.3.1 Discovery

The ret transforming gene was first detected by transfection of NIH 3T3 cells with 
human T-cell lymphoma DNA (Takahashi et al, 1985). Oncogenic activation of the gene 
had occurred by recombination between two unlinked human DNA segments (Takahashi 
and Cooper, 1987). Part of the sequence encoding a putative zinc finger protein, 
designated rfp (Takahashi et al, 1988a), was fused to the transmembrane and tyrosine 
kinase coding region for the ret proto-oncogene (Takahashi et al, 1988b). Subsequently, 
three additional rearrangements of the ret gene were identified by the same method using 
human colon cancer DNA (Ishizaka et al, 1988), human gastric cancer DNA (Koda et al, 
1988) and human stomach cancer DNA (Kunieda et al., 1991). Ishizaka et al. (1988; 
1989a) cloned the ret-II transforming oncogene and showed that in this particular case 
activation of c-ret had occurred by replacement of the extracellular and transmembrane 
domains with hydrophilic sequence. A common feature of these rearrangements was that 
the recombination site within c-ret was localised between the transmembrane and 
tyrosine kinase domain. In all cases rearrangement had occurred in vitro during the 
transfection procedure.

A novel transforming gene, activated in 25% of patients harbouring thyroid papillary 
carcinomas (a non-C-cell thyroid tumour), was identified and named papillary thyroid 
carcinoma {PTC) (Fusco et al, 1987; Bongarzone et al., 1989). FTC was generated by 
recombination between the tyrosine kinase domain coding region of the c-ret proto
oncogene and an unknown 5' terminal sequence, named H4 originally but subsequently 
renamed DIOS 170. In contrast to the three examples given above the rearrangment 
leading to the activation of PTC occurred in vivo as a tumour specific somatic event 
(Grieco et al, 1990). PTC was generated by a paracentric chromosomal inversion which 
fused together the 5' end of DIOS 170 (H4) and the 3’ tyrosine kinase domain of RET 
(Sozzi et al., 1991; Pierotti etal., 1992).

Over the same period Ishizaka et al. (1990) obtained activated ret cDNAs, which they 
called ret^^^, from a human papillary thyroid carcinoma cell line. It transpired that 
ret^^^ had an identical nucleotide sequence to PTC and therefore that in all cases 
examined there was a rearrangement in the c-ret gene placing it downstream of the 
D10S170 (H4) gene. The breakpoints in D10S170 occurred at different locations within 
a 50kb segment in different tumours (Grieco et al., 1990). In contrast, the point of c-ret 
rearrangement always occurred in the intron between exons encoding the transmembrane
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and tyrosine kinase domains and thus eliminated the extracellular and transmembrane 
domains of Ret from the fusion protein (Jiang et al., 1992).

A second type of rearrangement of the c-ret gene was identified in DNA from a papillary 
thyroid carcinoma. In this case c-ret was rearranged with the RIa regulatory subunit of 
protein kinase A (Lanzi et al., 1992; Bongarzone et al., 1993). This oncoprotein shares a 
number of common features with PTC and ret^^^: in all cases the fusion point with c-ret 
occurred between the transmembrane and tyrosine kinase domain of the c-ret proto
oncogene; in addition, the proteins are cytoplasmic and are constitutively phosphorylated 
on tyrosine (Ishizaka et al., 1992; Lanzi et al., 1992; Bongarzone et al., 1993). This 
contrasts with the c-ret proto-oncogene which is membrane bound and not constitutively 
phosphorylated on tyrosine (Lanzi et al., 1992).

The c-ret proto-oncogene is variously described as c-ret, RET, C-RET or PROTO-RET in 
the literature. In this review, for simplicity, I shall use standard nomenclature throughout 
and will thus describe the gene as c-ret and the protein as Ret.

1.3.2 Gene structure and transcriptional analysis

Using fluorescence in situ hybridisation analysis human c-ret was mapped to 
chromosome lO qll.2 (Ishizaka et al., 1989b). Human c-ret gene structure was 
determined using exon trapping. The c-ret gene consists of 20 exons which span a 
minimum of 30kb of genomic DNA. The size of the exons range from 60bp to 287bp 
and these are separated by introns ranging in size from approximately 500bp to 3.5kb 
(Kwok et al., 1993).

Sequencing of the human c-ret proto-oncogene cDNA revealed that it encodes a 
transmembrane protein with a cytoplasmic tyrosine kinase domain (Takahashi et al, 
1988b, 1989). Northern blot analysis of poly(A)+ RNA from rat (Tahira et al, 1988) and 
mouse (Pachnis et al., 1993) tissue and a number of human tumour cell lines (Takahashi 
and Cooper, 1987; Tahira et al 1988, 1990) has revealed the presence of four c-ret 
transcripts of 7.0, 6.0, 4.5 and 3.9 kb which are the products of alternative splicing and 
alternative polyadenylation.
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1.3.3 Ret Protein

The c-ret proto-oncogene encodes two protein isoforms of 1071 and 1112 amino acids in 
human (Takahashi et al, 1988b, 1989; Tahira et al, 1990) and 1073 and 1115 amino 
acids in mouse (Iwamoto et al., 1993; Vassilis Pachnis, personal communication) that 
differ from each other in their C-terminal regions. The 51 C-terminal amino acids in the 
larger protein are replaced by 9 unrelated amino acids in the smaller protein. To date 
studies which have assessed the cell type specific localisation or addressed the function 
of Ret have not distinguished between these two isoforms. It is likely, however, that they 
have distinct functions since the two protein isoforms are conserved between birds and 
mammals (Schuchardt et al., 1995).

In human neuroblastoma cells post-translational glycosylation of a single 120kD 
polypeptide generates two Ret protein isoforms of 150kD and 170kD. Western blot 
analysis using monoclonal and polyclonal Ret antibodies demonstrated the presence of 
two proteins of 150kD and 170kD in cell lysates from 3 human neuroblastomas 
expressing c-ret. However, when these cells were first treated with tunicamycin, to block 
N-linked glycosylation, this revealed the presence of only one immunoreactive protein of 
120kD consistent with the size predicted from the c-ret cDNA sequence (Takahashi et 
al., 1991). Cell fractionation experiments using a mouse fibroblast cell line transfected 
with c-ret demonstrated that only the 170kD Ret protein isoform was localised in the 
plasma membrane fraction and is therefore likely to represent the mature form of the 
glycoprotein (Takahashi et al., 1993). Ret may be differentially glycosylated in different 
cell types since western blot analysis detected two Ret protein isoforms of 150kD and 
190kD in a human monocytic leukemia cell line (Takahashi et al., 1991). It has recently 
been demonstrated that mouse neuroblastoma cells express 140kD and 160kD Ret 
protein isoforms and that, as in the human, these isoforms are generated by differential 
post-translational glycosylation. Twelve possible N-linked glycosylation sites have been 
identified in the mouse Ret protein sequence (Iwamoto et al., 1993).

1.3.4 The structure of the Ret receptor

Like the Trk receptors. Ret has the classic structure of cell surface receptor tyrosine 
kinases comprising an extracellular, transmembrane and cytoplasmic tyrosine kinase 
domain (Figure 1.2). Kuma et al. (1993) classified the known receptor-type protein 
tyrosine kinases into four distinct groups based on the structural differences of the 
extracellular domain and found that Ret forms a solitary group. Ret is unique among this 
family of molecules since it contains within its extracellular domain a cadherin-related 
sequence (Schneider, 1992; Iwamoto et al., 1993).
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The cadherins are a superfamily of transmembrane proteins that mediate homophilic 
Ca^+-dependent cell-cell adhesion. All cell types that form solid tissues express some 
members of the cadherin family. During development cadherin expression is temporally 
and spatially restricted within specific cell types such that these molecules play 
important roles in tissue morphogenesis by determining the selective adhesiveness or 
segregation of cells. In addition, there is evidence that the invasive nature of some 
tumours is associated with a down-regulation or loss of cadherin expression (Takeichi,
1991).

The cadherin-related sequence present in the extracellular domain of Ret comprises 112 
amino acid residues which are located approximately 480 amino acids N-terminal of the 
transmembrane domain in both the human (Schneider, 1992) and mouse (Iwamoto et a/.,
1993) Ret proteins. Furthermore, negatively charged sequences which include L-D-R-E, 
D-X-(N)-D and D-X-D are conserved in both Ret and the cadherins and are thought to 
mediate Ca^+-binding (this confers resistence to proteolysis and is essential for 
homophilic association of the cadherins to take place). In addition, a highly conserved 
motif of the cadherins (LDREXXXXYXL) is found in exactly the same position within 
the extracellular domain of Ret and the cadherins (Schneider, 1992). By comparing the 
amino acid sequences of 90 different cadherin repeats from 15 known members of the 
family Kuma et al, (1992) selected six different highly conserved sequences for 
comparison with the Ret protein sequence. They demonstrated that the human Ret 
protein shares 20-30% identity with the cadherins, as does the mouse Ret protein 
(Iwamoto et at., 1993), and furthermore that human Ret shares 31% identity with 
chicken T-cadherin. The authors thus identify Ret as a novel member of the cadherin 
superfamily. However, unlike all vertebrate cadherins identified to date (Takeichi, 1991) 
the cadherin-motif is not tandemly repeated 3-4 times in the human (Schneider, 1992) 
and mouse (Iwamoto et al,, 1993) Ret extracellular domain.

To determine the homophilic cell-adhesive properties of cadherin molecules the specific 
cDNA is expressed in a cadherin-deficient cell line, usually mouse fibroblast L cells, and 
an aggregation study is performed which demonstrates that the cells acquire Ca2+- 
dependent adhesive activity (Takeichi, 1991). In contrast, when c-ret, under the control 
of the simian virus 40 or cytomegalovirus promoter, was transfected into mouse L cells 
and aggregation studies were carried out the cells did not gain significant adhesive 
properties (Takahashi et al,, 1993). It is possible that in order to mediate cell-cell 
adhesion Ret receptors require association with other intracellular molecules which are 
not present in these cells. The catenins have been demonstrated, by 
immunoprécipitation, to be associated with the soluble form of E-cadherin and are 
thought to form the link between the membrane bound cadherin molecule and the
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cytoskeleton (Takeichi, 1991). However, c-ret expressing neuroblastoma cells do not 
adhere to one another either (Iwamoto et aL, 1993). Therefore it appears unlikely that 
Ret mediates cell adhesion by homophilic binding. Moreover, the developmental 
abnormalities which are observed in mice homozygous for a loss-of-function mutation in 
c-ret does not support a homophilic binding mechanism for the receptor (Schuchardt et 
fl/., 1994). In the developing kidney the data suggests that the metanephric mesenchyme 
produces a signal which activates the Ret receptor localised on the ureteric bud. 
However, the metanephric mesenchyme does not express c-ret mRNA and therefore the 
signal produced by it is not Ret receptor protein (Pachnis et al., 1993; Schuchardt et at.,
1994). At present the possibility that Ret molecules interact with other cell surface 
adhesion molecules, such as the cadherins, cannot be excluded.

Other features of the Ret extracellular domain include the presence of an N-terminal 
signal peptide sequence and 28 cysteine residues, most of which are localised just N- 
terminal of the transmembrane domain and thus form a particularly cysteine-rich region 
here. The cysteine-rich region within the extracellular domain in Ret is likely to serve an 
important function relating to ligand binding since it is highly conserved between 
species; twenty-seven, out of a total of twenty-eight, cysteine residues are conserved 
between man and mouse and twenty-five out of twenty-eight are conserved between man 
and birds (Schuchardt et al., 1995). The presence of this cysteine-rich region is another 
feature which Ret has in common with the cadherins. In both human, mouse and chicken 
Ret the tyrosine kinase domain is divided in two by the insertion of an interkinase 
domain comprising 27 amino acids (Takahashi et al., 1988; Iwamoto et al., 1993; 
Schuchardt et al., 1995).

1.3.5 The role of c-ret in rodent embryogenesis

The normal function of the receptor tyrosine kinase encoded by c-ret is largely unknown. 
Over the last three years several definitive studies have shed much light on this issue. 
These studies examine the developmental expression pattern of c-ret during rodent 
embryogenesis and, moreover, the developmental anomalies which occur in the absence 
of functional Ret receptor. In this section I will focus principally on mouse development, 
the subject of my particular study, but will draw upon comparisons with other species 
where appropriate.

Initial studies which defined the broad spectrum of c-ret expression in rodents using 
northern blot analysis established that there was stage- and tissue-specific regulation of 
the gene and implied a role for the protein in normal development (Tahira et al., 1988; 
Pachnis et al., 1993). Expression of c-ret was detected in both embryonic and adult rat
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(Tahira et al., 1988) and mouse (Pachnis et al., 1993). In the rodent embryo c-ret was 
expressed throughout the period examined in the mouse, E8.5 to E16.5 (Pachnis et al.,
1993), and in the rat, E9 to E20 (birth) with a peak between E9 and E ll  and a decrease 
between E14 and E20 in the rat (Tahira et al., 1988). The size of c-ret transcripts 
observed was the same in all species examined, 7.0, 6.0, 4.5 and 3.9 kb, in rat (Tahira et 
al., 1988), mouse (Pachnis et al., 1993) and a human neuroblastoma cell line (Tahira et 
al., 1990) with the 4.5kb transcript being the most abundant in all cases.

Cell type specific localisation of c-ret mRNA in the mouse, using in situ hybridisation, 
suggested that particular cell lineages, confined principally to the nervous system, were 
dependent on c-ret expression for their normal development (Pachnis et al., 1993). I will 
now describe this study in detail with particular emphasis on the nervous system, the 
subject of this thesis.

A. Peripheral Nervous System

Cranial Sensory Ganglia
The expression of c-ret is first observed in the mouse at E8.5 where signal is localised in 
both the dorsal (neurogenic) and ventral (mesenchymal) neural crest migrating from 
rhombomere 4 (r4) of the hindbrain. The dorsal r4 neural crest gives rise to the facio- 
acoustic ganglion complex (VII-VIII^) and, consistent with this, c-ret expression is 
observed in the condensing structure a day later. At E8.5 c-ret mRNA is also localised 
over the surface ectoderm of branchial arches 3 and 4. Although a region of this surface 
ectoderm gives rise to the inferior ganglia of the IX^ and ganglion complexes, c-ret 
expression is not detected in this structure until E l0.5. Throughout this period c-ret 
signal is not observed in other subpopulations of neural crest or their cranial ganglion 
derivatives. However, between E l3.5 and E14.5 all cranial ganglia have induced c-ret 
expression (Pachnis et al., 1993). This data was recently confirmed in the rat, using 
immunohistochemistry, with one exception: the facial, but not the acoustic, component 
of the facio-acoustic ganglion express Ret protein in the rat (Tsuzuki et al., 1995).

Dorsal Root Ganglia
Within the developing trunk sensory ganglia of the mouse c-ret mRNA is first detected 
at E9.5 both dorsally between the neural tube and the surface ectoderm and ventrally in 
the sclerotome suggesting its localisation in both migrating neural crest cells and the 
dorsal root ganglia (DRG) anlagen. Two days later c-ret hybridisation signal is observed 
in the DRG with a pattern suggestive of its occurrence in a subset of neurons but not 
Schwann cells (Pachnis et al., 1993). There is an increase in the number of c-ret 
expressing neurons during development (up until late embryonic stages) in both the
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cranial and dorsal root ganglia (Vassilis Pachnis, personal communication). In support of 
this, Tsuzuki et al. (1995) also observed an increase in the number of DRG neurons 
expressing Ret protein during rat embryogenesis.

Enteric nervous system
The neuronal and glial components of the enteric ganglia are derived principally from 
the vagal crest, which arises from the post-otic hindbrain. Between E9.0 and El 1.5 in the 
mouse c-ret hybridisation signal is localised in the pathway of migrating vagal crest cells 
en route to the developing gut. Subsequently, at E14.5 c-ret mRNA is observed in the 
myenteric plexus along the entire length of the gut (Pachnis et at., 1993). This data is in 
agreement with that obtained in the rat using immunohistochemistry (Tsuzuki et al., 
1995). Schuchardt et al. (1994) generated mice which are homozygous for a loss-of- 
function mutation in the c-ret gene (ret.k~ mice). They showed that the mice suffer from 
enteric aganglionosis; they are completely devoid of enteric ganglia in the intestine 
while only partial deficits are observed in the oesophagus and stomach. Consistent with 
this, the peristaltic movement of the oesophagus is not compromised and milk can pass 
into the stomach but no further. Similarly in humans, germ-line mutations in the c-ret 
gene, thought to result in loss-of-function of the protein, underlie the development of 
Hirschsprung’s disease (congenital megacolon). The latter is characterised by the 
absence of intramural ganglion cells in the hind-gut which results in partial or complete 
intestinal obstruction in the neonate (Edery et al., 1994; Romeo et al., 1994). Although 
the precise role of Ret signalling in enteric neurogenesis is not known there is recent 
evidence that the enteric neuroblast progenitors can migrate into the bowel and 
differentiate into neuroblasts (Vassilis Pachnis, personal communication). It is therefore 
likely that Ret signalling is necessary for the subsequent survival or proliferation of these 
cells.

Autonomic ganglia
Hybridisation signal for c-ret was detected in the mouse, at E9.5, in migrating trunk 
neural crest cells and in the sympathetic ganglia anlagen located adjacent to the dorsal 
aorta in the mouse (Pachnis et al., 1993). At later stages the expression of c-ret was 
observed in the sympathetic ganglia and was maintained throughout the period of study. 
Similar data was obtained in the rat using immunohistochemistry (Tsuzuki et al., 1995). 
In ret.k' mice all the sympathetic ganglia appear to develop normally apart from the 
superior cervical ganglion (SCO). The arrest in SCO development is not due to the 
failure of neural crest migration; at E10.5 the SCO anlagen is present adjacent to the 
dorsal aorta and appears normal. However, between E10.5 and E12.5 the developing 
SCO is eliminated from the mutant embryos. As in the case of enteric neuroblast 
development, signalling through the Ret receptor may be essential for either the survival
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or proliferation, but not migration, of the SCG neuroblast precursors (Vassilis Pachnis, 
personal communication). This is not the only point of comparison between the enteric 
nervous system and the SCG. Recently, it has been demonstrated that, unlike the other 
Ret-independent sympathetic ganglia, the SCG shares a common origin with the ENS. 
Pascale Durbec and Vassilis Pachnis (personal communication) Dil injected the 
presumptive vagal crest in the hindbrain neural folds of E8.5 mouse embryos. 
Subsequent cell tracing analysis demonstrated that a common pool of vagal crest gives 
rise to both the SCG and most of the enteric nervous system; this they have described as 
the sympathoenteric lineage. The sympathoenteric lineage is Ret-dependent. In contrast, 
the enteric neuroblasts which comprise the bulk of innervation to the foregut and all 
other sympathetic ganglia are derived from the trunk neural crest and are Ret- 
independent (Pascale Durbec and Vassilis Pachnis, personal communication).

B. Central Nervous System

Motor neurons
Expression of c-ret is first observed in the mouse central nervous system at E8.75 where 
signal is localised in the neuroepithelial cells of the ventral region of the neural tube. As 
development proceeds c-ret expression becomes further restricted to the ventro-lateral 
spinal cord and subsequently to the differentiated motor neuron pools. Motor neuron 
specific c-ret expression extends from the hindbrain to the caudal most region of the 
sacral spinal cord (Pachnis et al., 1993). This pattern of expression was also observed for 
Ret protein in the rat by Tsuzuki et al. (1995). Furthermore, they determined that Ret 
protein levels were down-regulated in adult motomeurons.

Retina
The other site of CNS specific c-ret expression in the mouse is the neuroretina. At E l3.5 
hybridisation signal was observed in the innermost layers of the neuroretina where the 
first postmitotic neurons are born. In the neonate c-ret expression is restricted to 
particular layers of the mature retina: the ganglion, amacrine and horizontal cell layers 
(Pachnis et al., 1993). A similar spatial and temporal pattern of Ret expression was 
observed in the rat retina by Tsuzuki et al. (1995). In addition, they determined that Ret 
expression is diminished by 4 weeks of age.

38



c. Other Tissues 

Excretory system
The expression of c-ret within the developing kidney of the mouse suggested an 
important role for this receptor in the inductive events which sculpt kidney 
organogenesis. The restricted pattern of c-ret expression, within the nephrotome and 
subsequently its derivatives, suggested that the mesenchyme produces the Ret ligand 
which induces the ureteric bud to branch and differentiate thus forming the renal 
collecting system (Pachnis et al., 1993). Consistent with this hypothesis homozygous 
ret.kr mice are completely devoid of or possess only rudimentary kidneys and die within 
24 hours of birth (Schuchardt et at., 1994).

D. The expression of c-ret in the infant and adult rodent
In both the mouse and rat the expression of c-ret was induced in the adult in a number of 
tissues. Both species initiate c-ret expression in the adult salivary gland and spleen 
(Pachnis et al., 1993; Tsuzuki et al., 1995). Expression of c-ret was also reported in the 
rat and mouse adult thyroid C-cells (Tsuzuki et al., 1995; Vassilis Pachnis, personal 
communication) and in the infant and adult rat adrenal chromaffin cells (Tsuzuki et al.,
1995). In addition, c-ret is normally expressed in human thyroid C-cells (Fabien et al., 
1994). Germ-line mutations in c-ret, thought to be activating in nature, underlie the 
development of the cancer syndromes multiple endocrine neoplasia type 2A and 2B in 
humans (Mulligan et al., 1993; Donis-Keller et al., 1993; Hofstra et al., 1994; Eng et al.,
1994). Two components of this disease are medullary thyroid carcinoma and 
pheochromocytoma which affect the thyroid C-cells and adrenal chromaffin cells 
respectively. High levels of c-ret mRNA were detected in RNA from human 
pheochromocytomas and thyroid medullary carcinomas (Santoro et al, 1990). It is 
interesting that these cancers arise in cell lineages which normally express c-ret. Why 
the many other c-ret expressing cell lineages are not affected in these patients is 
unknown; perhaps the thyroid C-cells and adrenal chromaffin cells contain particular 
components of a signal transduction pathway that are favoured targets of Ret activation. 
In the adult rat, but not mouse (Pachnis et al., 1993), c-ret expression was also induced 
in the lung, testis (Tahira et al., 1988) and thymus (Tahira et al., 1988; Tsuzuki et al.,
1995). In addition, the adult mouse expresses c-ret in the heart, brain (Pachnis et al., 
1993) and spinal cord (Takahashi et al., 1988).
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1.3.6 The evolutionary conservation of Ret

The mouse Ret protein shares 83% homology with human Ret; the homology in the 
extracellular domain is 77% whereas that in the cytoplasmic domain is 93% (Iwamoto et 
al., 1993). In comparison, whereas the kinase domain of chicken Ret is 91% similar to 
that of the human and mouse, the extracellular domain is 6 8 % similar to that of mouse or 
human (Schuchardt et al., 1995). This indicates that the extracellular domain is less 
strongly conserved between species than the cytoplasmic domain. Despite this the 
cysteine rich region of the extracellular domain is highly conserved between man and 
birds indicating an important function for this region, probably in ligand binding 
(Schuchardt et al., 1995). Although the cadherin domain is slightly less well conserved 
between man, mouse and chicken (60-66%) than the extracellular domain as a whole, a 
number of motifs which are thought to be Ca^+ binding sites are conserved in Ret protein 
from all three species (Schuchardt et al., 1995). Both protein isoforms of Ret are 
expressed in man, mouse and birds suggesting that they may have distinct and necessary 
functions in all species (Schuchardt et al., 1995).

The spatial and temporal expression pattern of c-ret in the chicken (Schuchardt et al.,
1995) is very similar to that observed in the mouse (Pachnis et al., 1993); c-ret mRNA 
was expressed in the developing kidney, enteric nervous system, subsets of sensory 
neurons in the dorsal root and cranial ganglia, sympathetic ganglia and ventral neural 
tube (Schuchardt et al., 1995). The authors emphasize that the conserved pattern of c-ret 
expression observed between mammals and birds in cell lineages, other than those 
affected in ret.k' mice, suggests a role for the receptor in their development. A number 
of differences were observed by Schuchardt et al. (1995) in the pattern of c-ret 
expression in birds compared to mammals. Firstly, c-ret expression was observed in the 
cranial mesenchymal cells as they migrate into the branchial arches. Secondly, c-ret 
mRNA was observed in both the facio-acoustic ganglion and the trigeminal ganglion of 
the chick at 73 hours (this stage is equivalent to E10.5 in the mouse). This contrasts with 
the pattern of expression observed in the mouse where trigeminal ganglion specific c-ret 
mRNA is not evident until E l3.5 (Pachnis et al., 1993). Thirdly, c-ret mRNA was 
detected along the ventral roots in the chicken, indicative of Schwann cell specific c-ret 
expression (Schuchardt et al., 1995), but not in the mouse (Pachnis et al., 1993). In the 
adult chicken strong c-ret expression was observed in the brain, as in the mouse and rat, 
and the testis, as in the rat but not mouse (Pachnis et al., 1993; Tahira et al., 1988; 
Schuchardt et al., 1995).

Sugaya et al. (1994) cloned the Drosophila homolog of human Ret which they have 
named Dret. The latter bears 53% identity to human Ret in the kinase domain; the
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authors state that this is comparable to the degree of homology observed between other 
mammalian receptor protein kinases and their drosophila counterparts e.g. mammalian 
EGF receptor and drosophila DER protein. Immediately upstream of the transmembrane 
domain in Dret there is a cysteine rich region in which 15 of these residues are 
conserved between drosophila and man; pointing to the importance of this region in Ret 
function. Furthermore, the restricted expression pattern of Dret in the developing central 
and peripheral nervous systems suggests a role for this molecule in neurogenesis in 
drosophila.

1.3.7 The role of Ret in tumorigenesis

A number of natural mutations have been identified in the c-ret proto-oncogene in 
humans causing disease of neural crest derived tissues. Gain-of-function mutations cause 
receptor activation and result in tumorigenesis whereas loss-of-function mutations cause 
abrogation of enteric nervous system development, similar to that observed in ret.k~ 
mice (see above). The studies described in the following section are important, firstly, in 
defining the underlying mechanisms of disease and, secondly, in identifying 
characteristics of the receptor which govern its normal function.

Over the last three years the c-ret proto-oncogene has been identified as the disease locus 
for multiple endocrine neoplasia type 2 (MEN2) comprising three dominantly inherited 
cancer syndromes. Familial medullary thyroid carcinoma (FMTC) is characterised by the 
development of bilateral medullary thyroid carcinoma; the age of onset is between 40-50 
years of age. A sporadic form of medullary thyroid carcinoma (MTC) also exists. 
Patients with MEN2A develop phaeochromocytoma and parathyroid hyperplasia, in 
addition to MTC. The age of MEN2A onset is between 20-30 years, earlier than that of 
FMTC. Finally, the most complex and aggressive of these cancer syndromes is MEN2B. 
Patients have a phenotype which is typical of MEN2A but, in addition, suffer from 
ganglioneuromas of the intestinal tract, mucosal neuromas, and skeletal abnormalities. 
Moreover, the MEN2B phenotype is usually evident before the age of 10 is reached.

A. MENlAandFMTC
Missense point mutations resulting in the substitution of one of five cysteine residues 
within the extracellular domain of Ret have been defined as the underlying cause of the 
majority of MEN2A (6 8  out of 70 MEN2A families) and FMTC (6  out of 7 FMTC 
families) cases studied (Mulligan etal.y 1993; Donis-Keller etal.y 1993). The mutations 
were present in the germ-line of the individuals and therefore did not arise as a tumour 
specific somatic event. Recent studies of patients from different ethnic backgrounds have 
confirmed these initial findings (Schuffenecker, I. et al., 1994; Takiguchi-Shirahama et
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al.y 1995). It is thought that replacement of these cysteine residues activates Ret by 
causing ligand-independent receptor dimérisation or by increasing the affinity of the 
ligand for the receptor. This is discussed in further detail below. Mulligan et al. (1993) 
showed that in 19 out of 20 MEN2A cases the mutation affected Cys 380 which occurs 
at the boundary of the extracellular and transmembrane domain of c-ret.

Recently, Eng et al. (1995a) have defined the co-inheritance of FMTC with a germ-line 
missense mutation in exon 13 of c-ret which encodes part of the intracellular tyrosine 
kinase domain. This was confirmed by Bolino et al. (1995) in two FMTC families. The 
mutation results in the substitution of an asparagine for a glutamine within tyrosine 
kinase subdomain III which has been implicated in ATP binding. By comparing 3- 
dimensional models of wildtype and mutated Ret with that of cyclic adenosine mono
phosphate protein kinase Eng et al. (1995a) concluded that the mutation was likely to 
affect both substrate-receptor interactions and ATP-receptor binding and thus cause 
activation of Ret.

B MEN2B
Whereas mutations in the extracellular domain of Ret underly the development of 
MEN2A and FMTC, over 90% of MEN2B cases, in patients from many different ethnic 
backgrounds, develop as a result of a specific germ-line missense mutation within the 
tyrosine kinase domain of this receptor (Hofstra et a/., 1994; Eng et al.y 1994; Ishida et 
al.y 1995; Rossel et al., 1995). Hofstra et al. (1994) used single strand conformational 
polymorphism (SSCP) analysis to demonstrate the presence of a mutation in c-ret in 9 
unrelated MEN2B patients. In each case the mutation, in codon 664 of exon 16, resulted 
in the substitution of a threonine for a methionine in the tyrosine kinase domain of the 
protein. The mutated residue occurs within subdomain VIII of the tyrosine kinase 
domain of Ret, which is highly conserved among the protein tyrosine kinases, and the 
authors suggest that the mutation may cause a change in the substrate specificity of Ret.

C. Sporadic MTC
Sporadic MTC arises as a result of one of a number of c-ret mutations affecting either 
the tyrosine kinase or the extracellular domain. The MEN2B-Ret mutation (threonine to 
methionine) (Hofstra et al .y  1994) and a mutation in codon 768 of the tyrosine kinase 
domain (glutamine to asparagine), also co-segregating with FMTC (Eng et al . y  1995a), 
account for approximately half of all sporadic MTC cases examined to date. Mutations 
which affect cysteine residues within the Ret extracellular domain have also been 
identified in patients with sporadic MTC but are rare. In one case a 6 bp deletion 
removed coding sequence for a cysteine residue (Donis-Keller et al .y  1993; Carlson et 
a l . y  1994); this particular cysteine is not substituted in any case of MEN2A or FMTC
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examined to date. In another case a missense mutation in codon 611, also identified in 
MEN2A and FMTC, resulted in the substitution of a cysteine residue (Eng et al., 1995b). 
These observations beg the question as to why, in some cases, identical mutations 
underlie the development of both sporadic MTC and MEN2A, FMTC or MEN2B and 
thus cause different disease phenotypes. The answer may be that whereas MEN2A-, 
FMTC- and MEN2B-Ret mutations are germ-line those that give rise to sporadic MTC 
are somatic and thus only affect tissue which harbours the mutation.

D. Ret receptor activation in MEN2A and MEN2B
A number of recent studies have established, firstly, that the MEN2A and MEN2B 
mutations convert c-ret into a dominant transforming oncogene; this is a novel finding 
since the genetic basis of all hereditary human cancers studied to date resides in the 
primary inactivation of one copy of a tumour-suppressor gene followed by the somatic 
inactivation of a second copy, whereupon tumorigenesis is initiated (reviewed in relation 
to MEN2A by Nelkin and Baylin, 1993). Secondly, these studies have established that 
the specific mutations in c-ret observed in MEN2A and MEN2B result in different 
modes of activation of the receptor which would account for the different phenotypes 
observed in these two cancer syndromes. I will now describe a number of these studies 
in detail.

Santoro et al. (1995) transfected NIH3T3 cells with either wildtype c-ret, a number of 
different MEN2A alleles or the MEN2B allele. Whereas the mutant Ret receptors 
showed transforming activity, were constitutively phosphorylated on tyrosine and 
showed significant levels of kinase activity, the normal counterpart of these mutant 
molecules, wildtype Ret, did not display any of these activities. To investigate the 
mechanism of mutant Ret activation they examined the electrophoretic mobility of 
mutant compared with wildtype Ret molecules using SDS-polyaerylamide gel 
electrophoresis under non-reducing conditions. This revealed that whereas wildtype Ret 
and the MEN2B mutant showed the expected size of 150-160kD, indicative of the 
presence of monomers, the MEN2A mutant displayed an additional species of 3(X)kD, 
suggesting the presence of homodimers of this molecule. Furthermore, examination with 
a phosphotyrosine antibody indicated that the MEN2A dimer contained approximately 
10 times more phosphotyrosine than the MEN2A monomer indicating that this is the 
form which is constitutively activated. The existence of the MEN2B mutant as a 
monomer was confirmed by in vivo cross-linking studies and therefore suggested that 
Ret-MEN2B was activated by an intramolecular mechanism. Finally they compared the 
phosphotyrosine tryptic peptide maps for Ret-MEN2A, Ret-MEN2B and an EGF 
receptor-Ret chimera (since the Ret ligand has not yet been identified this allowed 
activation of the wildtype receptor using EGF). Ret-MEN2B displayed a different
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phosphopeptide map to EGFR-Ret and Ret-MEN2A indicating that the peptide 
specificity of this mutant molecule is altered compared with wildtype Ret and the 
MEN2A mutant. Furthermore, when the two-dimensional electrophoretic pattern of Ret- 
MEN2A and Ret-MEN2B substrates was examined this confirmed that the MEN2B 
mutation alters the substrate specificity of Ret.

Songyang et al. (1995) confirmed that Ret-MEN2B has an altered substrate specificity 
compared with the wildtype molecule. They constructed an oriented peptide library of 
protein tyrosine kinase preferred substrates by sequencing the phosphopeptide substrates 
for different protein tyrosine kinases. They found that each protein tyrosine kinase has its 
own optimal substrate. Moreover, they demonstrated that whereas wildtype Ret protein 
preferentially phosphorylates the optimal peptide for the epidermal growth factor 
receptor, the mutant Ret preferentially phosphorylates optimal substrates for Src and 
Abl. The authors suggest that a change in the substrate specificity of the Ret tyrosine 
kinase domain results in the phosphorylation of inappropriate substrates and, thus, the 
activation of alternative signal transduction pathways in patients with MEN2B.
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E. Hirschsprung’s disease
Hirschsprung's disease (HSCR, aganglionic or congenital megacolon) is observed in 1 in
5,000 individuals and is characterised by the absence of intramural ganglion cells in the 
hind-gut which results in partial or complete intestinal obstruction in the neonate. It is 
thought that the absence of these autonomic ganglion cells occurs due to the arrest in 
migration of their precursors, a subset of the vagal crest. The underlying cause of this 
disease has also been ascribed to mutations in the c-ret gene. In contrast to MEN2A, 
FMTC and MEN2B, however, a number of different types of c-ret mutations have been 
linked with HSCR in patients suffering from either the sporadic or familial form of the 
disease. Several of these cases have in common the inactivation of the gene product as a 
result of either complete deletion of the gene or premature termination of translation of 
the protein (Edery et aL, 1994; Romeo et al., 1994). These observations are consistent 
with the hypothesis that HSCR occurs as a result of Ret loss-of-function. In support of 
this, mice which lack functional Ret protein also lack innervation of the hindgut which is 
provided by the myenteric plexus (Schuchardt et al., 1994). In some cases HSCR is 
associated with missense mutations in c-ret which result in amino acid substitution 
within either the tyrosine kinase domain (Romeo et al., 1994) or the extracellular domain 
(Edery et al., 1994). To reconcile the identical HSCR pathogenesis observed with 
distinct mutations in c-ret Romeo et al. (1994) suggest that the amino acid substitutions 
in the tyrosine kinase domain of Ret may result in loss-of-function of the protein; in one 
case an arginine residue, conserved in 90% of protein tyrosine kinases, was substituted. 
In this respect it is noteworthy that the missense mutations observed in the tyrosine 
kinase domain were different to that observed in MEN2B patients. Similarly, the amino 
acid substitutions which occur in the extracellular domain of Ret do not affect the highly 
conserved cysteine residues as in the case of MEN2A and FMTC mutations. Edery et al. 
(1994) postulate that the HSCR mutations which result in amino acid substitution in the 
extracellular domain of Ret cause inactivation of the receptor, perhaps by preventing 
ligand binding, and thus stop signal transduction in this way. Alternatively, the missense 
mutations in Ret could create an inactive Ret protein that can also act as a dominant 
negative by inhibiting the activity of the wildtype Ret receptor. They also suggest that an 
amino acid substitution which occurs within the cadherin-related motif of Ret may 
disrupt cell-cell interactions and thus result in the failure of vagal crest migration in 
HSCR patients. However, it has recently been demonstrated, in mice lacking functional 
Ret receptors, that despite failure of the enteric nervous system and the superior cervical 
ganglion to develop this is not due to arrested migration of the vagal crest (Pascale 
Durbec and Vassilis Pachnis, personal communication). It remains to be determined 
whether the arrest in development of enteric neuroblasts in these mice is due to a deficit 
in the survival or proliferative capacity of these cells.
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1.3.8 Signal transduction pathways activated by Ret

The ligand for the receptor tyrosine kinase, Ret, has not yet been identified. This has 
made the study of Ret signal transduction difficult and therefore accounts for the lack of 
literature on this subject. Santoro et al. (1994) have overcome this problem by 
generating a chimeric vector which expresses the extracellular and transmembrane 
domains of the epidermal growth factor receptor (EGFR) coupled to the cytoplasmic 
domain of Ret (EGFR/r^r) thus enabling activation of the ret kinase with EGF. The 
down-stream targets of EGFR/rgf activation were assessed in either NIH-3T3 fibroblasts 
or hematopoietic cells by comparison with lines expressing the EGFR alone or by 
comparison with endogenous platelet-derived growth factor receptor (PDGFR) 
activation. The EGFR/rgf chimera showed a distinct phenotype, at a first level of 
analysis, since it was a stronger mitogenic inducer in fibroblasts than the EGFR, but 
displayed a weaker ability to induce proliferation in haematopoeitic cells than the EGFR. 
The second messenger pathways which may respond to EGFR/rgf activation were 
examined. This revealed, firstly, that phospholipase C-g, but not phosphatidyl inositol-3 
kinase, is a substrate for EGFR/rer and resulted in phosphatidyl inositol bisphosphate 
breakdown. Secondly, EGFR/rgf bound, but did not phosphorylate, GTPase-activating 
protein (GAP) but did phosphorylate GAP-associated proteins and increased the ratio 
between the GTP- and GDP-bound ras forms thus suggesting that the ras pathway is 
stimulated when EGFR/ref is activated; the interpretation of this data is, however, 
difficult and the precise meaning is presently unknown. Finally, examination of raf and 
mitogen-activated protein kinase (MAPK) demonstrated that neither are significantly 
phosphorylated upon EGFR/rer activation. The authors therefore conclude that if ras 
activation mediates the EGFR/rgf activated mitogenic stimulation of these cells then it is 
via a ra/-MAPK-independent pathway. Along these lines it has recently been 
demonstrated that a thyroid cell line, derived from a human medullary thyroid 
carcinoma, when transfected with consitutively active ra/is induced to differentiate into 
mature C cells. During this process c-ret expression is silenced at both the mRNA and 
protein levels (Carson et al., 1995).

Further information on the mechanism of receptor tyrosine kinase signalling can be 
gleaned from studies of the oncogenic forms of these receptors. In these cases the ligand 
is not required since the receptors are constitutively activated. Santoro et al. (1993) 
investigated the ability of TRK and RETIPTC (PTC stands for papillary thyroid 
carcinoma) to transform thyroid cells in vitro. Both these oncogenes are activated by 
somatic rearrangement to combine their tyrosine kinase domains with the upstream 
regions of other genes resulting in papillary thyroid carcinoma in affected individuals 
(Bongarzone et al., 1989; Grieco et al., 1990). Neither TRK nor RETIPTC, when
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transfected into thyroid epithelial cells, were able to induce a fully malignant phenotype; 
RETIPTC had a more marked effect than TRK and induced the cells to loose dependency 
on six growth factors and blocked the expression of all thyroid differentiation markers. 
However, when cells were transfected with either TRK or RETIPTC in combination with 
the ras oncogene a highly malignant phenotype developed. Thus, TRK and RETIPTC co
operated with ras in the induction of this malignant phenotype. Borello et al. (1994) 
further demonstrated that She coimmunoprecipitates with RETIPTC, TRK and the trk 
proto-oncogene (following NGF stimulation in this case) in NIH-3T3 cells transfected 
with each gene. Furthermore, in cells expressing either TRK or RETIPTC She proteins 
are constitutively phosphorylated on tyrosine and are bound to Grb2. The significance of 
this observation was confirmed by examination of the trk proto-oncogene. In this case 
activation of trk with NGF also induced She phosphorylation and the association with 
Grb2. Grb2 has been shown to couple receptor tyrosine kinases to the SOS guanine 
nucleotide exchanger, a regulator of p21 Ras activity (Egan et al., 1993; Gale et al., 
1993; Li etal., 1993; Rozakis-Adcock er a/., 1993).

In summary, there is evidence that stimulation of Ret, and Trk, may lead to ras 
activation. However, in the case of Ret this pathway is unlikely to stimulate the 
serine/threonine kinase raf or MAP kinase.
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Chapter 2 

Materials and Methods

This section will be described in the order in which associated results appear in the 
following chapters.

General laboratory reagents were purchased from Sigma® Chemical Company and BDH 
Ltd unless otherwise stated. Restriction enzymes and other molecular biological 
enzymes were purchased from either Boehringer Mannheim, Pharmacia LKB 
Biotechnology or GIB CO BRL unless otherwise stated. All concentrations specified 
below are final concentrations. All centrifugations were done at room temperature unless 
otherwise stated.

2.1 General solutions used in molecular biology 

Phenol
Phenol (May&Baker Ltd.) was melted at 6 8 ’C and 0.1% 8 -hydroxyquinoline was added. 
The solution was extracted twice with an equal volume of IM TrisCl (pH 8.0) and a 
third time with O.IM TrisCl (pH 8.0)/0.2% 6 -mercaptoethanol. The pH of the aqueous 
phase was checked and if < 7.6 further extractions were performed. Phenol/Tris-EDTA 
(Ethylenediaminetriacetic acid) (TE) (lOmMilmM) (pH 8.0) (1:1, v/v) was prepared.

Phenol/chloroform
Phenol/TE (pH 8.0) (1:1, v/v) was thawed and the TE discarded. An equal volume of TE 
(pH 8.0) was added and the solution was mixed and centrifuged at 2,000 rpm for 5 
minutes. The pH of the aqueous phase was checked and if < 7.5 further TE extractions 
were performed. An equal volume of chloroform/isoamyl alcohol (24:1, v/v) was added. 
The solution was mixed and stored at 4°C for 1-2 months after which the solution was 
discarded.

Denhardt’s (200X1
20g Ficoll (Type 400, Pharmacia)
2 0 g polyvinylpyrrolidone
20g bovine serum albumin (BSA) (Fraction V; Sigma®)
500ml distilled H2O
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Oligolabelling buffer
The following were combined in a tube on ice:
20^iMdTTPanddGTP
60 |Lig/ml hexanucleotide primers (p[dN]6  Sodium salt resuspended in Tris/EDTA (pH 
7.5), Pharmacia)
IM Hepes (pH 6 .6 )
0.25 M TrisCl (pH 8.0)
25 mM MgCli
3.6 ml 6 -Mercaptoethanol
Alternatively, if only a-^^P dATP was used to label DNA (see section 2.14.4, below) 
then 200 |iM dCTP was also added to the oligolabelling buffer. This method was 
adapted from Hodgson et al, 1987.

Bacteriophage T4 polynucleotide kinase buffer 
The following is a 5X solution of this buffer:
25mM Dithiothreitol (DTT)
0.5mM EDTA (pH 8.0)
50mM MgCl2 

0.5mM Spermidine.HCL 
0.25M TrisCl (pH 7.6)

Polymerase chain reaction (PCR) mix 
lOmM Tris-HCL 
50mMKCL 
2% NP40
0.05mM dATP, dCTP, dTTP and dGTP (dNTP's)
5 units (U) Taq polymerase 
Distilled H2O to 50pl 
5 drops of light mineral oil.

Tris-acetate (TAB)
0.04M Tris-acetate 
0.001MEDTA(pH8.0)

SSC buffer (20X)
175g Sodium chloride 
88.2g Sodium Citrate 
H2O to 1 litre
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Southern blot prehybridisation solution 
3X SSC
0.1% sodium dodecyl sulfate (SDS)
0.2% Ficoll 
0.2% BSA
0.2% Polyvinyl pyrollidone 
50|ig/ml sonicated salmon sperm DNA

Southern blot hybridisation solution
Prehybridisation containing in addition 10% dextran sulfate (Pharmacia).

2.2 General molecular biology methodology 

2.2.1 Digestion of DNA with restriction enzymes

The following were combined in a tube:
1-80 til DNA
10 p,l Restriction enzyme buffer (lOX provided by the manufacturer)
50 mg/ml bovine serum albumin (BSA)
4mM Spermidine (only to be used if the final salt concentration is 50mM or more)
1-5 U Restriction enzyme/|ig DNA 
Distilled H2O to 100 |il.
The reaction volume was adjusted according to the quantity of DNA being digested; 10 
}Xg DNA in a reaction volume of 100 |xl was the upper limit. The reaction mixture was 
incubated at the appropriate temperature (see manufacturers instructions) for 1-1.5 hours 
in the case of plasmid DNA or 12 hours in the case of genomic DNA.

2.2.2 End-filling DNA fragments with Klenow polymerase

The following were combined in a tube:
1-80 îl DNA 
50mM TrisCl (pH 7.6) 
lOmM MgCl%
250 |iM dATP, dCTP, dGTP, dTTP (dNTP's) (Boehringer Mannheim)
5 U Klenow polymerase 
Distilled H2O to 100 Hi
The reaction mixture was incubated at 37“C for 1 hour.
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2.2.3 End-filling DNA fragments with Bacteriophage T4 polymerase

The DNA was restriction digested with appropriate enzymes. dNTP’s were added to a 
final concentration of 20mM followed by 1-2 units per p.g of DNA, Bacteriophage T4 
Polymerase. The solution was incubated at 12"C for 15 minutes. An equal volume of TE 
(pH 7.6) was added and the solution was extracted once with phenol/chloroform. The 
DNA was precipitated as described below and finally resuspended in TE or distilled 
water.

2.2.4 Ethanol precipitation of nucleic acids

Ammonium or sodium acetate was added to the aqueous nucleic acid solution to 0.3M. 
Two volumes of cold 100% ethanol were then added and the solution was mixed and 
chilled to -20“C for 1 hour or -70“C for 15 minutes. The solution was centrifuged at
13,000 rpm for 15 minutes at 4‘C. The supernatant was discarded, an appropriate 
volume of cold 70% ethanol was added and the solution was centrifuged as before. The 
supernatant was discarded, the pellet air-dried for 5 minutes and the nucleic acid was 
dissolved in distilled H2O or TE (pH 8.0). If the quantity of nucleic acid to be 
precipitated was < 1 pg. Carrier DNA or RNA was added.

2.2.5 Déphosphorylation of DNA

The following was added to the DNA solution:
50mM TrisCl (pH 8.0)
ImMEDTA
1 U Calf Intestinal Phosphatase (CIP)
Distilled H2O to 50 pi
The solution was incubated at 37"C for 30 minutes. Again 1 U CIP was added and the 
solution was incubated as above. The following were added to the mixture:
14mM TrisCl (pH8.0) 
lOmMEDTA 
lOOmM NaCl 
0.5% SDS
The solution was incubated at 65°C for 15 minutes. The DNA was extracted with 
phenol, phenol/chloroform and chloroform and ethanol precipitated.
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2.2.6 Ligation of DNA fragments

lOOng of vector DNA (restriction digested and dephosphorylated) was added to an
Eppendorf tube together with an equimolar amount of restriction-digested foreign DNA.
If a three way ligation was carried out then the following equimolar ratios of vector
DNA to foreign DNA was used: 1: 2: 2 or 1: 3: 3 (vector: foreign DNA 1: foreign DNA
2). Distilled H2O was added so that the total volume reached 7.5 pi. The solution was
heated to 45“C for 5 minutes, immediately chilled on ice and the following were added:
50mM Tris-HCL (pH 7.5)
lOmM MgCl2
20mM DTT
ImMATP
50pg/ml BSA
200 U T4 DNA Ligase
This brought the total reaction volume up to lOpl. The solution was incubated at 16“C 
for approximately 16 hours.

2.2.7 Transformation and growth of transformed bacterial colonies

50 pi of bacteria (JM109 or XLl-blue: Stratagene) were aliquoted and incubated with 
25mM 6 -mercaptoethanol for 10 minutes on ice. Half of the ligation reaction mix (5pl) 
was added to the bacteria and they were left on ice for a further 30 minutes. The bacteria 
were then heat pulsed in a 42°C water bath for 45 seconds and immediately placed on ice 
for 2 minutes. Medium was added (5ml) containing:
2% bacto-tryptone (DIFCO Laboratories, USA)
0.5% yeast extract (DIFCO Laboratories, USA)
8.5mM NaCl 
lOmM MgS04  

lOmM MgCl2 

20mM glucose
The bacteria were incubated at 37"C for 1 hour and were plated on LB-Ampicillin plates 
containing:
1% bacto-tryptone 
1% yeast extract 
8.5mM NaCl
1.5% bacto-agar (GIBCO Ltd, Scotland) 
lOmM MgS04  

lOOpg/ml ampicillin.
The plates were incubated at 37°C for approximately 15 hours.
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2.2.8 Small-scale preparations of plasmid DNA

Bacterial colonies were picked and each was grown for approximately 8 hours in 5ml of 
L-Broth medium containing:
1% bacto-tryptone 
0.5% yeast extract 
0.17MNaCl 
36mM K2HPO4 

13mM KH2PO4 

1.7mM Sodium Citrate 
0.37mM MgS04.7H2Ü
6 .8  mM (NH4)2S04  

0.48M glycerol.
From each sample 1.5 ml was removed and centrifuged at 13,000 rpm for 30 seconds at 
room temperature. The supernatant was removed and the bacterial pellet resuspended in 
100 |xl of ice-cold 50mM glucose/25mM TrisCl (pH 8.0)/10mM EDTA (pH 8.0). This 
was followed by the addition of 200|il of 0.2 M NaOH/1% SDS. The contents were 
mixed and 150|il of ice-cold 3M potassium acetate/ 5M acetic acid was added. The tube 
was vortexed, stored on ice for 5 minutes and centrifuged at 13,000 rpm for 5 minutes. 
The double stranded DNA was precipitated with 2 volumes of ethanol at room 
temperature and centrifuged at 13,000 rpm for 5 minutes. The supernatant was removed 
and the pellet washed with 1 ml cold 70% ethanol. Again the supernatant was removed, 
the pellet air-dried for a few minutes and the nucleic acid redissolved in 50|il of TE (pH 
8.0). The DNA was stored at -20“C until further use.

2.2.9 Large-scale preparation of plasmid DNA

The following day remaining suspensions of bacteria grown for the small-scale 
preparations were added to 1 Litre of L-broth and incubated, with shaking, at 37 “C for 
approximately 16 hours. Bacteria should not be left for long periods at 4’C and then used 
to innoculate large preparations; at this stage there is no antibiotic activity left in 
solution. The bacteria were centrifuged at 4,000 rpm for 15 minutes at 4“C and the 
supernatant was removed. The bacterial pellet was resuspended in 36 ml of 50mM 
gIucose/25mM Tris-HCL (pH 8.0)/10mM EDTA (pH 8.0) followed by 80 ml of 0.2 M 
NaOH/1% SDS. The contents were mixed thoroughly and stored at room temperature. 
After 5-10 minutes 40 ml of ice-cold 3 M potassium acetate/5 M acetic acid was added 
and the solution was mixed. The mixture was stored on ice for 10 minutes following 
which the bacterial lysate was centrifuged at 4,000 rpm for 15 minutes at 4“C. The 
supernatant was filtered through 4 layers of sterile cheesecloth and 0.6 volume of
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isopropanol was added. Having stored the solution at room temperature for 10 minutes 
the nucleic acids were recovered by centrifugation at 4,000 rpm for 25 minutes at 4“C. 
The supernatant was decanted and the pellet of nucleic acid dissolved in 3 ml of TE (pH 
8.0).

2.2.10 Equilibrium centrifugation in CsCl-ethidium bromide gradients

TE was added to the DNA to 9.5g followed by 10.15g caesium chloride (CsCl) (Ultra 
pure, BRL) and approximately 0.5 ml of 5 mg/ml ethidium bromide. The solution was 
transferred to a 12 ml seal tube and centrifuged at 55,000 rpm for approximately 20 
hours. The appropriate supercoiled plasmid band was extracted and the ethidium 
bromide was removed by extraction with butan-l-ol. CsCl was removed from the DNA 
solution by diluting with 3 volumes of H2O and precipitating the DNA with 2 volumes 
of ethanol for 15 minutes at 4“C followed by centrifugation at 8,000 rpm for 25 minutes 
at 4“C. The precipitated DNA was dissolved in approximately 1 ml of TE (pH 8.0). The 
optical density of the DNA solution at a wavelength of 260nm (OD260) was measured 
and the DNA concentration calculated (OD260: 1 = 50|ig/ml).

2.3 Other methodologies

2.3.1 Preparation of gelatin coated slides

Glass slides were sonicated in 5% Decon 75 (Decon laboratories Ltd.) for approximately 
20 minutes. The slides were then washed several times in distilled H2O. The gelatin 
solution was made by heating to 80°C 2.5g of gelatin in a small volume of H2O until 
swollen. The gelatin was then dissolved in 500ml of H2O and 0.25g chrome alum 
(chromic potassium sulphate) was added. The solution was filtered and cooled to room 
temperature before use. Slides were dipped into the gelatin solution until it formed an 
even layer.
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2.3.2 Thionin staining of cryostat tissue sections

Sections were cut, at 7 or 10|im thickness, on a Reichert-Jung 2800 Frigocut cryostat 
and were placed on gelatin coated slides (section 2.3.1). The sections were dried for 1 
minute and were briefly fixed in 96% ethanol (about 5-10 seconds). The sections were 
then rehydrated by brief immersion in 70% and 50% ethanol followed by distilled H2O. 
Staining was carried out in thionin (0.05%), for approximately 10 seconds, and the 
sections were washed twice in distilled H2O and dehydrated by immersion for 5 seconds 
in 50%, 70%, 96% and absolute ethanol. The sections were then mounted and 
coverslipped.

2.4 General solutions used for in situ hybridisation

All in situ hybridisation buffers were made with diethyl pyrocarbonate (DEPC) treated 
distilled H2O. If possible solutions were autoclaved before use. Containers, in which 
sections were stored, were first treated with DEPC to eliminate RNase activity. 
Coverslips, for use during the hybridisation procedure, were siliconized and baked at 
250"C for 2 hours to inactivate RNase enzymes. Formamide was deionized by mixing Ig 
of mixed-bed resin (Bio-RAD; AG 501-X8) with 10ml formamide and stirring for 30 
minutes. The formamide was then filtered through Whatman-1 paper and stored at - 
20"C.

TEND Solution (2.5X)
50 mM TrisCl (pH 8.0)
12.5 mM EDTA (pH 8.0)
0.75M NaCl 
25% Dextran sulfate

Hybridisation buffer
4ml 2.5X TEND
5ml deionised formamide
50 |il 200X Denhardt's
The solution was stored at - 20 "C.

RNase A buffer 
0.5M NaCl
TE (lOmM: ImM) (pH 8.0)
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Buffer 1 
lOOmM TrisCl 
150mM NaCl (pH 7.5)

Buffer 2
To buffer 1 was added 1% milk (dried, semi-skimmed, Sainsbury's)

Buffer 3 
lOOmM TrisCl 
lOOmM NaCl 
50mMMgCl2 (pH 9.5)

Buffer 4 
10ml buffer 3
45 |xl 4-nitroblue-tetrazolium chloride (NET) (0.4ImM, Boehringer Mannheim)
35 |il X-phosphate solution (5-bromo-4-chloro-3-indolyl-phosphate, 0.38mM, 
Boehringer Mannheim)

Transcription buffer (TB) (5X)
0.2M TrisCl (pH 7.5)
30mM MgCl2 

lOmM Spermidine 
50mM NaCl 
0.4 mg/ml BSA 
50mM DTT

rNTP (IPX) (Boehringer Mannheim)
5mM ATP, CTP and GTP 
3.35mMUTP
1.75 mM Digoxygenin-ll-UTP

Carbonate buffer (0.2M)
80mM NaHCOg/llOmM Na2C0 3  (pH 10.2)
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2.5 Generating digoxygenin labelled cRNA probes
Unless otherwise stated the methods described below were modified from Xue et al. 
(1990).

2.5.1 c-ret

The plasmid pmcret? (a gift from Vassilis Pachnis) consists of a 2.7 kilobase (kb) 
fragment of mouse c-ret cDNA in the pBluescript plasmid vector; this fragment 
comprises sequence encoding a small part of the extracellular domain, the 
transmembrane domain and the entire cytoplasmic region of the receptor together with 
some 3' untranslated sequence (Pachnis et al., 1993). The plasmid was linearised with 
Not I or Xho I in preparation for the synthesis of either antisense or sense mRNA 
respectively. Digested DNA was phenol/chloroform extracted, ethanol precipitated and 
dissolved in DEPC-treated H2O. The following were then combined: 8 p.1 TB (5X), 4 |xl 
rNTP (lOX), 1 }xl (40 U) RNasin and the solution was warmed to 37 “C for 2 minutes. 
The linearised DNA (2 |ig) was added followed by either 1.5 |il (22.5 units) T7 RNA 
polymerase (for antisense) or 1 |il (80 U) T3 RNA polymerase (for sense) and distilled 
H2O to 40 |il. The solution was incubated at 37“C for 2-3 hours. The solution was 
extracted with phenol/chloroform and chloroform once and the following were added: 4 
|il IM MgCU, 3 |xl 20mg/ml tRNA (type XI from bakers yeast), 0.5 ml 3MLiCl/6M urea 
and the mixture was left at room temperature for 5 minutes. Ethanol (0.54 ml) was added 
and the solution was left on ice for > 4 hours. The reaction mix was centrifuged at
13,000 rpm for 15 minutes at 4“C, the pellet was washed with 70% ethanol and air-dried 
for 5 minutes then resuspended in 100 p.1 distilled H2O. The probe length was reduced to 
0.15 kb by hydrolysis at 60'C for 45 minutes in O.IM carbonate buffer. The RNA was 
precipitated and the pellet was washed with 70% ethanol. The RNA was dissolved in 
100 fil of TE (pH 8.0) at O'C for 10 minutes. NaCl (0.2M) was added and the RNA was 
precipitated. The RNA was dissolved in DEPC-treated H2O and stored at -70'C in lOfil 
aliquots.

2.5.2 trkA. trkE and trkQ

pDM97 (a gift from Dr. Luis Parada) comprises pGEM-7Zf(+) containing a 464 base 
pair (bp) insert encoding a region of the extracellular domain of TrkA. The vector was 
linearised with either Sac I or Xba I to enable the synthesis of either anti sense or sense 
RNA respectively. Digestion with Sac I yields a 3' protrusive end. In such cases the 
polymerase may continue to synthesize RNA once it reaches the 3’ end of the DNA 
strand, using the bottom strand as a template, and therefore generating both antisense 
and sense RNA. To avoid this the 3' protrusive end was filled in using klenow
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polymerase (see section 2.2.2) to produce a blunt-end. The plasmid pFRKl contains a 
large region of the trkQ cDNA encoding part of the extracellular domain and the entire 
intracellular domain of TrkB. To avoid cross-hybridisation between different trk mRNA 
species I excised a 480bp region, encoding part of the extracellular domain (the least 
strongly conserved region between different receptor tyrosine kinases), from nucleotides 
1181 to 1663 (flanked by EcoR I and Sal I restriction sites) and subcloned this into the 
multiple cloning site of pBluescript (Stratagene); the plasmid was named trkB'^ 
was digested with Pst I, to generate antisense, and Sal I, to generate sense RNA. The Pst 
I digest produced a 3' protrusive end and therefore this was blunt-ended using klenow 
polymerase (section 2.2.2). Plasmid pJDM836 (a gift from Dr. William Snider) contains 
a 557 bp PCR-generated fragment, encoding the extracellular domain of rat trkC, 
subcloned into pBluescript-KS (+). The plasmid was linearised with Not I and Sal I in 
preparation for antisense and sense RNA synthesis. The method used to synthesize the 
trk gene RNA probes is taken from "the DIG system user's guide for filter hybridisation" 
(Boehringer Mannheim). Restriction digested DNA was phenol/chloroform extracted, 
ethanol precipitated and dissolved in DEPC-treated H2O. To l|ig  was added: 2}il of 
rNTP (lOX), 2|il transcription buffer (lOX) (Boehringer Mannheim), DEPC-treated H2O 
to 18|il and 2|il (4 units) of the appropriate RNA polymerase (SP6 , T7 or T3). The 
reaction mix was incubated at 37“C for 2 hours. The reaction was terminated by the 
addition of 2|il 200mM EDTA (pH 8.0). The labelled RNA was precipitated with 0.1 
volume of LiCl and 2.5-3.0 volumes of chilled ethanol and was incubated at -70“C for 30 
minutes. The RNA was pelleted by centrifugation at 13,000 rpm for 15 minutes at 4“C 
and was washed in cold 70% ethanol. The RNA pellet was dried, resuspended in DEPC- 
treated H2O and stored at -20° C. The trk RNA probes were not hydrolysed since they 
were small enough to gain access to the cell cytoplasm.

2.5.3 Determining probe concentration and the efficiency of labelling

The amount of RNA synthesized was estimated using gel electrophoresis by comparison 
with standard DNA markers. RNA was dotted onto a nylon membrane at amounts 
ranging from Ing to 0.0 Ipg and fixed by ultraviolet (UV) cross-linking. The procedure 
for detection of digoxygenin is described below in section 2.5.8.. The efficiency with 
which the probes were labelled was assessed by comparison with a control digoxygenin 
labelled actin RNA probe (Boehringer Mannheim).
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2.6 in situ hybridisation

2.6.1 Sample preparation for cryostat sectioning

CBA females were mated with C57(BL10) males and were examined twice daily for the 
presence of a vaginal plug. Females were sacrificed by cervical dislocation at embryonic 
day 14.5 (E0.5 = day of vaginal plug discovery) (CBA/C57)F1 embryos were rapidly 
removed, washed briefly in phosphate buffer-saline (PBS) and snap frozen on crushed 
dry ice. Post-natal day 0 (PO) (CBA/C57)F1 neonates were anaesthetised for 10 to 15 
minutes on wet ice and decapitated (as close to the brain stem as possible) and the tmnks 
were snap frozen. PO, homozygous ret-lacZ mice (in these mice the c-ret promoter 
drives the expression of nuclear localised lacZ; Madu Sukumaran and Vassilis Pachnis, 
personal communication) were treated in the same way. PO and E l4.5 litters obtained 
from heterozygous ret-k~ matings (mice which have a loss-of-function mutation in one c- 
ret fl/lele; Schuchardt, A. et al, 1994) were treated as described above. Homozygous ret- 
k' embryos or neonates were distinguished from heterozygous and wildtype littermates 
by PCR analysis of DNA prepared from their tails (Pascale Durbec, personal 
communication). In experiments in which homozygous ret-k~ mice were compared with 
either heterozygous ret-k~ or wildtype mice, the latter were always the wildtype 
littermates of mutant mice. All frozen tissue was stored at -70*C until needed.

2.6.2 Tissue sectioning

The in situ hybridisation experiments described in this thesis involve principally the 
examination of thoracic or lumbar mouse DRG. The thoracic and lumbar ganglia were 
identified by sagittal sectioning of the entire length of the spinal cord, starting and 
finishing at positions lateral to the DRG on both sides of the body. By thionin staining 
(section 2.3.2) of sections at periodic intervals it was possible to count the number of 
ganglia along the rostro-caudal axis of the spinal cord and thus establish which were 
thoracic or lumbar. PO, longitudinal or sagittal, sections of spinal cord from ret.k~ 
compared with wildtype mice were examined for motor neuron-specific c-ret 
hybridisation signal. Motor neurons were identified by their ventro-lateral localisation in 
the spinal cord and also their large size. Sections were cut on a Reichert-Jung 2800 
Frigocut cryostat, placed on gelatin coated slides, dried for 1 minute and immersed in 
4% paraformaldehyde (EM, TAAB Laboratories) in PBS (Ca^+&Mg^+ free) at room 
temperature for a minimum of 2 hours. PBS (Ca '̂ '̂&Mg '̂'" free) was always used, H2O 
was always freshly distilled and autoclaved and manipulations were done at room 
temperature unless otherwise stated. The sections were usually stored in 4% 
paraformaldehyde until required (this may have been for up to 4 weeks). The exception
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to this rule was the study of ret-lacZ DRG, in cases which required 6 -galactosidase 
detection prior to in situ hybridisation. The special conditions of fixation used in these 
cases are described in section 2.7, below.

2.6.3 Pre-hybridisation treatment of sections

The sections were washed in PBS twice for 5 minutes each, treated with 10 |ig/ml 
Proteinase K, in 5X TE (pH 8.0), for 5 minutes and finally quickly rinsed in PBS once 
and washed in PBS a second time for 5 minutes. The sections were refixed in 4% 
paraformaldehyde for 20 minutes and washed in distilled H2O. Following this the 
sections were immersed in 250 ml of O.IM Triethanolamine.Cl (pH 8.0), to which was 
added 0.625 ml acetic acid, and were stirred for 10 minutes. The sections were washed in 
PBS and saline for 5 minutes each. Dehydration was carried out by immersing the 
sections in 30%, 50%, 70%, 96% and 2X 100% ethanol for 30 seconds each with the 
exception that the 70% wash was carried out for 2 minutes. The sections were air-dried 
to be used on the same day for hybridisation.

2.6.4 Hybridisation

Hybridisation buffer containing 0.5mg/ml tRNA and the appropriate concentration of 
riboprobe was added to each section and a coverslip was lowered on top. The optimal 
concentration of riboprobe was determined by titering the probe and defining the 
concentration at which target sites are saturated. The concentrations used were as 
follows: c-ret, 0.8|ig/ml; trkA, 0.23|Xg/ml; trkB, 0.072|Xg/ml; trkC, 0.37|ig/ml. In 
experiments in which gene expression was examined in rer-mutant compared with 
wildtype mice, one batch of hybridisation mix was prepared for each probe and was 
applied to all tissue sections. The slides were placed horizontally in a slide box which 
was lined with 3MM filter paper soaked in formamide/5X SSC (1:1, v/v) and the box 
was placed in a sealed bag containing tissue paper soaked in formamide/5X SSC (1:1, 
v/v). The box was submerged in H2O at 50 *C for 17-18 hours.

2.6.5 Post-hvbridisation washing of sections

Coverslips and hybridisation mix was washed from the sections by immersion of slides 
in 4X SSC three times for 5 minutes, 15 minutes and 30 minutes each. The sections were 
equilibrated in RNase A buffer for 5 minutes and were incubated in RNase A buffer 
containing 20 mg/ml RNAse A at 37"C for 30 minutes. This was followed by a single 
wash in RNase A buffer at 37’C for 30 minutes. The sections were finally washed in 2X 
SSC for 45 minutes and O.IX SSC, twice, for 15 minutes all at 45“C.
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2.6.6 Detection of digoxygenin signal and staining of nuclei

The slides were washed briefly in buffer 1 and incubated in buffer 2 for 3 hours. Again 
the slides were washed briefly in buffer 1 and the sections were covered with 0.3 U/ml 
of sheep anti-digoxigenin-alkaline phosphatase conjugated Fab fragments (Boehringer 
Mannheim) and incubated for 2 hours at room temperature. The sections were washed 
twice in buffer 1 for 15 minutes each and equilibrated for 2 minutes in buffer 3. The 
sections were then incubated, in the dark, in buffer 4. The optimal time period for this 
incubation depended on the probe used. For the c-ret probe this was approximately 5 
hours, for trkA and trkQ it was overnight and for trkC it was about 6-7 hours. In 
experiments where gene expression was examined in rer-mutant, compared with 
wildtype, mice the development of sections hybridised with each probe was terminated 
at the same time for both the wildtype and mutant. In experiments in which a cocktail of 
trkA.+trkB-\-trkC riboprobes were used the sections were allowed to develop overnight to 
allow frX:-specific signal for each mRNA species to develop fully. The development of 
alkaline phosphatase signal was terminated by incubating the sections in TE (pH 8.0) for 
5 minutes. To visualise cell nuclei the slides were incubated in a 1:10(X) dilution of 
Hoechst dye (lOmg/ml in dimethyl sulfoxide) in TE (pH 8.0) for 10 minutes and washed 
twice again in TE (pH 8.0) for 10 minutes. Alternatively, the slides were washed in PBS 
(Ca^+&Mg^+ free), incubated for 40 seconds in a 0.0001% aqueous of DAPI (4, 6 - 
diamidino-2-phenylindole dihydrochloride hydrate, 98%; Aldrich) and washed three 
times for 5 minutes each in PBS (Ca^^&Mg free). The sections were then mounted in 
Uvinert (BDH) mountant and coverslipped. Photographs were taken using phase contrast 
and fluorescence optics, on a Zeiss Axiophot Photomicroscope, or using differential 
interference contrast optics using a Zeiss Axioskop microscope.

2.7 Method for the detection of B-galactosidase activity and mRNA levels 
on individual sections

In ret-lacZ mice the transgene consists of a 12kb fragment of the c-ret promoter, lying 
immediately upstream of the first translation start site, linked to the coding region for 
pnLacF (nuclear localised lacZ) followed by a 3' untranslated region comprising 
polyadenylation signal sequences (Madu Sukumaran and Vassilis Pachnis, personal 
communication).
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2.7.1 General solutions 

Standard figal fixative
The following were prepared in PBS (Ca^+&Mg^+ free):
0.2% Glutaraldehyde 
2mM MgCl2 

5mMEGTA

Staining solution
The following were prepared in PBS (Ca^+&Mg^+ free):
5mM K3pe(CN)6 

5mM K4Fe(CN)6.3H20 
2mM MgCl2
Img/ml Xgal (5-Bromo-4-chloro-3-indolyl 6 -D-Galactopyranoside; this was dissolved in 
dimethylformamide at 40mg/nil and stored in the dark at 4 “C).
The staining solution was passed through a 2pm filter and store in the dark at 4 “C.

2.7.2 The detection of B-galactosidase enzymatic activity

Cryostat sections of ret-lacZ mouse dorsal root ganglia were dried for 1 minute and 
fixed in either the standard Bgal fixative for 30 seconds or with special fixation 
conditions, to allow the subsequent detection of mRNA (see section 2.7 below). The 
sections were then washed in PBS (Ca^+&Mg2+ free) three times for 5 minutes each. 
PBS around the sections was dried off. The staining solution was applied to the sections 
which were then left in a wet box (to prevent drying out) in the dark for between 5-6 
hours. The sections either were washed briefly in PBS (Câ +AMĝ "*" free) twice, mounted 
in univert and coverslipped or were placed immediately in 4% paraformaldehyde in 
preparation for in situ hybridisation (this was then carried out as described above in 
sections 2.4-2.5).

2.7.3 Fixation conditions for the detection of B-galactosidase and mRNA 
levels on individual sections

Experiments were done to determine the optimal fixation conditions to enable the 
detection of both B-galactosidase enzymatic activity and mRNA hybridisation signal on 
the same section. As a first line of analysis B-galactosidase enzymatic activity and c-ret 
mRNA levels were assessed following fixation in the standard solution (see above) or in 
4% paraformaldehyde for 2 hours (optimal for mRNA preservation). After B- 
galactosidase detection (section 2.7) followed by in situ hybridisation (section 2.6) levels
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of blue (6 -galactosidase) or alkaline phosphatase (mRNA) signal were compared with 
controls. In the controls either 6 -galactosidase activity or mRNA levels, but not both 
together, were detected using the optimal fixation conditions for each. Whereas 6 - 
galactosidase activity was preserved using the standard 6 gal fixative, it was obliterated 
when sections were fixed in 4% paraformaldehyde. Similarly, c-ret mRNA could only 
be detected when sections were fixed in 4% paraformaldehyde. A separate control 
experiment was also carried out to determine whether the in situ hybridisation, and 
subsequent digoxygenin detection procedure, diminished the levels of blue 6 - 
galactosidase signal. In this experiment 6 -galactosidase was detected using the optimal 
procedure (section 2.7) and, without coverslipping, the sections were photographed. The 
sections were then fixed overnight in 4% paraformaldehyde and were taken through the 
in situ hybridisation (in the absence of probe) and digoxygenin detection procedure. The 
sections were mounted, coverslipped and photographed (section 2.6.6). By comparison 
of the 'before' and 'after' photographs I was able to establish that the procedure for 
detection of mRNA levels did not atall diminish the blue 6 -galactosidase signal. Since 
mRNA could not be preserved using 0.2% glutaraldehyde a second line of analysis was 
carried. This time 6 -galactosidase activity and c-ret mRNA levels were determined on 
the same sections when they were first fixed in either 1%, 2%, 3% or 4% 
paraformaldehyde for 10 minutes, 1 or 2 hours or overnight. The results of this 
experiment are shown in Table 2.1 below.

Table 2.1 Optimisation of fixation conditions for the detection of 6-galactosidase 
enzymatic activity and mRNA hybridisation signal.

Paraformaldehyde 1% 2% 3% 4%

Time 10’ Ih 2h on 10’ Ih 2h on 10’ Ih 2h on 10’ Ih 2h on

6-galactosidase ++ ++ + +

c-ret mRNA - + + + + + + - H - + ++ ++ ++ + ++ ++ ++

Cryostat sections of ret-lacZ DRG were fixed using 1-4% paraformaldehyde for 10 minutes to overnight 

(on). The sections were processed, firstly, to detect 6-galactosidase activity and , secondly, to detect 

mRNA hybridisation signal. The sections were compared with controls which had either been fixed in 

0.2% glutaraldehyde, for optimal 6-galactosidase activity, or fixed in 4% paraformaldehyde for 2 hours for 

optimal mRNA hybridisation signal. The sections were then scored from - (no signal) to ++ (best signal).

It is clear from Table 2.1 that, to a large extent, the fixation conditions which allow good 
6 -galactosidase activity and strong mRNA hybridisation signal are incompatible. 
However, there was some overlap. 6 -galactosidase activity could be detected well if
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sections were fixed in 1% paraformaldehyde. In an attempt to get better mRNA 
preservation without inactivating the 6 -galactosidase I tried fixing the sections in 12% 
paraformaldehyde for 30 seconds followed by 1% paraformaldehyde for 1 or 2 hours 
before processing the sections for detection of 6 -galactosidase followed by in situ 
hybridisation. These conditions worked best and were used for the experiments 
described in Chapter 4 of this thesis.

2.8 Serial section reconstruction analysis

2.8.1 Co-localisation of endogenous c-ret mRNA and 6-galactosidase 
enzymatic activity

Cryostat sections of ret-lacZ DRG, 7p.m in thickness, were cut and processed alternately 
for the detection of c-ret mRNA, with in situ hybridisation analysis (sections 2.6), or 6 - 
galactosidase activity, with optimal fixation conditions to preserve enzyme activity 
(section 2.7). Using phase contrast optics, to delineate cell boundaries, the sections were 
viewed at 30X magnification and an image of the section was captured by a Hamamatsu 
C3077CCD camera (Hamamatsu photonics K. Japan) attached to the microscope. The 
light intensités detected by the camera, as analogue electrical signals, were then 
converted to digital format for processing using Fluorovision software (ImproVision, 
Coventry U. K.) installed on a Macintosh Centris. (Apple Macintosh Ltd.). By 
comparison of the computer generated image with the section, viewed manually under 
the microscope, it was possible to determine whether individual neurons were positive 
for c-ret mRNA or 6 -galactosidase. Individual neurons were traced through serial 
sections and were scored positive or negative for either endogenous c-ret hybridisation 
signal or 6 -galactosidase signal. By examination of the sections using fluorescence 
optics (nuclei were stained using Hoescht or DAPI: see section 2.6.6) it was possible to 
establish whether the nucleus was in the plane of section of a 6 -galactosidase negative 
neuron. If this was not the case the neuron was traced until a section traversed the 
nucleus or, alternatively, it was eliminated from the study. If a neuron was negative for 
c-ret hybridisation signal it was traced through two further sections so that this 
negativity could be confirmed. Where the size of neuron examined permitted, neurons 
were traced through a minimum of three serial sections.
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2.8.2 Co-localisation of endogenous c-ret and trk hybridisation signal

Cryostat sections were cut of PO (CBA/C57)F1 DRG at 7|xm thickness and were fixed in 
4% paraformaldehyde for a minimum of 2 hours. Alternate sections were then in situ 
hybridised with probes to detect c-ret mRNA compared with either trkK, trkB or trkC 
mRNA (section 2.6). Individual neurons were then traced through serial sections (as 
described in section 2 .8  above) to determine whether they co-expressed c-ret and either 
trkA, trk^ or trkQ.

2.9 Manual determination of c-ret mRNA distribution in the DRG of 
wildtype mice.

Cryostat sections were cut, at 10|im thickness, of PO (CBA/C57)F1 thoracic DRG. The 
sections were fixed in 4% paraformaldehyde for a minimum of 2 hours and were 
subsequently processed to detect c-ret mRNA using in situ hybridisation (see section 
2.6). Sections were viewed under the microscope using bright field, differential phase 
contrast and fluorescence optics at magnifications of between 30X and lOOOX, The 
proportion of neurons positive for c-ret mRNA was determined and expressed as a 
percentage of the total number of DRG neurons. Neurons were distinguished from 
Schwann cells on the basis of two criteria: their size and the appearance of Hoescht or 
DAPI stained nuclei viewed under fluorescenc optics (see Chapter 5, Fig. 5.4). 
Approximately 1500 neurons were counted from sections of thoracic DRG at different 
levels.

2.10 Manual determination of trkA, zrAB and trkCmRNA distribution in the 
DRG of wildtype compared with mutant mice

Cryostat sections were cut, at 7 or 10|im thickness, of DRG from homozygous ret.k' and 
wildtype mice from the same litter. The sections were fixed in 4% paraformaldehyde for 
a minimum of 2  hours and were in situ hybridised to determine trk gene distribution (see 
section 2.6). Between 13(X) and 1600 neurons were examined and the proportions of 
trkA-y trkB- or frAC-positive neurons were determined as described in section 2.9.
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2.11 The quantitative determination of c-ret and trk gene distribution

Cryostat sections were cut, at 7 or lOjim thickness, of DRG from homozygous and 
heterozygous ret.k’ and wildtype mice from the same litter. The sections were fixed in 
4% paraformaldehyde for a minimum of 2 hours and were in situ hybridised to 
determine either c-ret mRNA distribution (wildtype compared with heterozygous ret.k’ 
mice) or trk gene distribution (homozygous ret.k’ compared with wildtype mice) (see 
sections 2.6 for details of in hybridisation procedure). Using bright field optics the 
sections were viewed at 50X magnification and the light intensities received by the 
attached camera were processed for image analysis. The digitised image processed by 
the computer is broken down into discrete spatial elements (pixels), each of which has 
values for density (in grey levels) and specific X-Y locations associated with it. The 
hybridisation signal was quantified by measuring all areas darker than a particular 
threshold grey scale value. The lower threshold was set manually at a level which 
excluded all extraneous contributions to the image (principally phase contrast effects); 
this was assessed by comparing the computer-generated image with the section viewed 
under the microscope; consequently, some weakly stained neurons were excluded from 
the analysis. Suprathreshold levels of hybridisation signal were determined and the 
maximum value obtained for each individual neuron was recorded. These values were 
expressed as a percentage of the maximum signal observed with each probe and in each 
experiment. For each DRG section examined the total number of neurons was 
determined by manual counting. Neurons were distinguished from Schwann cells on the 
basis of their size and the appearance of Hoescht or DAPI stained nuclei viewed under 
fluorescenc optics (see Chapter 5, Fig. 5.4). Between 1000 and 2000 neurons were 
examined from sections of thoracic DRG at different levels. The proportion of cells 
which had hybridisation signal ranging from 1 0 -1 0 0 % of the maximum signal observed 
was plotted for both homozygous ret.k’ compared with wildtype DRG (trk genes) and 
heterozygous ret.k’ compared with wildtype DRG (c-ret).

2.12 Quantification of c-ret and trk£ mRNA levels in individual wildtype 
DRG neurons

In this study I used wildtype mouse DRG sections which had already been processed to 
determine the overlap of c-ret and trkC expression within individual neurons (see section
2.8.2). Using the procedure described in the previous section (2.11) the level of c-ret and 
trkQ mRNA was determined in the population of neurons previously examined (neurons 
which did not express either c-ret or trkC were excluded from the study). Using image 
analysis the intensity of hybridisation signal for both c-ret and trkC was quantified and
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expressed as a percentage of the maximum signal observed for that mRNA species. The 
level of c-ret signal was plotted against the level of trkC. signal for each cell examined.

2.13 Examination of cervical DRG development in mutant compared with 
wildtype mice.

In order to localise specifically the cervical DRG, sagittal cryostat sections were cut of 
the head and upper thorax. The sections spanned from positions lateral to the cervical 
DRG on both sides of the spinal cord. Sections were counterstained with thionin (section
2.3.2) to visualise tissue structures. The first three cervical DRG were identified on the 
basis of their localisation close to the axis and atlas vertebrae and also their position 
compared with other cranial ganglia (this is described in more detail in Chapter 5).

2.14 Southern blot analysis of DNA and detection of transgene

2.14.1 Isolation of tissue and preparation of DNA

Approximately 5mm of tail was cut from 10 day old mice and placed in 0.5 ml of 50mM 
TrisCl (pH 8.0)/100mM EDTA/lOOmM NaCl/1% SDS (pH 8.0). Alternatively, for the 
preparation of placental DNA, females were first sacrificed by cervical dislocation; the 
uterine wall was opened up and the placental beads were removed. Embryos were 
dissected out of the placental tissue which was then placed in 0.5 ml of the above 
solution. The following manipulations were carried out on both tails and placenta. 
Proteinase K was added at 0.5 mg/ml and the samples were incubated at 55“C, with 
shaking, for approximately 15 hours. RNAse A (Boehringer Mannheim) was added at 
0.2 mg/ml and the samples were incubated at 37“C for 1-2 hours. An equal volume of 
phenol/chloroform was added and the samples were gently mixed for 10 minutes 
followed by centrifugation for 30 minutes at 13,000 rpm. The upper, aqueous layer was 
removed and saved. An equal volume of phenol/chloroform was added, the samples 
were mixed for 10 minutes and centrifuged for 5 minutes at 13,000 rpm. The supernatant 
was removed and saved and to it was added 0.6 volume of isopropanol. The solution was 
shaken and centrifuged at 13,000 rpm for 5 minutes. The supernatant was discarded and 
the DNA pellet washed in cold 70% ethanol. The DNA was air-dried for a few minutes 
and dissolved in 100)0.1 of TE (pH 8.0). The OD260 of the DNA was measured and the 
concentration was calculated.
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2.14.2 Southern blotting

Tail DNA (10 p.g) was digested with one of the following enzymes: EcoR I, Pst I, Hind 
III, BamH VBgl I or Xba I and placental DNA (20|xg) was digested with Pst I. In some 
cases human DNA was also digested to be included as a negative control. Digested DNA 
was run on an 0.6% agarose TAE gel, excluding ethidium bromide, at 50 volts (V) for 
approximately 15 hours.

The gel was stained with 0.5|Xg/ml ethidium bromide in distilled H2O and was 
photographed with a transparent ruler alongside it, enabling one to determine the 
distance that any band had migrated. The gel was slowly shaken in the following 
solutions for the times given: 0.25 M HCL, 15 minutes, 0.5 M/1.5M NaCl, 45 minutes, 
0.5M TrisCl (pH 7.4)/1.5M NaCl, 30 and 15 minutes. In between each incubation the gel 
was washed in distilled H2O.

A piece of Whatman 3MM paper approximately 40cm X 20cm was wrapped around a 
glass plate approximately 20cm X 20cm to form a support that was longer and wider 
than the gel. The wrapped support was placed inside a large baking dish and the dish was 
filled with 20 X SSC until the level of the liquid was an inch above the base of the paper. 
When the 3MM paper was thoroughly wet all bubbles were smoothed out with a glass 
rod. The gel was inverted onto the 3MM paper and a piece of nitrocellulose filter 
(Schleicher & Schuell) soaked in 3 X SSC, was placed on top. The filter was surrounded 
with parafilm (to prevent short circuiting) and 3 pieces of 3MM paper, soaked in 3 X 
SSC, were placed on top. Air bubbles were smoothed out and a stack of paper towels 
were placed on the 3MM paper. A glass plate was placed on top of the stack which was 
weighed down with a 1kg weight. The DNA transfer was allowed to proceed for 
approximately 15 hours. The paper towels etc. were removed and the positions of the gel 
slots were marked on the nitrocellulose filter. The filter was removed, soaked briefiy in 6 
¥  SSC and baked at 80“C for 1.75 hours.

2.14.3 Prehybridisation of filter

The filter was submerged in 2 X SSC and sandwiched between two layers of gauze, also 
soaked in 2 X SSC. The filter was prehybridised in 3 X SSC/0.1% SDS/0.2% 
Ficoll/0.2% BSA/0.2% polyvinyl pyrollidone/50 p.g/ml sonicated salmon sperm DNA at 
65“C for approximately 12 hours.
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2.14.4 Labelling the probe

The entire construct (6.6 kb) was used to probe the filter. The probe was labelled by 
binding oligonucleotides along its length and then filling in with dATP, a-^^P
dCTP, dGTP and dTTP, or alternatively a-^^P dCTP was replaced with cold dCTP, 
using Klenow polymerase. The procedure for this is described as follows: the construct 
(150 ng in 15 |il: dropped out of the plasmid vector by digestion with Not I and Cla I) 
was denatured by heating in a beaker of boiling H2O for 10 minutes. The tube was 
immediately placed on ice to prevent reannealing. The following were then added: 6 |xl 
Oligolabelling buffer, 0.5 |il BSA, 50mM potassium phosphate (pH7.5), 3mM MgCl2, 
ImM 2-mercaptoethanol, 3 |il each of P dATP (10 fiCi in lOmM Tricine, Du Pont) 
and OG-̂ P̂ dCTP (10 |iCi in lOmM Tricine, Du Pont) and 5 U Klenow polymerase. The 
solution was incubated at 37*C for 1-2 hours and the reaction was terminated by addition 
of, lOmM TrisCl/5mM EDTA/0.1% SDS was added. The labelled probe was eluted on a 
050 Sephadex (Pharmacia) column and the specific activity of the probe was determined 
by counting on a Beckman LS 6000IC Scintillation Counter.

2.14.5 Hybridisation of filter with labelled probe

To the probe was added 3mg of sonicated salmon sperm DNA and 300|Xg of sonicated 
normal mouse DNA. The DNA was denatured by boiling for 10 minutes and 
immediately 30 ml of hybridisation mix, heated to 65"C, was added. The 
prehybridisation mix bathing the filter was replaced with the hybridisation mix 
containing the denatured probe, sonicated salmon sperm DNA and normal mouse DNA 
and the filter was incubated at 65*0 for approximately 15 hours. The hybridisation mix 
was discarded and the filter was washed with the following solutions for 30 minutes 
each : 3X SSC/0.1% SDS, 2X SSC/0.1% SDS, IX SSC/0.1% SDS, 0.5X SSC/0.1% SDS 
and if necessary O.IX SSC/0.1% SDS. The filter was wrapped in Saran wrap and 
exposed to Kodak X-Omat film at -70’C for 1-7 days. The film was then developed in a 
Fuji ROM 2100 X-ray Processor.
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2.15 Cell culture

(CBA X C57BL10)F1 females were crossed with either (CBA X C57BL10)F1 males or 
the transgenic male, No. 85. Females were examined twice daily for the presence of a 
vaginal plug. Females were sacrificed by cervical dislocation. The uterus was removed 
and placed in the appropriate medium.

2.15.1 General methods and solutions

MKG medium 
Mem-FXIV
O.SmM Glutamine 
72|ig/ml Penicillin 
120|i.g/ml Streptomycin 
15mM KCL
0.6% Glucose

Laminin coating of dishes

Dishes were first coated with poly-L-lysine (see below) and then with laminin. The 
laminin (prepared from basement membrane of Engelbreth-Holm-Swarm Mouse 
sarcoma and supplied by Sigma® in Tris buffered NaCl) was diluted to 5 mg/ml in PBS 
(Ca2+&Mg2+ free) and added at 1ml /35mm dish for 2 hours at room temperature. The 
laminin was removed, and the dish was washed with medium before use.

Poly-L-Lysine fPLL) coating of dishes

Poly-L-Lysine (hydrobromide, supplied by Sigma® as a lyophilized powder) was 
dissolved in distilled H2O at 10 mg/ml and stored at -20“C. The poly-L-lysine was 
diluted to 0.1 mg/ml in distilled H%0 and added at lml/35mm dish for 2 hours at room 
temperature. The solution was removed and the dishes were washed three times with 
distilled H2O for 30 minutes each before use.

Polyethyleneimine (PEP coating of dishes

Polyethyleneimine (supplied as a 50% aqueous solution by Sigma®) was diluted to 0.5% 
in 150mM Sodium borate (pH 7.3) and added at 1ml /35mm plate for 2 hours at room 
temperature. The dishes were then washed with distilled H2O, 3 X 30 minutes before use.
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2.15.2 Normal embryos

E8.5 or E9.5 (E0.5 = day that vaginal plug was discovered) mouse embryos were 
dissected out in MKG medium +1% human placental serum (HPS). The forebrain, limb 
buds and heart were removed and discarded. The remaining tissue was gently teased 
apart to form a suspension consisting of single cells and small cell clumps. If necessary 
5-25 pg/ml DNAse was added. The cells were centrifuged at 800 rpm for 5 minutes and 
the pellet was resuspended in MKG medium. The cells were plated out on 24 well dishes 
(tissue culture treated polystyrene, Falcon) coated with PLL and the following varieties 
of medium were added: MKG + 1%, 5% and 10% HPS or 1%, 5% and 10% PCS and 
defined medium (Bottenstein and Sato, 1979) containing 0.01% BSA (12D) +/- 10% 
PCS. The cells were incubated at 37"C in a humidified atmosphere containing 6% CO2  

and 10% O2

2.15.3 Heterozygous transgenic embryos

E12.5 and E13.5 mouse embryos, both normal and heterozygous transgenics since they 
could not be distinguished, were removed from placentae and placed in 12D + lOOmM 
Hepes. The DRG and spinal cord were dissected out of each embryo and pooled 
together respectively. The tissue was teased apart gently. If necessary 5-25 |ig/ml 
DNAse was added. The DRG were incubated in 0.125 % collagenase (Gibco, BRL) in 
approximately 2ml of medium, at 37*C for 10-15 minutes. The spinal cord culture was 
treated with 0.1% trypsin (Lome laboratories Ltd.) for 5 minutes at room temperature. 
Immediately following this 5% foetal calf serum (GIBCO, BRL) was added. Both DRG 
and spinal cord were further dissociated by trituration using a flame polished glass 
pipette and the cells were centrifuged at 800 rpm for 5 minutes. The pellet was 
resuspended in approximately 5 ml (DRG) or 10 ml (spinal cord) of 12D + 10% foetal 
calf serum; at this stage the tissue consisted of single cells and small cell clumps. The 
DRG and spinal cord were plated out on 24 well tissue culture plastic dishes alone or 
coated with Laminin, PEI, or PLL and were incubated at 33°C in a humidified 
atmosphere containing 6% CO2  and 10% O2 . After 2 hours the medium was replaced 
with one of the following: 12D, 12D + 20ng/ml fibroblast growth factor (PGP) or 12D + 
20ng/ml epidermal growth factor (EGP). The culture medium and growth factors were 
replaced twice weekly. Cells were passaged when they reached confluence by a variety 
of methods depending on their adhesivity; firstly, by gentle trituration, secondly, by mild 
trypsinisation and thirdly, as a last resort, by heavy trypsinisation and trituration. The 
cells were replated in 12D + 10% PCS for 2 hours following which the medium was 
replaced with 12D or 12D + growth factors. The DRG were photographed after 3 months

71



and spinal cord after 5 months in culture; this was done on a Zeiss Axiovert 10 
Microscope with an MClOO camera.

2.16 Immunocvtochemistrv

Immunocytochemistry was carried out when the cultures were 5 months old. Below is a 
list of the primary, secondary and tertiary antibodies which were used to stain the cells. 
All antibodies were diluted in PBS (Ca^+&Mg^+ free)/l% BSA (0.05% Sodium Azide 
was also added if the diluted antibodies were to be kept > 1 day).

2.16.1 Primary antibodies

1. Polyclonal rabbit anti-SV40 large T antigen (a gift from Dr. David Lane).
2. Monoclonal anti-SV40 large T antigen, PAb419, IgG in tissue culture supernatant 
(Harlow etal, 1981).
3. Rabbit anti-Fibronectin (rat plasma) (a gift from Dr. Roger Morris).
4. Polyclonal rabbit anti-nestin IgG (M. Marvin and R. McKay) (Cattaneo, E. and 
McKay, R. D. G., 1990).
5. Rabbit anti-cow glial fibrillary acidic protein (GFAP) anti serum (DAKO- 
immunoglobulins a/s).
6. Monoclonal RT97 (Anderton et al, 1982).
7. Monoclonal mouse CEI antibody: IgM in tissue culture supernatant (Dyer et al, 
1991).
8. Anti-Tujl IgG (Moody etal, 1989).

2.16.2 Secondary/tertiary antibodies

1. Rabbit anti-mouse FITC conjugated (DAKO-immunoglobulins a/s).
2. FITC conjugated sheep anti-rabbit affinity purified F(ab’)2 (a gift from Dr. Roger 
Morris).
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2.16.3 Immunocytochemistrv: Method

Cells were plated on 35mm dishes for immunocytochemistry. All incubations were done 
for 10 minutes and at room temperature unless otherwise stated. The cells were washed 
briefly in PBS (Ca^+&Mg^+ free) and then fixed in 4% paraformaldehyde. The 
paraformaldehyde was discarded and 0.1% Triton, in PBS (Ca^+&Mg^+ free), was 
added. The cells were washed twice in PBS (Ca^+&Mg2+ free) containing 1% milk. The 
milk was discarded and liquid around the outer rim of the dish was removed with tissue 
paper. The cells were incubated with the primary antibody, in a volume of 100-200 }xl, 
for 20-30 minutes. The cells were washed twice in PBS (Ca^+&Mg^+ free) containing 
1% milk. The outer perimeter of the dish was wiped clean and the cells were incubated 
with the secondary antibody, in a volume of 100-200 pi, for > 30 minutes (if FITC 
conjugated antibody is used this should be done in the dark). The cells were washed 
twice, as described above. If the cells were incubated in tertiary antibody the procedure 
was the same as for the secondary antibody. The cells were washed as described above 
followed by a brief wash in PBS alone. A drop of Uvinert mountant was placed on the 
cells and they were covered with 32mm diameter glass coverslips (Chance propper Ltd.). 
Cells were photographed on a Zeiss Axiophot Photomicroscope.

2.17 The determination of gene expression in cultured cells using Nuclease- 
S1 protection analysis

RNA was prepared, as described below, from SPICE cells and two other cell lines to be 
used as controls, a kidney epithelial cell line (DC1)( Kollias et al, 1987) which expresses 
high levels of SV40 large T antigen and a neural cell line, NGl 15-401L (Hatanaka et al, 
1981), which does not express SV40 large T antigen. Two probes were generated for this 
assay; the first was derived from Human B-Actin cDNA and was used as a control to 
determine that RNA from each cell type was equally loaded onto the gel; the second was 
derived from the early region of SV40 tsa357.
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2.17.1 Solutions

RNA preparation Solution D
25g Guanidinium thiocyanate
38 |xl B-mercaptoethanol
1.76 ml 0.75M Sodium citrate (pH7.0)
2.64 ml 10% Sarkosyl 
29.3mlH20
The solution was stored at -70° C. Once thawed the solution could be kept at room 
temperature for 1 month.

Nuclease-Sl hybridisation buffer
ImMEDTA
0.4M NaCl
40mM Pipes (pH 6.4)
80% Formamide

Nuclease-Sl buffer
30mM Sodium Acetate (pH4.5)
4.5mM Zinc Acetate 
0.28M NaCl 
100 U Nuclease-Sl

Nuclease-Sl loading buffer 
7M Urea
5mM Tris-borate (pH 8.3)
ImMEDTA
0.1% Xylene Cyanol
0.1% Bromophenol Blue

2.17.2 Preparation of total RNA from cells in culture

This procedure was modified from that of Chomczynski et a f  1987. The three cell types, 
described above, were grown on 100mm plates for this purpose. Three confluent dishes 
were harvested for each cell type; this was done by scraping the cells from the bottom of 
the dish using a rubber utensil. The cells were then centrifuged at 800-1000 rpm for 5 
minutes and were resuspended in 1 ml of solution D. The cells were vortexed until the 
tissue decomposed, 100 pi 2M Sodium Acetate (pH 4.0) was added and the solution was 
mixed. Unbuffered phenol (1 ml) was added, the solution was mixed and 200 pi
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Chloroform/isoamyl alcohol (24:1) was added followed by mixing. The solution was 
chilled on ice for 15 minutes and centrifuged at 13,000 rpm for 15 minutes at 4"C. The 
upper phase was removed and to it was added 2.4 ml 100% ethanol. The solution was 
chilled to - 70“C for 30 minutes, then thawed at 4“C for 15 minutes and centrifuged at
13,000 rpm for 15 minutes at 4“C. The pellet was washed in 70% ethanol, centrifuged as 
above, air-dried for 2 minutes and resuspended in 200 p,l DEPC-treated distilled H2O. 
The concentration of RNA was estimated by running on an 0.8% agarose TAE gel by 
comparison with known quantities of yeast RNA (Boehringer Mannheim). The RNA 
was stored at -70“C.

2.17.3 Nuclease-Sl Protection Assay

The Human 6-Actin probe was prepared as follows: 15 |Xg pcD-pHFbA-1 (Gunning et 
aU 1983) was digested with Ava I. The DNA was precipitated, phosphatased and 
phenol/chloroform extracted. The DNA was run on a 2% Mermaid® (Bio 101) agarose 
gel at 180 V (110 mAp) for 15-30 minutes. The 300bp Xho I-Ava I band was excised 
from the gel and the fragment was eluted using the Mermaid procedure. The probe was 
32p-labelled using Bacteriophage T4 polynucleotide kinase to catalyse the transfer of the 
y-32p of ATP to the 5' terminus of the DNA. This was carried out by combining the 
following in a tube and incubating at 37"C for 1 hour:
30ng Xho I-Ava I pcD-pHFbA-1 
8 |Xl 5X bacteriophage T4 polynucleotide kinase buffer 
6 ^1Y -32p ATP (10 mCi/ml in lOmM Tricine, DU PONT)
20 U T4 polynucleotide kinase
15.5 îl distilled H2O
Following this 20mM EDTA was added and the DNA was phenol/chloroform extracted. 
Labelled probe was eluted on a 050 Sephadex column. The SV40 large T and small t 
antigen probe was prepared as follows: 20 |ig BS*SV40 (see Chapter 6, Fig. 6.3) was 
digested with Hind III. The DNA was run on a 2% agarose TAE gel, the 1.17 kb band
was excised and the DNA was eluted using the Geneclean procedure. The Hind III
fragment was then digested with Bsm I and the above procedure was repeated but this 
time a 643 bp band was eluted from the gel. The DNA fragment was labelled by 
combining the following:
40ng Hind IH-Bsm IS V40 DNA 
4 |il Oligolabelling buffer 
0.5 III BSA
2.5 III a-^2p (JATP (10 mCi in lOmM Tricine, Du Pont)
2.5 III a-32p dCTP (10 mCi in lOmM Tricine, Du Pont)
5.5 III distilled H2O
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The mixture was incubated at 37“C for 2 hours and the labelled probe was eluted on a 
G50 Sephadex column. The activity of both probes was determined by counting on a 
Beckman LS 6000IC Scintillation Counter. Yeast tRNA was added (30 |ig) and the 
nucleic acids were precipitated and resuspended in 30 [il Nuclease-Sl hybridisation 
buffer. From each RNA sample 30 jig was aliquoted out, ethanol precipitated and 
resuspended in 15 |xl Nuclease-Sl hybridisation buffer. From each sample 1 |xl was 
removed (2 p.g RNA) and to this 9 |il Nuclease-Sl hybridisation buffer was added, 
followed by 10 p,l Human B-Actin probe. To each remaining 14 |il RNA solution 6 |xl 
SV40 probe was added. The solutions were incubated at 90°C for 5 minutes and were 
immediately transferred to a 43*C waterbath where they were left to hybridise for 15 
hours. The tube lids were opened and 250 |xl Nuclease-Sl buffer was added. The 
solutions were vortexed and placed on ice until this procedure was completed. The 
solutions were incubated at 40*C for 1 hour and chilled to O'C. The solutions were 
extracted with phenol/chloroform and ethanol precipitated (2 X 70% ethanol wash). The 
pellets were dissolved in 5 p,l Nuclease-Sl loading buffer and heated to 95'C for 5 
minutes. The samples were run, with a radioactive marker, on a 5% polyacrylamide/8M 
Urea gel at 50 Watts for approximately 2 hours. The gel was dried in a BIO RAD 583 
gel Drier for 1 hour and exposed to Kodak X-OMAT film for 15 hours at room 
temperature. The film was then developed in a Fuji ROM 2100 X-ray Processor.
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Chapter 3

The expression pattern of c~ret and the trk  genes in 
neonatal murine dorsal root ganglia

3.1 Introduction

When the study described in this thesis was first conceived our knowledge of the role of 
polypeptide growth factors in sensory neuron development was limited. From the early 
work of Rita Levi-Montalcini (reviewed by Levi-Montalcini and Angeletti, 1968) it was 
clear that NGF, the prototypical neurotrophin, promoted the survival of sensory and 
sympathetic neurons of the peripheral nervous system. Experiments which assessed the 
survival and neurite outgrowth of explants and dissociated cells in culture demonstrated 
that sympathetic and sensory DRG neurons responded to NGF treatment. Furthermore, in 
vivo immune deprivation studies provided definitive proof that NGF was essential for the 
survival of a subset of neural crest derived sensory and sympathetic neurons.

The discovery of BDNF (Barde et al., 1982; Leibrock et al., 1989; Emfors et al., 1990) 
revealed a second member of the neurotrophin family which also supported the survival of 
a subset of neural crest-derived sensory DRG neurons and, in addition, neurons within 
particular cranial sensory ganglia, for example the placode-derived nodose ganglion, 
which were unresponsive to NGF (Lindsay et al., 1985). Whereas sympathetic neurons 
survived in culture in the presence of NGF, they were unresponsive to BDNF (Lindsay et 
al., 1985). Thus a picture was emerging that individual neurotrophins supported the 
survival of distinct subsets of neurons within the peripheral nervous system. Soon 
afterwards several groups cloned NT-3 (Hohn et al. 1990; Maisonpierre et al., 1990; 
Rosenthal et al., 1990) and NT-4/5 (Hallbook et al., 1991; Berkemeier et al., 1991; Ip et 
al., 1992) from a number of species by employing the polymerase chain reaction using 
primers which were complementary to regions identified as conserved between NGF and 
BDNF.

The isolation and cloning of trkA (Martin-Zanca et al., 1990), trkB (Klein et al., 1989) 
and trkC (Lamballe et al., 1991), the high affinity receptors for NGF, BDNF and NT-4/5, 
and NT-3 respectively, paved the way to identify at the single cell level neurotrophin 
responsive cells. Using in situ hybridisation it was demonstrated that trkA, trkB and trkC 
were expressed in principally distinct subsets of DRG neurons and that these neurons 
were, based upon size, likely to subserve different functions (Mu et al., 1993; McMahon 
et al., 1994); this theory was later home out by the generation of mice with null mutations
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in the neurotrophins or their high affinity receptors (Conover et ah, 1995; Crowley et al., 
1994; Emfors et a l, 1994a; Emfors et al., 1994b; Farinas et al., 1994; Jones et al., 1994; 
Klein et al., 1993; Klein et al., 1994; Liu et al., 1995; Smeyne et al., 1994).

Ret is an orphan receptor tyrosine kinase. Northem blot and in situ hybridisation analysis 
had demonstrated that c-ret is expressed during mouse embryogenesis with a spatial and 
temporal pattem suggestive of a role for this receptor in the development of particular cell 
lineages within the nervous system (see Introduction). The generation of mice 
homozygous for a loss-of-function mutation in the c-ret gene {ret-k~ mice) showed 
definitively that signalling through the Ret receptor is essential for the development of the 
embryonic kidney, the enteric nervous system (Schuchardt et al., 1994) and the superior 
cervical ganglion (Vassilis Pachnis, personal communication).

The use of radiolabelled RNA probes to determine c-ret mRNA distribution had suggested 
that only a subset of DRG and cranial sensory ganglion neurons expressed this proto
oncogene. Moreover, c-ret was expressed early in sensory ganglion development 
suggesting that signalling through this receptor may play a role in the proliferation, 
migration, differentiation and/or survival of sensory neuron precursors prior to target cell 
innervation; hybridisation signal was observed over neural crest cells, migrating from 
rhombomere 4 of the hindbrain, which contribute to neurons and glia of the facial 
ganglion; in addition, c-ret signal was observed over migrating tmnk neural crest cells 
which coalesce to form the DRG and the sympathetic ganglia (Pachnis et al., 1993).

Gross anatomical analysis of ret-kr DRG suggested that there was no major perturbation in 
their development. However, this cursary analysis did not determine whether a subset of 
c-ref-positive neurons were absent from ret-k' DRG. There were many unanswered 
questions regarding the role of Ret in sensory ganglion development, such as: is c-ret 
expressed by a particular functional subset of sensory neurons and if so was signalling 
through Ret essential for the development of these neurons?

With in situ hybridisation using digoxygenin labelled RNA probes, which allow single cell 
resolution of label within even very small cells (Dent et al., 1993), it would be possible to 
answer some of these questions. By comparing c-ret and trk gene expression within 
individual DRG neurons I could establish whether c-ret was expressed by a particular 
functional subset of sensory neurons. In this chapter I begin by describing the pattem of c- 
ret and trk gene expression in wildtype mouse thoracic DRG.

This study was carried out in the mouse since we had mouse genomic and cDNA clones of 
c-ret, trk A  and trkB. Postnatal day 0 (PO) was considered a suitable age for study since at
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this stage the DRG neurons have grown to a size which would enable serial section 
reconstruction within individual cells. Also, the bulk of naturally occurring neuronal death 
is complete by this time so that the populations sampled should largely represent those of 
mature animals. Finally, I also wished to study DRG from mice homozygous for a loss- 
of-function mutation in c-ret and since these animals die within 24 hours of birth, PO is the 
latest time point at which analysis could be carried out.

3.2 The murine embryonic and neonatal pattern of c-ret expression within 
the nervous system

The expression of c-ret in mice was determined by in situ hybridisation with digoxygenin 
labelled probes at E l4.5, a time point that allowed comparison with the work of Pachnis et 
al. (1993), and at PO. At both E14.5 and PO expression of c-ret was observed in a subset 
of neurons in cranial sensory ganglia (Figure 3.1 A) and a number of sympathetic ganglia 
(Figure 3.IB). In the neonatal trigeminal ganglion c-ret expression was observed in a 
subset of neurons which covered a wide size range including small-, medium- and large- 
diameter neurons (Figure 3.1 A: arrowheads). The staining intensity of individual neurons 
varied over a wide range (Figure 3.1 A, cells labelled 0-4). Within the enteric nervous 
system signal appeared in neurons arranged in a ring-like fashion around the gut (Figure 
3.1C: the ganglionic plexus surrounding the oesophagus, indicated by arrowheads, is 
positively stained).

At E14.5 strong c-ret signal was observed in the innermost layer of the retina where the 
first postmitotic neurons are bom (Figure 3.2A). In the neonate c-ret message was 
confined to both horizontal cells (Figure 3.2B: small arrowhead) and either ganglion or 
displaced amacrine cells (Figure 3.2B: large arrowhead) within the ganglion cell layer. At 
P7, in addition to the signal observed in the ganglion and horizontal cell layers, c-ret is 
also expressed in the amacrine cell layer (Pachnis et al., 1993). In spinal cord at E14.5 
strong c-ret signal was found in the motor neurons of the ventral horn with weaker 
labelling appearing in cells scattered diffusely in other areas. This expression pattem 
persisted at PO (Figure 3.2C) and, in addition, preganglionic sympathetic neurons, 
situated bilaterally around the central canal, were heavily stained in the neonate (Figure 
3.2C). In the brain stem c-ret signal was also observed in the motor neurons of the 
hypoglossal, trigeminal, trochlear and ocular motor nuclei (data not shown).

DRG were similar to the trigeminal ganglion in that c-ret expression at PO was restricted to 
a subset of neurons which covered all size ranges and intensities of hybridisation signal 
(Figure 3.3A). Hybridisation signal for c-ret was observed in 60% of thoracic DRG
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neurons. Satellite cells (inspected at lOOOX magnification) were c-rer-negative, as were 
Schwann cells associated with axons (Figure 3.3B: arrowheads; this is a view using phase 
contrast optics to allow the axonal tract and Schwann cell nuclei to be seen: no 
hybridisation signal could be observed associated with this area under bright field optics). 
There was a complete absence of signal when c-ret sense riboprobe was hybridised with 
sections of DRG (Figure 3.3C).
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Figure 3.1 Expression of c-ret mRNA in the peripheral and enteric nervous systems of 
the mouse shown by in situ hybridisation using digoxygenin-labelled riboprobes. A C 
are coronal sections. This and following figures were photographed using Nomarski 
optics, unless otherwise stated.

(A) PO trigeminal ganglion, c-ret mRNA is expressed in a subset of neurons which 
include small, medium and large-diameter neurons (indicated by the arrowheads from 
left to right respectively). A wide range of intensity of hybridisation signal is observed in 
c-ret positive neurons indicating variation in the level of c-ret expression within different 
neurons (the numbers 0-4 indicate neurons which express increasing amounts of c-ret 
mRNA ranging from negative (0) to strong (4)).

(B) PO sympathetic ganglion, c-ret is expressed in a subset of neurons. The intensity of 
hybridisation signal observed in different neurons varies (arrowheads indicate two 
neurons, one expressing low levels and the other high levels of c-ret mRNA).

(C) E14.5 oesophagus (O) outlined by c-ret expressing neurons of the myenteric plexus 
(see arrowheads).

Scale bars: A, C, 20|im; B, 50pm.
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Figure 3.2 Expression of c-ret mRNA in the central nervous system of the mouse. A, B 
are sagittal sections. C is a transverse section photographed with bright-field optics.

(A) E14.5 eye. c-ret hybridisation signal is observed in the innermost layer of the 
neuroretina (r) where the first postmitotic neurons are bom (pe, pigment epithelium; on, 
optic nerve).

(B) PO retina. Horizontal cells (small arrowhead) and cells in the ganglion cell layer 
(large arrowhead) express strong c-ret signal.

(C) PO spinal cord at the cervical level. Strong c-ret hybridisation signal is observed in a 
group of preganglionic sympathetic neurons (arrowhead) situated medial-laterally to the 
central canal (cc). Motor neurons in the ventral horn of the spinal cord also express c-ret 
mRNA (arrow). Other cells expressing weak signal are scattered diffusely throughout the 
spinal cord.

Scale bars: A, SOjum; B, lOp-m; C, 200pm.
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Figure 3.3 The expression pattem of c-ret in PO mouse thoracic dorsal root ganglia 
(DRG). A C are longitudinal sections of DRG photographed with Nomarski (A, C) or 
phase contrast (B) optics. Unless otherwise stated all further figures illustrate 
longitudinal sections of DRG.

(A) High Power view showing signal for c-ret mRNA in a subset of neurons ranging 
from small to large.

(B) c-ret hybridisation signal is not observed in the Schwann cells of peripheral nerve 
(see arrowheads).

(C) There was no detectable signal when c-ret sense riboprobe was hybridised with 
DRG sections. The same result was obtained for trkA, trkB and trkC sense probes.

Scale bars: A, 20|xm; B, C, 50|im.
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3.3 The expression pattem of the trk genes within neonatal thoracic DRG

The expression pattem of the trk genes within embryonic mouse and embryonic, neonatal 
and adult rat DRG has been widely reported (see below). Before starting the comparative 
study of c-ret and trk gene expression, the distribution of trkh, trkB and trkC was 
determined in PO thoracic DRG. Some, but not all, of my results support the observations 
reported in the literature.

3.3.1. The expression pattem of trkK

The expression of trkK was largely confined to small-diameter neurons scattered 
throughout the DRG, although signal was also observed in a proportion of medium sized 
neurons (Figure 3.4A). A sizeable proportion (approximately 50%: see Table 5.1, Chapter 
5) of total DRG neurons express trkA. Large diameter neurons (Figure 3.4A: arrows), 
Schwann cells and satellite cells (data not shown) were negative. For this probe the cut-off 
in staining between expressing and nonexpressing cells was sharp (Figure 3.4A). There 
was a complete absence of signal when sections were hybridised with a trkA sense probe 
(data not shown).

This data is in agreement with previous demonstrations of trkA expression in embryonic 
mouse (Martin-Zanca et al., 1990), embryonic rat (Emfors et al., 1992), neonatal rat 
(Carroll et al., 1992 and Mu et al., 1993) and adult rat (McMahon et al., 1994) DRG.

3.3.2. The expression pattem of trkB

A small proportion of total DRG neurons (approximately 5%: see Table 5.1, Chapter 5), 
in the medium-diameter size range, were trkB positive (Figure 3.4B) while small- and 
large-diameter neurons were negative (Figure 3.4B: arrows). The trkB positive neurons 
were often located in the periphery of the ganglion. Neither satellite cells (data not shown) 
nor Schwann cells (Figure 3.4B: arrowhead) expressed trkB mRNA. As with trkA 
expression, there was a sharp cut-off between positive and negative cells (Figure 3.4B). 
Sections were negative when hybridised with a trkB sense probe (data not shown).

The above data are in agreement with previous demonstrations of trkB expression in 
embryonic mouse (Klein et al., 1989), embryonic rat (Emfors et al., 1992), neonatal rat 
(Carroll et al., 1992 and Mu et al., 1993) and adult rat (McMahon et al., 1994) DRG. 
However, trkB expression in Schwann cells of the dorsal nerve roots, as observed by 
Carroll et al. (1992), was not seen in this study.
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3.3.3. The expression pattem of trkC

Like the pattem of trkB hybridisation, trkC message was expressed by a minority of DRG 
neurons (approximately 13%: see Table 5.1, Chapter 5). Strong trkC signal was found 
principally in the large diameter neurons (Figure 3.4C: short arrows) and in some medium 
sized neurons, both of which were frequently located at the periphery of the ganglion 
(Figure 3.4C: short arrows). Expression of trkC was not observed in satellite (data not 
shown) or Schwann cells (Figure 3.4C: arrowhead). Sections were negative when 
hybridised with a trkC sense probe (data not shown).

A feature of trkC hybridisation, distinguishing it from that of trkA and trkB^ was the lack 
of a clear cut-off between trkC expressing and non-expressing cells (compare figure 3.4C 
with A and B). There appeared to be a gradation in the level of trkC expression from low 
(Figure 3.4C: long arrows) to high (Figure 3.4C: short arrows), with those cells 
expressing the highest levels also comprising the smallest proportion of total DRG 
neurons (this proportion is unlikely to be greater than 1%). Hybridisation signal for trkA, 
trkB and c-ret could be developed in alkaline phosphatase substrate for much longer than 
necessary without increasing the proportion of positive cells. In contrast, the development 
of trkC hybridisation signal had to be carefully monitored since there was an increase in 
the number of trkC positive cells with time. In this experiment sections were allowed to 
develop for a period of time sufficient to allow the observation of those cells which 
expressed the highest levels of trkQ hybridisation signal. Although this phenomenon has 
not been previously reported in the literature it could have been overlooked because other 
studies have employed radioactively labelled probes to localise trkC expression. In some 
cases it may be difficult to distinguish between background and low levels of expression 
using radioactive probes, whereas with digoxygenin labelling the resolution of signal 
within cytoplasm allows even small amounts of mRNA to be detected in localised spots 
consistent with its occurrence on the rough endoplasmic reticulum. Thus, levels of trkC 
hybridisation that may have been dismissed as background with radioactive probes were 
identifiable using this method.

Expression of trkC in the Schwann cells of dorsal nerve roots has been reported in 
neonatal (Carroll et ah, 1992) rat. In contrast, trkC mRNA was not localised in the 
Schwann cells of adult rat (McMahon et ah, 1994) or embryonic quail (Zhang et al, 1994) 
DRG. In this study Schwann cell specific trkC hybridisation was not observed.

85



Figure 3.4 The expression pattem of the trk genes in PO mouse thoracic DRG.

(A) Expression of trkA is observed in small and medium-diameter neurons while all 
large-diameter neurons are negative (e.g. arrows).

(B) trkB hybridisation signal was localised predominantly in medium-diameter neurons 
while the small- and large-diameter neurons (see arrows) were negative as were the 
Schwann cells of peripheral nerve (see arrowhead).

(C) Strong trkC hybridisation signal was confined to a subset of large-diameter neurons 
(see short arrows) while many other cells expressed weak, but detectable, signal (see 
long arrows). A feature of trkC hybridisation was the absence of a sharp cut-off between 
positive and negative cells as observed for c-ret (Figure 1 A), trkA (Figure 4A) and trkB 
(Figure 4B) hybridisation signal. Expression of trkC was not observed in Schwann cells 
(see arrowhead).

Scale bars: A C, 20p,m.
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3.4 Discussion

Each dorsal root ganglion houses a diverse array of sensory neuron cell bodies, containing 
over 20 different functional subtypes. At various levels of the neuroaxis the particular 
neuronal classes found within a DRG, and their relative proportions, will change 
depending upon the sensory requirements of that region.

Many different criteria have been used to classify functionally distinct types of sensory 
neurons, for example, cell size, axon diameter, myelination, conduction velocity, 
neuropeptide expression, enzyme content and spinal cord projection and a large body of 
evidence now exists linking these features with specific neuronal function. In addition, 
many correlations between these criteria have been identified; thus, it can be stated in 
broad terms that those primary afferents which are proprioceptive in function are 
predominantly fast conducting and have large myelinated axons (group Ao/AB) which 
project to the ventral hom of the spinal cord. In addition they possess large cell bodies and 
are likely to contain carbonic anhydrase and parvalbumin. In contrast, cutaneous afferents 
which subserve nociception and thermoreception are slower conducting and have small 
diameter axons which are either thinly myelinated (group A3) or unmyelinated (group C) 
and project to laminae I and II in the dorsal hom of the spinal cord. They also have small 
diameter cell somata and contain substance P and/or calcitonin gene related peptide 
(CGRP) (see Willis and Coggeshall, 1991; Scott, 1992).

An insight into the mechanism for generation of cellular diversity within DRG was 
provided with the discovery of the neurotrophins. This was followed by the identification, 
isolation and cloning of the high affinity neurotrophin receptor genes, rrAA, trkB and trkC, 
so providing a means to define specifically the relationship between cell type and 
neurotrophin dependence.

3.4.1 The determination of c-ret and trk gene expression by in situ 
hybridisation analysis.

The expression pattem of c-ret was determined using a cRNA probe containing sequences 
from the extracellular, transmembrane and cytoplasmic domain of the protein. This probe 
will hybridise with mRNA encoding both protein isoforms of the c-ret gene. These 
isoforms are 1073 and 1115 amino acids in length and differ from each other in their C- 
terminal regions (Iwamoto et a/., 1993; Vassilis Pachnis, personal communication). The 
51 C-terminal amino acids in the larger protein are replaced by 9 unrelated amino acids in 
the smaller protein. Evidence that this probe does not cross-hybridise with mRNA for the 
other receptor tyrosine kinase family members, trkA, trkB and trkC, is provided first by
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the distinct hybridisation pattem observed with this probe and second by the absence or 
presence of only weak hybridisation signal in sections of DRG from mice homozygous for 
a loss of function mutation in the c-ret gene (see Figure 5.5, Chapter 5).

To avoid cross hybridisation between trk family members the cRNA probes used in this 
study recognise sequences encoding the extracellular, rather than tyrosine kinase, domains 
of these molecules since the overall homology between the extracellular domains of the rat 
trkA, mouse trkB and porcine trkC (gpl45rrX:C) tyrosine kinase receptors is 53-57% 
whereas that of the tyrosine kinase domains is 87-88% (see Chapter 1). The distinct 
pattem of hybridisation observed with each trk member supported this assumption and the 
lack of hybridisation with sense probes provided an additional negative control.

The different classes of receptor encoded at each trk locus have been described in detail in 
Chapter 1 .1 shall reiterate details relevant to the argument put forward here and will only 
refer to mRNA encoding receptor isoforms which have been identified at the protein level. 
The trk specific riboprobes employed in this study will recognise all receptor isoforms; 
this includes mRNA encoding both the 796 and 790 amino acid catalytic TrkA receptor 
isoforms, the full-length gpl45P'A:B and tmncated gp95rr/:B receptor isoforms and all four 
full-length trkQ receptor isoforms.

A number of studies have demonstrated the cell-type specific localisation of mRNAs 
encoding different trk receptor isoforms. The 796 amino acid Trk molecule is primarily 
expressed in neuronal cells whereas the 790 amino acid isoform has been found in cells of 
nonneuronal origin (reviewed by Barbacid, 1994). The few in situ hybridisation studies 
which have examined the expression pattems of full-length and tmncated trkB and trkC 
isoforms suggest that the catalytic trkB and trkC isoforms are neuron specific whereas the 
truncated receptors are expressed in non-neuronal cell-types.

Ammae et al. (1993) reported that in the E12 rat whereas transcripts of the full-length, 
catalytic trkB isoform (gpl45rr/:B) were strongly expressed in the trigeminal ganglion but 
absent in the neighbouring mesenchyme, the tmncated, gp95fr^B, isoform was strongly 
expressed in several mesenchymal structures but not in the trigeminal ganglion. 
Furthermore, in adult rat DRG the full-length catalytic trkB isoform is neuron specific 
(McMahon et al., 1994). Using either pan-rr^C or tyrosine kinase-specific probes 
McMahon et al. (1994) demonstrated that hybridisation signal was observed only over 
neurons in adult rat DRG. In addition, Zhang et al. (1994) showed that only tyrosine 
kinase encoding trkC mRNA was localised in neurons of embryonic quail DRG using 
immunoreactivity to identify Hu proteins, a neuron-specific family of RNA-binding
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proteins in vertebrates. It is therefore likely that the trkQ and trkQ mRNA distribution 
reported here is synonymous with that of the catalytic receptor isoforms.

Data presented on the expression pattems of c-ret and the trk genes is supportive of the 
specificity of the probes used here and is in agreement with previous in situ hybridisation 
studies in all but two instances; Carroll et al. (1992) observed trkB and trkC hybridisation 
signal in the Schwann cells of neonatal rat dorsal nerve roots. The riboprobes employed in 
this and the study by Carroll et al. (1992) were transcribed from the same cDNA clones 
which comprise sequence encoding part of the extracellular domains for both mouse TrkB 
and rat TrkC. It is possible that the discrepancy observed in this study is due to species 
differences i.e. mouse (this study) compared with rat (Carroll et al., 1992). If this were 
the case then both trkB and trkC expression in neonatal rat Schwann cells must be down 
regulated between PI and adult since hybridisation signal for these genes was not 
observed by McMahon et al. (1994) in adult rat Schwann cells. Alternatively, this 
discrepancy may be due to the different methods employed in each study i.e. non-isotopic 
(this study) versus isotopic (Carroll et al., 1992) in situ hybridisation analysis.

The lower limit in in situ hybridisation analysis depends on a number of things. When 
radioactive probes are employed there are a number of factors which determine 
background which are eliminated with the use of non-isotopic labels. Such factors include 
environmental radiation levels, pressure, chemography (the production of a latent image in 
silver halide crystals by the chemical action of reactive groups present in the tissue) and 
negative chemography (chemography in a particular region of the emulsion can render that 
region incapable of registering the passage of a charged particle). In addition, if the 
strength, the temperature or the duration of development are progressively increased, more 
and more silver grains will be developed, regardless of the degree of exposure of the 
emulsion to radiation (Rogers, 1973). Therefore, it is possible that in some cases 
background is difficult to distinguish from low levels of specific hybridisation. Also, the 
resolution of radioactive probes makes it more difficult to localise specific signal over 
small cells, such as Schwann cells. It is also possible that the discrepancy between the 
results presented in this thesis and those reported by Carroll et al. (1992) are because my 
trkB and trkC probes are not sensitive enough. If this is the case then Schwann cells must 
express extremely low levels of these genes.

This study demonstrates that the expression of trkA, trkB and trkC mRNA occurs 
predominantly in small-, medium- and large-diameter DRG neurons respectively, thus 
supporting previous studies of trk gene mRNA distribution in mice and rats using in situ 
hybridisation (see above). This suggests that neurons of different sensory modalities may
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depend on specific neurotrophins for development and has been shown definitively for 
each neurotrophin and its high affinity receptor.

The absence of NGF (by immune deprivation or null mutation) (Johnson et al., 1980; Ruit 
et al., 1992; Crowley, et al., 1994) or trkA (Smeyne et al., 1994) results in the lesion of 
small-diameter, trkA expressing neurons. Several lines of evidence suggest that these 
neurons subserve nociception and thermoreception. Firstly, Ruit et al. (1992) correlated 
the neuronal loss with an absence of afferent projections to spinal cord laminae I and H. 
Secondly, behavioural abnormalities in these mice are consistent with these findings and 
indicate deficits in nociception and thermoreception. Thirdly, mice with a null mutation in 
the low affinity neurotrophin receptor (p75) gene have defective thermal sensation and 
display a marked decrease in cutaneous innervation by CGRP- and substance P- 
immunoreactive nerve fibers (Lee et al., 1992). It is likely that the abnormal sensory 
phenotype of p75 null mutant mice results from a loss of nociceptive and thermoreceptive 
neurons and that this is due to decreased signalling by NGF is suggested by the fact that 
the p75 mutation causes a selective decrease in the sensitivity of NGF-dependent sensory 
neurons to NGF, but does not affect the response of embryonic sensory neurons to either 
BDNF or NT-4/5 (Davies et al., 1993; Lee et al., 1994). Further evidence to link NGF 
and nociception was provided by Ritter et al. (1991) who immune deprived rats of NGF 
from birth for 5 weeks and recorded an almost complete depletion of Ad high threshold 
mechanoreceptors which encode noxious mechanical events. In this example, however, 
the neuronal loss was not due to lesion but to a change in phenotype of the Ad fibers 
which subsequently innervated hair follicles instead of cutaneous mechanoreceptors 
(Lewin gf a/., 1992).

Targeted mutations in trkC (Klein et al., 1994)) and NT-3 (Emfors et al., 1994b; Farinas 
et al., 1994) have illustrated that signalling through TrkC is essential for the development 
of la and Ib muscle afferents. In NT-3 knock-out mice the absence of la afferents 
correlated with the elimination of large-diameter, carbonic anhydrase and parvalbumin 
positive, DRG neurons. In addition, the absence of golgi tendon organs in the 
myotendenous junctions provided indirect evidence that Ib muscle afferents were also 
absent in these mice since the development of these sense organs is induced by Ib sensory 
innervation (Emfors et al., 1994b). Both mutants displayed behavioural abnormalities 
indicative of a loss of proprioceptive sensory modalities.

Targeted mutations in trkB (Klein et al., 1993) and BDNF (Emfors et al., 1994a; Jones et 
al., 1994) resulted in mice suffering 30-50% neuronal losses in DRG at most levels. In 
BDNF mutants these neurons were shown to be myelinated. The two major populations of 
myelinated primary sensory afferents are proprioceptors and mechanoreceptors. Since the
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mice showed no deficits in motor neuron and muscle innervation it was concluded that the 
missing sensory population was likely to include the mechanoreceptors (Jones et al., 
1994). Consistent with this idea is the observation that whereas NGF is predominantly 
expressed in epidermal cells, BDNF is expressed primarily in dermal mesenchyme and 
therefore is in a logical location to support low-threshold mechanoreceptors such as hair 
follicle afferents. Furthermore, BDNF expression becomes restricted during mouse 
development to regions which are sensitive to touch: the digits, lips, tongue and mandible 
(Schecterson and Bothwell, 1992). In the other BDNF and trkB knock-out studies no 
attempt was made to identify the missing DRG neurons in these mice.

In contrast to the pattems of hybridisation observed for the trk genes I have demonstrated 
that c-ret is expressed in a subset of DRG neurons comprising approximately 60% of the 
total and including small-, medium- and large-diameter neurons. This suggests that c-ret 
expressing neurons are likely to subserve a wide range of functions (see above) and that c- 
ret may be co-expressed with members of the trk gene family in DRG neurons; a large 
proportion of total DRG neurons were found to express trkA (approximately 50%: Table
5.1, Chapter 5) while much smaller proportions expressed trkB (approximately 5%: Table
5.1, Chapter 5) and strong trkC (approximately 13%: Table 5.1, Chapter 5). These results 
are in broad agreement with published values of the proportions of DRG neurons 
expressing the trk genes in rats and mice (see Table 3.1). Mu et al. (1993) observed trkA, 
trkB and trkC mRNA in 46%, 6% and 10% of PI thoracic and lumbar rat DRG neurons 
respectively. Likewise, Verge et al. (1992) observed heavy trkA hybridisation signal and 
Averill et al. (1994) TrkA immunostaining in 40% of neurons in L5 DRG of adult rats.

A wide range in the intensity of hybridisation signal, representing perhaps a 100-fold 
difference in mRNA levels, was observed for c-ret. This contrasts with the hybridisation 
pattem observed for trkA and trkB mRNA; although different amounts of trkA and trkB 
signal were observed in these neurons, signal intensity did not span such a wide range as 
that observed for c-ret mRNA. trkC hybridisation, like c-ret expression, did cover a wide 
range of intensities but, unlike c-ret, trkA and trkB expression, it was difficult to 
distinguish between low trkC expressors and negative cells and by developing the alkaline 
phosphatase signal for longer one observed an increase in the number of trkQ positive 
cells, up to about 50% of total neurons. Thus, it appears that a large proportion of neurons 
express some, albeit in most cases barely detectable, trkC message.
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3.4.2 Comparison of the proportion of trk expressing neurons, when 
determined by in situ  hybridisation, with the number of Trk or 
neurotrophin dependent neurons.

There is a striking difference in the proportion of DRG neurons expressing each of the trk 
genes, as determined by in situ hybridisation, and the proportion of neurons dependent 
upon signalling through each Trk receptor or upon its neurotrophin ligand as determined 
by either gene deletion or, in the case of NGF, immunological deprivation studies (see 
Table 3.1). The proportion of neurons eliminated by the absence of a Trk receptor or its 
neurotrophin ligand is higher (1.5-2X for TrkA, 5-8X for TrkB and 2-8X for TrkC) than 
the proportion which express each trk gene as determined by in situ hybridisation.

There are at least three possible explanations for the discrepancy between the published 
values for the percentages of rr/:-positive neurons and the percentages of Trk and 
neurotrophin dependent neurons. These possibilities are worth considering in detail since 
they bear upon the role of Ret, demonstrated later in this work.

A. Neurotrophin and Trk dependency studies might more accurately reflect the proportion 
of trk expressing cells than do the in situ hybridisation studies.
If the neurotrophin and Trk dependency studies accurately reflect the proportion of trk 
expressing cells in DRG then there are a number of implications. Firstly, there must be 
overlapping populations of cells that are dependent upon signalling through more than one 
Trk receptor. Where the proportion of missing neurons, following each Trk or 
neurotrophin inactivation, were measured in the same ganglion and at the same age the 
total percentage considerably exceeds 100%. These figures are as follows: LI, L2: 140- 
160%, L3: 120-140% (Table 3.1). This could imply that there is considerable overlap in 
trk expressing populations of neurons within these ganglia.

A number of in situ hybridisation studies support this interpretation. McMahon et al. 
(1994) have shown that 80-90% of those neurons in L6 of adult rat whose visceral 
afferents innervate the urinary bladder expressed both trkA and trkR. In E15 quail DRG 
the proportions of neurons expressing trkA and trkC are 72% and 48% respectively, 
indicating an overlap of expression for these two genes in at least 20% of the neurons 
(Zhang et al., 1994). However, within adult rat thoracic DRG trkA, trkB and trkC 
expression was found to be mutually exclusive except for a small overlap between trkA 
and trkC positive neurons representing <5% and 15% of these populations respectively 
(Wright and Snider, 1994). Clearly, in adult rat, in situ hybridisation can detect an overlap 
of trk gene expression in some ganglia but not others.
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Table 3.1 Proportion of trk dependent cells (assessed bv their elimination following inactivation of trk or neurotrophin genes in 
"knockout” mice or following immunological depletion of NGF TNGF idl) in different DRG. compared to the number of rr/:-expressing 
cells determined bv in situ  hybridisation.

Level of Spinal Cord CERVICAL THORACIC LUMBAR
Ganglion Number 10 12 13

trkA dependency shown by;
trkA ko PO mouse 70-90% 70-90% 70-90% 70-90% 70-90%
NGF ko PO mouse^ 70% 70%
NGF id Adult rat̂ 70%
NGF id PO rat̂ 70%
NGF id PO guinea 80-85%

trkA in situ E15.5 rat̂ 40% 32%
trkA in situ PI rat̂ 46% 46%

C D

C O

trkA in situ PO mouse^^ 48%
trkB dependency shown by:
trkB ko PO mouse^ -50% -40% -50% -50% -50% -30%
BDNF ko PI 5 mouse^ 30%
BDNF ko P i5 mouse^ 23% 26% 34% 37%
NT-4/5 ko Adult mouse 14%
trkB in situ E l5.5 rat̂ 6% 8%
trkB in situ PI rat̂ 6% 5%
trkB in situ PO mouse^^ 5%
trkC dependency shown by:
trkC ko PO mouse^ 20%
NT-3 ko PO mouse^o 62% 78%
NT-3 ko PI3 mouse^i 55%
trkC in situ E15.5 rat̂ 9%
trkC in situ PI rat̂ 10% 10%
trkC in situ PO mouse^^ 13%

Where the ganglia surveyed have only been identified as "thoracic" or "lumbar", the % positive cells are indicated as spanning the
entire region. Trk dependency, as determined by gene deletion or in situ hybridisation, can be compared for each receptor where the
age and ganglion analysed are the same; in such cases numbers are shown in colour.
Abbreviations: P (post-natal day); E (embryonic day); ko (knockout).
References: (1) Smeyne et a i  (1994); (2) Mu et a l  (1993); (3) Johnson et a l  (1980); (4) Ruit et a l  (1992); (5) Crowley e t a l. (1994); 
(6) Klein et al. (1993); (7) Emfors et al. (1994a); (8) Jones et a l  (1994); (9) Klein et a l  (1994); (10) Farinas et a l  (1994);
(11) Emfors et a l  (1994b); (12) Liu e t a l  (1995); (13) This thesis (see Chapter 5, Table 5.1).



The second implication is that those cells which express more than one trk gene depend 
upon signalling through both Trk receptors, not just one, for survival until birth. One 
possible scenario is that a cell expresses such low levels of each receptor that signalling 
through either is insufficient to rescue the cell from apoptosis but when both receptors are 
activated the cell survives.

Strong evidence that this phenomenon exists in vivo was provided by Gaese et al. (1994). 
Quail embryos were incubated in the presence of either anti-NT-3 or anti-NGF antibodies 
or both together. The effects of these antibodies were assessed by counting DRG neuronal 
numbers at E ll, a stage at which naturally occurring neuronal death is complete. Whereas 
NT-3 and NGF deprivation resulted in a loss of 36% and 30% of neurons respectively, 
the combination of both antibodies together resulted in a total loss of only 47% of 
neurons. This suggests that there is overlap in the populations of NT-3- and NGF- 
dependent neurons and furthermore that this subpopulation require trophic support from 
both neurotrophins to survive up until this stage.

The argument that some neurons require trophic stimulation through two Trk receptors 
presupposes that individual cells have access to the different neurotrophins via peripheral 
or central targets or even by interactions within the ganglion at their cell bodies.

N G F  y BDN Fy N T -3  and NT-415  are expressed in the skin of developing mouse and rat 
embryos before and/or during the period of target tissue innervation and provide trophic 
support for sensory afferents terminating in appropriate areas (Davies et a l ,  1987; Emfors 
and Persson, 1991; Schecterson and Bothwell, 1992; Arumae et al.y 1993; Ibanez et al.y 

1993; Tessarollo et al.y 1993). Using northern blot analysis B D N F  and N T-3  mRNA was 
detected in the mouse hindbrain during a period (E9.5-E15) when cranial sensory neuron 
afferents innervate this structure (Buchman and Davies, 1993). Furthermore, high levels 
of B D N F  mRNA were detected in the pons and medulla of newborn and adult rats 
(Emfors et al. 1990) and may therefore provide trophic support to trigeminal neurons from 
their central targets. In addition, N T -3  expression has been reported, using in situ 
hybridisation analysis, in developing spinal cord motor neurons at a stage in development 
when they receive innervation from proprioceptive primary afferents (Emfors and 
Persson, 1991; Schecterson and Bothwell, 1992). Taken together this data indicates that 
neurotrophins are expressed in both the peripheral and central targets of developing 
sensory neurons and it is therefore possible that an individual neuron could receive 
altemative trophic stimulation from each target.

The demonstration that B D N F  and AT-3 mRNA are localised not only in the peripheral 
target tissue of sensory neurons but also within developing sensory neurons themselves
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suggests that neurons may receive autocrine or paracrine trophic stimulation (Emfors et 
al., 1992, Schecterson and Bothwell, 1992, Elkabes et al., 1994). BDNF andiVT-J, but 
not ^G F , were expressed by 40-50% and 10-15% of DRG neurons respectively 
(Schecterson and Bothwell, 1992). Evidence to support the notion of autocrine stimulation 
was provided by Wright et al. (1992) who used an in vitro assay to examine the 
morphological maturation of E4.5 chick DRG neurons; they showed that the percentage of 
neurons which matured was significantly reduced in the presence of anti-sense BDNF 
oligonucleotides, that this effect could be reversed by BDNF application and that using 
northern blot BDNF mRNA could be detected in DRG cells.

The level of expression of individual trk genes by such multi-fr^ expressing cells might be 
below the level of detection by in situ hybridisation, explaining why this method so often 
produces a total proportion of cells expressing either trIcA, trkB or trkC that is less than 
100% of neurons. Whether the biologically active lower limit of trk gene expression 
correlates with that determined by in situ hybridisation is unknown.

There is another reason, however, for doubting the reported percentages of Trk dependent 
neurons as determined by in situ hybridisation. In this study, when trk gene distribution 
was compared on medial sections of DRG I observed that whereas the small-diameter 
rritA-positive neurons were evenly distributed throughout the ganglion, the medium- and 
large-diameter trkB and trkC expressing neurons were frequently located in the periphery. 
This observation has been previously reported in rat DRG for trkB and trkC expressing 
neurons (Carroll et al., 1992; Mu et al., 1993) and in quail DRG for trkC expressing 
neurons (Zhang et al., 1994). Sections through the edge of ganglia should be enriched in 
peripherally located cells. Accordingly, I observed that the medium- and large-diameter 
trkB and trkC positive neurons were enriched at the dorsal and ventral poles of thoracic 
DRG where they could comprise over 50% of the total. Therefore, published values for 
the percentages of neurons expressing the trk genes may be inaccurate since a precise 
determination requires that the entire DRG be sampled. Similarly, estimates of neuronal 
loss in Trk and neurotrophin knockout mice may have a substantial margin of error since 
sectioning of entire ganglia and counting of neurons was not done in any study. In only 
one study (Carroll et al., 1992) was an entire DRG sampled to calculate the numbers of trk 
expressing neurons. Since the total number of neurons was not counted, the figures do not 
represent proportions but nevertheless confirm that the ratios of trkA-, trkB- and trkC- 
positive neurons were the same as previously reported and presented in this thesis (Table 
3.1).
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B. The proportions o f trk expressing neurons determined by in situ hybridisation and 
those determined by neurotrophin or Trk dependency studies are both correct.
The proportions of trkA, trkB and trkC expressing neurons determined by in situ 
hybridisation studies may be accurate for the ganglion and developmental stage under 
investigation. Gene inactivation studies identify the proportion of neurons which were 
dependent, at any stage of development prior to counting cell numbers, upon the Trk or 
neurotrophin that has been inactivated. Thus, if some cells are sequentially dependent 
upon more than one neurotrophin then the total number of neurotrophin dependent cells, 
assessed postnatally, will be greater than the proportions determined at any one particular 
stage.

Sequential dependence of neuroblasts on neurotrophins has been reported in the 
sympathoadrenal lineage (Birren et al., 1993; DiCicco-Bloom et al., 1993). E14.5 
sympathetic neuroblasts express trkC mRNA and are dependent upon NT-3 for survival in 
vitro. By birth these neurons no longer express trkC mRNA but alternatively express trkA 
mRNA and survive, in vitro, in the presence of NGF, not NT-3 (Birren et al., 1993). 
Furthermore, a recent study has shown that sympathetic neurons of the superior cervical 
ganglion (SCG) express c-ret mRNA prior to the expression of trkA or trkC mRNA by 
these neurons. In mice homozygous for a loss of function mutation in c-ret development 
of the SCG is perturbed between E10.5 and E12.5 suggesting a role for the Ret ligand in 
the survival and/or proliferation of these neurons prior to their acquisition of dependence 
upon either NT-3 or NGF (Vassilis Pachnis, personal communication).

In vitro studies of mouse trigeminal ganglion neurons suggest that they too switch 
neurotrophin survival requirements during the early stages of target field innervation 
(Buchman and Davies, 1993; Davies et al., 1993). Trigeminal neurons were cultured at a 
stage in development when their axons normally reach their peripheral targets. At this 
stage the neurons survive in the presence of BDNF, NT-3 or NT-4/5 but not in the 
presence of NGF. Over the next few days of development, the neurons acquire a survival 
response to NGF but loose their responsiveness to BDNF, NT-3, and NT-4/5. This was 
demonstrated by growing the neurons with combinations of neurotrophins and showed 
that the same neurons that respond to BDNF, NT-3, and NT-4/5 early in development 
subsequently become NGF dependent. During the switch-over period, there is no 
additional survival in cultures containing BDNF or NT-3 plus NGF than in cultures 
containing NGF alone (Buchman and Davies, 1993).

In DRG there is no direct evidence to suggest that sensory neurons switch neurotrophin 
dependence during development. However, in situ hybridisation studies have shown that 
the number of cells expressing trkB and trkC mRNA in rat DRG decreases between E13
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and E l6, more noticeably for trkC  ̂while the number of cells expressing trkK remains the 
same at all time points analysed. Similarly, in the trigeminal ganglion a marked decrease in 
the number of trkC expressing cells was observed between E l3 and E l6, whereas a 
similar number of cells were positive for trkA and mRNA at E13, E16 and E18 
(Emfors et al.y 1992). In the quail the percentage of trkC expressing DRG neurons 
decreases from 84% at E3.5 to 25% at ElO (Zhang et al.y 1994). Over this time period 
there is also a concommitant increase in trkA expressing neurons. This suggests that either 
the decrease in the proportion of frKZ-positive neurons is due to neurogenesis of trkA- 
positive cells or that some neurons down-regulate trkC transcription and express trkA 
instead. That the latter occurs during sympathetic neuroblast development has recently 
been demonstrated by Verdi and Anderson (1994).

Thus, it appears likely that, as part of their developmental program, sensory DRG neurons 
also switch neurotrophin dependence. The decrease in the number of trkC expressing 
neurons in the mouse trigeminal ganglion and DRG could be due to the down-regulation 
of trkC expression between E13 and E l6. In the trigeminal this would correlate 
functionally with the observed desensitisation of neurons to NT-3 over this period of 
development (see above). The altemative explanation, that a proportion of fr^C-positive 
neurons are eliminated during naturally occurring neuronal death, is unlikely since 
Buchman and Davis (1993) demonstrated that the same population of trigeminal neurons 
which loose their responsiveness to NT-3 subsequently become responsive to NGF. 
Experiments need to be done which analyse more carefully the temporal expression 
pattems of individual trk genes and relate this, at early stages, to ongoing neurogenesis 
and later to naturally occurring neuronal death. The former could be achieved by 
combining in situ hybridisation, to look at receptor expression, with 
immunohi stochemistry to localise markers of early neuronal differentiation such as nestin. 
Furthermore, in situ hybridisation analysis combined with serial section reconstmction or 
in situ hybridisation analysis using alternatively labelled probes at different developmental 
time points would determine whether, in fact, sensory neurons do switch neurotrophin 
dependence.

C. The proportions o f neurons expressing the trk genes as assessed by in situ 
hybridisation are correct but those determined by neurotrophin or Trk dependency are an 
overestimate of the true value.
There may be interactions between DRG neurons, in addition to those with target tissues, 
which determine survival. Let us hypothesise that a trkA positive neuron is releasing a 
factor, neurotrophin or otherwise, within its immediate environment within the ganglion 
that is essential for the survival of its neighbour. In NGF or trkA knockout mice this trkA- 
positive neuron is eliminated, and consequently its neighbour also dies. In this case the
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proportion of neurons lesioned in NGF or trkA knockout mice would not reflect the 
proportion of trkA expressing neurons. In the light of recent evidence demonstrating that 
DRG neurons express BDNF and NT-3 mRNA (Emfors et al., 1992; Schecterson and 
Bothwell, 1992; Wright et al., 1992; Elkabes et al., 1994) it is possible that some neurons 
provide paracrine support for others. Whether or not a neurotrophin and its high affinity 
receptor are co-expressed within individual sensory neurons is not known. In addition, the 
site of neurotrophin release and receptor localisation within neurons are questions which 
must be answered to resolve this question of paracrine regulation. The observation that 
Schwann cells in culture secrete BDNF (Acheson et al., 1991) and therefore may be a 
source of neurotrophins for neurons adds further complexity to the issues discussed here. 
More speculatively, in trk gene or neurotrophin mutant mice, neurons in addition to those 
which are dependent upon the neurotrophin in question may be eliminated erroneously by 
phagocytic cells activated by the unusually large cell death. However, despite the fact that 
a more thorough examination of knock-out sensory ganglia must be done to eliminate 
these possibilities, the specificity of functional deficits so far shown in these mice argues 
against the above proposal that the proportion of Trk dependent neurons assessed in 
knock-outs is an overestimate of the true value.

3.4.3 Summary

In summary, it is likely that both the in situ hybridisation data and the frXr/neurotrophin 
knockout studies accurately reflect the proportion of neurotrophin dependent cells. 
However, whereas the trk gene expression profile represents a snap-shot of development 
and indicates the proportions of Trk dependent neurons at that specific time point, the gene 
deletion studies, assessed post-natally in all cases, reveal the proportion of neurons that 
were dependent on a particular Trk or neurotrophin at some stage prior to the death of the 
animal. Thus, the two sets of results are incompatible.

In broad terms we can conclude that the proportions of neurotrophin and Trk dependent 
neurons are accurately reflected in the knock-out mice. It is clear that in trk AIN OF, 
trkBJBDNF or NT-415 and trkCJNT-S mutant mice different sensory modalités are 
compromised and this is consistent with the expression of trkA, trkB and trkC by different 
functional subsets of DRG. However, I feel that this interpretation is somewhat naive 
since the proportion of neurons eliminated by the absence of each Trk receptor or 
neurotrophin always amounts to greater than 100% (120-160%). More rigorous 
examination of these mice may determine that, in fact, within particular DRG other 
functional subtypes of neurons are lesioned which result in a more subtle phenotype. This 
is suggested by the data of McMahon et al. (1994) which related specific target innervation 
with trk expression. It is clear from this work that, depending on the target, the ratios of
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rr^-positive neurons vary greatly. This observation is consistent with the hypothesis that 
different neurotrophins support distinct functional subsets of sensory neurons. However, 
this work also indicated that whereas trkA and trkC are expressed in distinct neuronal 
subsets, there is a large degree of overlap between trkB and either trkA or trkC expression 
depending on the specific target field being examined.

In addition, there is a large discrepancy between the percentage of neurons eliminated in 
trkC (20%) and NT-3 (> 55%) mutant mice suggesting that other trk-expressing 
subpopulations are eliminated in the latter and therefore that NT-3 signals, in vivo, 
through other Trk receptors. Furthermore, it has recently become evident that NT-3 and 
BDNF do not only function as target-derived survival factors but have diverse actions and 
can influence neural crest and/or sensory neuron precursor development (see Chapter 1). 
The sequential dependence of neurons on different neurotrophins has been demonstrated 
in both sympathetic and sensory (trigeminal) neurons but is also likely to shape DRG 
development; this has already been demonstrated in the quail where the absence of NT-3 
resulted in a 34% reduction in DRG neurons at a stage prior to target cell innervation (see 
Chapter 1).

As already discussed we cannot rule out the possibility that the proportions of trk- 
expressing neurons determined by in situ hybridisation analysis, by myself and others, are 
an under estimation of the true value. However, the ratios of trkA, trkB and trkC 
expressing populations are likely to be correct as discussed above.
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Chapter 4

Co-localisation of c-ret and trk  gene expression

4.1 Introduction

60% of thoracic DRG neurons, covering all size ranges, express c-ret mRNA. In 
comparison, trkA^ trkB and trkC message is localised predominantly in small-, medium- 
and large-diameter sensory DRG neurons respectively. In broad terms, signalling through 
each Trk receptor by its neurotrophin ligand defines the development of neurons which 
subserve different functions. From this one can postulate that c-ret is expressed by a 
number of different functional subtypes of sensory neurons. One way of elucidating the 
function of c-ref-positive neurons is to determine whether c-ret mRNA is co-localised with 
trkA, trkB and/or trkC mRNA in sensory neurons. If so signalling through this receptor 
may be driving particular differentiation pathways to add further phenotypic diversity to 
this group of cells. Studies which have determined trk gene distribution in DRG by in situ 
hybridisation suggest that a population of rr^-negative neurons exist which may depend 
upon growth factors other than the known neurotrophins for development (McMahon et 
a l. , 1994; Wright and Snider, 1994). It is therefore possible that c-ret is expressed in this 
subpopulation of fr^-negative neurons and that signalling through Ret defines their 
development. This particular question is addressed in Chapter 5.

To look at the question of c-ret and trk gene mRNA co-localisation within individual 
sensory DRG neurons two strategies were considered. The most direct approach was to 
determine c-ret and trk gene expression on the same tissue section. This requires that two 
different labelling methods be used to distinguish between c-ret and trk gene riboprobes. 
The use of enzyme-generated chromophores, rather than radioactivity or 
chemiluminescence, was favoured in this study since it allowed unequivocal single cell 
resolution of label. Consequently, horseradish peroxidase was the only enzyme which 
could be used as an altemative to alkaline phosphatase. Peroxidase, however, generates 
oxygen radicals that rapidly inactivate any enzyme, including itself, thus limiting its 
sensitivity and therefore its use in in situ hybridisation. An altemative method was to 
employ ret-lacZ transgenic mice in which the c-ret promoter drives the expression of 
nuclear localised B-galactosidase. Use of these mice would enable the determination of c- 
ret expression (by B-galactosidase enzymatic reaction) in combination with trk gene 
expression (by in situ hybridisation) within sensory DRG neurons.
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In these mice the transgene consists of a 12kb fragment of the c-ret promoter, lying 
immediately upstream of the first translation start site, linked to the coding region for 
pnLacF (nuclear localised lacZ) followed by a 3' untranslated region comprising 
poly adénylation signal sequences (Madu Sukumaran and Vassilis Pachnis, personal 
communication). Analysis of the spatial and temporal localisation of 6-galactosidase 
enzymatic activity within these mice indicated that the 12kb c-ret promoter was driving the 
expression of lacZ with the appropriate developmental and tissue specific expression of the 
endogenous c-ret gene.

Within sensory modalities of the peripheral nervous system endogenous c-ret expression 
is first observed at E8.5-9.0 in migrating neural crest cells emerging from rhombomere 4 
of the mouse hindbrain. Consistent with this observation c-ret is expressed within the 
anlage of the facio-acoustic ganglion at E9.5. Between E10.5 and E14.5 all cranial ganglia 
induce c-ret expression. With regard to sensory ganglia of the trunk, c-ret mRNA first 
appears in migrating trunk neural crest cells at E9.5 and subsequently, expression is 
induced in all DRG between E10.5 and E13.5 (Pachnis et al., 1993). Comparing this with 
the pattern of 6-galactosidase expression observed in ret-lacZ transgenic mice, enzymatic 
activity was first detected at E l0.5 in the facio-acoustic ganglion. The delay in appearance 
of 6-galactosidase may reflect a lag between the appearance of message and the appearance 
of significant levels of functioning enzyme. By E12.5 6-galactosidase activity was 
observed in all cranial ganglia. In DRG 6-galactosidase was first detected at E10.5, again a 
day later than that observed for endogenous c-ret mRNA, and by E ll .5 6-galactosidase 
was detected in a subset of neurons within all DRG (Madu Sukumaran and Vassilis 
Pachnis, personal communication). Despite the delay in appearance of 6-galactosidase 
protein compared with endogenous c-ret mRNA there was no reason to believe that 6- 
galactosidase activity did not accurately reflect the spatial distribution of c-ret expression in 
sensory DRG of the neonate.

However, before using the ret-lacZ mice to examine c-ret and trk gene co-localisation 
within DRG neurons it was necessary first to determine that the localisation of 6- 
galactosidase activity correlated precisely with endogenous c-ret expression pattern and 
second that conditions could be established allowing both 6-galactosidase detection and in 
situ hybridisation to be performed on the same section.

Failing this, the second approach was the serial section analysis of DRG where alternate 
sections were hybridised with digoxygenin labelled c-ret or trk gene riboprobes. This 
could be done at PO, a stage when neurons are large enough to span two or more sections 
and so make the serial section reconstruction of individual neurons possible.
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4.2 Co-localisation of c-ret mRNA and 6-galactosidase activity in ret-lacZ 
transgenic mice using double staining on individual sections

According to established protocols, to fix tissue sections optimally for the detection of 6- 
galactosidase enzymatic activity requires 0.2% glutaraldehyde for 30 seconds whereas that 
for maximal mRNA hybridisation signal requires 4% paraformaldehyde for 2 hours 
(Sambrook et al., 1989). First I confirmed that neither of these fixation conditions was 
suitable to detect both maximal 6-galactosidase activity and hybridisation signal. However, 
6-galactosidase activity could still be detected when sections were fixed in 1% 
paraformaldehyde for 2 hours or 2% paraformaldehyde for no longer than 10 minutes, 
conditions which also allowed detection of mRNA hybridisation signal, albeit not maximal 
(data not shown). Control experiments determined that when 6-galactosidase activity was 
determined on sections and they were subsequently processed for in situ hybridisation, the 
intensity of blue precipitate was not reduced (data not shown).

The best compromise in fixation conditions, which allowed good preservation of 6- 
galactosidase activity and hybridisation signal, was obtained when sections were first 
fixed in 12% paraformaldehyde for 30 seconds followed by 1% paraformaldehyde for 1 or 
2 hours. In such cases many double labelled cells were seen (Figure 4. ID) and a direct 
correlation was observed between the level of c-ret hybridisation signal and the intensity of 
blue precipitate (Figure 4.1C, D). The incubation period in 12% paraformaldehyde was 
critical. Sometimes conditions favoured either 6-galactosidase detection (Figure 4.1 A) or 
hybridisation signal (Figure 4. IB) and this was indicative that sections had been incubated 
in 12% paraformaldehyde for 30 seconds -/+ 1-3 seconds respectively. Although 6- 
galactosidase has a nuclear homing signal occasional blue spots were observed in the 
peripheral cytoplasm of cells (Figure 4.1 A: arrows) probably due to newly synthesized 
enzyme on rough endoplasmic reticulum which has yet to be transported back to the 
nucleus.

In some cases where the conditions used should have favoured the detection of 
hybridisation signal and 6-galactosidase activity this was clearly not the case for some 
unknown reason; figure 4.2A shows a large neuron in which mRNA and 6-galactosidase 
is intense, yet the adjacent cell has almost equivalent levels of message but no nuclear 6- 
galactosidase; conversely, figure 4.2B indicates two neurons with blue nuclei of equal 
intensity but one cell has higher levels of hybridisation signal than the other; finally, both 
of these examples occur together in figure 4.2C where two cells lie adjacent to one 
another, one has strong hybridisation signal but no detectable nuclear 6-galactosidase and 
the other has an intensely blue nucleus but no hybridisation signal.
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Figure 4.1 Co-localisation of endogenous c-ret mRNA and B-galactosidase enzymatic 
activity on individual sections of thoracic DRG from PO ret-lacZ transgenic mice. 10 |im 
sections were first fixed in 12% paraformaldehyde for 30 seconds followed by 1% 
paraformaldehyde for 1 hour (A, C, D) or 2 hours (B). On the same day sections were 
incubated in Xgal substrate, for 5-6 hours, to detect B-galactosidase activity and 
following this were fixed in 4% paraformaldehyde overnight. The next day in situ 
hybridisation was carried out with c-ret anti-sense riboprobes to detect c-ret mRNA 
distribution.

(A) A range of intensities of blue nuclei are observed but only a proportion of those 
neurons with strong B-galactosidase activity (asterisks) express detectable c-ret mRNA. 
Intense blue spots are often observed in the cytoplasm of lacZ expressing neurons (see 
arrows).

(B) Many c-ret positive neurons are observed (see asterisks) but B-galactosidase activity 
is detected only in the nuclei of the strong expressors (see arrow).

(C, D) Both B-galactosidase activity and endogenous c-ret hybridisation signal is 
detected in many neurons (see asterisks). A direct correlation between the level of c-ret 
expression and B-galactosidase activity is observed in these neurons.

Scale bars: A-C, lOjum; D, 20|Lim.
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Figure 4.2 Co-localisation of endogenous c-ret mRNA and 6-galactosidase enzymatic 
activity on individual sections of thoracic DRG from PO ret-lacZ transgenic mice. 10 |im 
sections were first fixed in 12% paraformaldehyde for 30 seconds followed by 1% 
paraformaldehyde for 1 hour (C) or 2 hours (A, B). Subsequent treatment of sections 
was as described in figure 4.1.

(A) Although endogenous c-ret mRNA is expressed at almost equivalent levels in two 
adjacent neurons (see arrowheads) only one of these neurons expresses detectable 6- 
galactosidase.

(B) Two adjacent neurons express equivalent levels of 6-galactosidase but not 
endogenous c-ret mRNA (see arrowheads).

(C) c-ret hybridisation signal but not 6-galactosidase activity is detected in a neuron (see 
arrow) while 6-galactosidase activity but not c-ret hybridisation signal is detected in a 
second neuron (see arrowhead). In contrast, both 6-galactosidase activity and c-ret 
hybridisation signal are detected in an adjacent neuron (see asterisk).

Scale bar: A-C, lOqm.
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To determine whether trk mRNA could be co-localised with 6-galactosidase activity within 
individual neurons in situ hybridisation was carried out, using trkA, trkB or trkC 
riboprobes, on DRG sections from ret-lacZ mice. Conditions of fixation which had been 
determined as optimal (see above) were employed. Although 6-galactosidase activity was 
detected in the neurons of these DRG, hybridisation signal for trkA was never observed. 
Likewise, only weak trkC hybridisation signal could be seen from which it was 
impossible to draw firm conclusions. Weak-moderate trkB hybridisation signal, compared 
with that normally observed, was detected on sections and this expression was mutually 
exclusive to that of 6-galactosidase expression (Figure 4.3).

Conclusions

This study demonstrates that the 12kb c-ret promoter is conferring lacZ expression within 
a subset of DRG neurons in the ret-acZ transgenic mice. In most cases where the 
conditions of fixation favoured the detection of both 6-galactosidase activity and 
hybridisation signal nuclear 6-galactosidase activity was co-localised with endogenous c- 
ret expression and a correlation between levels of expression of these genes was observed. 
Because of the variability in results obtained, and the lack of a proper explanation for this 
in some cases, I could not determine whether 6-galactosidase was only present in those 
neurons which express endogenous c-ret mRNA. Therefore, this method was imprecise 
and unsuitable to examine the relationship between c-ret and trk gene expression. Despite 
this, tentative conclusions could be drawn from experiments in which trkB hybridisation 
signal was determined on sections stained for the presence of 6-galactosidase and 
suggested that c-ret and trkB expression within DRG neurons may be mutually exclusive.
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Figure 4.3 13-galactosidase enzymatic activity, indicative of c-ret expression, and 
endogenous trkB hybridisation signal are not co-localised in thoracic DRG neurons of 
PO ret-lacZ transgenic mice. 10|Lim tissue sections were fixed in 12% paraformaldehyde 
for 30 seconds followed by 1% paraformaldehyde for 1 hour and processed to detect B- 
galactosidase activity and trkB hybridisation signal as described in figure 4.1. Although 
both B-galactosidase activity (see asterisks) and trkB hybridisation signal (see arrows) 
are detected in DRG neurons they are mutually exclusive.

Scale bar: 20p.m.
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4.3 Co-localisation of endogenous c-ret mRNA and B-galactosidase 
enzymatic activity in ret-lacZ transgenic mice using serial section 
reconstmction analysis

Serial section reconstruction analysis afforded the opportunity to fix alternate sections 
under the conditions optimal for the detection of B-galactosidase enzymatic activity and 
mRNA hybridisation signal. This would enable me to first determine whether 6- 
galactosidase was present in all DRG neurons which expressed endogenous c-ret mRNA. 
If so, the same technique could be used to compare c-ret and trk expression in these 
neurons.

Frozen 7|xm serial sections of thoracic DRG from PO ret-lacZ mice were processed 
alternately to detect nuclear B-galactosidase activity and c-ret mRNA hybridisation signal. 
Individual c-ret positive neurons were traced through 2-3 serial sections and the presence 
or absence of B-galactosidase activity was recorded in those neurons where nuclei were 
visible. The intensity of mRNA signal and blue precipitate within an individual cell was 
noted to determine whether a correlation existed between them. The results of this study 
are shown in Table 4.1 and illustrated in figure 4.4.

Table 4.1. The correlation between c-ret mRNA and B-galagtgsidase
protgin

Total number of 
neurons traced

c~ret mRNA +ve 
Bgal +\e

c~ret mRNA +ve 
Bgal -ve

62 42 (68%) 20 (32%)

Individual neurons were traced through serial sections of PO ret-lacZ DRG which had been processed 

alternately for 6-galactosidase enzymatic activity and c-ret hybridisation signal. The presence or absence of 

nuclear 6-galactosidase activity and c-ret mRNA was recwded.

Only two-thirds of the c-ret positive neurons expressed detectable B-galactosidase activity 
(Table 4.1 and Figure 4.4: 1,3-5,9 compared with 6-8) and this subset included small 
(data not shown), medium (Figure 4.4: 1, 3, 4, 9) and large (Figure 4.4: 5) diameter 
neurons. In some cells there was a correlation between the intensity of c-ret mRNA signal 
and blue precipitate (Figure 4.4: 1, 4, 9) but in others there was not (Figure 4.4: 5). In 
many cases the large and medium diameter neurons had an intense blue nucleus whereas 
the small diameter neurons had a pale, sometimes barely detectable, blue nuclear 
precipitate (data not shown). This contrasts with the observed endogenous pattern of c-ret 
hybridisation where intense signal can be detected in neurons of all size ranges (Figure 
3.3).

107



Figure 4.4 Co-localisation of endogenous c-ret mRNA and B-galactosidase enzymatic 
activity in thoracic DRG neurons of PO ret-lacZ transgenic mice using serial section 
reconstruction analysis. 7|im serial sections were fixed, alternately, using optimal 
conditions to detect maximal hybridisation signal (4% paraformaldehyde) or B- 
galactosidase activity (0.2% gluteraldehyde). Alternate sections were then processed to 
determine c-ret mRNA distribution or B-galactosidase activity. Individual neurons 
(indicated by numbers, 1-10) were traced through 2-3 serial sections. Endogenous c-ret 
hybridisation signal (A) and B-galactosidase activity (B) were co-localised in two-thirds 
of c-ret positive neurons (see 1, 3, 4, 5 and 9)(3 and 9 appear, in A, to be c-re^-negative 
but do actually have weak signal which was clearer when larger cross-sections of the 
neurons were observed in the third serial section). A correlation between the intensity of 
c-ret hybridisation signal and B-galactosidase activity was observed in some (1, 4, 9) but 
not all (3, 5) neurons. B-galactosidase activity was not detected in one-third of neurons 
which expressed endogenous c-ret message (see 6, 7, 8; notice also that the nuclei of 
these neurons are visible in B).

Scale bar: A, B, 10|im.
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Conclusions

This data shows that the 12kb c-ret promoter is conferring expression of lacZ within a 
subset of c-ret expressing DRG neurons. The intensity of c-ret mRNA hybridisation signal 
did not always correlate with 6-galactosidase enzymatic activity, further suggesting that the 
12kb genomic fragment does not contain all the c-ref regulatory elements.

Clearly, these transgenic mice would give only an imperfect picture of c-ret expression and 
could, therefore, not be used to determine the full extent to which c-ret overlapped with the 
trk genes in DRG neurons.

4.4 The expression of c-ret mRNA is co-localised with trkK and trkC 
mRNA while trk^  expressing neurons are to a large extent mutually 
exclusive

To determine whether c-ret mRNA was co-localised with trk \, trkB and/or trkC message, 
serial section reconstruction was employed using conditions of fixation optimal for 
preservation of mRNA hybridisation signal. Alternate 7|im sections were hybridised with 
digoxygenin labelled riboprobes for c-ret and trkA, trkB or trkC. Individual trk gene 
positive neurons were traced through 2-3 serial sections and the presence or absence of c- 
ret mRNA within the same cell was recorded. The results of this study are presented in the 
table below and illustrated in figures 4.5-4.7.

Table 4.2. The proportion of trk  gene mRNA positive neurons which also 
express c-ret

Total number of trk 
gene +ve neurons 

traced

Proportion of trk 
gene +ve neurons 
which were also 

c-ret +ve

Proportion of trk 
gene +ve neurons 
which were c-ret - 

ve
trkA 21 85% 14%
trkB 31 19% 81%
trkC 51 49% 51%

Serial sections of PO thoracic DRG were hybridised alternately with c-ret and trkA or trkQ or trkQ 

riboprobes. Individual trk gene-positive neurons were traced through 2-3 serial sections and the presence or 

absence of c-ret signal on alternate sections was recorded.
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Figure 4.5 Co-localisation of c-ret and trkK mRNA in thoracic DRG of neonatal mice 
using serial section reconstruction analysis. 7|im serial sections were hybridised 
alternately with anti-sense c-ret (A, C) and trkA (B, D) riboprobes. Individual neurons 
(indicated by numbers 1-6 in A-B and 1-5 in C D) were traced through 2-3 serial 
sections, c-ret and trkA are co-expressed in a proportion of small-diameter neurons (see 
A-B: 2, 3; C D: 1) and medium-diameter neurons (see C D: 3-5). Some large-diameter 
neurons express c-ret but not trkA  (see A-B: 5) while other medium-diameter neurons 
express trkA but not c-ret (see C D: 2).

Scale bars: A D, 10|im.
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Figure 4.6 c-ret and îrkR mRNA are largely found in different neurons in thoracic DRG 
of neonatal mice using serial section reconstruction analysis. 7|im serial sections were 
hybridised alternately with anti-sense c-ret (A) and trkB (B) riboprobes. Individual 
neurons (indicated by numbers 1-3 in A-B) were traced through 2-3 serial sections.

Scale bars: A, B, 10|Lim.
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Figure 4.7 Partial co-localisation of c-ret and trkC mRNA in thoracic DRG of neonatal 
mice using serial section reconstruction analysis. T îm serial sections were hybridised 
alternately with anti-sense c-ret (A) and trkC (B) riboprobes. Individual neurons 
(indicated by numbers 1-4 in A-B) were traced through 2-3 serial sections. Some trkC- 
postive neurons co-express c-ret mRNA (data not shown) while others do not (see A-B: 
4). Neurons in which strong c-ret hybridisation signal was observed rarely co-expressed 
trkC mRNA (see A-B: 1-3).

Scale bars: A, B, lO îm
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A large proportion of rrA:A-positive neurons also expressed c-ret mRNA (Table 4.2 and 
Figure 4.5). In contrast, to a large extent trkB and c-ret expression was mutually exclusive 
(Table 4.2 and Figure 4.6). Finally, trkC hybridisation signal overlapped with that of c-ret 
in 50% of cases (Table 4.2 and Figure 4.7).

As described in the previous chapter a feature of trkA and trkB expression was the sharp 
cut-off in signal which distinguished negative from positive cells. This was not the case 
when trkC hybridisation was examined; it was difficult to distinguish between low trkC 
expressors and negative cells. In the experiments described in this chapter when trkA or 
trkB mRNA was co-expressed with c-ret message, the hybridisation signal for both genes 
within the same cell was moderate to high. In comparison, many c-ret and trkC double 
positive neurons had strong hybridisation signal for one gene and weak signal for the 
other (data not shown).

4.5 Discussion

The object of experiments carried out in this chapter was to determine the pattern of 
overlap of c-ret and trk mRNA within individual sensory DRG neurons and, to this end, a 
number of experimental approaches were followed. First the most direct method was 
attempted: to determine 6-galactosidase enzymatic activity and perform in situ 
hybridisation, to examine mRNA levels, on individual sections from ret-lacZ transgenic 
mice. Despite the conflict in conditions of fixation which were optimal for each 
determination, a method was developed which successfully allowed co-localisation of 6- 
galactosidase activity with endogenous c-ret mRNA in a subset of thoracic DRG neurons. 
However, for unknown reasons this method did not allow full determination of B- 
galactosidase and mRNA expression together, and therefore, I did not have proof that the 
12kb c-ret promoter conferred the full and correct spatial specificity of 6-galactosidase 
expression within DRG neurons.

Conditions of fixation can be applied which allow the detection of full 6-galactosidase 
activity and its co-localisation with the expression of other cellular proteins using 
immunohistochemistry (Grove et al., 1992). In Contrast, these experiments show that 
conditions of fixation cannot be applied which allow full 6-galactosidase and mRNA 
detection on individual sections. The co-localisation of 6-galactosidase activity with 
mRNA hybridisation signal in some cells, and for reasons which are unclear, is not 
possible. Such methodological constraints may be overcome with the use of longer cRNA 
probes to increase the sensitivity of in situ hybridisation. The lack of hybridisation signal 
or weak signal observed when these experiments were carried out using the trk probes is
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probably attributable to this fact; the trk probes were transcribed from approximately 
500bp fragments of cDNA whereas the c-ret riboprobe encompasses a 2.8kb cDNA 
fragment.

Serial section reconstruction analysis established that, in fact, 6-galactosidase was 
expressed in only two thirds of endogenous c-rgf-positive neurons. Moreover, in those 
neurons where 6-galactosidase and c-ret mRNA were co-localised a direct correlation 
between levels of expression of the two genes was not always observed. This suggested 
that the 12kb c-ret promoter did not drive the correct tissue specific expression of 6- 
galactosidase within DRG. Expression of 6-galactosidase was observed in neurons 
covering all size ranges and, thus, was not confined to a specific subset of c-ref-positive 
neurons. However, it was clear that in the small-diameter neurons only weak 6- 
galactosidase activity was detected.

Detailed analysis of these mice by Madu Sukumaran has revealed that gene elements in 
addition to this 12kb genomic c-ret fragment may be necessary to confer c-ret expression 
within other neuronal cell lineages, namely, neurons of the superior cervical ganglion, 
enteric nervous system and spinal cord motor neurons, since 6-galactosidase expression 
was not observed in these cells. This discovery lends further weight to the hypothesis that 
the 12kb fragment does not confer full tissue specific expression within DRG. Ectopic 
expression of 6-galactosidase was observed in para-axial mesoderm and the dorsal spinal 
cord of ret-lacZ mice (M. Sukumaran, personal communication). This could indicate 
regulation of 6-galactosidase transcription by ectopic gene elements close to the site of 
integration of the transgene or alternatively it may suggest that a suppressive element, 
encoded by DNA outside of the 12kb fragment, is necessary to prevent c-ret expression at 
these sites.

The overlap in expression of c-ret mRNA with trkA, trkB and trkC mRNA was shown 
definitively using in situ hybridisation combined with serial section reconstruction 
analysis, c-ret message overlapped significantly with trkA and trkC but not with trkB 
message. This suggests that c-ref-positive neurons may comprise, firstly, a subset of 
small-diameter cutaneous afferents subserving nociceptive and thermoreceptive functions 
and which are NGF dependent and fr^A-positive and secondly, a subset of muscle 
afferents subserving proprioceptive functions, which are NT-3 dependent and trkC- 
positive (see Chapter 3: discussion).

Within the broad criterion of proprioceptive neurons, for example, there must be many 
distinct subtypes. Signalling through Ret may define the development of a subtype of 
neurons within each distinct class thus adding further phenotypic diversity to it. In
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addition, c-ret was shown to overlap with a small proportion of rr^B-positive neurons. 
There is some evidence, from trkQ and BDNF mutant mice, that trkB is localised in 
mechanoreceptive neurons (see Chapter 3: discussion ) and therefore a small percentage of 
c-rer-positive neurons may also fall into this category.

Since c-ret expression only partially overlapped with that of the trk genes the possibility 
that a c-rgf-positive, fr/:-negative subset of thoracic DRG neurons existed could not be 
excluded. At this time McMahon et ai. (1994) demonstrated that a fr/:-negative 
subpopulation of neurons were present in adult rat lumbar ganglia and that these neurons 
comprised a sizeable proportion of the total. It was therefore possible that such neurons 
were also present in neonatal thoracic ganglia and that they expressed c-ret. This question 
is taken up in the next chapter of this thesis.
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Chapter 5

Sensory neuron development in mice lacking 
functional Ret receptors

5.1 Introduction

The use of homologous recombination to target mutations to specific genes, resulting in 
the loss-of-function of a protein, has become commonplace in recent years. Using this 
technique the function of a gene can, in some cases, be definitively shown. In chapter 
three I discussed the specific phenotypes observed in the PNS of mice homozygous for 
loss-of-function mutations in NGF y BDNF or NT-3 and also in the genes encoding the 
high affinity Trk receptors for these neurotrophins.

In DRG the elimination of specific neuronal subsets in combination with the deficits 
observed in particular sensory modalities supported previous hypotheses of neurotrophin 
function derived principally from in vivo and in vitro expression studies. However, the 
total number of neurons eliminated in a particular DRG, in the absence of each 
neurotrophin or functional Trk receptor, far exceeded the total number of surviving 
neurons in that particular wildtype DRG. This unexpected result suggests that either 
sensory neurons co-express more than one trk gene and/or neurons are sequentially 
dependent upon more than one neurotrophin during development (discussed in more detail 
in Chapter 3). In the CNS although trkB and trkC mRNA are ubiquitously expressed 
during development the absence of either receptor in mutant mice does not appear to 
interfere with normal development. It is likely that rigorous examination of these mice will 
reveal more subtle phenotypes and also that when trkB and trkQ mutant mice are crossed, 
to generate homozygous mice lacking both receptors, a different picture may emerge.

The above examples highlight the importance of gene knock-out studies in determining 
gene function. Whereas these experiments confirmed the essential role of the 
neurotrophins and their high affinity receptors in the development of specific neuronal 
lineages within the PNS they raised questions concerning the function of these genes in 
CNS development.

In the previous two chapters I have established that, within the PNS, c-ret is expressed in 
a subset of neurons, covering all size ranges, and comprising a large proportion of total 
DRG neurons. Furthermore, c-ret expression overlaps significantly with that of trkA and 
trkC message but not with trkB message in individual thoracic DRG neurons. In the light
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of these experiments it was possible that signalling through Ret was essential for a specific 
developmental phase of all c-ret expressing neurons and/or that it determined the 
development of a subset of c-rer-positive, rr/:-negative neurons. These questions could be 
addressed by comparing c-ret and rr^-gene expression in normal mice compared with mice 
homozygous for a loss-of-function mutation in the c-ret gene {ret.kr mice).

In agreement with the observed pattern of c-ret expression in the embryonic kidney, 
enteric nervous system and sympathetic ganglia, the development of these cell lineages is 
perturbed in ret.k' mice. Renal agenesis and the complete absence of enteric neurons 
throughout the digestive tract was first observed in these mice (Schuchardt et al., 1994). 
Subsequent analysis has shown that the lack of enteric neurons is due to the loss of a 
subset of enteric neuroblasts which are derived from the post-otic hindbrain neural crest 
(vagal crest) and not due to the extinction of the catecholaminergic phenotype in these 
neurons (Pascale Durbec and Vassilis Pachnis, personal communication). This data is 
further corroborated by the recent discovery that, in humans, germ line mutations in the c- 
ret gene result in abnormal development of the enteric nervous system causing intestinal 
obstruction in neonates and megacolon in infants and adults (Edery et al., 1994; Romeo et 
al., 1994). A lack of functional Ret also results in the elimination of the anlage of the 
superior cervical ganglion between E10.5 and E l2.5 (P. Durbec and V. Pachnis, personal 
communication). Furthermore, the superior cervical ganglion and most of the enteric 
nervous system are derived from a common pool of vagal crest cells which are dependent 
upon Ret signalling for their proper development (P. Durbec and V.Pachnis, personal 
communication).

Preliminary histological analysis of ret.k~ DRG had revealed no marked reduction in their 
size, compared with wildtype DRG, âs inight be expected if all c-ret poisitive neiirdns were 
absent (Vassilis Pachnis, personal communication). However, it was possible that a 
subset of c-rer-positive neurons were eliminated in ret.k~ DRG. The likelihood of this 
increased when McMahon et al. (1994) demonstrated that in adult rat 39% of L3 neurons 
with cutaneous afferents projecting through the saphenous nerve and 34% of neurons 
projecting through the sciatic nerve were rr/:-negative. In addition, Wright and Snider 
(1994) have also reported that a subpopulation of thoracic DRG neurons in adult rat are trk 
gene negative.

At the time when this work was initiated it was thought that during development of the 
first three cervical DRG, neural crest was recruited to form these ganglia not only from the 
rostral neural tube but also from the post-otic hindbrain (Vassilis Pachnis, personal 
communication). Since we knew that the vagal crest-derived sympathoenteric lineage was
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Ret dependent it was reasonable to surmise that a subset of neuroblasts which contribute to 
cervical DRG 1-3 would be eliminated in ret.kr mice.

In this chapter experiments were devised which set out to answer the following questions:

1. Is the expression pattern of trkA^ trkQ and trkC mRNA normal in ret.k’ DRG? If not, 
this may indicate a perturbation in the development of specific subsets of sensory neurons 
in these ganglia.

2. Could I identify a subset of rrit-negative neurons in thoracic, lumbar and/or cervical 
DRG? If so, were these neurons c-rer-positive? and more importantly, were they absent in 
ret.k- DRG?

Thoracic and lumbar DRG from wildtype and mutant mice were examined at PO. Since 
homozygous ret.kr mice die within 24 hours after birth PO was the latest stage at which a 
direct comparison could be made between wildtype and mutant mice. In contrast, E14.5 
was chosen as a suitable age for the examination of cervical DRG since it substantially 
postdates the period over which death of enteric and sympathetic neurons occurs in the 
ret.k’ mice (Vassilis Pachnis, personal communication), and so any deficit in the cervical 
ganglia should be evident at this stage. At the same time E l4.5 was late enough for serial 
sections to be conveniently examined so that the presence or absence of the cervical DRG 
could be established with certainty.

5.2 trk gene distribution in mutant compared with wildtype DRG

5.2.1 Qualitative analysis using in situ hybridisation.

Experiments were carried out to determine whether the expression patterns of the trk genes 
was normal in ret.k' DRG. Sections of thoracic DRG from wildtype and ret.k' mice were 
processed together to examine trkA, trk^ or trkC mRNA distribution. To reduce error due 
to experimental variation one batch of hybridisation buffer was prepared for each 
riboprobe and was applied to all appropriate wildtype and mutant sections. Furthermore, 
alkaline phosphatase signal on both wildtype and mutant DRG was developed for the same 
period of time for each probe.

The results of this experiment are presented in figure 5.1 and Table 5.1. In both normal 
and ret.k' DRG trkA mRNA was observed in small- and medium-diameter neurons 
(Figure 5.1, A and B: small and large arrowheads respectively) while large-diameter
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neurons were negative (Figure 5.1, A and B: asterisks). Both the proportion of trkK- 
positive neurons (Table 5.1) and the intensity of trkA hybridisation signal (Figure 5.1, A 
and B) were equivalent in wildtype and mutant DRG. Likewise, the expression pattern of 
trkB was normal in ret.k' DRG; trkB mRNA was observed principally in medium- 
diameter neurons (Figure 5.1, B and D: arrowheads) and both the proportion of trkB- 
positive neurons (Table 5.1) and the intensity of hybridisation signal observed in these 
neurons was similar in wildtype and mutant DRG. In contrast, there was a marked 
difference in the expression pattern of trkC in mutant compared with wildtype DRG; 
whereas moderate hybridisation signal was observed in a small proportion of large- 
diameter neurons in wildtype DRG (Figure 5.1, E: arrowheads) roughly the same 
proportion of cells expressed much higher levels of trkC hybridisation signal in ret.k' 
DRG (Figure 5.1, F: arrowheads). As previously described in chapter 3 the pattern of 
trkC hybridisation observed in wildtype mice is different to that observed for trkA and 
trkB in that a clear distinction between positive and negative cells is not observed (Figure 
3.4: compare A and B with C; Figure 5.1: compare A and C with E). Thus, in addition to 
the small proportion of neurons which express trkC at moderate to strong levels many 
other neurons express weak, but detectable, hybridisation signal (Figure 5.1, E: 
asterisks). Therefore, by increasing the time allowed for alkaline phosphatase development 
the proportion of trkC expressing neurons also increases (data not shown). In mutant 
DRG a large proportion of neurons express significant levels of trkC mRNA (Figure 5.1, 
F). Thus, both the proportion of fr^C-positive neurons (Table 5.1) and the level of 
hybridisation signal observed in those neurons (Figure 5.1, E and F) are increased in 
ret.k' compared with wildtype DRG. This phenomenon was also observed in two 
additional experiments when trkC hybridisation signal was examined on mutant compared 
with wildtype lumbar and cervical DRG (data not shown).
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Table 5.1. The distribution of trkX. trk^  and trkC  mRNA in the thoracic 
DRG of wildtype and mutant mice

WildtvDe 
Total number 

of neurons 
counted

Wildtvne 
Proportion of 
trk gene +ve 

neurons

Mutant 
Total number 

of neurons 
counted

Mutant 
Proportion of 
trk gene +ve 

neurons

trkA 1462 48% 1460 53%
trkB 1263 5% 1208 5%
trkC 1584 13% 1438 57%

in situ hybridisation was performed on lOfim cryostat sections of wildtype and ret.k' thoracic DRG to 

determine the distribution of trkA, trkB and trkC mRNA. Alkaline phosphatase development was allowed 

to proceed for 6-7 hours, for sections hybridised with the trkC riboprobe, and overnight for sections 

hybridised with either the trkA or trkB riboprobes. The reaction was terminated at precisely the same time 

for both mutant and wildtype sections. The number of trk gene-positive neurons was determined for both 

wildtype and mutant DRG.
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Figure 5.1 The expression pattern of trkA, trkQ and trkC mRNA in the thoracic DRG of 
wildtype mice (A, C , E) compared with mice homozygous for a loss of function 
mutation in the c-ret gene {ret.kr mice) (B, D, F). 7pm (A-D) or 10pm (E, F) sections of 
PO thoracic DRG were hybridised with anti-sense trkA, trkB or trkC riboprobes.

(A, B) The distribution of trkA mRNA appears normal in ret.kr mice. trkA is expressed 
in small and medium-diameter neurons (see small and large arrowheads respectively) in 
both wildtype and ret.kr mice while the large-diameter neurons are negative (see 
asterisks). In addition, the intensity of trkA hybridisation signal is equivalent in wildtype 
and retie DRG.

(C, D) The expression pattern of trkB is also normal in ret.kr mice. trkB hybridisation 
signal is observed predominantly in medium-diameter neurons in both wildtype and 
retk' DRG (see arrowheads) and the intensity of trkB signal is equivalent in both 
wildtype and retkr DRG.

(E, F) trkC expression is elevated in retkr compared with wildtype DRG. In wildtype 
DRG trkC mRNA is expressed at significant levels in a small proportion of neurons (see 
E: arrowheads). Unlike trkA and trkB expression (see A-B and C-D respectively) there 
is not a sharp distinction between positive and negative cells and many additional cells 
appear to have low, but detectable, trkC hybridisation signal (see E: asterisks). In ret.k~ 
DRG strong trkC signal is observed in a small proportion of neurons (see F: arrowheads) 
but many additional cells express significant levels of trkC mRNA; thus, the number of 
neurons which express trkC mRNA is markedly increased in retkr DRG.

Scale bars. A-F, 50^im
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5.2.2 Quantitative analysis using an image analysis system.

Quantification of hybridisation signal for trkA, trkB and trkC in ret.k~ compared with 
wildtype DRG was performed using an image analysis system and the results of this are 
presented in figure 5.2. In this procedure light intensities from the image are detected by a 
video camera attached to the microscope, as analogue electrical signals, which are then 
converted to digital format for processing by the computer. This digitization step breaks 
the image into discrete spatial elements (pixels), each of which has values for density (in 
grey levels) and specific X-Y location associated with i t  A fully automated method, where 
all areas darker than a particular threshold grey scale value are measured, was used to 
quantify hybridisation signal in these experiments. For this, the lower threshold level was 
set somewhat higher than used for manual identification of positive cells so as to exclude 
extraneous contributions to the image (notably phase contrast effects) from being analysed 
as a positive signal. This meant that the more weakly-stained neurons were treated as 
being negative for this analysis, so that for instance, only 35% of neurons were counted as 
frkA-positive (Figure 5.2) whereas manual counting determined that 50% of total neurons 
were trkA expressors (Table 5.1).

The proportion of total neurons which expressed suprathreshold levels of trkA mRNA 
was equivalent in wildtype and mutant DRG, approximately 35% (Figure 5.2). The 
intensity of trkA hybridisation within these neurons was also equivalent in wildtype and 
mutant DRG (Figure 5.2). Likewise, the proportion of DRG neurons which expressed 
suprathreshold trkB hybridisation signal was 4.7% in wildtype and mutant DRG (Figure 
5.2). This figure is similar to that obtained by manual counting (5%, see Table 5.1) 
because the complete absence of background on sections hybridised with trkB antisense 
riboprobe and the sharp distinction between positive and negative cells enabled the 
threshold to be set at a sufficiently low level to allow the quantification of all positive cells. 
There was a greater degree of variability between wild-type and ret.k' DRG in the level of 
trkB expression within neurons, due to the relatively small number (approximately 70) of 
rrA:B-expressing neurons analysed. In contrast to these results, the proportion of total 
neurons which expressed suprathreshold levels of trkC mRNA was 2.3% in wildtype 
DRG and 28% in ret.kr DRG (Figure 5.2). As for the quantification of trkA signal, the 
lower threshold was set at a level which excluded the analysis of low trkC expressors and, 
thus, the 2.3% of wildtype DRG neurons which expressed trkC is not in agreement with 
the figure obtained by manual counting (13%, see Table 5.1).
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Figure 5.2 Quantification of trkA, tr l^  and trkC hybridisation signal in mutant 
compared with wüdtype DRG. 7^im sections of PO thoracic DRG were hybridised with 
anti-sense trkA (A), trkR (B) or trkC (C) riboprobes. Using image analysis the intensity 
of hybridisation signal within each cell was determined from a 50X bright-field image of 
the section.

(A) The proportion of total neurons which express trkA  is the same in wildtype and 
ret.k' DRG (35%) and the proportion of neurons which express the range of 
hybridisation signal intensities is similar in wildtype compared with ret.k' D'RG. The 
total number of neurons analysed was 1614 (wildtype) and 2055 {ret.k' ).

(B) Although there is variation in the proportion of neurons which express the range of 
hybridisation signal intensities, the proportion of total neurons which express trkB was 
the same in wildtype and retk' DRG (4.7%). The total number of neurons analysed was 
1597 (wildtype) and 1363 {ret.kr ). This data was compiled from two separate 
experiments.

(C) There is a huge difference in the proportion of neurons which have trkC 
hybridisation signal in ret.k' compared with wildtype DRG (wildtype, 2.3%, ret.k', 
28%). In addition, the intensity of hybridisation signal observed in ret.kr DRG is 
elevated compared with wildtype DRG (the maximum intensity of hybridisation signal 
observed in neurons of ret.kr DRG is 10-20% higher than the maximum observed for 
wildtype DRG neurons). The total number of neurons analysed was 1272 (wildtype) and 
969 {ret.kr ).
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This data confirms the qualitative observations presented in section 5.2.1 and implicates 
Ret signalling as a suppressor of P‘kC expression in wildtype mouse DRG neurons. In the 
absence of this suppression, i.e. in ret.k' DRG, the level of trkC expression in most 
neurons is elevated and therefore a higher proportion are recorded as expressing 
suprathreshold levels of trkC mRNA. Furthermore, the data obtained by manual counting 
of frA:C-positive neurons in mutant compared with wildtype thoracic DRG supports this 
interpretation of the data, c-ret is expressed in 60% of thoracic DRG neurons (see results. 
Chapter 3). Significant trkC hybridisation signal is observed in 13% of DRG neurons and 
6.5% of these neurons also express c-ret. Let us hypothesize that Ret signalling 
suppresses trkC expression. In the absence of functional Ret receptor we would predict 
that the proportion of trkC expressors would increase from 13% to 60% - 6.5% (the 
proportion of fr^C+ve/c-rer+ve neurons) + 6.5% (the proportion of TritC+ve/c-rer-ve 
neurons) = 60%. In actual fact the proportion of tr^C-positive neurons increases from 
13% to 57% (see Table 5.1 above).

5.3 The determination of an inverse correlation between levels of c-ret 
and trkC mRNA in individual wildtype DRG neurons.

If signalling through Ret suppresses trkC expression, as suggested by the data presented 
in the previous two sections, there may be a correlation between the levels of c-ret and 
trkC expression within individual neurons. To address this question I have quantified, 
using the above procedure, the levels of c-ret and trkC signal in those neurons in which c- 
ret and trk£. mRNA had previously been co-localised (see Figure 4.7 and Table 4.2). The 
relationship between c-ret and trkC expression is shown in figure 5.3. This graph 
demonstrates that those cells expressing lower levels of c-ret (0-37% of maximum level) 
expressed, on the whole, the highest levels of trkC (40-100% of maximum level). On the 
other hand, in those cells where c-ret signal was between 40-100% of the maximum the 
trkC signal in the same cells was generally reduced to 0-40% of the maximum. This 
suggests that there is an inverse correlation beween levels of c-ret and trkQ hybridisation 
signal within individual thoracic DRG neurons. Furthermore, regression analysis (solid 
line) of this data gave a negative regression coefficient (r=-0.64524) further indicating an 
inverse correlation between the two variables. A Spearman Rank Correlation Test 
confirmed this negative correlation (p=0.01) and was also used to rule out the possibility 
of a zero or a positive correlation between the two data sets.
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Figure 5.3 Q u an tifica tion  o f  the lev e l o f  c - r e t  and trkC  hyb rid isation  

sig n a l w ith in  in d iv id u a l thoracic D R G  neurons. A lternate 7 |im  serial 

section s w ere hybrid ised  w ith  c-ret  and trkC  antisense riboprobes. U sin g  

im a g e  an a ly sis  the in ten sity  o f  h ybrid isation  sig n a l for each  m R N A  

sp ec ie s  w as quantified  and exp ressed  as a p ercentage o f  the m axim um  

sign a l ob served  for that m R N A  sp ec ies . T he lev e l o f  c - r e t  sign a l w as  

plotted against the lev e l o f  trkC  signal for each  ce ll exam ined . W hen c-ret 

h y b r id isa tio n  s ig n a l ran ges from  0 -37%  o f  the m a x im u m , trk C  

hyb rid isa tion  s ign a l ranges from  10-100%  o f  the m axim u m  w ith  the  

m ajority  o f  c e l ls  fa llin g  w ith in  the h igh er range (4 0 -1 0 0 %  o f  the  

m axim um  signal). In contrast, when c-ret  signal lies  b etw een  40-100%  o f  

the m axim u m , trkC  s ign a l lie s  predom inantly  b e tw een  0-40%  o f  the  

m axim um . Linear regression  analysis dem onstrated a negative correlation  

betw een  the tw o variables as indicated by the so lid  line (r= - 0 .6 5 4 2 4 ).
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5.4 Examination of cervical DRG development in mutant compared with
wildtype mice.

I was particularly interested in examining the first three cervical DRG in ret.k’ mice 
because, as discussed in the introduction, some cells in this ganglia may derive from the 
vagal crest. The latter gives rise to the sympathoenteric lineage which is dependent upon 
Ret signalling for normal function (Pascale Durbec and Vassilis Pachnis, personal 
communication). Therefore, if the vagal crest also contributes to the development of these 
DRG one would expect that a subpopulation of neuroblasts are eliminated in ret.k’ mice 
and consequently that the ganglia are reduced in size in these mice.

As stated above, preliminary histological examination of thoracic and lumbar ret.kr DRG 
revealed no marked reduction in their size (Vassilis Pachnis., personal communication). 
Therefore, to determine whether the development of cervical DRG was perturbed in these 
mice serial sagittal sections were cut of E14.5 wildtype and ret.kr mice and were thionin 
stained to visualise tissue structures. The first cervical DRG was identified in wildtype 
mice firstly from its position close to the atlas and axis vertebrae and secondly from its 
location, lateral to the other cervical ganglia; consequently the Cl DRG is first encountered 
when sagittal sections are cut. Additional positional information was provided by the 
inferior ganglion of the glossopharyngeal (IX) nerve which is situated laterally in relation 
to the upper cervical DRG and is thus encountered first. When ret.kr serial sections were 
examined all cervical DRG were present and there was no obvious reduction in their size 
(data not shown).

5.5 Determination of total trk gene distribution in wildtype and mutant 
DRG.

Experiments were performed to determine, firstly, whether a fr^-negative population of 
DRG neurons could be identified in the cervical, thoracic and/or lumbar DRG of wildtype 
and mutant mice, secondly, whether these frA:-negative neurons were c-ret positive and, 
thirdly, whether these neurons were absent in ret.k’ DRG.

Total trk gene distribution, using a cocktail of trkA + trkB + trkC riboprobes, and that of 
c-ret was determined on alternate serial sections of thoracic, lumbar and cervical DRG, 
such that trk gene-negative neurons could be established as c-rgf-positive or -negative were 
they observed. Normally, when determining individual trk gene expression, sections 
hybridised with trkA and trkB riboprobes were developed in alkaline phosphatase 
substrate for approximately 16 hours whereas those hybridised with trkC riboprobe were
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developed for only 7 hours (discussed in chapter 3). Consequently, when all three probes 
were hybridised together on the same section it was important that the time allowed for 
development of the signal was sufficient for all probes and therefore this was carried out 
for 16 hours. As described in chapter 3 the number of trkC, but not trkA, trkB or c-ret- 
positive neurons increased as sections were allowed to develop in alkaline phosphatase 
substrate for increasing periods of time. Normally trkC expression was determined after 
incubation of the sections for 8 hours to estimate the number of high trkC expressors. 
Therefore, in this experiment the percentage of trkC-posûwe. neurons determined is greater.

All sections were counter-stained with DAPI to visualise nuclear chromatin. Thus, it was 
possible to distinguish between Schwann cell and neuronal cell nuclei; the chromatin in 
Schwann cell nuclei is far more concentrated and thus gives rise to a far brighter 
fluorescence image (Figure 5.4B: black asterisks) than that produced by neuronal nuclei 
(Figure 5.4B: white asterisk). Under these conditions virtually all neurons hybridised with 
the combination of trk gene probes in wildtype (Figure 5.4) and mutant (data not shown) 
thoracic DRG. In any section, less than 2% of total neurons were unstained (Figure 5.4: 
see arrowheads). Where staining was weak, individual intense spots of signal were 
observed in some parts of the peripheral cytoplasm (Figure 5.4).

To determine whether I could identify a frA:-negative subset of neurons in lumbar DRG the 
above experiment was carried out but this time compared wildtype and mutant lumbar 
ganglia; McMahon et al. (1994) had reported the presence of a rrit-negative subpopulation 
in specific lumbar DRG of adult rat (see introduction). Unexpectedly, the majority of 
neurons expressed one of the trk genes and unstained neurons represented at the most 1- 
2% of the total (data not shown), as was observed in thoracic DRG (see above).
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Figure 5.4 Determination of total trk gene distribution in PO thoracic DRG. 7|im DRG 
sections were hybridised with a mixture of anti-sense trkA, trkB and trkC riboprobes 
(A). Sections were also stained with DAPI to visualise nuclei (B) and so distinguish 
between neuronal (white asterisk) and Schwann cell (small black asterisk) nuclei. 
Photography was carried out using bright-field (A) and fluorescence (B) optics, trk gene- 
negative neurons represent no more than 1-2% of the total neuronal population (see A, 
B: arrowheads) in thoracic DRG. Schwann cells do not express detectable trkA, trkB or 
trkC hybridisation signal (see A, B: large asterisk).

Scale bar: A, B, 30|Lim.
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5.6 Determination of c-ret hybridisation signal in mutant compared with
wildtype DRG.

5.6.1 Qualitative analysis using in situ hybridisation

In the experiments described above (section 5.5) individual sections, of wildtype and 
mutant DRG, were hybridised alternately with a cocktail of trk riboprobes and the c-ret 
riboprobe. With regard to c-ret expression an unexpected observation was made; 
hybridisation signal for c-ret mRNA was either completely absent or weak in ret-k~ DRG 
(Figure 5.5) and motor neurons (Figure 5.6). In ret-kr motor neurons visible hybridisation 
signal formed intense localised spots within the cytoplasm which were uncharacteristic of 
the normal pattern of c-ret expression within these cells (Figure 5.6, B: arrows compared 
with A). These intense spots of c-ret signal were never observed in mutant DRG (Figure
5.5). In other c-ret expressing cell lineages, such as enteric neuroblasts, hybridisation 
signal for c-ret is reduced but not abolished in homozygous ret-kr mice (Vassilis Pachnis, 
personal communication). In this respect, therefore, ret-k~ DRG are unique.

I hypothesized that if there is a relationship between Ret signal transduction and trkC 
transcription perhaps signalling through the Ret receptor also influences c-ret transcription. 
One way of testing this hypothesis was to examine the level of c-ret hybridisation signal in 
heterozygous ret.kr DRG, where the level of Ret signalling would presumably be half that 
in wildtype DRG; if the intensity of c-ret hybridisation signal was similar in wildtype 
compared with heterozygous mutant DRG this would support the hypothesis that there is a 
positive feed-back loop between Ret signal transduction and c-ret transcription. 
Furthermore,this would explain the observation that heterozygous ret.k~ mice are perfectly 
normal.
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Figure 5.5 The distribution of c-ret hybridisation signal in ret.îc compared with 
wildtype DRG. lOjLim sections of PO thoracic DRG were hybridised with anti-sense c-ret 
riboprobe. (A) In wildtype DRG c-ret expression is observed in a proportion of small-, 
medium- and large-diameter neurons (see arrowheads) (B) In ret.kr DRG although 
neurons of all size ranges are observed (see arrowheads) there is almost a complete 
absence of c-ret hybridisation signal.

Scale bars: A, B, 50p.m.
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Figure 5.6 The distribution of c-ret hybridisation signal in ret.hr compared with 
wildtype motor neurons. lOjim sections of PO thoracic spinal cord were hybridised with 
anti-sense c-ret riboprobe. (A) Strong c-ret hybridisation signal is observed in the motor 
neurons of wildtype mouse spinal cord. (B) In ret.kr motor neurons there is either a 
complete lack of c-ret hybridisation signal (see arrow) or the signal consists of a 
punctate spot locahsed to a specific region of the cytoplasm (see arrowheads).

Scale bars: A, B, lOjim.

131



V V

$ # ! # #
<5M



5.6.2 Quantitative analysis of c-ret hybridisation signal in wildtype 
compared with heterozygous mutant DRG.

Quantification of c-ret hybridisation signal demonstrated that in heterozygous DRG the 
level of c-ret signal was significantly less than that observed in wildtype DRG (Figure 
5.7). This result is ambiguous; it could reflect reduced Ret signal transduction in 
heterozygous mutant DRG leading to reduced levels of c-ret transcription, in which case 
my hypothesis is not refuted; alternatively the message produced by the mutated gene may 
be intrinsically unstable and rapidly degraded although there is no reported data that this 
actually occurs in vivo.

Evidence to support the view that Ret signal transduction may feed-back on c-ret 
transcription has been provided by Madu Sukumaran and Vassilis Pachnis (personal 
communication). When mice homozygous for a transgene comprising the c-ret promoter 
driving the transcription of the lacZ coding sequence {ret-lacZ mice) were crossed with 
homozygous ret-k~ mice to produce ret-lacZ mice lacking functional Ret receptor, 6- 
galactosidase expression in the DRG of these mice was reduced. Since lacZ mRNA is not 
mutated in these mice and therefore is unquestionably of normal stability, this data 
supports the argument that lack of Ret signal transduction results in the absence of positive 
feedback on the c-ret promoter leading, in this case, to reduced levels of 6-galactosidase 
expression.
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Figure 5.7 Q uantification o f  c-ret  hybridisation signal in h eterozygou s ret.k' com pared  

w ith w ild typ e D R G . 10p.m D R G  section s from  w ild type and heterozygous mutant D R G  

w ere first hybridised w ith  an anti-sense c-ret  riboprobe and then analysed, using  im age  

analysis, to quantify the lev e l o f  c-re t  signal in w ild typ e com pared w ith heterozygou s  

m utant D R G . T he am ount o f  c - r e t  h yb rid isa tion  s ig n a l is  s ig n ific a n tly  le s s  in  

heterozygous mutant com pared w ith  w ild type DRG.
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5.7 Discussion

To define a functional role for c-ret in sensory neuron ontogeny I sought to determine 
whether DRG development was perturbed in mice lacking functional Ret receptors. It was 
clear that ret.k~ thoracic and lumbar DRG were present and that there was no marked 
reduction in their size thus ruling out the possibility that all c-ref-positive neurons were 
eliminated in these mice.

At this time we thought that neural crest derived from both the rostral neural tube and the 
post-otic hindbrain (vagal crest) contributed to the formation of the first three cervical 
DRG. Since other cell lineages derived from the vagal crest, namely the sympathoenteric 
lineage, are dependent upon Ret signal transduction for normal function it was reasonable 
to extrapolate that perhaps also the vagal crest derived DRG neurons were Ret dependent 
and therefore absent in ret.kr mice. However, when E14.5 ret.kr cervical DRG were serial 
sectioned both their size and appearance were normal compared with wildtype DRG. 
Recently it has been demonstrated, by direct labelling of cells with Dil, that in fact the 
vagal crest does not populate the cervical DRG in the mouse (Pascale Durbec and Vassilis 
Pachnis, personal communication).

Despite the fact that thoracic, lumbar and cervical DRG appeared normal in the mutant 
mice it was feasible that a more subtle phenotype existed. Analysis of the overlap of c-ret 
hybridisation signal with that of the trk genes had revealed that, indeed, c-ret mRNA was 
colocalised in a proportion of trkK- and fr^C-positive neurons but did not rule out the 
possibility that a trk-ntgdXivQlc-ret positive subpopulation of sensory neurons existed.

When thoracic, lumbar and cervical DRG sections were hybridised with a cocktail of trkK, 
trk^ and trkC riboprobes this showed that in all cases less than 2% of total neurons were 
rrX:-negative. These results conflict with the report by McMahon et al. (1994) who 
demonstrated that in adult rat 39% of L3 neurons with cutaneous afferents projecting 
through the saphenous nerve and 34% of neurons projecting through the sciatic nerve 
were fr^-negative. This conflicting data may be explained by the fact that firstly we are 
examining different species and secondly that the analysis was carried out at different 
developmental stages i.e. neonate (this study) compared with adult (McMahon et al, 
1994). Alternatively, the key to this conundrum may lie in the determination of the true 
trkC expressing sensory neuron population. In this study, to develop alkaline phosphatase 
signal associated with trkA and trkB mRNA, sections were incubated overnight and 
therefore for much longer than is necessary to identify the moderate to strong trkC 
expressors. Thus, those cells which normally express very low, but detectable, levels of
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îrkC mRNA, and which were probably scored as fr/:-negative in the McMahon study, 
under these conditions were identified as /rA:-positive.

When individual trk gene distribution was determined in both wildtype and mutant DRG 
both qualitative and quantitative analysis showed that trkA and trkQ expression was 
normal in ret.k' DRG. In contrast, there was an increase in the proportion of neurons 
which expressed trkC mRNA in mutant compared with wildtype DRG and a general 
elevation in the level of trkC hybridisation signal was observed in neurons of ret.k' 
ganglia. This result suggests that Ret signal transduction in wildtype DRG suppresses 
trkC transcription. The alternative explanation, that the population of ret.kr rr^C-positive 
neurons which survive to PO is different to that which survives in wildtype DRG, cannot 
explain the marked elevation of trkC signal observed since it is greater than even the 
strongest wildtype rrK^-positive DRG neurons. Furthermore, the results presented in this 
chapter suggest that whereas only a small proportion of total DRG neurons express high 
levels of trkC mRNA many more cells express very low levels which can normally only 
be detected when sections are developed for excessive periods of time. These observations 
support the suggestion that in normal DRG Ret signal transduction suppresses trkC 
transcription and that in its absence trkC expression is elevated in many neurons, both 
those which normally express trkC and those which usually do not.

Further evidence to support this view was provided when both c-ret and trkC 
hybridisation signal were quantified in individual neurons which expressed both genes. 
An inverse correlation was observed between levels of c-ret and trkC signal thus indicating 
that as Ret signal increases, trkC signal decreases and therefore that as Ret signal 
transduction is elevated, trkC expression is suppressed.

One implication of this result would be that the proportion of trkC expressing neurons 
should decrease as Ret signalling is initiated in vivo. In fact, Emfors et al. (1992) 
demonstrated that the number of cells expressing trkC mRNA in rat dorsal root and 
trigeminal ganglia decreases between E13 and E16 while the number of cells expressing 
trkA mRNA remains the same. Likewise they showed that in the vestibular and geniculate 
ganglia whereas the number of rrA:B-positive cells remained the same at E13, E16 and E18 
the number of fr)(:C-positive cells decreased between E13 and E l6. This data was 
corroborated in the rat by Elkabes et al. (1994) who also demonstrated a decrease in the 
number of rrKZ-positive DRG neurons between E13 and E17. Finally, Zhang et al. (1994) 
showed that in quail DRG the percentage of trkC expressing neurons decreased from 84% 
at E3.5 to 25% at ElO. However, in this case a concomittant increase in the proportion of 
rr^A-positive neurons was also observed indicating that perhaps the change in the trkC 
expressing subpopulation was due to a switch in gene expression from trkC to trkA.
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These results can be interpreted in a number of different ways. Firstly, the fr&C-positive 
subpopulation may appear to decrease over this period because neurogenesis is ongoing 
and the cells become diluted by tritC-negative neurons. Regarding the rat data this is 
unlikely since the bulk of neurogenesis is complete in the DRG by E l3. Furthermore, the 
in situ hybridisation data indicated a striking decrease in rr^C-positive cells over this 
period. In the case of the quail the decrease in the frX:C-positive subpopulation could be 
due to the increased neurogenesis of /r^A-positive cells although a likely alternative is that 
there is a switch in gene expression from trkC to trkA within a subset of the trkC- 
expressing subpopulation; this phenomenon has been observed during sympathetic 
neuroblast development (Birren et al., 1993; DiCicco-Bloom et al., 1993; Verdi and 
Anderson, 1994). Secondly, it is possible that the decrease in the proportion of DRG cells 
expressing trkC is due to their elimination during naturally occurring neuronal death which 
occurs over this period. Finally, it is plausible that trkC expression is down-regulated in a 
subset of rritC-positive DRG neurons between E l3 and E16 in the rat and also perhaps in 
the mouse. This would correlate with the temporal increase in the proportion of c-ret- 
expressing DRG neurons which has been observed during mouse (Vassilis Pachnis, 
personal communication) and rat (Tsuzuki et al., 1995) embryogenesis using in situ 
hybridisation and immunohistochemistry respectively. These observations offer promise 
that the results reported in this thesis, regarding the suppression of trkC expression by 
signal transduction through the Ret receptor, may play a role in normal sensory neuron 
development.

Analysis of c-ret expression in mutant compared with wildtype DRG showed an almost 
complete absence of hybridisation signal in ret.k~ DRG. Quantification of c-ret signal also 
revealed a marked reduction in the level of c-ret signal in heterozygous ret.k' compared 
with wildtype DRG. This indicates that signalling through the Ret receptor may also be 
necessary to maintain c-ret transcription in DRG (in contrast, c-ret hybridisation signal 
was observed in other ret.k' neuronal lineages, such as the myenteric plexus of the 
oesophagus, Vassilis Pachnis, personal communication). Alternatively, the mutated ret.k' 
message may be unstable and therefore rapidly degraded. Madu Sukumaran has recently 
demonstrated that in homozygous ret.k'/ret-lacZ mice the level of 6-galactosidase 
enzymatic activity in DRG is reduced compared with that observed in normal ret-lacZ 
DRG. Since, ret-lacZ message is unquestionably stable this finding supports the view that 
the decrease observed in ret.k' hybridisation signal is due to the absence of Ret signalling 
and not due to instability of the mutated c-ret message.

A report by Birren et al. (1993) demonstrated that sympathetic neuroblasts switch 
neurotrophin dependence during development from being NT-3 dependent and expressing 
trkC to being NGF dependent and expressing trkA; this occurs around the time of target
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cell innervation. This study has recently been extended to show that the switch in 
neurotrophin dependence is not cell autonomous and that, in fact, the expression of trkA 
by these cells is stimulated by NT-3. Once the neuroblasts express trkA and therefore 
respond to NGF the latter induces the expression, by these cells, of the low affinity NGF 
receptor, p75, which thus augments the cellular response to NGF (Verdi and Anderson, 
1994). That a similar mechanism may operate to generate cellular diversity during sensory 
neuron development is suggested by the results presented in this thesis. Evidence that such 
changes in neurotrophin responsiveness may shape the phenotypic development of 
sensory neurons has recently been provided by Molliver and Snider (1995). They report 
that a subset of small-diameter DRG neurons down-regulate TrkA expression in early 
mouse post-natal life. Furthermore, they suggest that this downregulation of TrkA 
expression may be temporally associated with the appearance of isolectin BSI-B4 
immunoreactivity, a phenotypic marker of this group of neurons.

During neural development the generation of large-diameter sensory neurons precedes that 
of the small-diameter neurons. Thus, ontogeny recapitulates phylogeny; NT-3 is the oldest 
of the neurotrophic factors so far identified and is essential for the development of neurons 
which subserve basic functions connected with movement and therefore survival of an 
organism. In contrast, NGF is the youngest of these factors and through its evolution, 
probably by duplication of pre-existing factors such as BDNF and NT-3, has enabled the 
development of such sensory modalities as nociception, allowing better tissue 
preservation, and thermoregulation. We know that in rodents each DRG houses 20 or 
more functionally distinct subtypes of neurons. The generation of such diversity cannot be 
accounted for solely by the actions of NGF, BDNF and NT-4/5 and NT-3 on TrkA, TrkB 
and TrkC respectively. It is plausible that the evolution of the c-ret gene provided an 
additional level of complexity to enable the generation of further cellular diversity within 
DRG through its actions on gene transcription of which the suppression of trkC and 
possibly the stimulation of its own expression are two examples.
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Chapter 6

A strategy to derive conditionally immortalised neuronal precursor 
cell lines from mouse dorsal root ganglia and spinal cord.

6.1 Introduction

6.1.1 Overview

The previous three chapters describe the use of in situ hybridisation to examine the role 
of a specific gene, c-ret, in sensory neuron development in vivo. In this chapter I adopt a 
different methodology, the use of cell lines as in vitro models of neuronal differentiation, 
with a view to identifying novel genes involved in this process. To this end I describe 
experiments undertaken to derive neuronal precursor cell lines from mouse DRG and 
spinal cord. The approach taken was to target temperature sensitive mutant simian virus 
40 (SV40) large T and small t antigen expression to proliferating neural precursors, in 
DRG and spinal cord, using the promoter of a gene which is specifically expressed in 
these regions early in mouse embryogenesis. The use of a temperature sensitive 
oncoprotein to immortalise cells would allow us to study neuronal precursors during 
different phases of differentiation. The theory behind this is as follows: at the permissive 
temperature (33 °C) the oncoprotein is active, the precursor cells are immortalised and 
thus divide continuously; a shift in temperature to the non-permissive range (39°C) 
causes oncoprotein inactivation and consequently the precursor cells cease to be 
immortalised and differentiate along a particular pathway to a more mature phenotype.

The derivation of such cell lines would enable us to study many different aspects of 
neuronal development. In particular I was keen to compare these neuronal precursor 
cells at a number of defined developmental time points using the technique of 
subtractive hybridisation to identify novel genes involved in neuronal differentiation.

A construct was designed and made comprising the Hox b4 promoter and region A 
(enhancer) (see below for details) linked to the SV40 temperature sensitive mutant, 
tsa357, early region encoding large T and small t antigens. In transgenic mice SV40 
large T antigen expression should be targeted to proliferating neuronal precursor cells 
within the DRG and spinal cord which can then be isolated and cultured in vitro to 
develop cell lines.
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6.1.2 The use of Hox h4 gene sequences to target oncoprotein expression to 
spinal cord and DRG

Hox b4 promoter and regulatory sequences were employed to drive the expression of 
SV40 large T and small t antigens to neuronal precursors within the spinal cord and 
dorsal root ganglia.

Hox b4 expression during normal mouse embryogenesis
During mouse embryogenesis Hox b4 is expressed in derivatives of mesoderm and 
ectoderm but not in derivatives of endoderm. Within ectodermal derivatives Hox b4 
expression is observed in the spinal cord and hindbrain, up to the rhombomere 6/7 
junction, the DRG and the Xth cranial ganglion. There appears to be no posterior limit of 
expression in the spinal cord and DRG. Expression of Hox b4 also occurs in the somites 
and their derivatives with an anterior boundary at prevertehra 2 and within the 
mesodermal components of the lung, gut, oesophagus, kidneys, adrenal gland and the 
gonads (Graham et ai, 1988; Gaunt et a l, 1989) (for current vertebrate homeohox gene 
nomenclature see letter to editor. Cell: 1992).

It is not precisely known how early in development Hox b4 expression is turned on and 
therefore at what stage it may begin to exert an influence over the development of 
particular neuronal lineages. However, Hox b4 expression has been demonstrated in the 
neuroectoderm of 8.5- and 9.5-day post-coital mouse embryos (Gaunt et al, 1989). 
There is also indirect evidence to suggest that Hox b4 is expressed prior to E8.5 since F9 
embryonal carcinoma stem cells have been shown to express Hox b4 both when 
undifferentiated and after retinoic acid-induced differentiation (Graham et a l, 1988). 
Expression of Hox b4 in the spinal cord and DRG has been demonstrated at E l2.5 by in 
situ hybridisation analysis and in spinal cord at E14.5 and El 6.5 by northern blot 
analysis (Graham et a l, 1988). The expression of Hox b4 in the spinal cord and DRG is 
maintained until later stages of embryonic development and possibly into adult-hood.

In summary, Hox b4 is expressed early in mouse embryogenesis within the developing 
DRG and spinal cord when PNS and CNS neural precursors are proliferating. Thus, 
using the promoter elements of this gene it may be possible to target oncogene 
expression to mitotically active DRG and spinal cord neuronal precursors.
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The Hox b4 regulatory regions necessary to reconstruct the endogenous expression 
pattern
J. Whiting and co-workers (1991) investigated the regulation of the Hox b4 gene using 
transgenic mice carrying fusion genes containing the E. coli lacZ gene as a reporter. This 
work showed, firstly, that the normal position of the Hox b4 gene, in the heart of the Hox 
2 cluster, was not necessary for the correct spatial and temporal pattern of expression. 
Secondly, the level of expression of the Hox b4 driven lacZ gene was comparable with 
that of the endogenous Hox b4 gene. Thirdly a number of regulatory regions within the 
Hox b4 gene were defined; Hox b4 region A (see Figure 6.1 A), a 3kb region lying 
downstream of the Hox b4 polyadenylation signal sequence, was shown to impose 
neurally restricted expression, in an orientation-independent manner, with the 
appropriate anterior boundary on the Hox b4 and heterologous promoters; this also 
applied when region A was placed either 5' or 3' (the normal position of this region 
within the gene) of the promoter-/acZ fusion gene.

In making the construct the Hox b4 promoter was placed upstream of the SV40 early 
region encoding large T and small t antigens and the Hox b4 region A was placed 
upstream of the promoter.

6.1.3 The use of oncogene products to immortalise specific cell types

When normal mammalian cells are put into culture they have a finite lifespan. After a 
variable number of cell divisions they enter a crisis phase, senesce and eventually die. A 
small minority of these cells escape this crisis and acquire the potential for unlimited 
division. These cells are referred to as established or immortalised cell lines (Hayflick 
and Moorhead, 1961). The discovery that cells can be established in vitro by the 
introduction of particular viral and cellular oncogenes has been widely exploited in 
recent years and cell lines from a variety of mammalian tissues have been produced.

Targeted tumorigenesis using transgenic mice
The use of transgenic mice to target tumorigenesis to a specific cell type was first 
demonstrated by Hanahan (1985). 5' flanking sequences of the rat insulin II gene were 
used to drive expression of the SV40 early region, encoding large T and small t antigens, 
to the insulin producing 8-cells of the pancreatic islets of Langerhans. Transgenic mice 
were produced in which SV40 large T antigen expression was observed within the 8- 
cells of the islets of Langerhans while the a , 9 and peyer's patches cells remained 
negative. Solid 8-cell tumours eventually developed from a few hyperplastic islets. 
Using the same strategy Baetge et al (1988) targeted SV40 large T antigen expression to 
catecholaminergic cells of the adrenal gland and the retina using 5' flanking sequences of
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the human phenylethanolamine 7V-methyltransferase (PNMT) gene. Immortalised retinal 
cells displaying properties of differentiated amacrine-derived neurons were derived from 
these transgenic mice; the cells expressed markers typical of amacrine cells but lacked 
catacholaminergic properties (Hammang et a l, 1990). This finding partially laid to rest 
claims by Efrat and colleagues (1988) that CNS neurons were refractory to the 
transforming effects of large T antigen; they had observed tumorigenesis in SV40 large 
T antigen expressing pancreatic a-cells but not in CNS neurons. Further evidence to 
support the hypothesis that differentiated neurons could be immortalised came from a 
study by Mellon and co-workers (1990). Targeted expression of SV40 large T antigen 
using the gonadotropin-releasing hormone (GnRH) promoter resulted in the 
immortalisation of differentiated GnRH secreting hypothalamic neurons.

Immortalisation o f neural precursor cells
A number of groups have demonstrated that CNS neural precursor cells can be 
immortalised and that these cells retain features of the precursor from which they were 
derived. Bartlett and co-workers (1988) generated cell lines derived from mouse ElO 
neuroepithelium by the introduction of the c-myc oncogene with a murine retrovirus 
delivery system. The morphology and antigenic phenotype of the cell lines was 
characteristic of normal ElO neuroepithelium. In addition, the cell lines could be 
induced, by growth factors, to differentiate into neurons and glia. Frederiksen and 
colleagues (1988) immortalised temperature-sensitive (using the SV40 tsA58 mutant) 
cerebellar neural precursor cells; at the non-permissive temperature these precursors 
gave rise to cells with neuronal or astrocytic properties. Renfranz and colleagues (1991) 
performed an elegant study in which rat hippocampal stem cells were immortalised 
using the SV40 temperature sensitive mutant, tsA58. The developmental potential of the 
hippocampal stem cells was then determined by transplanting them back into either rat 
hippocampus or cerebellum at a stage when neurogenesis was occurring. The 
conditionally immortalised hippocampal stem cells integrated into the host tissue where 
their proliferation was controlled. Moreover, the stem cells acquired the morphological 
characteristics of neuronal and glial cell types appropriate to the location and 
developmental stage of the implant site.

In summary, previous studies have shown that both stem cells and certain differentiated 
neuronal cell types from the CNS can be immortalised using SV40 large T antigen or the 
c-myc oncoprotein and that they retain features of the cells from which they were 
derived. Conditionally immortalised CNS stem cells have been produced which can 
differentiate into neuronal and glial cell types in vitro. A  conditionally immortalised 
stem cell line, when transplanted in vivo, did not display signs of tumorogenicity and 
could differentiate into neuronal and glial cell types in situ.
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6.1.4 SV40 large T antigen: mechanism of action

How SV40 large T antigen alters cellular transcription patterns thus stimulating 
quiescent cells to synthesize cellular DNA, resulting in cell transformation, is largely 
unknown. SV40 large T antigen is composed of multiple functional domains which 
reflect its many biochemical activities. Major sites of phosphorylation occur at the N- 
and C-termini of the protein and the function of the protein can be regulated both 
positively and negatively by phosphorylation. The dephosphorylation of particular serine 
residues was correlated with the formation of a double hexamer of large T antigen on the 
origin of replication, resulting in the initiation of SV40 DNA replication in vitro. In 
addition, the catalytic subunit of protein phosphatase 2A is a stimulatory factor for SV40 
DNA replication. In contrast, the phosphorylation of Threonine 124 is required for DNA 
replication and this event could be responsibe for the S-phase-specific replication of 
SV40 DNA in monkey cells. The binding of SV40 large T antigen to negative growth 
regulators such as the retinoblastoma gene product and p53 may be important in 
stimulating quiescent cells to re-enter the cell cycle and progress to S phase (reviewed by 
Fanning, 1992).

6.1.5 The use of transgenic animals rather than retroviral mediated infection 
of cells in vitro

There are two principal approaches to derive cell lines by targeted oncogenesis; the first 
is the generation of transgenic mice in which the oncogene is targeted to the desired cell 
type and the second is the use of retrovirus mediated infection of cells in culture. Both 
methods have their advantages and disadvantages. Retroviral infection of cells in culture 
is favourable since it is speedy compared with the length of time required to establish 
founder and subsequently homozygous transgenic mouse lines. However, each cell 
which stably integrates the provirus may do so at a different site within the genome and 
consequently one cannot perform direct comparison of cells derived from different 
clones. In contrast, within the transgenic mouse every cell has precisely the same site of 
integration of the transgene and by comparing tissue derived from different mice it is 
easier to identify features which may be due to the position effects of neighbouring 
genes. The transgenic approach was chosen for this study, in addition, because once 
transgenic lines have been established one has a constant source of potentially 
immortalised material. Furthermore, there were extensive facilities for the production of 
transgenic mice available to us at N.I.M.R.
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6.1.6 DRG and Spinal cord precursor cell lines as a model system for 
studying neuronal differentiation

There were a number of reasons for choosing to immortalise DRG neurons and use them 
as a model system for studying neuronal differentiation. The first and most obvious 
reason was regarding practicality; DRG are readily accessible, even at very early 
developmental stages, and can be isolated free of contamination by other types of 
neurons. For this reason DRG are the most widely studied neuronal population in 
vertebrates and consequently much is known about the growth factors required to culture 
them; the same is also true of motor neurons although this cell type is not quite so easy 
to isolate in culture. Furthermore, DRG neurons were already being studied within the 
laboratory, with respect to their regenerative potential, and we therefore had expertise in 
this area which would thus maximise our chances of success.

When this study was initiated a number of DRG and motor neuron cell lines did already 
exist. However, they were hybrids which were generated by the fusion of primary 
cultured neurons with neuroblastoma cell lines (Wood et a l, 1990; Boland et a l, 1990; 
Salazar-Gruesco et a l, 1991). The use of hybrid cell lines for the study of neuronal 
differentiation is not ideal. Somatic cell hybridisation may lead to loss of relevant 
chromosomes from hybrid cells. In addition, extinction of parental specific genes is 
common when two different mammalian cell types are fused to generate a hybrid cell 
line (Tripputi eta l, 1988).

6.1.7 Summary

In this chapter I will describe experiments undertaken to derive neuronal precursor cell 
lines from mouse DRG and spinal cord. This was done to provide a suitable model for 
the study of the molecular control mechanisms governing neuronal differentiation. It was 
first necessary, however, to characterise the molecular phenotype of the cells. This 
would involve the use of in situ hybridisation and immunohistochemical techniques to 
determine the expression of currently identified genes and proteins. For instance, 
specific subsets of DRG and spinal cord motor neurons express members of the trk gene 
family and the c-ret proto-oncogene which encodes an orphan receptor tyrosine kinase 
(these genes have been shown to play crucial roles in the development of the mouse 
nervous system).
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6.2 Genetically engineering the Hox W-SV40 construct

6.2.1 Engineering a Bgl I restriction site in the Hox b4 promoter using the 
polymerase chain reation

The promoter activity of Hox b4 lies in a 1.25 kb Pst I-Sal I fragment (Whiting et al. 
1991) of pCosH9 (Graham et al. 1988). The Sal I restriction site lies within b4 
coding sequence (Figure 6.1 A, B). Since there was no other restriction site immediately 
5' of the site of initiation of Hox b4 translation a Bgl I restriction site was engineered in 
the 3' non-coding region, 46bp upstream of the initiating ATG, using the polymerase 
chain reaction (PCR). This allowed the isolation of sequence comprising only the Hox 
b4 non-coding promoter region (Figure 6.1 A).

Two oligonucleotide primers were designed; primer 1 comprised 29 nucleotides, five of 
which were mismatches, and spanned from -68 to -40 (Figure 6.1 A, B); primer 2 
comprised 18 nucleotides complementary to the sequence surrounding and including the 
Hind III restriction site which lies approximately 1.35kb upstream of Sal I (Figure 6.1 A). 
Heat deprotected oligonucleotides were provided in 35% Ammonia and were therefore 
purified by electrophoresis through a denaturing polyacrylamide gel (the precise details 
of molecular biology methods referred to here are described in Chapter 2).

To the PCR reaction mix was added 5pg Hox b4 template DNA, l|ig  each of 
oligonucleotide primers 1 and 2 and between 0.5 and 2.5mM MgCl2- A negative control 
PCR was carried out which contained all of the reaction components except the template 
DNA. Duplicate polymerase chain reactions were set up employing alternative 
conditions of dénaturation, annealing and synthesis. These are illustrated in Table 6.1. 
below.
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Table 6.1 Experimental conditions for PCR.

PC R l PCR 2
Cycle 1 Cycle 2 Cycle 1 Cycle 2

Denature 93.5°C, r 93.5° c ,r 93.5°C,r 93.5°C,r
Anneal 45°C, 2' 50°C, 2' 45°C, 2' 53°C, 2'

Synthesis 72°C, 30" 72°C, 10" 72°C, 30" 72°C,10"
Number 1 30 1 30

Two PCR experiments were carried out. The different conditions of dénaturation, annealing and synthesis 

are indicated for each cycle and the number of cycles performed are also given.

PCR samples were analysed by agarose gel electrophoresis. Optimal conditions for this 
reaction were obtained with PCR procedure 2 (see Table 6.1; Figure 6.2) and with 
samples containing ImM MgCl2 (Figure 6.2: lanes 2 and 8). The PCR product had the 
expected molecular weight of 1.18 kb. The PCR product was excised from the gel and 
the DNA eluted from it using the Geneclean® purification procedure (BIO 101). The 
ends of the fragment were filled in with Klenow polymerase and the DNA was digested 
with Bgl I and Pst I restriction enzymes in preparation for the ligation step.

6.2.2 Isolation of the SV40 earlv region and preparation of the pBluescript 
plasmid vector

BS*SV40 (a gift from Dr. Peter Tegtmeyer) consists of the entire SV40 genome of the 
temperature sensitive mutant, tsa357, cloned into the BamHl site of the phagemid 
pBluescript KS + (Loeber et a l, 1989; see also Figure 6.3). The SV40 early region 
coding for large T and small t antigens was isolated by digestion with Xba 1 and Bgl 1. 
The 2.7 kb fragment was separated by running on an 0.8% agarose TAE gel and eluted 
using the Geneclean® procedure. The phagemid pBluescript KS + (Stratagene) was 
digested with Pst 1 and Xba 1. Following this the DNA was precipitated and 
phosphatased.
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B)

TTTCGGAAACAGGAAAACCGAGTCAGGGGTCGGAATAAATTTTAGTATATTTTGTGGGCAATTCCCAGAAATTA

TTTGTGGTTTCGGCGGAGCCGCCAGCCTT

Primer 1

ATG GCT ATG AGT TCC TTT TTG ATC AAC TCA AAC TAT|GTC GACjCCC AAG TTC CCT CCG TGC GAG GAG 
MET Ala MET Ser Ser Phe Leu He Asn Ser Asn Tyr Val Asp Pro Lys Phe Pro Pro Cys Glu Glu

SaLI

Figure 6.1 (A) hox b4 gene structure. Adapted from Whiting et al. (1991). The labelled boxes 

represent tlie regulatory regions described in the text. Arrows indicate the regions to which primers 

1 and 2 are complementary. Salient restriction sites are indicated. (B) Nucleic acid and protein 

sequence of hox b4 from -74 to +54. The region of sequence which is complementary to primer 1 

is shown. Mismatched bases within primer 1 are indicated in bold and are underlined. The position 

of the Sal I restriction site within the coding region of hox b4 is boxed.
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Hind III B g ll

Figure 6.3 BS*SV40. The temperature sensitive mutant, tsa357, of Simian Virus 
40 subcloned into the BamH I site of pBluescript ks +. The map shows the 
positions of the coding sequences and the origin of replication (ori). The early 
genes (large T and small t) are trasnscribed counterclockwise and the late genes 
(VPl, 2 and 3) are transcribed clockwise; they are shown arranged in concentric 
rings according to their reading frames. The dotted line indicates the position of 
splice donor and acceptor sites. BS*SV40 was digested with Xba I/Bgl I to release 
a 2.7kb fragment which was subcloned into pBluescript ks + in a 3 way ligation 
with the hox b4 promoter region. MCS: multiple cloning site.
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6.2.3 Ligation of SV40 early region with the Hox h4 promoter

.The SV40 early region Xba I-Bgl I fragment (2.7 kb) and the Hox b4 promoter Pst I-Bgl 
I fragment (1.18 kb) were subcloned into pBluescript (Xba I-Pst I) by a 3-way ligation. 
DNA fragments were added in the molar ratios pBluescript:SV40:/fojc b4 of 1:2:2 and 
1:3:3 in two separate ligation reactions. Epicurian coli®(E. coli) XL 1-Blue competent 
cells (Stratagene) were transformed with the ligated DNA. Twenty four white colonies 
were picked and DNA prepared from each. The DNA was digested with a number of 
restriction enzymes to determine whether both SV40 and Hox b4 fragments had been 
successfully subcloned into the pBluescript vector (data not shown). Of the 24 samples, 
4 represented successful ligations. A large scale DNA preparation was made of one of 
these which will now be referred to as pB-SV//7ojc. This was subsequently purified by 
equilibrium centrifugation in a caesium chloride (CsCl)-ethidium bromide (EtBr) 
gradient.

6.2.4 Ligation of Hox b4 region A with SV4Q early region/i/(?x h4 promoter

Hox b4 region A, digested with Hind III and Nco I and blunt-ended (2.7 kb), was a gift 
from J. Whiting. pB-SV///ojc was digested with EcoR V and phosphatased. A ligation 
reaction was set up with molar ratios pB-SV/Zfox :region A of 1:2 and 1:3. E. coli XLl- 
Blue competent cells were transformed with the ligated DNA. 24 white colonies were 
picked and a small-scale DNA preparation was carried out. The DNA was analysed by 
restriction digestion and DNA samples representing successful ligations were purified by 
equilibrium centrifugation in a CsCl-EtBr gradient.

6.2.5 Mapping the Hox W-SV40 construct

pBluescript KS-i- containing the Hox b4 region AJHox b4 promoter/SV40 early region 
(pB-SV/Z/ojc/A) was digested with the following restriction enzymes : Bgl I, EcoR I, 
Kpn I, Pst I, Sac I, Bgl I/Pst I, Bgl I/Not I, Cla I/Not I and EcoR I/Sal I. These enzymes 
cut within the vector once and/or within the construct once, twice or three times. Digests 
were analysed by agarose gel electrophoresis (Figure 6.4) and the size of the bands were 
calculated. This information was used to create a map of the plasmid and insert (Figure
6.5). The map indicates that Hox b4 region A was subcloned into the EcoR V site of 
pBluescript ks + (this restriction site is consequently abolished and therefore not 
indicated on the map) and that lying downstream of this is the Hox b4 promoter linked 
via a Bgl I site to the SV40 early region both having been subcloned into the plasmid at 
the Pst I and Xba I restriction sites. The complete construct will in future be referred to 
as the Hox W-SV40 construct.
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6.6  —

Figure 6.4 0.8% agarose gel stained with ethidium bromide. 
p B - S V / h o x / A  was digested with the following 
restriction enzymes: (1) Not I/Cla I, (2) Pst I/Bgl I, (3) EcoR 
VSal I, (4) Not I/Bgl I, (5) Sac I, (6) Pst I, (7) Bgl I, (8) Kpn 
I and (9) EcoR I. The molecular weight marker bands are 
indicated on the left.
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Figure 6.5 Restriction map of hox W-SV40 construct. Flanking restriction 

sites in the vector pBluescript KS (PKS) are indicated. The construct was 

released from the vector by restriction digestion with Not I and Cla I.
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6.3 The production and Southern blot analysis of transgenic mice

Transgenic mice were produced with the Hox W-SV40 construct, as described by Hogan 
et a l (1986), by Sara Pruzina and Nicolos Yannoutsos (Department of Gene Structure 
and Expression, NIMR, Mill Hill). Mice of the CBA X C57BL10 FI generation were 
used at all stages to provide embryo donors, stud males, pseudopregnant females, 
vasectomized males and mature females for breeding.

6.3.1 The identification of a founder Hox W-SV40 transgenic mouse

From the initial 37 potential transgenic founders Southern blot analysis (Figures 6.6-6.7) 
revealed that only one (No. 9) was transgenic. The analysis of DNA digested with EcoR 
I should reveal one of two results: (a) the endogenous Hox b4 band of 9.0 kb alone 
indicating a non-transgenic animal or (b) the 9.0 kb endogenous Hox b4 band plus two 
additional transgenic bands one > 2.7 kb and the other > 3.9 kb depending upon where 
the next EcoR I site resides within the genomic DNA (Figure 6.8A). Numbers 1-8 and 
10-37 are non-transgenic and number 9 is transgenic (Figures 6.6-6.7). However, the 
latter does not possess an intact copy of the transgene since there is only one transgenic 
band of 6.1 kb (Figure 6.6).

Microinjection of DNA into the pronuclei of fertilised mouse eggs, the technique 
employed here, should lead to the stable chromosomal integration of the foreign DNA in 
10-40% of the surviving embryos (Hogan et a l, 1986). This is the proportion that Sarah 
Pruzina and Nicolos Yannoutsos obtained with other transgenics made at this time. 
Thus, from a total of 37 potential transgenic founders, between 3 and 14 should have 
possessed the intact transgene.

To investigate the possibity that the presence of the intact transgene caused embryonic 
lethality, placental DNA from E9.0 potential transgenic embryos was analysed. E9.0 was 
chosen, firstly, because this was the earliest developmental stage at which neural tissue 
could be isolated for culture and, secondly, because at earlier stages the embryonic 
mouse contribution to placental DNA may be below the level of detection using this 
technique. The analysis of DNA digested with Pst I should reveal one of two results: (a) 
the endogenous Hox b4 band of 10 kb alone indicating a normal animal or (b) the 10.0 
kb endogenous Hox b4 band plus three additional transgenic bands, one > 0.6 kb, a 
second > 2.7 kb, depending upon where the next Pst I site resides within the genomic 
DNA, and a 3.2 kb band (Figure 6.8B). Numbers 39-51 (Figure 6.9) and 73-79 (Figure 
6.10) are non-transgenic. However, embryos had been reabsorbed in 12 (60%) of the 20 
placentae examined.
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Figure 6.6 Southern analysis of the hox W-SV40 transgene in tail DNA from potential 
transgenic founders, 1 - 20. In each lane 10 pg DNA, digested with EcoR I, was loaded. 
The positions of marker DNA are indicated on the left. Endogenous hox b4 (9 kb) and 
transgene (T: 6.1 kb) bands are indicated on the right.
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Figure 6.7 Southern analysis of the hox W-SV40 transgene in tail DNA from
r

potential transgenic founders, 21 - 37. In each lane 10 |ig DNA, digested with 
EcoR I, was loaded. The positions of marker DNA are indicated on the left. 
The endogenous hox M  band (9 kb) is indicated on the right.
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Figure 6.8 hox W-SV40 transgene, indicating restriction map, integrated into genomic 

DNA. For Southern blot analysis DNA was digested with one of the following 

enzymes (A) EcoR I (B) Pst I (C) BamH I/Bgl I (D) Hind III or (E) Xba I. The 

fragments generated by these digests are indicated.
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Figure 6.9 Southern analysis of the hox W-SV40 transgene in placental DNA (39 - 51) 
from potential transgenic embryos. In each lane 20 |ig DNA, digested with Pst I, was 
loaded.The positions of marker DNA are indicated on the left. The endogenous hox b4 
band (10 kb) is indicated on the right. The embryos from Placenta numbers 39, 40, 43, 
48, 49, 50 and 51 had been reabsorbed.
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Figure 6.10 Southern analysis of the hox M  -SV40 transgene in placental 
DNA (73 - 79) from potential transgenic embryos. In each lane 20 p.g 
DNA, digested with Pst I, was loaded.The positions of marker DNA are 
indicated on the left. The endogenous hox b4 band (10 kb) is indicated on 
the right. The embryos from Placenta numbers 73, 76 - 79 had been 
reabsorbed.
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Further attempts to identify a live-born mouse with an intact transgene were successful. 
The potential transgenic founders 52-58 (Figure 6.11), 80-84 and 86-101 (Figures 6.12- 
6.13) were non-transgenic. However, number 85 was transgenic and showed the 
following pattern of bands upon digestion of the DNA with Pst I: 10.0, 5.8, 3.15 and
2.75 kb (Figure 6.12). This is consistent with the presence of one complete copy of the 
transgene, in addition to the endogenous Hox b4 gene (see Figure 6.8B). This Southern 
blot also shows that there are two copies of the 3.15 kb region of the transgene since this 
band is equal in intensity to the endogenous Hox b4 band (Figure 6.12): the latter is 
representative of two alleles.

To confirm that number 85 possessed an intact copy of the Hox W-SV40 transgene 
further Southern blot analysis was carried out. DNA from number 85 was digested with 
the following restriction enzymes: Xba I, Pst I, Hind III and BamH I/Bgl I. Restriction 
fragments were Southern blotted as previously described (Figure 6.14). For convenience 
these results have been summarised below in Table 6.2.
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Figure 6.11 Southern analysis of the hox b4-SW40 transgene in tail DNA 
from potential transgenic founders, 52 - 58. In each lane 10 |Xg DNA, 
digested with EcoR I, was loaded. The positions of marker DNA are 
indicated on the left. The endogenous hox b4 band (9 kb) is indicated on 
the right.
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Figure 6.12 Southern analysis of the hox W-SV40 transgene in tail DNA 
from potential transgenic founders, 80-94. Human DNA was included as a 
negative control (-). In each lane 10 |ig DNA, digested with Pst I, was 
loaded. The endogenous hox b4 (10 kb) and transgene (T: 5.8, 3.15 and
2.75 kb) bands are indicated on the right.

160



Kb 101 ICO 99 98 97 96

- 1 0 K b
E n d o g e n o u s
h o x b 4

Figure 6.13 Southern analysis of the hox W-SV40 transgene in tail DNA from 
potential transgenic founders, 96 - 101. In each lane 10 jig DNA, digested with Pst I, 
was loaded. The positions of marker DNA are indicated on the left. The endogenous 
hox b4 band (10 kb) is indicated on the right.
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Figure 6.14 Southern analysis of the hox MSV40 transgene in tail DNA 
from the transgenic, number 85. In each lane 10|ig DNA, digested with 
either Xba I, Pst I, Hind III or BamHI/Bgl I, was loaded. Since the 
endogenous hox M  gene had not been mapped with Xba I, DNA obtained 
from a normal animal was digested with this enzyme and run as a control. 
For each restriction digest transgene bands are indicated by the 
arrowheads. The Hind III restriction digest is also shown after prolonged 
exposure of the film to visualise the low molecular weight bands indicated 
by the arrowheads. The intensity of bands A-D was quantified using a 
phosphoimager; the results of this are shown in Table 6.3. The positions of 
marker DNA are indicated on the left.
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Table 6.2 A summary of Southern blot results for the transgenic, number 85

Restriction
enzyme
digest

Southern blot analysis: 
expected bands (kb)

Southern blot analysis: 
actual bands (kb)

Refer to 
figure 

number
Murine Transgene Murine Transgene
hoxb4 hoxb4

Pst I 10.0 10.0 6.8 and
3.2 3.15 6.12

>2.7 5.8
> 0.6 2.75

Hind III 5.3 5.6 6.8 and
4.4 4.45 6.14

>4.0 7.0
1.17 1.13

>0.94 3.5
0.53 0.50

Xba I 6.2 6.0
1.88 1.85 6.8 and

4.4 4.8 6.14
1.88 1.85

>0.2 2.2

BamHI/ 5.5 5.8 6.8 and
B gll 3.0 2.95 6.14

>3.9 6.3
2.7 2.6

A summary of Southern blot data for transgenic No. 85. The DNA was digested with the restriction 

enzymes Pst I, Hind III, BamH I/Bgl I and Xba I; the expected and actual size of fragments are given 

for both the endogenous hox b4 gene and the transgene.
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Transgenic DNA digested with Xba I should generate three fragments of 1.88 kb: two of 
these represent the endogenous Hox b4 alleles and the third represents a region of Hox 
b4 region A which is present in the transgene (see Figure 6.8: E). To demonstrate that 
this was in fact the case for our transgenic mouse, number 85, the intensity of bands A- 
D, shown in figure 6.14, were quantified using a phosphoimager; there is a linear 
correlation between the amount of DNA present and the amount of which is bound 
to it (and therefore the intensity of bands appearing on the autoradiogram). The results of 
this are shown in Table 6.3 below.

Table 6.3 Quantification of restriction bands following Southern blot analysis of 
normal compared with transgenic DNA. digested with Xba I

Normal mouse DNA digested with 
Xba I

Transgenic 85 DNA digested with 
Xba I

intensity of signal ratio of A:B intensity of signal ratio of A;B
A: 20,693 1.2 C: 56,693 2
B: 17,304 1.0 D: 84,837 3

Xba I digested DNA from both normal and transgenic mice was Southern blotted. Using a phosphoimager 

the intensity of signal observed in bands representing the endogenous Hox b4 gene (Figure 6.14: bands A- 

D) was recorded and the ratios calculated.

The intensity of signal observed in bands representing the endogenous Hox b4 gene in 
normal mice was equivalent (Figure 6.14: compare bands A and B; also see Table 6.3). 
In contrast, when the same two bands were measured in the transgenic this indicated that 
the 1.85kb band (Figure 6.14: band D) had one-third more signal than band C (Figure 
6.14; Table 6.3). Therefore, bands C and D represent the two endogenous Hox b4 alleles 
but, in addition, D contains an extra band which derives from the Hox W-SV40 
transgene in this mouse.

In summary, the results obtained with all restriction digests are consistent with the 
finding that number 85 possesses one complete copy of the Hox W-SV40 transgene. 
When number 85 was mated to produce offspring it became apparent that in many of the 
litters one or more of the mice were hydrocephalic (Figure 6.15). There are three 
possible causes of hydrocephalus: oversecretion of cerebrospinal fluid (CSF), impaired 
absorption of CSF or obstruction of CSF pathways. Both the oversecretion of CSF and 
obstruction of CSF pathways can occur in some functioning tumours of the choroid 
plexus (Kandel et a l, 1991). It has been reported that transgenic mice which express 
non-temperature sensitive SV40 large T antigen develop choroid plexus tumours
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(Palmiter et a l, 1985). Therefore, I investigated the possibility that the hydrocephalic 
mice expressed the Hox W-SV40 transgene.

Southern blot analysis revealed that the hydrocephalic mice were non-transgenic (Figure 
6.16: Nos. 142-144 were hydrocephalic but non-transgenic whereas No. 141 was 
transgenic but not hydrocephalic). Following this I discovered that the occurrence of 
hydrocephaly in C57BL mice may be due to a mutation linked with the C57BL strain 
(Bronson et al, 1990 and Marshall et a l, 1992) and this is therefore one possible 
explanation for the observations reported here.

Southern blot analysis of the offspring of No. 85 revealed that from a total of 38 
offspring only three were transgenic (data not shown). Each transgenic offspring 
possessed one complete copy of the Hox W-SV40 transgene and this is illustrated in 
figure 6.16 for No. 141. Southern analysis of DNA from No. 141 digested with Pst I 
revealed the same pattern of bands as that observed for the founder, No. 85, i.e. 10.0, 
5.8, 3.15 and 2.75 kb (compare Figure 6.16, No. 141 with Figure 6.12, No. 85) with one 
difference: the intensity of the 3.15 kb band is equal to that of the 5.8 and 2.75 kb bands 
in DNA from No. 141 (Figure 6.16) whereas in DNA from No.85 the 3.15 kb band was 
twice that of the other transgenic bands (Figure 6.12). This indicates that one intact copy 
and one partial fragment of the transgene inserted into two distinct regions of the No. 85 
mouse genome. Thus, in offspring of this mouse the partial fragment of the transgene is 
absent.
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Figure 6.15 O ffspring o f  N o . 85 (crossed  w ith a [C B A /C 57B L 10]F 1 fem ale). M ouse  

A  is a norm al litterm ate. M ouse B is hydrocephalic; the m ouse is sm aller com pared to 

A , has a dom ed head (due to a build-up o f  cerebrospinal fluid) indicated by the closed  

arrow and lacks control o f  its h indlegs (notice splayed position , indicated by the open  

arrow).
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Figure 6.16 Southern an a lysis  o f  the hox W -S V 4 0  

transgene in tail D N A  from  offspring o f  N o. 85: N os. 

141-144 . In each lane lO pg o f  D N A  d igested  w ith Pst I 

w as loaded . T he en d ogen ou s hox b4  band (lO kb) is  

ind icated  on the right. T ransgene bands are ind icated  

by arrow heads. N os. 142 -1 4 4  w ere hydrocephalic and  

non -tran sgen ic w hereas N o. 141 w as transgenic and  

not hydrocephalic . T he p osition s o f  marker D N A  are 

indicated on the left.
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6.4 The generation of DRG and spinal cord cultures from offspring of the 
Hox M-SV40 transgenic. No. 85

6.4.1 Generation of control cultures from non-transgenic embryos
Cell cultures, derived from E8.5 and E9.5 mouse embryos, were set up as described in 
chapter 2 and their progress monitored daily. Within 4 weeks all of the cells had died 
(data not shown).

6.4.2 Generation of transgenic cultures from offspring of No. 85 

Dorsal Root Ganglia
DRG Cultures were established from E12.5 and E13.5 offspring of the Hox W-SV40 
transgenic. No. 85, and were maintained for 5 months (for details see Chapter 2). The 
principal cell morphologies observed in these cultures are illustrated in figure 6.17.

A common cell type observed throughout the period of study was the processed neuron
like cells illustrated in figure 6.17A. As they divided the cells clustered to form balls 
(Figure 6.17A); often these balls became very large, detached from the substratum and 
reattached in another area of the dish, where the cells in the ball would spread out. These 
cells used each other as a scaffolding upon which to extend processes and as a result 
long cable-like networks linking cells all over the dish were set up; the beginning of such 
organisation can be observed in figure 6.17A.

Another very common cell type seen in the early stages of culturing was the 
cobblestone-like cell (Figure 6.17B); these cells formed sheets, consisting of what 
appeared to be a single cell type, which expanded with time as the cells divided. 
Although 'clones' of these cells were still present after 4-5 months in culture the majority 
had disappeared and been replaced by bipolar and tripolar neuron-like cells (Figure 
6.17B): the cobblestone-like cells were changing morphology, becoming thin, spindle
like and developing long processes (a cell undergoing this transition is observed in 
Figure 6.17B: open arrow).

The third most frequently observed cell type were long processed, principally bipolar 
cells which packed together at high density in a parallel fashion (Figure 6.17C); these 
cells were Schwann cell-like in morphology.
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Figure 6.17 D orsal root gan glia  (D R G ) w ere cultured in d efined  m edium  +  

fibrob last grow th  factor on  lam in in . (A) B ip olar  and tripolar c e lls  w ith  a 

n eu ro n -lik e  m o rp h o lo g y . T h e d iv id in g  c e l ls  c lu ster  to form  b a lls  (se e  

arrowhead). (B ) T he flat, co b b lesto n e-lik e  c e lls  frequently observed  in early  

cu ltures o f  both  D R G  and sp in a l cord  are sh o w n  here (se e  arrow head). 

Surrounding this group o f  ce lls  are b ipolar and tripolar neuron-like ce lls  (see  

arrow ). O c c a s io n a lly  on e can o b serv e  c o b b le s to n e -lik e  c e l ls  w ith  lo n g  

processes (see  open  arrow). (C ) D en se ly  packed processed  ce lls  w hich  appear 

to have a Schw ann ce ll-lik e  m orphology. A ll m agnifications are 1 14x.
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Spinal cord
Spinal cord cultures from E12.5 and E13.5 offspring of No. 85 were established and 
maintained for periods of time varying from 5 to 11 months for cells maintained both in 
the presence and absence of growth factors (for details see Chapter 2). A great diversity 
of cell types were observed in these cultures. Let us consider first the most successfully 
developed cell population, SPICE (spinal cord cultured in defined medium + EOF on 
plastic).

The SPICE population consisted of principally two cell morphologies; the first was a flat 
sheet-like cell which adhered to the plastic and the second was characterised by a well 
defined cell body from which arose long neurite-like processes; the neuron-like cells 
preferentially attached and grew on the flat sheet-like cells (Figure 6.18 B, C). These 
cells divided rapidly and piled on top of each other to form macroscopic foci of growth 
all over the plate, behaviour which is commonly observed in cells expressing SV40 large 
T antigen. An extreme, but by no means isolated, case of this is illustrated in figure 6.18, 
A. Attempts to clone these cells failed; it appeared that their survival was partially 
dependent upon interactions between the two cell types. The immunocytochemical data 
on SPICE is presented in the next section.

The remaining spinal cord cultures, which were maintained either in the presence or 
absence of FGF and on a variety of substrata, will be considered as a group. As already 
described for the DRG cultures, a common cell type observed in the initial stages of 
culturing was the cobblestone-like cell (Figure 6.19A). However, unlike the DRG 
cultures these cells did not, after a period of time, extend processes and become 
neuronal-like in morphology. Many different cell morphologies were observed in the 
spinal cord cultures; a large proportion died but some continued dividing and clones of 
specific cell types arose as illustrated in figures 6.19, 6.20 A and 6.21. As the age of the 
cultures increased so did their complexity and in many it became apparent that cells were 
engaging in specific interactions with one another. This could be observed most easily 
with the processed neuron-like cells as illustrated in figure 6.20; here are two examples 
of multi-processed cells (they are morphologically similar) making multiple contacts 
with the process or processes of an adjacent cell. Frequently cells, which had a neuron
like morphology, were observed either singly or in groups (Figure 6.22A). Glial-like 
cells were uncommon and usually solitary (Figure 6.22 C, D); the exception to this rule 
is indicated in figure 6.21 A where a 'clone' of glial-like cells has arisen within the 
confines of a boundary set up by peripheral cells. Another example of this phenomenon 
is illustrated in figure 6.21B: a 'clone' of cobblestone-like cells are surrounded by the 
rope-like lattice work formed by closely associated groups of cell processes.

170



Figure 6.18 The SPICE cell population. Spinal cord was cultured in defined medium + 
epidermal growth factor on plastic. (A) A low power view shows the exuberant growth 
typical of these cultures. Notice the macroscopic clumps indicated by the arrows. (B) At 
high power the two principal cell morphologies observed in these cultures can be seen: a 
large, flat, sheet-like group of cells (indicated by the arrowhead) and a cell type which 
grows long processes (indicated by the arrow). (C) The cell bodies of two cells bearing 
long processes (see arrow) can be observed in close apposition to a flat, sheet-like cell 
(see arrowhead). The open arrow indicates a cell process growing out over a flat cell. 
This appears to be the preferred organisation of these cultures. Magnifications are as 
follows: A: 46X; B: 230X; C: 460X.

171



»«as
mf̂ mm



e m

w "  ■

f

Figure 6.19 Spinal cord cultured in defined medium without added growth factors 

on laminin. Clones of particular cellular morphologies developed and continued to 

expand. (A) These cobblestone-like cells were frequently observed in cultures of 

both DRG and spinal cord. (B) A densely packed sheet-like array of cells. (C) 

These cells do not pack tightly together but prefer to spread out. (D) A clone of 

multipolar cells (see arrowhead) can be observed interspersed with other cell 
types (see arrow). Magnifications are as follows: A, B, D: 114x; C: 230x.
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Figure 6,20 C e ll-C e ll in teration s. Sp in a l cord  cu ltured  in d efin ed  

m ed iu m  +  fib rob last grow th  factor on p o ly -L -ly s in e . (A) T he c e lls  

ob served  here have lon g , m ulti-branched p ro cesses  w h ich  m ake m any  

con tacts w ith  adjacent c e lls . T he contacts m ade by one such  ce ll (see  

arrow) are ind icated  by the arrow heads. (B) A  m u lti-p rocessed  ce ll is  

o b se r v e d  m a k in g  c o n ta c t w ith  the p r o c e ss  o f  another c e ll  (s e e  

arrow heads for p oin ts o f  con tact). M a g n ifica tio n s are as fo llo w s: A: 
114x;B: 230x.
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Figure 6.21 E xam p les o f  c lo n es o f  ce lls  w h ich  have em erged  w ithin  

the c o n fin e s  o f  a boundary, (A) S p in a l cord  cu ltured  in d efin ed  

m edium  + fibroblast grow th factor on p o ly -L -lysin e . A  c lon e  o f  m u lti

p ro cessed  c e lls  w h ich  appear to be g lia l- lik e  in m orp h o logy  has 

d ev e lo p ed  w ith in  a boundary d efin ed  perhaps by other c e lls  or their 

p rocesses. T he upper reaches o f  this occu p ied  territory is indicated by  

the arrows. (B) Spinal cord cultured in defined m edium  in the absence  

o f  grow th factors on lam inin. W hen ce lls  w ith in  these cultures b ecom e  

overgrow n they retract and bundle to form  a rope-like lattice work (see  

arrows) over the surface o f  the dish; the spaces are then filled  by ce lls , 

in th is ca se  a c lo n e  o f  co b b lesto n e-lik e  c e lls  (se e  arrow heads) has 

arisen w ithin  the con fin es o f  the boundary. M agnifications are 1 14x.

174



Figure 6.22 Examples of the 'differentiated' cellular morphologies observed in spinal 
cord cultured in defined medium in the absence of growth factors on laminin (A) and 
(D), with FGF on plastic (B) or on poly-L-lysine (C). The cells observed in (A) and (B) 
are neuronal-like in morphology; notice in particular the varicosities on the processes of 
cells (see arrowheads) in (B). The cells observed in (C) and (D) are glial-like in 
morphology. Magnifications are as follows: A: 114 X; B - D: 230 X.
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6,5 Phenotypic analysis of DRG and spinal cord cultures derived from 
offspring of the Hox M-SV40 transgenic
Precise details of the antibodies and methods used here are described in chapter 2.

6.5.1 Immunocvtochemistrv 

Neurofilament and neuron specific fi-tubulin
Cultures of SPICE cells, maintained in either defined medium + EOF or + 5% foetal calf 
serum 5 days prior to the experiment, were examined to determine the presence of 
neurons with monoclonal RT97 (anti-neurofilament antibody) and anti-Tujl (anti-neuron 
specific 6-tubulin antibody). Both neurofilament staining (Figure 6.23 A, B) and neuron 
specific 6-tubulin staining (Figure 6.23 C, D) were observed in a small proportion of 
processed SPICE cells indicating the presence of neurons in these cultures.

Glial fibrillary acidic protein (GFAP)
Very few cells expressed GFAP, an astrocyte marker; the protein was localised to the 
cell bodies and processes of these cells (Figure 6.24 A-D).

CNS myelin/oligodendrocyte-specific protein
None of the SPICE cultures examined contained cells which expressed this 
oligodendrocyte specific protein (data not shown).

Nestin
The SPICE population were examined to determine the presence of nestin, an 
intermediate filament protein characteristic of immature undifferentiated neural cells 
(Cattaneo and McKay, 1991). Polyclonal anti-nestin antibody detected a small 
population of positive cells (data not shown).

Fibronectin
The expression of fibronectin by a small proportion of cells identified them as fibroblasts 
(Figure 6.25 A, B); the majority, however, did not express fibronectin (Figure 6.25 C, 
D).
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Figure 6.23 T he im m u n o cy to ch em ica l d etem in ation  o f  n eu rofilam en t and neuron  

sp ec ific  6-tubulin  in the SPICE population. T he ce lls  w ere cultured for 5 days, prior to 

this experim ent, in defined m edium  containing 5%  foetal c a lf  serum. C ells  w ere labelled  

firstly w ith  anti-neurofilam ent antibody (R T 97) (A , B) or anti-neuron sp ec ific  6-tubulin  

antibody (T u jl)  (C , D) and secondly  with FITC conjugated rabbit anti-m ouse antibody. 

A , C sh ow  fluorescence and B, D phase contrast optics. (A , B) N eurofilam ent staining is 

apparent in a sm all proportion o f  ce ll p rocesses (see  arrow s). (C , D) N euron sp ec ific  6- 

tubulin is expressed  in the cell bodies and processes o f  a sm all proportion o f  the ce lls  (see  

arrows). M agnifications are as fo llow s: A , B: 194x; C , D: 3 90x .
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F ig u re  6 .2 4  T he im m u n ocytoch em ica l determ ination o f  g lia l fibrillary acid ic  

protein (G F A P ) in the SPICE population. C ells w ere labelled  firstly w ith rabbit 

an ti-cow  G F A P  antiserum  and seco n d ly  w ith a FITC conjugated  sh eep  an ti

rabbit antibody. A , C show  fluorescence and B, D phase contrast optics. (A , B) 
C ells w h ich  are expressing  G FA P (see  long arrows) are interm ingled w ith  ce lls  

w hich are not (see  short arrows). (C, D) A ll ce lls  are negative for G FA P staining. 

A ll m agnifications are 194x.
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F ig u r e  6 .2 5  T he im m u n o c y to c h e m ic a l d eterm in a tio n  o f  

fibronectin in the SPICE population. C ells  w ere labelled  firstly  

w ith  rabbit anti-fibronectin  antibody and secon d ly  w ith FITC  

conjugated sheep anti-rabbit antibody. A , C show  fluorescence  

and B , D  phase contrast op tics. T he m ajority o f  c e lls  in this 

population are not expressing fibronectin  (A , B); an excep tion  

to  th is rule is illu strated  in  C and D  (se e  arrow s). A ll 

m agnifications are 194 x .
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SV40 large T antigen
Cultures of DRG and spinal cord were examined for the presence of SV40 large T 
antigen (the cells had been in culture for 4-5 months and throughout this period were 
incubated at 33“C). Both monoclonal anti-SV40 large T antigen antibody (Figure 6.26) 
and polyclonal rabbit anti-SV40 large T antigen antibody (data not shown) failed to 
detect SV40 large T antigen in cultures of DRG and spinal cord. Figure 6.26 shows the 
result obtained for the SPICE cell population.

6.5.2 Nuclease SI analysis

The failure to detect SV40 large T antigen immunocytochemically in both DRG and 
spinal cord cultures of heterozygous transgenics implied that either the cells were not 
expressing the protein or the level of expression was insufficient to be detected by this 
method. To resolve this issue a more sensitive assay was employed, namely, Nuclease 
SI protection analysis for the determination of SV40 gene expression. Unfortunately this 
method requires that relatively large quantities of RNA be prepared from as pure a 
population of cells as possible; the only cells which filled these criteria were the SPICE 
cell population and therefore analysis was carried out only on this cell population.

RNA from a kidney epithelial cell line, DCl (positive control), a neuroblastoma cell 
line, NG115-401L (negative control) and SPICE cells was probed for the presence of 
SV40 large T and small t antigens and B-actin. DCl cells are positive for SV40 large T 
and small t antigens and the NG115-401L cells are negative as are the SPICE cells 
(Figure 6.27). The level of B-actin signal for each cell type is equivalent and so, 
therefore, is the RNA loading.

In conclusion, SV40 large T antigen could not be detected by either 
immunocytochemistry or nuclease SI protection analysis in these cultures.
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F ig u re  6 .2 6  The im m unocytochem ical determ ination o f  S V 4 0  

large T antigen expression  in the SPICE population. C ells w ere  

labelled  firstly w ith m onoclonal an ti-S V 40 large T antigen IgG  

and seco n d ly  w ith  a FITC  co n ju g a ted  rabbit an ti-m o u se  

antibody. A , C , E  sh ow  flu o rescen ce  and B, D, F p h ase  

contrast op tics. (A , B) A  k id n ey  ep ith e lia l c e ll lin e  ( D C l)  

w hich  expresses S V 4 0  large T antigen. T w o  p ositive ly  stained  

nuclei are indicated by the arrows in A . (C , D) A  neural ce ll 

lin e , N G 1 1 5 -4 0 1 L , w h ich  d o es not exp ress S V 4 0  large T 

antigen. (E , F ) The SPIC E population  is negative  for S V 4 0  

large T antigen. A ll m agnifications are 194 x .
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Figure 6.27 N u clease  S I analysis. R N A  from  3 ce ll lin es w ere analysed; a k idney  
ep ithelia l ce ll line (D C l)  w hich expresses high lev e ls  o f  S V 4 0  large T antigen, a neural 
ce ll lin e , N G 11 5 -4 0 1 L , w hich  does not express S V 4 0  large T antigen and a ce ll 
population  w hich  w as developed  by culturing spinal cord in d efined  m edium  + EOF  
(SPIC E ). R N A  w as probed for the presence o f  p-actin and S V 4 0  large T and sm all t 
antigens. A b ove each lane the ce ll type and probe used is indicated. P B R /H in f I: P B R 322  
D N A  d igested  w ith H in f I, HPA: Human p-actin probe, T/t: S V 4 0  T and t probe. The  
position  o f  m olecular w eight markers is indicated on the left. The S V 4 0  large T (2 5 4  bp) 
and sm all t (533  bp) bands and several isoform s o f  the actin gene fam ily  are indicated on 
the right.
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6.6 Discussion

The aim of this work, to develop conditionally immortalised DRG and spinal cord cell 
lines could not be achieved with the strategy adopted. The data obtained in this chapter 
strongly suggests that the presence of the intact transgene results in embryonic death 
before day nine of gestation.

From the 66 potential transgenic founders bom, between 10-30 should have been 
transgenic; with such a large number screened it was possible that rare events such as a 
gene rearrangement might be observed in one or two mice. In fact, only one mouse 
possessed the intact transgene, and a second possessed part of a rearranged transgene. 
This extremely low yield of transgenic mice, despite screening suffient mice to detect a 
rare gene rearrangement, suggested that the intact transgene was embryonic lethal. When 
potential transgenic embryos were examined at embryonic day nine, 60% of the embryos 
were found to be reabsorbed. The transgene could not be detected in the placenta of any 
embryo, reabsorbed or not. Despite this, it is possible that the reabsorbed embryos were 
transgenic and that due to their elimination they no longer contributed to the placental 
DNA at a sufficient level to enable detection using Southern blot analysis.

The low proportion of transgenic offspring bom to the mouse that had an intact copy of 
the transgene (3 transgenic offspring from 38 pups bom; 8.0% transgenic compared to 
the expected 50% transmission) also indicated that the transgene caused embryonic 
lethality. Alternatively, the founder mouse might have been a genetic mosaic, which 
would explain the low ratio of transmission of the transgene (5-10%: Hogan et a l, 
1986).

Spinal cord and DRG from E12.5 and E13.5 litters, comprising normal and heterozygous 
transgenic offspring, were put into culture in an attempt to derive neuronal cell lines. I 
expected the majority of cells to die within approximately one month and those which 
expressed SV40 large T antigen to survive and proliferate; this we considered was an 
acceptable means of selecting immortalised cells. My observations, however, were to the 
contrary. Long term survival and proliferation was observed in many morphologically 
distinct cell types from spinal cord and DRG, including those cultured in the absence of 
growth factors. Cell death did occur at a low frequency, especially when we attempted to 
clone proliferating cells. The incentive to continue this work increased with time. It 
seemed inconceivable that the continued proliferation of cells with a neuron-like 
morphology in the absence of growth factors or the uncontrolled proliferation of the 
SPICE population, to give two examples, could occur in the absence of the oncoprotein.
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The widespread cell death observed in the DRG cultures after 5 months and the steady 
cell death observed in the spinal cord cultures between 5 and 10 months may be due to 
the fact that the cells were immortalised but entered a phase of development which made 
them dependent upon nutrients that were unavailable. Alternatively, they might simply 
have been primary cultured cells which died after their allocated life span. The SPICE 
population continued to proliferate in the presence of EOF for 12 months after which 
period these culture studies were terminated.

Immunocytochemistry and nuclease SI protection analysis demonstrated that the DRG 
and spinal cord cell types examined did not express SV40 large T antigen. Although I 
cannot explain the long term survival and proliferation of cultures maintained without 
growth factors, it is clear that the proliferation of SPICE cells was induced by EGF and 
not due to presence of SV40 large T antigen in these cells.

At precisely this time a paper was published by Reynolds and Weiss (1992) which 
showed that EGF induces the proliferation of a small number of cells, isolated from the 
striatum of adult mouse brain and from these cells develop clusters with the antigenic 
properties of neuroepithelial stem cells. As long as these cells were maintained in the 
presence of EGF and on a non-adhesive substrate, the same conditions used in this study 
to grow the SPICE population, they continued to proliferate in an excessive manner 
which resembled the growth of SPICE cells. The presence of an EGF-responsive 
progenitor cell which can give rise to both neurons and astrocytes was subsequently 
demonstrated in embryonic mouse striatum (Reynolds et a i, 1992) and spinal cord 
(Samuel Weiss, personal communication).

These findings strongly support the hypothesis that the SPICE population is derived 
from an EGF-responsive cell-type. Evidence to suggest that SPICE contains neural 
progenitor cells was provided by immunocytochemical analysis of these cells; both 
nestin and neuron specific B-tubulin immunoreactivity was observed in SPICE cultures 
indicating the presence of immature, undifferentiated cell types (Cattaneo and McKay, 
1991; Moody et al, 1989). A small proportion of neurofilament heavy chain and GFAP 
positive cells, indicating the presence of neurons and astrocytes respectively, were also 
observed in these cultures lending further weight to the suggestion that SPICE consists 
of EGF-responsive neural precursor cells.

The observations reported here suggest that activation of the transgene resulting in death 
of transgenic embryos occurs before embryonic day nine. For this to occur the promoter 
must drive SV40 large T and small t antigen expression prior to E9 in these mice. This is 
possible since we know that Hox b4 is normally expressed in the mouse at E8.5 and
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perhaps even earlier since Hox b4 transcripts are present in undifferentiated and 
differentiating F9 teratocarcinoma cells (Graham et a l, 1988). A further implication of 
these results is that the oncoprotein is not completely degraded at mouse core body 
temperature in these mice. This could be because the Hox b4 promoter is very strong and 
thus drives high levels of SV40 large T antigen expression which is insufficiently 
degraded in the transgenic embryos.

This study suggests that in order to generate transgenic mice which constitutively 
express SV40 large T antigen, for the purpose of generating cell lines, not only is it 
necessary to use temperature sensitive SV40 large T antigen but it is also necessary to 
employ a promoter which drives only low levels of transcription but which is inducible. 
This has been done successfully in a study which used the interferon-inducible promoter, 
H-2K^>, to drive temperature sensitive SV40 large T antigen (tsA58) expression to cells 
which express the antigen, in transgenic mice (reviewed by Noble et al, 1995).
Perhaps more importantly, this study suggests that primary culture of sensory neuronal 
progenitors is possible, and such primary cells are arguably preferable to cell lines for 
most purposes.
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Conclusions

This thesis demonstrates a possible role for the c-ret proto-oncogene in sensory neuron 
development via its regulation of trkC expression. This hypothesis is supported by the 
following observations on the expression patterns of c-ret and the trk genes in wild type 
and ret.kr DRG.

1. In normal mice c-ret is expressed in 60% of DRG neurons. This expression is 
observed in both small-, medium- and large-diameter neurons.

2. A large proportion (85%) of frA:A-positive DRG neurons co-express c-ret. There is 
also significant overlap in the distribution of trkC and c-ret\ 50% of frX:C-positive 
neurons also express c-ret. In contrast, only 20% of -positive neurons express c-ret.

3. The single cell localisation of both c-ret and trkC hybridisation signal showed that 
those neurons which strongly express c-ret, weakly express trkC and conversely those 
neurons which weakly express c-ret, strongly express trkC. Therefore, there is an inverse 
correlation between levels of c-ret and trkC mRNA within individual wildtype DRG 
neurons.

4. The distribution of the trk genes was also examined in mice which are homozygous 
for a loss-of-function mutation in c-ret (ret.k~ mice). This study established that the 
expression pattern of trkA and trkB was normal in ret.k' DRG. However, there was an 
increase in the number of neurons which express significant levels of trkC mRNA and, 
furthermore, in those neurons that normally express trkC the level of expression was 
elevated approximately 10-fold.

5. There was a complete absence of c-ret hybridisation signal in ret.k~ DRG and a 
significant reduction in c-ret hybridisation signal in heterozygous ret.k~ DRG suggesting 
that signalling through Ret also influences c-ret transcription.

So, what do these observations tell us about sensory neuron development? During rodent 
embryogenesis over 20 different functional subtypes of DRG sensory neurons are 
generated (Willis and Coggeshall, 1991; Scott, 1992). There is evidence that three major 
groups of sensory neurons depend upon NGF, BDNF and NT-4/5, and NT-3 for their 
survival. These comprise the cutaneous afferents which subserve nociception and 
thermoreception, the mechanoreceptive and the proprioceptive sensory afferents 
respectively (Crowley et a l ., 1994; Emfors et a l ., 1994a, b; Farinas et a l ., 1994;
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Johnson et a l 1980; Jones et a l 1994; Klein et a l 1993, 1994; Ruit et a l 1992; 
Smeyne et a l 1994). It is likely that other neurotrophins also play important roles in 
sensory ganglion development.

On the basis of the observations described here I propose that Ret is the receptor for one 
such neurotrophin. These results suggest that signalling through Ret down-regulates trkC 
transcription. During DRG ontogeny the consequence of this action may be to add 
further phenotypic diversity to the sensory neuron repertoire. The suggestion that such a 
mechanism operates in vivo is supported by a number of findings reported in the 
literature. Firstly, two independent studies have established that the number of cells 
which express trkC in rat DRG decreases between E13 and E l6 (Emfors et a l ., 1992; 
Elkabes et a l 1994) while there is no change in the number of tr^A-positive neurons 
over this period (Emfors et a l ., 1992). Secondly, in both the mouse (Vassilis Pachnis, 
personal communication) and rat (Tsuzuki et a l 1995) the number of c-ret positive 
DRG neurons increases during embryogenesis.

Sensory neuron development is sculpted, in part, by the neurotrophic stimulation of 
processes such as survival, growth, proliferation and differentiation. Over the last two 
years it has become clear that there is interplay between the neurotrophins and their 
actions on neuronal differentiation. Furthermore, specific neurotrophins can alter the 
gene expression programme of a neuron thus changing the neurotrophin responsiveness 
of that cell. This phenomenon has been clearly demonstrated in the development of both 
the superior cervical (Birren et a l ., 1993; Verdi and Anderson, 1994) and the trigeminal 
ganglion (Buchman and Davies, 1993; Davies et a l ., 1993). Early in development 
sympathetic neuroblasts express trkC and are responsive to NT-3. Around the time of 
target cell innervation NT-3 stimulates the expression of trlcA by these cells which then 
loose their responsiveness to NT-3 and become dependent upon NGF (Birren et al 
1993; Verdi and Anderson, 1994). Similarly, during trigeminal ganglion development 
neurons survive at early stages in the presence of BDNF, NT-3 or NT-4/5, but not NGF. 
At a stage when these neurons contact their targets the cells loose responsiveness to 
BDNF, NT-4/5 and NT-3 and become dependent upon NGF (Buchman and Davies, 
1993; Davies et a l ., 1993). This switch in neurotrophin responsiveness must be 
mediated by changes in neurotrophin receptor expression and may explain why, in the 
case of trkC, the number of trigeminal neurons expressing this gene decreases over 
precisely this period in the rat (Emfors et a l ., 1992). At later stages in development in 
neonatal mice (after target cell innervation and the bulk of naturally occurring neuronal 
death) a subset of small-diameter DRG neurons down-regulate TrkA expression and this 
event is temporally associated with the appearance of a phenotypic marker (isolectin 
BSI-B4) of this group of neurons (Molliver and Snider, 1995).
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It is likely that the down-regulation of trkC expression by Ret signalling, in a subset of 
DRG neurons, initiates a particular developmental programme in these cells. Further 
experiments need to be carried out to determine whether the phenotypic repertoire of 
sensory neurons is altered in the DRG of ret.k' compared with wildtype mice. It is also 
likely that Ret signalling induces c-ret expression. This hypothesis is further supported 
by the observation that 6-galactosidase expression is down-regulated in the DRG of mice 
which are homozygous for both the ret.k~ mutation and for a transgene comprised of the 
c-ret promoter driven lacZ gene. The significance of this observation is at present 
unknown and requires further investigation. However, this finding could form the basis 
of an assay to identify the, as yet unknown. Ret ligand.
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