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Abstract

Genetic studies of simple multicellular organisms have defined a number of 
transcriptional regulators involved in neuronal specification, and in some cases 
mammalian homologues have been identified. In this thesis I have focused on two such 
mammalian transcription factors which may play regulatory roles in sensory neurone 
development and function.

Mammalian Brn-3c is a homologue of the C. elegans POU domain factor, unc-86, which 
is required for cell fate determination and for the postmitotic development of many 
neurones. Brn-3c is expressed in a restricted pattern within the nervous system, 
including a subset of dorsal root ganglion (DRG) neuror^ and may therefore be 
involved in the specification or later development of these neurones. To investigate this 
possibility, I decided to generate a Brn-Sc null mutant mouse, using homologous 
recombination in embryonic stem (ES) cells, followed by injection of genetically altered 
ES cells into mouse blastulae. Control and knockout genomic DNA constructs were 
generated. Transfection of ES cells with these constructs, followed by sequential 
screening techniques, allowed the identification firstly of control cell lines and 
subsequently of four cell lines containing a null deletion in one allele at the Brn-3c 
locus. Parallel work by another group has shown, via the generation of a Brn-3c null 
mutant mouse, that Brn-3c is essential for hair cell development in the inner ear.

A second line of research involved the LIM-homeodomain transcription factor, Islet-1 
(Isll). Isll is required at an early stage in the generation of motor neurones, and its later 
expression in motor neurone subsets suggests roles in neuronal subtype generation. Its 
Drosophila homologue, Isl, is required for axonal pathfinding and neurotransmitter 
production and in the vertebrate pancreas Isll is involved in the regulation of at least 
three genes for secreted polypeptides. Isll is expressed in developing and adult DRG 
and may therefore play roles in the development and maintenance of trunk sensory 
neurones. I have shown that Isll is expressed in both SD and L neurones; that all or 
almost all nociceptors express Isll, but Isll is not restricted to nociceptive neurones; 
and that the neurotransmitter CGRP is expressed exclusively by a subset of Isll 
positive neurones. I have also demonstrated that Isll is first expressed at around the 
time of the last mitotic division in sensory neurones, with some cells initiating Isll 
expression prior to their final mitosis. Using Isll null mutant mice I have shown that 
neural crest cells are formed in the absence of Isll and are able to migrate to their 
correct target areas, including the prospective DRG, and begin to coalesce into ganglia. I 
have putatively identified SCGIO expression in the location of cervical DRG in embryos 
lacking Isll, which suggests that the initial stages of sensory neurone formation do not 
require Isll. However, expression of other early neuronal markers could not be detected 
and there is evidence for increased cell death in the region of prospective DRG.
Analysis of later stages of sensory neurone development have been hindered by the 
early death of the null mutant embryos.

In addition to these studies, I attempted to use sequence homology to define conserved 
cis-acting elements within the regulatory regions of a number of genes expressed only, 
or selectively in sensory neurones. Putative cis-acting regions were analysed 
functionally using EMSAs to determine whether these regions were bound by DRG 
specific nuclear factors. On the basis of these experiments, three cis-acting sequences 
have been identified which bind to proteins present within DRG. These elements could 
therefore be involved in neuronal specific expression of adjacent genes.
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Chapter 1 - General introduction

1.1. Sensory neurones and their sub-types

Sensory neurones are the neurones which, as their name suggests, detect 
sensations such as touch, temperature, limb position and pain. This 
information is then relayed to the central nervous system (CNS). The cell 
bodies of trunk sensory neurones are located within the dorsal root ganglia 
(DRG) which lie on either side of the spinal cord, and their axons extend 
both to the periphery and to the spinal cord. These neurones can be divided 
into a wide variety of sub-types, as defined by size, axonal projection 
patterns, protein expression, electrophysiology or function. For example 
many morphological studies have divided them into light (L) and small 
dark (SD) (previously A and B) neurones on the basis of their staining 
properties. L neuronecytoplasm is granular in appearance, due to clumping 
of rough endoplasmic reticulum and ribosomes in a background of 
microfilament and neurofilament (NF) rich cytoplasm. SD neurorfs have 
densely staining cytoplasm with a more even distribution of organelles 
(Lieberman, 1976). Lawson (1979) showed statistically that DRG neurone 
sizes fall into two overlapping normal distributions. The larger-cell 
distribution is much wider than the smaller cell distribution and at least 
partially overlaps it. Lawson (1979) also showed that the large and small cell 
distributions correlate well with the distributions of lightly staining and 
darkly staining neurones. In a later study (Lawson et al, 1984) it was shown 
that a monoclonal antibody, RT97, labels only the L neurones and thus 
provides an invaluable immunocytochemical marker. RT97 has been 
shown to recognise the phosphorylated 200 kDa subunit of NF (Wood and 
Anderton, 1981).

Electrophysiological classification describes 3 major subtypes of fibres: A a /p ; 
AÔ and C. A a/p-fibres are myelinated and have fast conduction velocities 
(greater than 12 m /s  in rat), C fibres are unmyelinated and have slow 
conduction velocities (less than 2 m /s  in rat), and Aô fibres are thinly 
myelinated and their conduction velocities fall between those of the A a /p  
and C fibres, with some overlap with the latter. Neurones with A a /p  fibres 
are involved in mechanoreception, thermoreception and proprioception 
whereas AÔ and C fibre neurons are involved in detection of noxious 
stimuli. Reviewed in Scott (1992).
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Intracellular recording, followed by dye injection and RT97 labelling allowed 
correlation of electrical and morphological properties (Lawson and Waddel, 
1991). Neurorfs with A a /p  fibres were RT97 positive (L), and neuror^ with 
the slow C fibres (less than 1.3 m /s) were RT97 negative (SD). An 
intermediate group of neurorfs with AÔ/C fibre conduction velocities 
contained both RT97 positive and negative cells. There is still much to learn 
about the correlation between function, electrical properties and 
immunoreactivity of sensory neurorfe and this knowledge will be essential 
if we are to determine the relationship between gene expression during 
development and ultimate neuronal function. As mouse genetics advances 
it is increasingly probable that this correlation will be determined both via 
electrophysiology coupled with immunocytochemistry, and by functional 
analysis of animals whose neuronal development has been perturbed 
genetically.

1.2. Developmental origin of sensory neurones 

Overview

Sensory neurones of the trunk originate from the neural crest, a transient 
population of migratory cells which emerges from the dorsal part of the 
neural tube as the tube closes. The neural crest is a pluripotent tissue and 
gives rise to sympathetic neurones, glia, endocrine cells (chromaffin cells) of 
the adrenal medulla and melanocytes, in addition to sensory neurones. In 
the cephalic region, sensory neurones arise not only from the neural folds, 
but also from specialised areas of epithelium named placodes. These 
placodes give rise to ciliary and sensory ganglia, glia, and to the 
mesectoderm which forms much of the skeletal and connective tissues of 
the head. Reviewed in LeDourain (1982).

Spatio-temporal fate restrictions

Chick-quail chimaeras allow transplanted cells and their descendants from 
quail embryos to be unambiguously recognised at later stages of 
development within chick hosts or vice-versa. Fate m apping using such 
chimaeras showed that neural crest of the trunk is regionalised with respect 
to the development of the autonomic nervous system: 'vagal' crest (adjacent
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to somites 1 to 7) gives rise to enteric ganglia; trunk crest (somites 7 to 28) 
gives rise to sympathetic ganglia, aortic and adrenal plexuses and the adrenal 
medullary paraganglia; lumbosacral crest (dorsal to somite 28) and crest 
derived from the region between somites 5 and 7 give rise to both enteric 
and sympathetic ganglia. However, crest from all these region gives rise to 
the sensory nervous system. Reviewed in Le Douarin (1980).

In addition to spatial fate restriction, crest also shows temporal restriction. 
Weston and Butler (1966) performed transplants of labelled neural tube 
between chick embryos of differing developmental ages. They showed that 
the crest emerging from older neural tubes was still capable of generating all 
crest derivatives of that axial level if placed in a younger host environment. 
However, crest emerging from young neural tubes placed in older embryos 
formed dorsal crest derivatives, but virtually no sympathetic neurons, a 
ventral derivative. Hence the crest itself is still multipotent at the later age, 
but the older host environment restricts its endogenous potential such that 
it only generates dorsal derivatives. Serbedzija et ah (1989, 1990) used 
fluorescent dye injection into developing chick and mouse neural tube 
lumen, and later into single neural tube cells (1994) at different stages of 
development to confirm and expand these results, providing good evidence 
that neural crest cells populate their derivatives in a ventral to dorsal order.

M echanisms to generate diversity

The question therefore arises as to how and when this pluripotent tissue 
becomes restricted in it s developmental fate. Are neural crest cells specified 
before, during or after migration, and do the cells undergo progressive 
restriction in fate or are individual cell types specified directly from 
pluripotent crest? These questions are addressed in the experiments 
discussed below. It is important at this stage to distinguish between 
irreversibly committed cells, whose potential is restricted regardless of the 
permissiveness of the environment, and reversibly specified cells, whose 
fate has been selected, but can be re-specified if given the appropriate 
environmental stimuli. Experiments analysing the fate of individual cells 
during norm al development show only cell specification not their 
maximum potential, (that is state of commitment). In vitro clonal analysis 
and heterotypic tissue transplants show potential of the cell population as a 
whole, bu t usually reveal little about the commitment of individual cells.

17



since sub-populations may be being selected by the new environment. 
Bearing in m ind these problems, such experiments do help us to elucidate 
the time course of specification and also the role of the environment in this 
process.

In vitro  studies on potential

Sieber-Blum and Cohen (1980) showed that single avian crest cells cultured 
in vitro could form adrenergic, sensory-like and pigmented cells. More 
recently m ultipotent crest stem cells have been isolated in vitro from both 
the rat (Stemple and Anderson, 1992) and the mouse (Ito et al, 1993). These, 
and other studies (reviewed in Stemple and Anderson, 1993), show the 
existence of m ultipotent progenitors within the early neural crest. However 
the same experiments also show the concomitant existence of cells with 
more restricted developmental fates, despite being exposed to the same 
culture conditions as the multipotent cells. Stemple and Anderson's stem 
cell culture goes furthest in showing that these are committed progenitors 
since the primary crest cell clones underwent a secondary round of cloning 
in identical culture conditions. 75% of the originally isolated crest cells gave 
rise to at least one secondary clone containing neurons, glia and other cells, 
demonstrating multipotency and suggesting continued stem cell potential in 
some of the progeny. However, many of the cells produced during the two 
rounds of cloning showed restricted potentials, despite being in an 
environm ent permissive to the stem cell phenotype. Some of these blast 
cells produced only neuronal or glial progeny, whilst others generated 
clones containing both glial cells and 'other' cells, or both glial and neuronal 
cells.

In vivo  studies on fate

Such results are complemented by in vivo studies involving vital dye 
labelling of individual cells. Bronner-Fraser and Fraser (1991) injected a 
fluorescent dextran into individual cells of dorsal chick neural tube or of 
somitic sclerotome containing migrating neural crest and observed the 
extent of the resultant clones 1 to 2 days later, and Serbedzija et al. (1994) 
perform ed a similar set of neural tube injection experiments in mouse 
embryos. In both cases many of the resultant clones spanned more than one
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crest derivative, even when the original cell was migrating, and clones 
giving rise to both sensory and sympathetic neurons in addition to putative 
Schwann cells were identified. Also, clones containing both neural tube cells 
and neural crest derivatives were seen.

Together, these experiments demonstrate the existence of both m ultipotent 
cells and of cells with more restricted developmental fates, since in all cases 
some clones contained only a single derivative, or a subset of derivatives. 
Specification of crest therefore could be due to a sequential process, whereby 
progenitors of increasingly restricted developmental fate are generated. The 
variety of clones generated at any given time and position implies that 
specification of all progenitors for a given sub-set of crest derivatives does 
not occur simultaneously. Also, different clones can show overlap in the 
derivatives they form, indicating that a number of different pathways can be 
used to generate any given post-mitotic cell type. The question now remains 
as to how these progressively restricted progenitors are generated.

Role of the environm ent

A num ber of the in vitro studies above show that crest cells are responsive 
to environm ental influences, since alterations in culture conditions can 
influence their fate. Also, Weston and Butler's experiments (1966, discussed 
above) showed how changes in the environment with time restrict the fate 
of newly migrating multipotent crest. These results are supported by those 
from transplantation studies, discussed below, which provide further 
evidence both for environmental control of crest development and for the 
existence of committed progenitors.

Transplantation of quail DRG or autonomic ganglia between embryos of 
different ages showed that cell commitment is affected by the environment 
within a single axial level (Schweizer, 1983, and references therein). If quail 
DRG younger than E8  are transplanted into the neural crest path of younger 
(E2) chick embryos, they are able to contribute glia and neurorfs to the host 
DRG and autonomic ganglia. Older DRG lo0 se the ability to generate new 
sensory derivatives, but can still contribute to the autonomic ganglia. 
Autonomic ganglia, however, are only ever able to contribute to the various 
autonomic ganglia, never to new DRG. From these experiments we can see 
that post-migratory cells respond to changes in the environment by re-
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migrating and by producing derivatives which would not be formed during 
norm al development. However, restriction in this ability occur both 
temporally and spatially. Progenitors committed to the autonomic lineage 
are found within both autonomic and sensory ganglia and persist even after 
cell division within the ganglia is complete. However, m ultipotent 
progenitors within the DRG, able to generate both autonomic and sensory 
neurons, are lost at E8  in avian embryos. Further experiments (Kalcheim 
and Le Douarin, 1986) provided evidence that this lineage restriction is at 
least partly due to a requirement for neural tube-derived factor(s) in the 
maintenance of sensory neurone progenitors. Cells migrating away from the 
vicinity of the tube, such as those of the autonomic ganglia no longer 
receive these factors and hence loose their sensory potential. Environmental 
factors are therefore able to influence crest cell fates either by expanding their 
potentials beyond those which would normally be expressed, or by 
restricting their potentials during normal development.

A series of heterotypic transplantation studies (reviewed Le Douarin, 1982) 
show that alterations in the axial position, and therefore environment, of 
neural tube influences the fate of emerging crest. With the exception of 
cranial region, all areas of neural crest are able to generate appropriate 
derivatives when grafted at different axial levels, presumably due to 
environm ental signals.

However, as in the case of the transplanted ganglia, lineage restrictions act in 
concert w ith environmental influences. In the above heterotypic 
transplantations, quantitative variation occurs between crest from different 
axial levels, with some cells taking on fates appropriate for their old, but not 
their new, locations, thus variations in commitment exist at different axial 
levels prior to crest emigration. Similar results were obtained by Artinger 
and Bronner-Fraser (1992) who showed that with increasing donor age, 
trunk crest cells lost their ability to generate CA-positive neuroblasts, but not 
melanocytes, even after injection into younger, permissive host embryos. 
Lineage restriction has therefore occurred in these cells by stage 22 of avian 
developm ent.

In the examples given so far, the observed cell commitment could be due 
either to endogenous lineage restrictions or to the environment. Also, the 
environmental role could be instructive, causing m ultipotent cells to chose
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one fate, or selective, allowing survival or proliferation only of appropriate 
sub-types of cells, which have been specified cell-autonomously. Evidence 
that m ultipotent crest is instructively influenced by the environm ent comes 
again from the work of Stemple and Anderson (1992) on rat crest. They 
showed that neural crest cells cultured on fibronectin would not 
differentiate into neurons, but transfer to poly-D-lysine-fibronectin allowed 
them to express their neurogenic potential. Serial sub-cloning showed that 
this was not simply selection of a sub-population of already committed cells.

To summarise, a multitude of experiments have addressed various aspects 
of crest cell specification. These have demonstrated the existence of 
m ultipotent progenitors within the neural tube and also shown that pre- 
migratory crest is heterogeneous in potential. During migration, the crest 
becomes progressively more restricted in its potential, and this is at least 
partly due to environmental factors instructively influencing individual 
cells. At all stages, including post migration, crest retains a greater potential 
than is ever expressed during normal development, and which can only be 
revealed by experimental manipulation. We are now just beginning to 
elucidate the methods of specification by identifying the proteins and genes 
involved in this process and in the following section I have considered 
some of those factors known to influence the fate of sensory ganglion cells.

’Diffusible' signalling molecules 

Neurotrophins

A large num ber of studies, have investigated the roles of the neurotrophins, 
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), 
neurotrophin(NT)-3 and NT-4/5 in sensory neurone development 
(reviewed by Davies, 1994). BDNF stimulates survival and neuronal 
differentiation in neural crest cultures (Kalcheim and Gendreau, 1988), and 
in trunk crest clonal cultures there is evidence that it favours the 
commitment of pluripotent progenitors to the sensory lineage (Sieber-Blum, 
1991). BDNF is probably the neural tube-derived factor required for the 
maintenance an d /o r differentiation of sensory neurone progenitors, since 
crest cells separated from the neural tube by a sialastic membrane, which 
would normally lose their potential to generate sensory neuroife, can be
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rescued by BDNF associated with laminin (Kalcheim et al., 1987). NGF and 
NT3 both act as a mitogens, rather than survival factors, for neural crest. 
W ithin the embryonic sympathetic ganglia there is in vitro evidence that 
NT3, expressed by non-neuronal cells, promotes neuroblast expression of a 
neuregulin known to support development of glial cells (Verdi et ah, 1996).

Generation of mice carrying null deletions in their neurotrophin genes or in 
the neurotrophin-receptor genes, the trk family of tyrosine kinases, confirm 
m any of the embryonic roles determined by in vitro and in vivo studies. 
W ithin the PNS the null mutants showed that NGF is required for 
generation of nociceptive neurorfs, NT-3 is required for proprioceptive 
neurons and BDNF supports yet another subset of sensory neuroÆ  
(reviewed by Snider, 1994). Postnatal expression of the neurotrophin 
receptors in subsets of sensory neurones projecting to different targets 
implicates the neurotrophins in the maintenance of neuronal sub-type or 
the processing of information by those neuronal sub-types (McMahon et ah, 
1994 and references therein).

Together, these studies have shown that the neurotrophins can influence 
the survival, proliferation and differentiation of sensory (and other) 
neurones and can act sequentially or simultaneously on neuronal 
populations. They are therefore an im portant environmental influence 
during the development of these cells.

Leukemia inhibitory factor

Leukemia inhibitory factor (LIF) can promote the formation of sensory 
neurorfs (as identified by expression of substance-P) from murine crest 
cultures and has been implicated as one of the factors promoting the initial 
differentiation step of the sensory neurone lineage (Murphy et ah, 1991). 
Subsequently, a small population of sensory neurorfs require LIF during 
their development, rising to over 90% by birth (Murphy et ah, 1993). In 
apparent contradiction to these results, mice carrying null deletions in their 
LIF genes show no overt neuronal changes, suggesting functional 
redundancy may be occurring (Stewart et ah, 1992).
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Fibroblast growth factors

Fibroblast growth factors (FGF) 1 and 2 have been implicated in stimulating 
proliferation of neural crest cells, and have been shown to inhibit their 
differentiation, probably as a direct role of their mitogenic activity. This 
correlates with the expression of their genes in mouse neural tube and DRG 
at the stage when cells are proliferating within the ganglia (Murphy et al, 
1994). However, FGFl can also promote neuronal differentiation in vitro 
when presented in a cell-associated context (Brill et al, 1992). Perhaps the 
role of FGFl changes with time, possibly as a result of changes in the 
extracellular matrix and surrounding cells altering the availability of free 
FGF.

Hepatocyte growth factor

The recently discovered cytokine, hepatocyte growth factor (HGF) is also 
involved in sensory neurone development (Maina et al., 1997). In vitro, it 
cooperates NGF to enhance axonal outgrowth from DRG neurones, and 
mice w ith mutations in the HGF receptor have a severe reduction in the 
num ber of nerves innervating the skin of the limbs and thorax.

TGF-p family of proteins

TGF-p family members, in particular the bone morphogenic proteins 
(BMPs), play an important role in specifying dorsal cell fates in the neural 
tube, including neural crest cell fate. These dorsal cell types are induced by a 
contact-dependent signal from the epidermal ectoderm, which can be 
mimicked by BMP4 and BMP7, and which is inhibited by BMP antagonists 
(Liem et al,  1995, 1997). Both BMP4 and BMP7 are expressed transiently in 
the dorsal ectoderm prior to neural crest specification, then subsequently in 
the roof-plate glia. They are therefore good candidates for a role in the 
induction of neural crest.

At later stages there is evidence that BMPs, or related molecules such as 
DSLl or ActivinA induce at least two different dorsal interneurone cell 
types in the neural tube. Within PNS tissue, BMP2/4 can instructively 
promote the differentiation of clonal crest cell cultures into sympathetic 
neurorfs w ith rapid concomitant induction of MASHl (Shah et al,  1996). It
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can also enhance the formation of adrenergic sympathetic neurorfs in vitro 
and when ectopically expressed in the developing embryo, as can BMP7 
(Reissman et al, 1996).

Another TGF-p family member, glial cell line-derived neurotrophic factor 
(GDNF), promotes the development of neurones, including autonomic 
neurones, from crest cultures (Maxwell et al, 1996). However, during 
embryogenesis, peripheral neurones do not appear to depend on GDNF for 
their survival. In early postnatal life, a small subset of putatively nociceptive 
DRG neurones develop GDNF dependency and it has been shown that 
GDNF can rescue postnatal axotomised sensory neurones (Molliver et al, 
1997; Matheson et al, 1997).

From these examples we can see that the TGF-p -related proteins identified 
to date play multiple roles in the development of neurones derived from 
the dorsal neural tube. It seems probable that further roles and perhaps 
additional family members remain to be discovered.

N euregulins

The neuregulins are alternatively spliced forms of a single neuregulin gene 
(Marchionni et al, 1993). The GGF isoforms in particular are known to 
prom ote the in vitro survival, proliferation and initial m aturation of 
Schwann cell progenitors (Dong et al, 1995; Gassmann and Lemke, 1997). 
GGF2 has been shown to instructively influence the fate of neural crest cells 
in clonal cultures, promoting glial development whilst inhibiting the 
neuronal phenotype, which led to the suggestion that they may mediate 
lateral inhibition of neuronal cell fate (Shah et al, 1994).

Evidence for reciprocal neurone-glia signaling comes from in vitro and 
transgenic work. Verdi et al, (1996) showed that NT-3 expression by non
neuronal cells is up-regulated by the presence of neurones and by GGF2, 
which is known to be expressed by neurones. This led to a model of 
reciprocal neurone-glia signaling via these molecules. The analysis of mice 
lacking neuregulin or one of its receptors, ErbB3, supports this idea. In the 
trunk region of ErbB3 null m utant animals no Schwann cell precursors or 
Schwann cells are seen accompanying the peripheral axons of sensory and 
motor neurones, and in neuregulin null m utants Schwann cell num bers in

24



this area are reduced (Riethmacher et ah, 1997; Meyer and Birchmeier, 1995). 
Initial development of sensory and motor neurones in mice lacking ErbB3 
appears normal, but these cells subsequently die. W ild-type/ ErhB3 null 
m utant chimaera formation demonstrated a cell autonomous requirement 
for ErhB3 in Schwann cells, providing good evidence that Schwann cell 
development requires neuregulin. However the sensory and motor 
neurone requirement for ErbB3 was non-cell autonomous, implying that 
neuronal death was due to lack of a signal normally produced by Schwann 
cells and that neuregulins are required only indirectly in sensory and motor 
neurone development.

Extracellular matrix molecules

In vitro evidence that the extracellular matrix (ECM) is involved in 
directing the fate of sensory progenitors comes from the work of Stemple 
and Anderson (1992) on fibronectin, discussed above (see role of the 
environment). In vitro studies have also shown that laminin, fibronectin 
and type IV collagen make good substrates for crest cell migration, whilst 
others such as tenascin, vitronectin and various proteoglycans are 
inhibitory. This correlates well with expression of these molecules during 
development, w ith migration-permissive ECM found along crest m igratory 
routes, and non-permissive ECM within surrounding areas (reviewed by 
Perris, 1997).

Mouse null m utations have shown that fibronectin, type IV collagen and 
gamma 1-containing laminin isoforms might all be crucial for crest 
development (George et al, 1993, Olsen, 1995, Perris, 1997). In the enteric 
nervous system, mutations in the endothelin-B receptor, a protein which 
binds to components of the ECM and is expressed by enteric ganglion cell 
progenitors, result in agangliogenesis of the colon (Hosoda, 1994 and Nataf, 
1996). However, no sensory neurone-specific defects due to ECM gene 
m utations have been identified so far.
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Summary

From the above discussion, we can see that the neural crest appears to 
undergo progressive restrictions in its developmental fate, starting within 
the dorsal neural tube and continuing throughout its migration. In vivo 
and in vitro work have demonstrated that the developmental potential of 
crest cells is far greater than that observed during normal development and 
that environmental factors influence the developmental fate of the crest. 
However, if we wish to even begin to understand how these fate choices are 
made, we m ust also identify the genes which act downstream of these 
signalling processes. Ultimately, alterations in expression of downstream 
transcriptional regulators are required for expression of cell-type specific 
genes and hence for subsequent cellular differentiation. The following 
section outlines the major routes available for identification of crucial 
regulatory genes.

1.3. Finding the genes involved and determining their roles

Purification of proteins from biologically active mixtures

In vitro screening for biologically active proteins within complex cell culture 
additives such as embryo extract or cell conditioned media have allowed 
identification of a number of soluble growth factors genes. For example NGF 
and BDNF were identified through their ability to support the survival of 
embryonic sensory neurones. Determination of amino-acid sequences then 
allowed the use of degenerate oligonucleotides to clone the genes (reviewed 
by Thoenen, 1991). An alternative method to isolate a gene is to raise 
antibodies against the protein and use these to screen cDNA expression 
libraries.

At least one potential function of proteins identified by these methods is 
known prior to cloning of their genes. However, a major problem is the 
need for a rich source of the protein of interest, allowing its purification in 
chemically analysable quantities. Also, only those proteins for which 
biological assay systems are available can be identified, therefore receptors 
and transcription factors are unlikely to be detected.
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Classical genetics

Classical genetics uses previously known non-lethal diseases as a starting 
point for identification of the genes involved in generation of the disease 
state. Linkage analysis is used to locate a 5-10 centi-Morgan chromosomal 
region w ithin which the gene lies. This entails following the segregation 
patterns of the disease with genomic markers, such as microsatellite 
sequences or other genes, through successive generations. Markers on 
different autosomal chromosomes to that of the disease locus will be 
inherited independently of the disease, whereas those on the same 
chromosome will often be inherited concomitantly with the disease. The 
larger the distance between marker and disease locus within a chromosome, 
the lower the frequency of such concomitant inheritance, due to 
recombination. Sequencing within the selected region is then required to 
identify any open reading frames present. Consistent alterations in a gene's 
coding region or putative regulatory region in m utant but not in wild type 
organisms is good evidence that mutations in the identified gene is 
responsible for the disease state. As in the case of gene identification through 
protein purification, information on the functions of genes identified by this 
method is already known. Of particular relevance to the area of disease 
treatment, the existence of mouse models of hum an diseases greatly aids the 
understanding of such diseases and is invaluable in the development of 
new treatm ent or screening programmes.

Examples of genes required in the CNS or PNS which have been identified 
using this technique are those which cause Huntington's chorea (reviewed 
Furtado and Suchowersky, 1995) and Hereditary sensory neuropathy type I 
(Nicholson et al, 1996), both hum an neurodegenerative diseases. Also, mice 
m utants with coat patterning abnormalities have led to the identification of 
genes involved in neural crest development, some of which were also 
identified by other means. Examples include Pax-3 and Pax-6 . Pax-3 was 
shown to be the m utant gene in splotch mouse lines (Epstein et a l, 1991), 
and also in hum an W aardenburg syndrome (Baldwin et al, 1994). 
Heterozygous Pax-3 mice show white abdominal spotting, presumably due 
to disturbances in the development of melanocytic crest derivatives, 
whereas homozygous null mutants show dysgenesis of neural-crest derived 
spinal ganglia, in addition to a host of other crest and nervous system 
defects, and result in death at approximately E14 (Beechey and Searle, 1986).
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Pax-6 , a gene closely related to Pax-3, was also known previously via its 
m utant phenotype in both mice (small-eye. Ton et al., 1992) and hum ans 
(aniridia. Hill et al., 1991), causing neural defects in brain and eye 
developm ent.

The major restriction of this gene identification technique is the relatively 
low num ber of non-lethal vertebrate diseases which affect nervous system 
development and for which m utant genes can therefore be identified. 
However, the use of lower organisms for the initial identification of such 
genes, followed by the isolation of their homologues in higher organisms, 
has proved enormously productive and is discussed later.

Identification of trans-acting proteins

Another m ethod to find genes involved in neuronal development is to 
isolate transcription factors required for the cell-type specific expression of 
previously identified neuronal genes (see chapter 5). This requires the initial 
identification of downstream target sequences, usually prom oter regions 
capable of directing cell-type specific gene expression in vitro or in vivo. 
Proteins able to bind these sequences can then be identified using 
electrophoretic mobility shift assays, expression library screening or yeast 
one hybrid cloning systems.

It m ust be remembered that the use of cell-specific target sequences is not a 
guarantee that identified trans-factors will share that cell-type specificity, 
since general transcription factors may also be identified. However, it has 
been successfully used to identify a number of neurone-specific transcription 
factors, including the POU domain protein, Pit-1 (Nelson et al., 1988; 
M angalam et al., 1989, see chapter 3). This technique has the advantage that 
w hen proteins of interest are identified, a handle already exists on their role 
in development, in the form of an identified putative target gene.

Subtractive library screening

Cell type specific genes can also be identified by generation of subtractive 
libraries, followed by differential screening of the cloned transcripts. To 
prepare the library, total cell RNA from the tissue of interest is purified, 
reverse transcribed, then hybridised with RNA from other tissue types.
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Double stranded complexes are discarded and the remaining single-stranded 
cDNA is purified. Complementary strands are synthesised and the 
fragments are ligated into vectors to generate the library.

Differential screening of this library allows the identification of clones found 
only in the tissue of interest. This involves plating the library at low density, 
transferring it to two filters and probing one filter with cDNA from the 
tissue of interest, and the other with cDNA from an irrelevant tissue. Clones 
labelled only by cDNA from the tissue of interest are good candidates for 
encoding cell type specific genes. Variations on this method have been used 
successfully to identify a number of sensory-neuronespecific transcripts, 
including P2 X3 and SNS (Akopian and Wood, 1995)

Alternatively, such subtractive libraries can be used with a variety of 
different screening techniques. For example by cloning into expression 
vectors they can be screened using antibodies to proteins of interest or can be 
used in the yeast one or yeast two hybrid systems (Fields and Song, 1989; 
Ausubel et a l,  1994). Non-expression vector libraries can be screened using 
degenerate oligonucleotides or conserved regions from know genes to 
identify homologous genes, as discussed in detail below. In all cases, the 
increased specificity of the library leads to an increased sensitivity of the 
subsequent screening steps.

Homology cloning of genes

Background

Possibly the most fruitful method used to identify new genes involved in 
transcriptional regulation is homology cloning, which relies on the 
conservation of sequences, either across species or within gene families. 
Previously identified genes can be used to generate probes to be used for 
library screening, allowing the isolation of new, homologous genes even 
from widely divergent species. Moreover, such sequence homology is 
usually associated with some degree of functional conservation, thus the 
encoded proteins are often involved in similar or equivalent processes to 
the original genes.
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The initial step in cloning homologous genes is to identify sequences within 
the starting gene(s) which are predicted to show conservation. These might 
be regions known to encode the active domains of the proteins, or which 
show conservation between previously identified members of a gene family. 
Labelled probes can then be generated from within the conserved region and 
used to screen copy (c)DNA libraries at low stringency for clones which 
hybridise with the chosen fragment. Alternatively, polymerase chain 
reaction (PCR) using degenerate oligonucleotide primers spanning the 
conserved region, can amplify homologous regions of genes from DNA 
libraries or purified mRNA from the species of interest. These homologous 
regions can then be used as a specific probes to screen DNA libraries from 
the new species. In both cases stage an d / or tissue specific libraries from any 
species allow restriction of the homologues isolated. Sequencing of the 
identified clones, followed by comparison with databases of gene sequences 
can then be used to determine whether the 'new' gene(s) are known and for 
comparison with the known homologue(s).

Use of lower organisms for initial gene identification

Lower organisms such as the fruit fly. Drosophila melanogaster or 
nem atode, Caenorhabditis (C.) elegans, are often used for the initial gene 
identification since their short generation times, small size and relatively 
simple body plans make generation and identification of genetically m utant 
organisms feasible. In addition, they provide experimentally amenable 
systems in which to deduce the roles of new factors and to identify 
interacting proteins.

To date, most work has been performed with Drosophila, and a m ultitude of 
m arkers are now available, especially within the nervous system, to aid in 
the identification of m utant phenotypes. In C. elegans, stereotyped patterns 
of cell division, a small number of cells, and a transparent body allow 
researchers to watch every individual cell throughout development, 
making this a very amenable system (Brenner, 1974). Every neurone has been 
identified and laser ablation studies have allowed the determination of 
interactions between these cells both during development and in adulthood 
(for example Chalfie et al, 1985). More recently the zebra-fish R. Danio, has 
become popular for gene identification (Mullins and Nusslein-Volhard, 
1993; Mullins et a l,  1994; Haffter et al, 1996) since it is more closely related to
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m an and rodents than are invertebrates, whilst at the same time it has a 
relatively small genome and transparent embryos which develop ex-utero.

Large scale mutagenesis

All three organisms mentioned above have been used for large scale 
mutagenic screens, in which huge numbers of animals are treated either 
w ith chemical mutagens or by irradiation, and their progeny are analysed for 
defects of interest. These m utant offspring are then bred and the m utant 
phenotypes analysed both functionally and genetically. This method allows 
the majority of genes involved in a given developmental process to be 
identified, which is essential if interactions between genes, and their order 
w ithin regulatory networks is to be determined. However, the num ber of 
organisms required for such saturation mutagenesis limits the use of this 
technique to small organisms. A second major drawback is the ensuing 
difficulty in locating a m utant gene. Linkage analysis allows its approximate 
location to be found, but final identification relies on sequencing of large 
stretches of the genome, which is both costly and time consuming.

Transposons

The problem was partly solved in Drosophila by the use of p-element 
transposons to generate the mutations. Transposons are small pieces of 
DNA able to jump randomly from one position in the genome to another 
when in the presence of an appropriate recombinase enzyme, and occur 
naturally in Drosophila populations. Insertion of the transposon w ithin a 
gene 4s- can result in loss of gene expression or in production of a 
functionally m utant protein. Flies containing p-element induced m utations 
of interest can be selected for breeding and the transposon itself can then be 
used as an identification tag to aid in the isolation of the m utant gene 
(Lawrence, 1992).

Enhancer and pronioter trapping

More recently variations of this technique known as enhancer or prom oter 
trapping have been used allowing screening to be done on the basis of 
interesting patterns of gene expression. In the case of enhancer trapping, a 
lacZ gene, driven by a minimal promoter, is incorporated into the
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transposon. LacZ expression only occurs if the transposon is incorporated 
within an area controlled by an enhancer element. Promoter traps work on a 
similar principle, but in this case the lacZ gene is downstream of a splice 
site, and is only transcribed if the transposon falls within the transcribed 
region of a gene, allowing the gene's own promoter to drive lacZ 
expression. The major difference between the two techniques is that 
prom oter traps often lead to mutation of the gene whose expression pattern 
is visualised, whereas this is not necessarily true for enhancer traps. Also, 
identification of the gene is easier in the promoter traps, because the 
transposon lies within its transcribed region, whereas in enhancer traps the 
gene itself may lie some distance away from its regulatory element. Both 
m ethods have been successfully used to identify Drosophila genes which 
would have proved difficult to find by many other methods (Cooley et al,
1988).

Gene trap vectors in mice

More recently gene-trap vectors have been used to identify developmentally 
regulated genes in early mouse development (Skarnes et ah, 1992; W urst et 
al,  1995). Gene trap constructs containing a lacZ reporter gene are 
incorporated into pluripotent mouse stem cells, either by transfection or 
retroviral infection. The cells are then injected into mouse blastulae and the 
resultant embryos are screened for interesting patterns of reporter gene 
expression. LacZ is activated only if the construct becomes incorporated 
w ithin an endogenous exon, and in many such cases the LacZ expression 
pattern mimics that of the endogenous gene. One gene required in murine 
vertebrate development, Jumonji, has been identified this way (Takeuchi et 
ah, 1995).

As in Drosophila, these insertions can produce developmental defects in 
hom ozygous mice, allowing an initial functional analysis of newly 
identified genes. Pre-screening of stem cells prior to generation of chimaeric 
and transgenic animals is now becoming increasingly common (Baker et ah, 
1997). Stem cells are first analysed for expression of the reporter construct, 
indicating its insertion within an exon. To enrich for clones containing 
insertions in neural-specific genes, sub-clones of stem cells are allowed to 
differentiate and are then analysed for co-expression of neural specific genes 
and the reporter gene (Shirai et ah, 1996). Also cDNAs of the gene trap
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transcripts can be obtained by 5' rapid amplification of cDNA ends (RACE) 
and sequencing allows previously identified genes to be distinguished from 
novel ones (Townley et al., 1997). Finally, in situ hybridisation using cloned 
regions of the trapped genes allows selection only of those genes expressed 
in vivo w ithin the tissues of interest, such as the nervous system. Such in 
vitro pre-selection enables identification of stem cells targeted w ithin novel 
genes which show in vivo spatio-temporal expression patterns of interest. 
Only these clones of interest need then to be used in the time-consuming 
and relatively expensive generation of transgenic mice.

Genes involved in invertebrate nervous system development and their 
vertebrate homologues

Pioneering work on Drosophila was carried out by Nusslein-Volhard, 
W ieschaus and colleagues who performed large scale mutagenesis, followed 
by isolation and breeding of developmentally challenged flies (Nusslein- 
Volhard and Wieschaus, 1980). This led to a detailed understanding of the 
gene cascades involved in laying out the Drosophila body plan and opened 
the way for analysis of other developmental processes. In the Drosphila 
peripheral nervous system (PNS) the thoracic and abdominal sensory 
neurons of the embryo form in stereotyped positions, and can now all be 
identified using cell-specific markers, making this a very amenable 
experimental system (Campos-Ortega and Hartenstein, 1985). Analysis of 
m utant PNS phenotypes has allowed an enormous num ber of regulatory 
genes involved in PNS development to be discovered, and these genes can 
be divided into four major categories; pro-neural, neurogenic, neuronal type 
selector and cell lineage genes (reviewed by Ghysen and Dambly-Chaudiere,
1989). Pro-neural genes are expressed by clusters of epidermal cells and 
endow them with the potential to become neuronal. Subsequent 
interactions between these competent cells, mediated by expression of the 
neurogenic genes, leads to selection in most cases of a single cell from the 
cluster, the sensory mother cell (SMC). This cell expresses high levels of 
proneural genes and will give rise to the sense organ, whilst the remaining 
cells in the cluster loose proneural gene expression and differentiate into 
epidermal cells. Neuronal type selector genes are expressed in SMCs and 
control the type of sensory structure that a precursor will give rise to.
Finally, cell lineage genes control the specification of the different clonally 
related cell types within the sensory organ, for example neuron^ glia or
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structural cell. Vertebrate homologues of a num ber of these Drosophila 
genes, and also of a few C. elegans genes, have been identified, mainly 
through homology cloning. Table 1 summarises many of the genes 
involved in either Drosophila or C. elegans neural developm ent whose 
mam m alian homologues are known and some of these will be discussed 
further.

Achaete, scute and Mash-1

M ashl,  the mammalian homologue of two of the Drosophila Achaete-Scute 
complex (AS-C) genes, achaete and scute was one of the earliest m ammalian 
PNS genes identified via its homology with invertebrate genes. In 
Drosophila, achaete and scute are proneural genes, and endow cells w ith the 
competence to become SMCs of either external sense (es) organs or of some 
types of multi-dendritic neurone. Their over-expression leads to many of 
the cells w ithin the achaete- or scwfe-expressing clusters generating sensory 
organs, whilst null mutations in these genes leads to loss of subsets of 
sensory organs. The products of the achaete and scute genes contain the basic 
helix-loop-helix (bHLH) motif which allows protein dimérisation and DNA 
binding. They act as transcriptional regulators controlling sense organ 
specification.

In order to identify homologous genes in mammals, Johnson et ah (1990) 
used PCR primers spanning the conserved bHLH domain of the AS-C 
members, to amplify sequences from a rat sympathetic neuronal precursor 
cell line. They isolated two new genes, rnammalian achaete-scute 
homologue (Mash) 1 and 2 which are highly conserved across the bHLH 
domain, bu t diverge both from one another and from the AS-C genes 
outside this region. Subsequent cloning of Mash 1 and 2 has been carried out 
in other vertebrates, including mouse (Guillemot and Joyner, 1993) and 
Xenopus (Ferreiro et ah, 1992). Mash-2 expression is confined to trophoblast 
cells of the developing early rat embryo, however, Mash-1 is expressed 
exclusively in the rodent nervous system. Within the PNS, it is expressed in 
the olfactory epithelium, sympathetic and enteric precursors, and in some 
parasympathetic precursors, but not in sensory neuroife (Lo et ah, 1991, 
Guillemot and Joyner, 1993). Generation of mice containing a null m utation 
in the Mash-1 gene showed that this gene is essential for the development of 
olfactory, sympathetic, parasympathetic and some enteric neuroifs

34



Table 1.1. Invertebrate and vertebrate homologues as regulators of peripheral 
neurogenesis.

A. Proneural Genes - thought to endow cells with the potential to become 
neuronal precursors.

Vertebrate genes Inverteb^e genes
Genes Comments Refs Genes Comments Refs

Mash-1, Required for 1,2 Achaete- Basic HLH proteins 8
(rat, mouse) development of Scute required for external

many olfactory, enteric complex (AS sense organ specification
and autonomic neurones CI Achaete,

CASH-1 3 Scute, lethal
(chick) Xash3 converts of scute.

HASH-1 prospective neural 4 asense.
(human) crest (NC) and (Drosophi la)

XASHl ectodermal 5
XASH3a, 3b cells to a CNS fate 6,7
(Xenopus)

Quox-1 Expressed in a 9 mab-5 Specifies postembryonic 10
(quail) subpopulation of NC (C. elegans) fates of cells in a

cells in early posterior region
migration; later 
expressed by sensory but 
not sympathetic 
neurones

MATH-1, 1, 3
(mouse)

Basic HLH proteins 
MATH-1 expressed in 
dorsal CNS during 
development

11 Atonal (ato) Basic HLH protein. 12,
(Drosophi la)  Specifies precursors of 13

chordotonal organs and 
a class of 
photoreceptors

lin-32 Basic HLH protein of 14
(C. elegans) AS-C family that acts 

downstream of mab-5; 
necessary and in some 
cases sufficient for the 
specification of the 
neuroblast cell fate

Id (mouse) HLH protein involved
in neural determination 
and differentiation; 
expressed in DRG but 
not sympathetic or 
adrenal medulla 
neurones

22 extramacro-
chaetae
(Drosophi la)

Suppressor of sensiUa 
development; HLH 
protein that forms 
inactive heterodimers 
with products of the 
AS-C and with 
Daughterless

23
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snail (mouse) Expressed in 15, snail (sna) Zn finger protein 20
sna-1 presumptive NC cells 16 {Drosophila) required to initiate
(zebrafish) and roof-plate cells; mesoderm invagination;

Xsna expression continues in 17 represses genes
{Xenopus ) NC cells during their responsible for

migration 18 neuroectoderm
differentiation;

slug (mouse) Controls the epithelial later expressed in 21
to mesenchymal 19 developing NS, first
transition of pre- segmentally, then
migratory NC cells universally

B. Neuronal genes - required during the selection of neuronal precursors from 
clusters of cells with the potential to become neuror^. Includes the neurogenic 
genes.

Vertebrate genes Invertebrte genes
Genes Comments Refs Genes Comments Refs

Notch-1 to 4 Transmembrane proteins 24- Notch Acts as receptor in 35-
(rat, mouse. involved in cell fate 31 {Drosophila) intracellular signalling , 37
chick) decisions; Notch-1 to 3 

are expressed in the
events which lead to 
selection of cell(s) from

TAN-1 developing nervous 32 within an equivalence
(human) system; see text for group; used repeatedly
= Notch-1 further information in NS development; 

see text for further
int-3 (human) 33 information
= Notch-4

lin-12 Acts as receptor in 38,
Xotch 34 (C. elegans) intracellular signalling 39
{Xenopus) events which determine 

cell fates; see glp-1

D elta-like Transmembrane ligands 40 Delta (Dl) Transmembrane proteins 46
gene 1 (mouse) for Notch; involved in {Drosophila) which act as
C-Delta-1 cell fate decisions; see 41 extracellular ligands 47
(chick) text for further Serrate for Notch

Jagged-1 (rat) information 42 {Drosophila)
(= Serrate-1) 43
(mouse)

Jagged-2 (rat) 44
C-Serrate-1 45
(chick)
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RBP-Jk DNA binding protein 48- 
(= CBFl/ involved in nervous 51 
KBF2) system differentiation;

activated Notch binds 
to RBP-Jk , leading to 
transcription of 
downstream genes

Suppressor of First downstream target 52 
Hairless of activated Notch;
(Su(H)) found in both cytoplasm 
{Drosophi la)  and nucleus and can bind 

directly to the Notch 
cytoplasmic domain

HES-1-5 Human homologues of 48, 
(rat) E(spl) groucho; 51 

TLE family negative regulators of 
(Human) genes with E or N boxes 53 

in their promoters

Enhancer of Seven basic HLH 54 
split complex transcription factors 
(E(spD) required for normal 
(Drosophila) sensory neurogenesis;

activated by Su(H) 
genes

HuD RNA- binding protein 55 
(human) expressed in post

mitotic CNS neuron^

elavA,B,C,D C and D are expressed 56 
(mouse, only in brain 
Xenopus and 
zebrafish)

elav RNA binding protein 57 
(embryonic required for correct 
lethal differentiation and 
abnormal maintenance of neurones 
vision)
(Drosophila)

c . Neuronal specificity genes - required for the generation of neuronal 
subtypes.

Vertebrate genes 
Genes Comments Refs

Invertebrte genes 
Genes Comments Refs

eux -1, cux-2 Homeodomain proteins; 58, 
(mouse) cux-1 and 2 bind to 59 
cut (chick and NCAM promoter; cux-1 
human) shown to regulate 

NCAM promoter 
expression; cux-2 is 
expressed exclusively in 
the NS

cut Homeodomain protein 60, 
(Drosophi la)  necessary and sufficient 61 

for the specification of 
external sensory (es) 
organ precursor cells; 
loss of cut activity 
results in conversion of 
es receptors to 
chordotonal organs
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Prox 1 Expressed in subsets of
(mouse) developing neurones;

thought to play a role 
in early development 
of murine CNS

62 Prospère
(Drosophila)

Nuclear homeodomain 
protein expressed in 
subsets of developing 
neurones and required 
for their correct 
specification; mutation 
leads to delayed or 
arrested pioneering of 
peripheral motor 
nerves

63

neurogenin 
(ngn)-l, ngn-2
(mouse, rat) 

ngn-related-1 
(ngnr-1)
(Xenopus)

neuroD
(Xenopus)

Basic HLH proteins 64,
expressed by tissues 65
immediately prior to 
their neurogenesis; 
thought to be involved 
in neuronal 
determination; over
expression of ngnr-1 
promotes neurogenesis.

Basic HLH protein 66
expressed by sensory but 
not autonomic neurones; 
induces neurogenesis in 
ectodermal tissue

tap
(Drosophila)

Basic HLH protein 
expressed in those 
neurones innervating 
chemosensoy organs at 
the time of their 
differentiation

67

ChxlO Homeodomain protein
(mouse) expressed in neural

tissues including 
anterior optic vessicle; 

thought to be involved 
in determination of 
inner nuclear layer of 
mature retina

68 ceh-10
(C. elegans)

Homeodomain protein 
expressed in an 
intemeurone receiving 
signals from a 
thermosensitive and 
perhaps photosensitive 
sensory neurone.

69

Phox2 Homeodomain and
(mouse) paired box protein

expressed in autonomic 
but not sensory ganglia; 
possibly involved in 
expression of 
(nor) adrenergic 
phenotype; binds to and 
regulates NCAM 
promoter

58,
70

paired
(Drosophi la)

Homeodomain and 
paired box transcription 
factor required for 
correct segmentation of 
the Drosophila embryo

71
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Brn3a POU domain protein; 72, unc-86 POU domain protein 77
(Brn 3.0) required for 73 (C. elegans) necessary for the
(rat, mouse. development of subsets specification of subsets
chick) of sensory neurones and of neurones including

CNS neurones touch receptors;
74, required for postmitotic

Bm3b POU domain protein; 75 development of many
(Brn3J2) essential for neurones
(rat, mouse. development of most
chick) retinal ganglion cells I-POU, POU domain proteins 78

76, tl-POU from alternatively
Bm3c POU domain protein; 75 (Drosophila) spliced gene; expressed
(Brn 3.1) essential for in developing neural
(rat, mouse. development of hair tissue
chick) cells of inner ear

Isll, Isl2 LIM-homeodomain 79, Isl LIM homeodomain 83
(rat, mouse. proteins expressed in 80, (Drosophi la) protein required for
chick. developing sensory and 81 axonal pathfinding by
Xenopus) motor neurones; Isll primary neurones

essential for generation
of motor neurones 82

DRG 11 (rat) Homeodomain and 84 imc-4 Homeodomain and 86
paired box protein (C, elegans) paired box protein
expressed in sensory required for correct
neurones and a subset of synaptic input to a
their CNS targets subset of motomeurones

PHD-1 (rat) Expressed at lateral 85
margins of ventricular
zone in neural tube;
thought to act
downstream of MASH-1

Abbreviations: NC - neural crest; AS-C - Achaete-scute Complex; HLH - helix- 
loop-helix; Zn - zinc; (C)NS - (central) nervous system; NCAM - neural cell 
adhesion molecule.

References: 1. Johnson et al. (1990); 2. Guillemot and Joyner (1993); 3. Jasoni et 
al. (1994); 4. Ball et al. (1993); 5. Ferreiro et al. (1992); 6 . Zimmerman et al. (1993); 
7. Turner and Weintraub (1994); 8 . Campos-Ortega (1993); 9. Xue et al. (1993b); 
10. Salser and Kenyon (1992); 11. Isaka et al. (1996); 12. Jarman et al. (1993b); 13. 
Jarman et al. (1994); 14. Zhao and Emmons (1995); 15. Smith et al. (1992); 16. 
Nieto et al. (1992); 17. Hammerschmidt and Nusslein-Volhard (1993); 18.
Mayor et al. (1993); 19. Angela-Nieto et al. (1994); 20. Ip et al. (1994a); 21. Ip et al.
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(1994b); 22. Duncan et al. (1992); 23. Cabrera et al. (1994); 24. Weinmaster et al.
(1991); 25. Weinmaster et al. (1992); 26. Franco del Amo et al. (1993); 27. Lardelli 
and Lendahl (1993); 28. Lardelli et al. (1994); 29. Myat et al. (1996); 30. Larsson et 
al. (1994); 31. Sugaya et al. (1997); 32. Ellisen et al. (1991); 33. Uyttendaele et al. 
(1996); 34. Coffman et al. (1990); 35. Goriely et al. (1991); 36. Artavanis-Tsakonas 
and Simpson (1991); 37. Ghysen et al. (1993); 38. Yochem et al. (1988); 39. 
Yochem and Greenwald (1989); 40. Bettenhausen et al. (1995); 41. Henrique et 
al. (1995); 42. Lindsell et al. (1995); 43. Mitsiadis et al. (1997); 44. Shawber et al. 
(1996); 45. Myat et al. (1996); 46. Fehon er al. (1990); 47. Rebay et al. (1991); 48. 
Jarriault et al. (1995); 49. Hsieh et al. (1996); 50. Lu and Lux (1996); 51. de la 
Pompa et al. (1997); 52. Fortini and Artavanis-Tsakonas (1994); 53. Stifani et al.
(1992); 54. Delidakis and Artavanis-Tsakonas (1992); 55. Szaboef al. (1991); 56. 
Good (1995); 57. Koushika et al. (1996); 58. Valarche et al. (1993); 59. Quaggin et 
al. (1996); 60. Blochlinger et al. (1991); 61. Merritt et al. (1993); 62. Oliver et al.
(1993); 63. Doe et al. (1991); 64. Ma et al. (1996); 65. Sommer et al. (1996); 6 6 . Lee 
et al. (1995); 67. Gautier et al. (1997); 6 8 . Liu et al. (1994); 69. Svendsen and 
McGhee (1995); 70. Tisser-Seta et al. (1993); 71. Frigerio et al. (1986); 72. He et al. 
(1989); 73. McEvilly et al. (1996); 74. Lillycrop et al. (1992); 75. Erkman et al. 
(1996); 76. Ninkina et al. (1993); 77. Finney and Ruvkun (1990); 78. Treacy et al. 
(1991); 79. Thor et al. (1991); 80. Gong and Hew (1994); 81. Pfaff et al. (1996); 82. 
Tokumoto et al. (1995); 83. Thor and Thomas (1997); 84. Saito et al. (1995); 85. 
Saito et al. (1996); 8 6 . Miller et al. (1992).

Table adapted from previously published work (Akopian et al, 1996).
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(Guillemot et ah, 1993). Sequence conservation between invertebrate genes 
and one of their mammalian homologues is therefore associated with 
conservation of tissue expression and of gene function. The expression of 
Achaete and scute in pro-neural cells is conserved in the expression of 
Mash-1 exclusively within subsets of neuronal cells, and the subsequent 
neuronal development of these cells is dependent on the observed gene 
expression.

However, some functional divergence has occurred, as might be expected 
from the wide evolutionary distance between Drosophila and mammals. 
Achaete and scute are required at the earliest stage of neuronal 
development, ruling over the choice between epidermal and sense-organ 
fate and its early expression reflects this role. Mash-1, however, is required 
only after the segregation of glia and neurones has occurred. It plays no role 
in the formation of glia, but is required to allow neuronal precursors to 
develop into neurorâ. For example Sommer et al (1995) used prim ary 
cultures and immortalised cells lines generated from both wild type and 
Mash-1 m utant neural crest to provide evidence for the existence of a 
committed autonomic neuronal precursor. This cell type expresses a 
num ber of neuron-specific genes including NF160 and c-ret, but its further 
development, and expression of later neuronal genes such as SCGIO, appears 
to require Mash-1 expression.

It has been suggested that Mash-1 could function in a similar way to asense, 
an AS-C gene related to achaete and scute, but is expressed only in the SMC 
itself, not in the entire cluster of proneural cells (Brand et al,  1993). asense 
expression persists until after the first division of the SMC, implying a later 
role in development compared to the other AS-C genes (Jarman et al,
1993a).

Many attempts have been made to try and identify further mammalian 
homologues of achaete and scute expressed at much earlier stages, but have 
so far been unsuccessful. Xash-3 in Xenopus is a potential candidate 
(Zimmerman et a l,  1993), but no mammalian homologue of this has yet 
been found. These results imply that Mash-1 is the closest mammalian 
homologue to Achaete and scute. It is possible that the observed 
evolutionary sequence conservation may reflect restrictions imposed by 
complex interactions with other conserved regulatory genes and the
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prom oters of their downstream targets. Functions of the entire regulatory 
network may have gradually changed during evolution, but precise 
interactions w ithin the network have prevented the occurrence of extensive 
sequence divergence. Some support for this comes from the Drosophila 
genes daughterless, extramachrochaete, hairy, enhancer of split and Notch  
all of which interact with AS-C genes in Drosophila. Mammalian 
homologues have now been identified for all these genes (see Guillemot et 
al,  1993 or below for references) and evidence for their interactions with 
Mash-1 and one another, homologous to the interactions of their 
Drosophila homologues is emerging. These and other results (for example 
the N otch/ Delta signalling system, see below) suggest that not only is there 
sequence conservation and functional conservation of individual genes, but 
that such conservation also extends to regulatory networks of interacting 
genes.

Notch, lin-12, glp-1 and their vertebrate homologues

Notch is one of a number of Drosophila genes, known as neurogenic genes, 
whose loss of function mutations result in hypertrophy of the nervous 
system and inviable embryos (Goriely et al, 1991). A m ultitude of studies 
have shown that Notch is involved in selection of individual cells from an 
equivalence group, and is used repeatedly during Drosophila development 
in many tissues. Within the PNS, Notch is first required to select single 
SMCs from the pro-neural clusters which express AS-C genes (reviewed by 
Artavanis-Tsakonas and Simpson, 1991, Ghysen et al, 1993). In the absence 
of Notch, all the cells within the cluster become SMCs at the expense of the 
epidermis. Analysis of mosaic flies demonstrated that cells lacking Notch 
are not rescued by the surrounding wild-type cells, and therefore Notch 
m ust function cell autonomously (Heitzler and Simpson, 1991). W ithin the 
developing nervous system the Delta gene product acts as a ligand for the 
protein encoded by Notch. Both proteins are membrane bound and contain 
EGF-like repeats, but although null mutations in Delta show a neurogenic 
phenotype, unlike Notch, Delta acts non-cell autonomously (Heitzler and 
Simpson, 1991). A large number of experiments have confirmed that the 
Notch product acts as a receptor for a signal inhibiting neurogenesis in the 
receiving cell. This repressive signal is the Delta product and is expressed at 
high levels in the prospective SMCs.
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In C. elegans, two genes identified originally through their m utant 
phenotypes, lin-12 and glp-1, show sequence similarity w ith Notch (Yochem 
et a l,  1988; Yochem and Greenwald, 1989; Austin and Kimble, 1989). All 
three genes encode proteins which contain an EGF-like repeat, a lin- 
12/Notch repeat, and a repeated motif found in proteins encoded by two 
yeast cell cycle control genes. In addition, a gene named lag-2 which shows 
homology w ith Delta and another Notch ligand. Serrate, has been identified 
in C. elegans, and its product has been shown to act as the ligand for both the 
lin-12 and glp-1 products (Tax et al, 1994).

Like Notch, lin-12 and glp-1 encode receptors involved in cell-cell 
interactions which determine cell fate and their expression is required in the 
cell receiving the signal. The lin-12 product acts during uterine 
development to select one cell from an equivalence group by receiving a 
signal from an adjacent cell. In germline cells the glp-1 product is required in 
germline cells where it receives the proliferative signal from an adjacent 
somatic cell. Maternal glp-1 protein is also required in a subset of the 
presum ptive muscle progenitor cells of C. elegans embryos, where it acts as a 
receptor for the signal specifying anterior pharynx cell fate. In the absence of 
this signal the cells appear to generate neuron-like cells instead of muscle, 
reminiscent of the AC-S-expressing Drosophila cells which lack Notch  
expression becoming neuronal.

Coffman et a l  (1990) isolated the first vertebrate homologue of these genes 
by using the highly conserved EGF-like repeats of Notch and Delta to screen 
a Xenopus cDNA library. They named the new gene Xotch and showed that 
it was expressed at high levels in proliferating tissues, particularly in the 
developing nervous system, suggesting it could play similar roles to its 
invertebrate homologues. Further homology cloning has now identified 4 
vertebrate homologues of Notch (named Notch 1-4). Some or all of these 
have now been isolated from rat (Weinmaster et a l,  1991, 1992), mouse 
(Franco del Amo et al, 1993; Lardelli and Lendahl, 1993; Lardelli et a l,  1994; 
Uyttendaele et a l, 1996), chick (Myat et al, 1996), and hum an (Larsson et al, 
1994; Sugaya et al,  1997). The sequences of Notch 1 and 2 are more similar to 
their Drosophila counterpart than are Notch 3 and 4, since the latter contain 
fewer EGF-like repeats and a shorter intracellular domain.
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Notchl, 2 and 3 are all expressed within the developing nervous system and 
alterations in their expression coincide with morphogenetic changes in the 
neural tissue, starting at the earliest stages of neural development (Williams 
et a l,  1995; Weinmaster et al., 1992). Of the three genes, Notch-1 is expressed 
most extensively in the PNS, with expression present in cranial placodes, 
migrating placode-derived cells, neural crest, newly formed DRG, and 
developing cranial ganglia. However, no Notch-1 expression was seen 
within the sympathetic ganglia.

Interestingly, Notch-2 is expressed in a variety of polarised neural epithelia 
which form occluding barriers, including the perineurium  of the DRG. Such 
expression in non-neural tissues located adjacent to neural tissue is 
reminiscent of Notch expression patterns within the Drosophila nervous 
system.

Expression of the Notch genes is not restricted to the developing nervous 
system, a fact reflected by the previous identification of murine Notch 4 and 
hum an Notch-1 as the protooncogenes int-3 and TAN-1  respectively. Notch- 
4/ int-3 is involved in some mammary carcinomas and its expression is 
mainly restricted to endothelial cells (Uyttendaele et al., 1996; Shirayoshi et 
al., 1997) whereas Notch-lj TAN-1 is often involved in T-cell specific acute 
lymphoblastic leukemia (Ellisen et al,  1991) and it has been shown to be 
expressed in the mouse thymus during the T-cell development. Notch-1 to 3 
are also expressed in many other tissues, for example they show complex, 
dynamic expression patterns during gastrulation and in the developing 
somites (Williams et al,  1995). Mice containing null mutations in Notchl  
show large defects in somitogenesis, confirming the requirement for this 
gene in somite development (Swiatek et al,  1994; Conlon et a l,  1995). These 
expression patterns are compatible with roles in specification of cell fates by 
intercellular signalling, paralleling the role of their homologues in 
invertebrate systems. Further support comes from the identification of 
vertebrate homologues of some of the genes which interact w ith Notch in 
Drosophila, where again both structures and functions have been 
evolutionarily conserved.

Homologues of Delta and Serrate, the genes which encode two of the Notch 
ligands in Drosophila, have been identified in rat {Jagged-1 (=Serrate-l), 
Lindsell et al,  1995; Jagged-2, Shawber et al, 1996), mouse {Delta-like gene 1,
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Bettenhausen et al., 1995; Serrate-1, Mitsiadis et al., 1997) and chick (C-Delta- 
1, Henrique et a l, 1995; C-Serrate-1, Myat et al., 1996). The expression 
patterns of all these genes overlap considerably with the expression of the 
Notch genes, suggesting cell-cell communication, mediated at least in part 
through interactions between the products of these genes. Moreover, the 
punctate expression of Jaggedl and C-Delta-1, in neural progenitors of the 
developing rat and chick nervous systems respectively is consistent w ith a 
role mediating lateral inhibition of neuronal fate (Lindsell et a l, 1995; 
Henrique et al, 1995). Further evidence comes from functional analysis of 
the vertebrate Notch genes and their ligands both in vitro and in vivo 
(Chitnis et al, 1995). For example activation of Notch in a cultured cell line 
suppressed the differentiation of those cells into neuron^ (Nye et al,  1994) 
and in mice lacking Notchl the number of cells in the CNS expressing early 
markers of neuronal cells is increased, reminiscent of the neurogenic 
phenotype in Drosophila Notch null mutants (de la Pompa et a l, 1997).

Downstream genes of the Notch signalling pathway have also been cloned 
in vertebrates. The first target of the activated Drosophila Notch receptor is 
the transcription factor encoded by Suppressor of Hairless (Su(H)), which in 
turn activates the genes of the Enhancer of Split (E(spl)) complex. A num ber 
of vertebrate homologues of these genes are now known {RBP-Jk/  KBF2I 
CBFl and Hesl-5  respectively) and some have been shown to act 
downstream  of the vertebrate Notchl (Jarriault et al, 1995; Hsieh et al,  1996; 
Lu et a l,  1996; de la Pompa et al, 1997).

From the above discusion, we can see that the Drosophila Notch gene and a 
num ber of genes known to interact with Drosophila Notch, have been 
conserved in both invertebrates and vertebrates. Expression patterns and 
functional studies strongly support the idea that interactions between Notch 
and its ligands mediate lateral inhibition of a variety of developmental 
processes in vertebrates, similar to their role in invertebrates. The same 
signalling system has been adapted for use in many different situations, 
according to the requirements of the organisms as they evolved, but in both 
taxonomic groups, the Notch gene product appears to act within the 
nervous system as a receptor for lateral inhibitory signals, causing repression 
of neurogenesis in the receiving cells. Thus again we have seen that 
sequences, functions and regulatory networks have been conserved across 
evolution.
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unc-86 and Bm-3a, b and c.

Another example of sequence conservation between invertebrate and 
vertebrate genes is that of unc-86 and the Brn-3 genes, unc-86 encodes a C. 
elegans transcription factor identified through the uncoordinated phenotype 
of unc-86 mutants (Chalfie et al, 1981). It is required for the specification and 
differentiation of a num ber of sensory neurons and interneurones, 
including mechanosensory neurones, many of which are unrelated by 
lineage and do not share any obvious terminally differentiated phenotype.

In unc-86 mutants, daughter cells from several neuroblast lineages retain 
the phenotype of their mothers, leading to reiteration of the maternal 
lineage, rather than generation of phenotypically distinct daughters. A 
num ber of these cells undergo inappropriate cell death, whilst others 
differentiate into functionally incorrect neurorfs. During the normal 
development of these affected lineages, unc-86 is expressed after an 
asymmetric division in only one of the two daughter cells. In all cases except 
one, unc-86 expression is maintained in all the progeny of that daughter. 
Expression of unc-86 is therefore required to allow daughter cells to become 
different from their mothers and also from one another.

In addition to its involvement in neuronal cell lineage, unc-86 is also 
expressed in a large number of post-mitotic neurons where it is required, in 
at least some cases, for correct differentiation (Finney and Ruvkun,1990).
The role of this transcription factor is therefore strongly dependent on the 
context in which it is expressed.

Finney et al. (1988) showed that the unc-86 gene encodes a protein 
containing a homeodomain, and comparison with mammalian proteins led 
to the additional identification of a novel domain, the POU domain. The 
name, POU, is derived from the initials of the four founder members of the 
family, mammalian pit-1, Oct-1, Oct-2  and unc-8 6 , from C. elegans, all of 
which are transcriptional regulators (Herr et al, 1988; reviewed in 
Rosenfeld, 1991; Ruvkin and Finney, 1991; Wegner et al, 1993). Pit-1 is a 
pituitary specific protein, identified through its ability to bind czs-acting 
sequences within promoters of the prolactin and growth hormone genes 
(Nelson et al, 1988; Ingraham et al, 1988). It is required both for the 
activation of these two genes (Mangalam et al, 1989), and for the
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specification an d /o r survival of three of the five cell types found in the 
anterior pituitary, since Pit-1 m utant mice show depletion in these cells (Li 
et al, 1990, Radovick et al, 1992). Oct-1 is a ubiquitously expressed 
transcription factor (Sturm et al, 1988), whereas the closely related Oct-2 is 
expressed predominantly in B-cells where it is required for cell maturation 
(Clerc et a l,  1988; Corcoran et a l, 1993). Both bind to the octamer motif 
ATTTGCAT, found adjacent to a variety of genes, however the two proteins 
activate distinct sets of genes, presumably as a result of interactions with 
other regulatory proteins. Oct-1 activates transcription of histone and 
snRNA genes (Murphy et al, 1992), whereas Oct-2 activates transcription of 
B-cell specific immunoglobin genes (Feldhaus et al, 1993).

POU domain proteins now constitute a large family of transcriptional 
regulators, expressed in distinct spatio-temporal expression patterns during 
development (Wegner et al, 1993; He et al, 1989). Sequence conservation 
across the POU domain has been used repeatedly in the homology cloning of 
new family members, including the Brn-3 genes (see Chapter 3) which 
appear to be the mammalian homologues of unc-86, sharing extensive 
homology both in the POU domain and in an amino-terminal domain 
characteristic of class IV POU domain proteins. The three Brn-3 genes are 
expressed predominantly within the nervous system, often at around the 
time of the last mitotic divisions in these tissues. When compared with the 
role of unc-86 in the correct differentiation of a num ber of post-mitotic 
neurones, these expression patterns suggest similar roles for the Brn-3 genes 
in neuronal differentiation. However, unlike unc-86, expression of the Brn- 
3 genes is probably restricted to post-mitotic cells, ruling out roles in 
progenitor cell fate specification similar to those performed by the 
invertebrate gene. These ideas are discussed further in Chapter 3. Thus again 
we see associated conservation of sequence, cell-type expression pattern and 
potentially also of function.

One of the proteins shown to interact with unc-8 6  is the neural-specific mec- 
3, a member of the LIM-HD family of transcriptional regulators which 
contain both a cysteine-rich LIM domain and a homeodomain (see Chapter 
4). As mentioned earlier, unc-86 is required in the lineage specification of a 
num ber of cells, including touch cells. These touch cells also express mec-3 
and mutations in the mec-3 gene do not affect the lineage of these cells, but 
act at the differentiation stage, leading to their apparent transformation into
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other neuronal types (Chalfie and Sulston, 1981, Way and Chalfie, 1988). It 
has been demonstrated that unc-8 6  is necessary for the initial activation of 
mec-3 and that unc-8 6  and mec-3 proteins bind to the mec-3 prom oter 
cooperatively and are required for maintenance of mec-3 expression (Xue et 
ah, 1992,1993). unc-8 6  and mec-3 are also both required for expression of the 
touch-cell specific mec-7 gene which encodes a p-tubulin (Chalfie and 
Sulston, 1981).

Num erous POU domain, LIM-HD and cytoskeletal proteins have been 
identified in vertebrates, including many with overlapping expression 
patterns within the nervous system. This, together with the evidence for 
conservation of regulatory networks (for example see above), opens up the 
possibility that similar regulatory interactions to those seen in C. elegans 
may be occurring in vertebrates.

Homology cloning summary

From these examples we can see that homology cloning can be used to 
identify mammalian homologues of genes found initially in lower 
organisms such as Drosophila or C. elegans. This has allowed the 
identification of regulatory proteins which would have proved difficult to 
find by many other methods, including those for which null m utations lead 
to embryonic death or to (near) complete functional compensation. Such 
compensation is common in higher organisms due to the frequent existence 
of presence more than one mammalian homologue of an invertebrate gene. 
Once a gene of interest has been cloned from one vertebrate, isolation of 
homologous genes from other vertebrates is relatively simple, owing to the 
high degree of conservation observed between vertebrate genes.

Central to the effectiveness of homology cloning is the fact that sequence 
conservation is often associated with functional conservation, both in the 
mechanism of action and frequently in developmental roles. Lower 
organisms provide experimentally amenable systems in which to analyse 
the roles of new genes and such findings are often directly applicable to the 
vertebrate homologues. The conservation of one protein across evolution is 
often associated with concomitant conservation of interacting proteins and 
downstream  targets. Without prior knowledge of the associations between
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invertebrate genes and gene products, such interactions may be difficult to 
identify in vertebrate systems due to their complexity.

1.4 Investigation of genes involved in transcriptional regulation in sensory 
neurones

From the above, we can see that the functional conservation associated with 
sequence conservation makes homology cloning a powerful technique for 
the identification of vertebrate genes involved in a wide range of processes. 
In view of the homologies which exist between invertebrates and 
vertebrates, I decided to use this as a starting point for studies on 
transcriptional regulators of sensory neurones. Of particular interest to me 
was the homology observed between unc-86 and the Brn-3 genes, coupled 
with their restricted nervous-system specific expression patterns and 
implied functional conservation. I decided to test the idea that Brn-3c, the 
Brn-3 gene with the most restricted expression pattern, was required for the 
differentiation of the neuronal cells of the DRG in which it is expressed, 
homologous for the requirement of unc-86 for the differentiation of a 
num ber of neuronal cells in C. elegans. The method I chose was the 
generation of a Brn-3c null m utant mouse, which could then be analysed for 
defects in sensory neurone development.

I was also interested in the role of the LIM-HD protein Isll with respect to 
sensory neurone development. LIM-HD proteins, including Isll have been 
shown to play roles in cell fate, often acting at around the stage of terminal 
differentiation. Of particular interest was the fact that the LIM-HD protein 
mec-3 had been shown to interact with unc-8 6 , and together they could 
activate a gene involved in expression of the terminally differentiated 
phenotype. Also, the Drosophila homologue of the vertebrate Isl genes has 
been identified and is involved in regulation of genes encoding 
neurotransmitters. This opens up the possibility that Isll may interact 
functionally with POU domain proteins within the DRG and may be 
involved in the regulation of terminal differentiation genes. I began to 
investigate the role of Isll within the DRG using a variety of double
labelling techniques in both null m utant and wild-type animals and have 
considered possible functions of Isll in the light of these results.
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Finally, I was interested to discover whether sequence comparisons between 
the regulatory regions of genes whose expression was essentially sensory 
neurone-specific could be used to identify czs-acting elements which direct 
sensory neurone specific gene expression. By comparing regulatory regions 
from a variety of such genes, I identified a number of putative regulatory 
regions which I then tested for sensory neurone-specific protein binding 
using electrophoretic mobility shift assays.
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Chapter 2 - Materials and Methods

Unless otherwise stated, all chemicals and reagents were purchased from 

BDH Chemicals Limited. Radio-chemicals were purchased from Amersham 

International. Where necessary, solutions were sterilised by autoclaving at 

15 pounds per square inch for 20 minutes.

2.1. Bacteriology

I) Bacterial strains

For plasmid amplification, E. coli strain XLl Blue: recAl endAl gyrA96 thi-1 

hsdR17 supE44 relAl lac [F' proAB lad ^ZAM15  TnlO (Tet^)] (Stratagene) 

was used.

For phage Lambda amplification, strain BB4: supF58 supE44 hsdR514 galKI 

galT22 trpR55 metBl tonA AlacU169 [FproAB'^ lacl‘1 lacZ AM15 TnlO (tet^)] 

(Stratagene) was used.

II) Growth media

All bacterial growth reagents were purchased in powder form from 

GibcoBRL unless otherwise stated, made up with water as per supplier's 

instructions and autoclaved. All media and plates contained ampicillin 

(Sigma) at 50 |ig / ml unless otherwise stated. A 1000 x stock solution was 

m ade in distilled water and stored at -20°C. Solutions were allowed to cool 

to less than 55°C before addition of ampicillin. Bacteria were grown up in 

Millers Luria Broth (LB) or on LB plates (LB, 2% select agar). When bacteria 

were infected with phage Lambda, NZY Broth or NZY plates were used. 

(Bottom agar: NZY broth, 1.8% select agar, add Maltose to 0.2% just before 

pouring the plates; top agarose: NZT broth, 0.7% ultra pure agarose).
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Ill) Bacterial transformation

100 |il aliquots of competent bacteria were thawed on ice. A maximum of 1 

ng of plasmid DNA or 1 pi of ligation mix was added to each aliquot, and the 

mixture was incubated on ice for 30 minutes. The bacteria were then heat- 

shocked at 42°C for 30 seconds and returned to ice for 2  minutes. 400 pi of 

SOC medium (20 g /  1 bacto-tryptone, 5 g /  1 bacto-yeast extract, 8.5 mM 

sodium  chloride, 2.5 mM potassium chloride, 10 mM magnesium chloride, 

20 mM glucose, pH  7.0) was added and the bacteria were incubated for 1 hour 

at 37°C, with agitation. 50 - 200 pi was plated out onto LB plates with 

ampicillin and incubated overnight at 37°C. Individual colonies were picked 

the next day and grown up in 2 ml of LB with ampicillin overnight at 37°C 

w ith constant agitation.

2.2. Molecular Biology

1) Small scale DNA preparation

1.5 ml from a 2 ml overnight bacterial culture was spun at 10000 G for 20 

seconds. The pelleted bacteria were resuspended in 100 pi of GTE solution 

(50 mM glucose, 25 mM Tris-Cl (pH 8.0), 10 mM ethylenediaminetetra-acetic 

acid (EOTA, pH 8.0), filter sterilised) and left at room temperature for 5 

minutes. 200 pi of 0.2 M sodium hydroxide (NaOH)/ 1% sodium dodecyl 

sulphate (SDS) (w /v), freshly prepared, was added and the solutions were 

mixed by tipping gently. After a five minute incubation at room 

tem perature 150 pi of potassium acetate solution (3 M potassium acetate, 

made to pH  4.8 with glacial acetic acid) was added, followed by a 5 minute 

incubation on ice. The solution was then spun at 10000 G for 3 minutes at 

4°C and 0.4 ml of supernatant was transferred to a fresh eppendorf. DNA 

was precipitated by addition of 0.25 ml of isopropanol and incubation at 

room temperature for 2 minutes, followed by spinning at 10000 G for 3 

minutes at room temperature to pellet the DNA. The pellet was then
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washed with 70% ethanol twice, dried, dissolved in 30 |l i1 water and stored at 

-20°C.

Optionally, the following ammonium acetate precipitation was performed 

to remove much of the RNA and proteins, allowing better visibility of small 

(2 0 0  to 1 0 0 0  base pair) restriction digest fragments after electrophoresis:

Water was added to the above DNA to a total volume of 50 pi. 100 pi of 7.5 

M ammonium acetate was added and the solution put at -20°C for 20 

minutes, then spun at 10000 G for 10 minutes at 4°C. 90 pi of isopropanol 

was added to the supernatant and the solution was incubated at room 

tem perature for 20 minutes then spun at 10000 G for 10 minutes. The pellet 

was washed with 70% ethanol twice, dried, dissolved in 30 pi of water and 

stored at -20°C.

II) Large scale DNA preparation

0.5 ml of a overnight bacterial culture was used to inoculate 200 ml of LB 

m edium  in a 1 1 flask. The bacterial were grown overnight at 37°C with 

agitation. The cells were spun at 4000 G for 5 minutes, resuspended in 4 ml 

GTE solution (see 2.2 I) and left at room temperature for 5 minutes. 8  ml of 

fresh 0.2M NaOH/1%  SDS (w /v) was added, the tube was rolled gently to 

mix the contents and incubated at room temperature for 5 minutes. 7 ml of 

potassium acetate solution (see 2.2 I) was added, the solutions were mixed 

gently and left on ice for 30 minutes followed by spinning at 15000 G for 15 

minutes at 4°C. 11.4 ml of isopropanol was added to the supernatant, mixed 

and incubated at room temperature for 5 minutes before spinning at 4000 G 

for 20 minutes at 20“C. The pellet was washed with 70% ethanol, dried and 

resuspended in 1 ml water.

2 ml of 7.5 M ammonium acetate was added to the above DNA solution, 

mixed and incubated at -20°C for 20 minutes. After spinning at 4000 G for 15 

minutes at 4“C, the supernatant was mixed with 1 .8  ml of isopropanol and

53



incubated at room temperature for 20 minutes, followed by spinning at 4000 

G for 20 minutes at 20°C. The pellet was washed with 70% ethanol, dried 

and resuspended in 300 pi water. At this point the DNA can be frozen. The 

following poly-ethylene glycol - 6000 (PEG) precipitation is optional.

300 pi of 11% PEG/ 0.5 M sodium chloride (NaCl) at 4°C was added, the 

solutions mixed and placed on ice for 1 hour. After spinning at 17000 G for 

25 minutes at 4°C, a further 300 pi of 11% PEG/ 0.5 M NaCl was added to the 

supernatant, mixed and placed on ice again for 1 hour. DNA was then 

pelleted by spinning at 17000 G for 25 minutes at 4°C, and the pellet was 

washed twice with 70% ethanol, dried, dissolved in water and stored at - 

20°C. The concentration of DNA was estimated to be approximately 6 p g / pi, 

and was determined more accurately by linearising the plasmids (see 2.2 III) 

and electrophoresing against a known concentration of DNA markers (see 

2.2 Villa ).

III) Restriction digests of DNA

All restriction enzymes were purchased from Boehringer Manheim or New 

England BioLabs and were used with the buffers provided. 0.2 to 2 pg of 

plasmid DNA was digested with over 10 units of enzyme, in a total volume 

of 20 pi at 37°C for 2 hours. 6  to 200 pg of genomic DNA was digested with 

30 to 600 units of enzyme, in a total volume of 50 to 600 pi at 37°C for 16 to 

24 hours and restriction enzyme was added at hourly intervals for the first 4 

hours. In all cases the volume of enzyme did not exceed 1/10 of the total 

volume of the reaction.

IV) Filling in overhanging S' ends of DNA using Klenow enzyme

Klenow enzyme allows overhanging 5' ends of DNA to be blunted before 

ligation to other blunt ended DNA fragments. 1 to 2 pg of DNA was mixed 

with 1 pi Boehringer Manheim restriction buffer B, 2 pi of 10 mM dNTPs 

(Radprime) and 1 pi Klenow enzyme (Boehringer Manheim) in a total
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volume of 10 |iL The reaction was incubated at 37°C for 30 minutes only, 

followed by phenol/ chloroform extraction (see 2.2 VI).

V) Dephosphorylation of DNA

In order to prevent vector DNA cut at only one restriction enzyme site from 

re-ligating, rather than incorporating other fragments of DNA in the 

ligation mixture, the terminal phosphate at the 5' end of the vector can be 

removed using alkaline phosphatase from calf intestine (AP, Boehringer 

M anheim ).

After restriction digest of the vector DNA, the total volume of the reaction 

was made up to 20 pi if necessary, using AP buffer and water. 0.2 pi (4 units) 

of AP was then added and the reaction incubated for a further 30 minutes at 

37°C. The DNA was then immediately extracted using phenol/ chloroform 

(see 2.2 VI).

VI) Phenol/ chloroform extraction

a) To the starting solution of DNA, STE buffer (0.1 M NaCl, 10 mM Tris-Cl 

(pH 8.0), 1 mM EDTA (pH 8.0)) was added to 200 pi. 10 pg transfer RNA was 

added as a carrier (Boehringer Manheim - 10 p g / pi stock solution in water).

b) This step was performed only if removing agarose or AP. 1 volume of 

Tris-saturated phenol was added and the solutions vortexed, then spun at 

17000 G for 5 minutes. (Tris-saturated phenol: to liquid phenol (Sigma) add 

hydroxyquinoline to 0.1%, and equilibrate using 0.2 M Tris-Cl (pH 8.0)).

c) To the aqueous (top) phase was added 0.5 volumes of Tris-saturated 

phenol and 0.5 volumes of chloroform. The solutions were vortexed, spun 

at 17000 G for 5 minutes and the aqueous (top) phase was retained. To this 

was added sodium acetate to 0.2 M (3 M stock adjusted to pH 5.0 using glacial 

acetic acid) and 1 volume of isopropanol. After mixing well the solution was
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put at -20°C for a minimum of 20 minutes then spun at 17000 G for 10  

minutes. The pellet was washed with 70% ethanol twice, dried and 

dissolved in water.

If DNA was being extracted from low melting point agarose the following 

modifications were made: 500 pi STE buffer was added to the agarose piece 

and the agarose was melted completely at 65°C. 700 pi Tris-saturated phenol 

was added quickly and vortexed immediately to prevent solidification of 

agarose.

VII) Ligation of DNA fragments

Before ligation, all DNA fragments were cleaned using phenol/ chloroform 

extraction and re-dissolved in water at a concentration of 5 to 100 n g / pi. For 

insert sizes less than 5 kb a 1:1 molar ratio of vector to insert was used. For 

insert sizes greater than 5 kb, a 1:3 molar ratio of vector to insert was used. 20 

to 300 ng total DNA was diluted in 4.1 pi of water. To this was added 0.5 pi of 

lOx ligation buffer (Boehringer Manheim) and 0.4 pi (2 Weiss units) T4 

DNA ligase (Boehringer Manheim). The reaction was then incubated 

overnight at 10°C, then stored at -20°C. 1 pi was used to transform bacteria 

(see 2.1 III).

VIII) Electrophoresis of nucleic acids

a) Agarose gels

Cut DNA or polymerase chain reaction (PCR) products were mixed with 1/5 

volumes of DNA loading buffer (50% glycerol, 0.02% bromphenol blue, 

0.02% xylene-cyanole, all from Sigma). Agarose gels were made using 0.7 to 

2% agarose (GibcoBRL) in 1 x TAF buffer ( 0.04 M Tris-base, 0.001 M EDTA, to 

pH  8.0 with glacial acetic acid) with 25 pg ethidium bromide per 100 ml. A 

known amount of a 1 kb DNA ladder (GibcoBRL) was mixed with loading
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buffer and loaded in an adjacent well. Electrophoresis was carried out in 1 x 

TAB buffer at 10 to 100 V and the gels were photographed under UV light.

If DNA was to be extracted from the gel after electrophoresis, low melting 

point agarose (LMP, GibcoBRL) was used, and the required band of DNA was 

quickly cut out using a scalpel.

b) Non-denaturing polyacrylamide gels

For greater resolution of small DNA fragments (30 to 500 base pairs) 7% 

polyacrylamide gels were used. (7% polyacrylamide, 0.35% bis-acrylamide, 1 x 

TBE buffer, 0.08% ammonium persulphate, 0.08% N,N,N',N'- 

Tetramethylethylenediamine (TEMED, Sigma) in standard upright gel 

apparatus with Ix TBE running buffer. 10 x TBE: 1.2 M Trizma base, 0.8 M 

Boric acid, 0.025 M EDTA). The DNA was mixed with 1/5  volume of DNA 

loading buffer (see part a)) and electrophoresed at 5 V / cm of gel. It was then 

visualised by staining the gel for 20 minutes in 5 p g / ml ethidium bromide 

in Ix TBE, and observing under UV illumination. Photographs were taken 

as above.

c) Sequencing gels

i) Dideoxy sequencing method (Chapter 3)

Sequencing was carried out using Sequenase® (US Biochemical Corp.) 

Dideoxy sequencing kits, [^^SjdATP and a Pharmacia Macrophor gel 

electrophoresis apparatus (Sanger et a l, 1977).

2 to 4 pg of plasmid DNA was denatured in 0.2 M final concentration NaOH 

for 15 minutes at room temperature. The DNA was then precipitated by 

adding sodium acetate (pH 4.8 with glacial acetic acid) to 0.27 M and 2.5 

volumes of ethanol, then incubating at -20°C for 30 minutes. The solution 

was then spun at 17000 G for 30 minutes at 4°C and the pellet washed twice
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with 70% ethanol, dried and dissolved using 2|xl Sequenase reaction buffer, 7 

|Lil water and 1 | i l  primer (0.5 pm ol/ )l i1) .  The template and primers were 

annealed by incubating at 37°C for 30 minutes.

Labelling and termination reactions were performed as per m anufacturer's 

instructions (US Biochemical Corp. Sequencing Support Guide).

Immediately before loading the gel, reaction products were denatured by 

heating at 80°C for 30 minutes.

6 % PAGE gel was made (5% polyacrylamide, 0.25% bis-acrylamide, 1 x TBE, 

7.8 M deionised Urea, 0.08% ammonium persulphate, 0.06% TEMED), 

warmed to 50°C, pre run for 30 minutes with 1 x TBE buffer, then loaded. 

The DNA was electrophoresed for 2 to 8  hours, fixed in 10% glacial acetic 

acid, washed with distilled water, then ethanol and left to dry overnight 

before exposing with Kodak film at room temperature for 2 to 3 days.

ii) Cycle sequencing method (Chapter 5)

Samples were prepared using the Dye Terminator Cycle Sequencing Ready 

Reaction DNA sequencing kit (Applied Biosystems, Inc. (ABI)), and run on 

an ABI Model 373A DNA Sequencing system.

In 0.6 ml polypropylene microcentrifuge tubes (Treff Lab) 0.3 to 0.5 |ig of 

plasmid DNA was mixed with 3.2 pmol primer (see appendix 5.2) and 8  jil 

Terminator Ready Reaction Mix, made up to 20 pi with water and overlaid 

w ith a drop of mineral oil (Sigma). A Biometra® UNO-Thermoblock was 

used to heat the samples to 96°C for 30 seconds, 50°C for 15 seconds and 

60°C for 4 minutes. 25 of the above temperature cycles were performed, 

followed by storage at 4°C.

The aqueous phase was transferred to a new microcentrifuge tube, mixed 

with 80 pi distilled water and 100 pi chloroform and spun at 17000 G for 5 

minutes to remove the oil. DNA was precipitated from the aqueous phase
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by adding 3 M sodium acetate (pH 5.0) to 0.2 M and 2.5 volumes of ethanol. 

The mixture was left on ice for 10 minutes, spun for 30 minutes at 17000 G 

and the pellet was washed with 70% ethanol twice, dried and stored at -20°C 

until ready to load.

Sequencing gels were prepared using SequageF'^ Complete and SequageF^ 

XR (National Diagnostics) according to the manufacturer's instructions. A 15 

m inute pre-run was performed using 1 x TBE running buffer, formamide 

was then added to all the lanes, followed by a 30 minute pre-run. Samples 

were dissolved in loading buffer (80% formamide, 20% 50 mM EDTA 

containing 30 m g / ml dextran blue), denatured at 95°C for 5 minutes and 

placed on ice until the pre-run was complete. DNA was then 

electrophoresed for 14 hours and sequencing data was collected by Apple 

Macintosh computer and analysed using Factura^^ (ABI). For alignment of 

sequences, data was transferred to the Fragment Assembly System within 

the GCG Sequence Analysis Software Package (GCG, 1994).

IX) Polymerase Chain Reaction

a) Chapter 3 {Bm-3c PCR)

DNA from 1-5 x 1 0  ̂ FS cells was prepared by washing the cells in PBS, 

resuspending in 25 pi water, freezing at -80°C, heating to 96“C for 10 

minutes, cooling and overlaying with a drop of mineral oil. 15 mg 

proteinase K was added and the samples were incubated for 1 hour at 55°C, 

heated to 96°C for 10 minutes then cooled. They were then mixed with 5 pi 

Taq DNA polymerase lOx Buffer (magnesium chloride (MgCl%) free, 

Promega), 3 pi 25 mM MgCl2 (Promega), 5 pi dimethyl-sulphoxide (DMSO), 

2 pi 5 mM deoxynucleotide triphosphate (dNTP) mix (made from separate 

100 mM stock dNTPs, Pharmacia), and 0.5 pi each primer (approximately 20 

pmol, see appendix 3.1 for primer sequences). Positive control reactions 

contained 0.1 ng pcontrol plasmid with N t/S l or H om oll/S l primers, mixed 

with the above components except DMSO and overlaid with mineral oil. All
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reactions were made up to 50 \i\ with water. A Biometra® UNO- 

Thermoblock was used to heat the samples to 95°C for 30 seconds, 58°C for 2  

minutes and 72°C for 3 minutes. 35 of the above temperature cycles were 

performed, with 0.2 pi Taq DNA polymerase (Promega) being added when 

reaction first reached 95°C. The cycles were followed by holding the samples 

at 72°C for 1 minute 30 seconds and the products were then stored at 4°C.

b) Chapter 4 {Islet-1 PCR)

DNA from one yolk sac, one embryo head or a tail clipping was prepared by 

incubating the tissue for 3 to 15 hours with lysis buffer (100 mM Tris-Cl, pH  

8.0, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, 100 p g / ml proteinase K) at 37°C. 

An equal volume of isopropanol was added and the samples agitated until a 

DNA precipitate had just started to appear. The DNA was washed twice with 

70% ethanol, transferred to an eppendorf containing 30 pi of water, 

incubated at 60°C for 30 minutes then left overnight at 4°C to dissolve. 5 pi 

of the DNA solution was added to a PCR reaction as above, but with the 

following changes: 4 pi MgCl% was used, 40 pmol of each primer was used 

and DMSO was not added. Positive controls containing heterozygote tail 

DNA were included in each set of reactions. Primers used are listed in 

appendix 4.1. A Biometra® UNO-Thermoblock was used to heat the samples 

to 94°C for 4 minutes, during which 0.2 pi Taq DNA polymerase (Promega) 

was added. This was followed by 30 thermal cycles of 94°C for 30 seconds, 

60°C for 2  minutes and 72°C for 2  minutes. Samples were then held at 72°C 

for 2 minutes before storing at 4°C.

In all cases a negative control in which DNA was replaced w ith distilled 

water was included, and if possible a positive control was also included. 1 0  to 

15 pi of each reaction product was then mixed with 0.2 volumes loading 

buffer and electrophoresed on a 1% agarose gel (Brn-3c) or 7% 

polyacrylamide gel {Isll) see 2.2 IX. To obtain the extra sensitivity required to 

detect the Brn-Sc genomic DNA PCR products, the DNA was vacuum 

blotted onto nylon membrane and hybridised as explained below (see X, XI).
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X) Blotting agarose gels

Before blotting, all gels were photographed under UV light and the positions 

of molecular weight markers were copied onto transparent sheets.

Brn-3c PCR product gels were denatured for 40 minutes in 0.5 M NaOH, IM 

NaCl, then vacuum blotted onto Hybond N+ membrane (Amersham) by 

sandwiching the gel and Hybond N+ between sheets of filter paper (3MM, 

Whatman) soaked in 0.5 M NaOH, 1 M NaCl, and placing onto a vacuum 

blotter for 30 to 60 minutes. The DNA was then fixed to the Hybond N+ by 

laying the membrane over filter paper soaked in 0.4 M NaOH for 20 

minutes. The membrane was then washed twice in 4 x SSC and left to dry 

before hybridising with probe DNA (see XIII). (20 x SSC contains 3 M NaCI 

and 0.3 M tri-sodium citrate, adjusted to pH 7.0).

For Southern blots, ES cell genomic DNA was prepared as in 2.2 Xb) above, 

digested overnight (see 2.2 III) and phenol/ chloroform purified before being 

electrophoresed through 0.7% agarose gels overnight. Gels were denatured 

in 0.5 M NaOH, 1 M NaCl for 40 minutes, then neutralised in 0.5 M Tris pH

7.5,1.5 M NaCl for 50 minutes. Hybond N+ paper was pre-treated by 

submersing in distilled water at just under 100°C for 3 minutes, followed by 

incubating in 10 x SSC for at least 20 minutes at room temperature. The 

following gel stack was then made (from the bottom) and left overnight:

sheet of filter paper in contact with reservoir of 10 x SSC/ 1.5 M NaCl 

gel (upside-down)

Hybond N+

two sheets of filter paper soaked in 2  x SSC 

two sheets of thick blotting paper 

filter paper (1 cm thick pile) 

paper towels (5 cm thick pile) 

gel tray

small weight (approximately 2 0 0  g)
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DNA was fixed to the membrane and the membrane washed as for PCR 

product blots.

XI) radioactively labelling a probe for PCR or Southern blots

Plasmid DNA was cut with appropriate restriction enzymes to release a 0.3 

to 1 kb insert, which was purified by agarose gel electrophoresis, followed by 

phenol/chloroform  extraction and ethanol precipitation (see above). 50 to 

300 ng of DNA was diluted in 24 pi distilled water, denatured in a 100°C 

water bath for 5 minutes then placed immediately onto ice. It was then 

added to 20 pi 2.5 x Radprime buffer, 1 pi each of dCTP, dCTP and dXTP (all 

from Radprime Labelling System, GibcoBRL) and 2 to 5 pi [a-P^^]dATP (3000 

C i/ mMol; approximately 10 pC i/ pi). 1 pi of Klenow enzyme (40 units, also 

from labelling kit) was added and the reaction incubated at 37°C for 30 

minutes. This method is based on the random primed method of Feinberg 

and Vogelstein (1983) and can generate probe DNA with specific activities of 

over 10^ cpm / pg DNA, and with a high signal to noise ratio.

Labelled DNA was purified by adding 150 pi STE buffer (2.2 VI), 30 pg 

transfer RNA, sodium acetate (pH 4.8 with glacial acetic acid) to 0.2 M and 1 

volume of isopropanol. After a 20 minute incubation at -20°C, the mixture 

was spun at room temperature, 17000 G for 10 minutes, the pellet washed 

w ith 70% ethanol, dried and resuspended in 45 pi of 0 .2 % SDS in distilled 

water. DNA was then denatured in a 100°C water-bath for 5 minutes, placed 

immediately on ice and then added to hybridisation buffer at a final 

concentration of 5 to 25 n g / ml of hybridisation solution and used that day. 

The hybridisation solution was re-used 2 or 3 times, and stored for up to 3 

weeks at -20°C depending on its activity.

XII) Hybridisation of radioactively labelled probe to a filter

The filter to be probed was placed in a siliconised plastic bag, pre

hybridisation solution was added, air bubbles were squeezed out and the bag
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was heat-sealed. After a 2 to 6 hour incubation at 65°C the filter was placed 

in a fresh siliconised plastic bag, hybridisation solution was added, air 

bubbles removed, the bag heat sealed and then incubated overnight at 65°C.

The following day the filter was washed twice in 2 x SSC at room 

tem perature for at least 10 minutes, twice in 2  x SSC, 0.5% SDS at 65°C for at 

least 15 minutes and once in 0 .2  x SSC, 0.5% SDS at 65°C for 20 to 60 

minutes. It was then wrapped in cling-film and exposed with Kodak film 

overnight at -70“C.

If required, the probe was washed out by boiling the filter in 0.1 x SSC/ 0.5% 

SDS for 10 minutes and the filter was either re-used immediately or dried 

and stored at room temperature.

XIII) Whole M ount in situ hybridisation

All water was made nuclease-free by adding Diethyl Pyrocarbonate to 0.1%, 

shaking vigorously and autoclaving (DepC water). Reagents, pipettes and 

centrifuge tubes for RNA work were kept separately and handled only when 

wearing gloves. All reagents were molecular biology grade. Method based on 

Schaeren-Wiemers and Gerfin-Moser (1993).

a) Synthesis of RNA probe

Approximately 20 pg plasmid DNA was linearised with a suitable restriction 

enzyme for 2 to 4 hours and an aliquot was analysed by agarose gel 

electrophoresis to ensure complete linearisation. 1 pi glycogen (Boehringer 

Manheim, molecular biology grade, 20 p g / pi) was added, and the solution 

was made up to 200 pi using STE buffer before extracting with phenol/ 

chloroform twice (see 2.2 VI). Sodium acetate (pH 4.8 - 5.0) was added to the 

aqueous phase to a concentration of 0.2 M. This was mixed w ith 2.5 volumes 

of ethanol and left at -20°C for 20 minutes to 24 hours. After spinning at
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17000 G for 15 minutes at 15°C the pellet was washed with 70% ethanol 

twice, dried, dissolved in 20 pi DepC water and stored at -20°C.

To transcribe the DNA, 14 pi DepC water was mixed with 2 pi 10 x 

transcription buffer (Boehringer Manheim), 2 pi warmed 10 x NTP labelling 

mix containing digoxigenin (Boehringer Manheim), 1 pi DNA temple from 

above (1 pg) and 0.3 pi RNase inhibitor (RNasin, Promega). 20 units (1 pi) of 

T3, T7 or Sp6 RNA polymerase (Boehringer Manheim) were added and the 

reaction was incubated for 30 minutes at 37“C. 0.5 pi DNasel was added to 

cut up the template DNA and incubation continued for a further 30 to 45 

minutes. DepC water was then added to a total volume of 200 pi, 

ammonium acetate was added to a final concentration of 2.5 M, 1 pi 

glycogen was added as a carrier, and 2.5 volumes of ethanol were added to 

precipitate the RNA. The mixture was left at -20°C for 15 minutes before 

centrifuging at 17000 G for 20 minutes at 15°C. The pellet was then washed 

with 70% ethanol twice, dried, dissolved in 100 pi DepC water and stored at - 

20°C. The probe was checked by denaturing a 0.8 pi aliquot with 5 pi RNA 

loading buffer ( 80% formamide (BDH), 10% DNA loading buffer, see 2.2 IX) 

at 80°C for 5 minutes, placing on ice for 2 minutes and electrophoresing on a 

1% agarose gel against a 1 kb DNA ladder (see 2.2 Villa).

b) Sample preparation and hybridisation

Mouse DRG or embryos were dissected out on ice into cold PBS (140 mM 

NaCl, 2.7 mM potassium chloride (KCl), 8 mM sodium phosphate 

(Na2HP0 4 ) and 1.5 mM potassium phosphate (KH2PO4)). In the case of 

embryos, the heads were removed and frozen at -20“C in 5 pi PBS for future 

genotyping by PCR. Embryonic hearts and brain cavities were broken open to 

prevent accumulation of probe. Samples were then washed for 5 minutes in 

cold PBS on ice three times, washed for 5 minutes in cold 4% 

paraform aldehyde/ PBT on ice and left overnight in fresh cold 4% 

paraform aldehyde/ PBT at 4°C. (PBT is PBS with 0.1% 

polyoxyethylenesorbitan Monolaurate (Tween-20, Sigma)). Samples were
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washed on ice for at least 10 minutes per wash, in cold PBT, cold 50% 

m ethanol/ PBT and twice in cold 100% methanol, before storing at -20°C if 

required.

The above methanol washes were then reversed, finishing with two washes 

in 100% PBT. Samples were incubated at room temperature with 0.6 un its / 

ml proteinase K (Boehringer Manheim) in PBT for 5 to 20 minutes 

depending on size. The reaction was stopped by replacing the proteinase K 

solution with cold PBT and placing on ice, followed by fixation with 4% 

PFA / 0.25% gluteraldehyde (Sigma)/ PBT for 20 minutes on ice. After a 10 

m inute wash in cold PBT on ice, followed by a 2 to 5 hour wash in 

prehybridisation solution at 65°C, fresh prehybridisation was added and the 

samples placed at 65“C, rocking, overnight. (Prehybridisation solution 

contains 50% formamide (Fluka).

5 X SSC (see 2.2 XI), 2 % blocking powder for nucleic acids (Boehringer 

Manheim), 0.1% isooctylphenoxypolyethoxyethanol (Triton X-100), 0.1% 3- 

[(3-cholamidopropyl) dim ethylamm onio]-l-propane-sulphonate (CHAPS, 

Sigma), 1 m g / ml yeast transfer RNA (DNase treated then purified by 

pheno l/ chloroform extraction, see 2.2 VII), 5 mM EDTA, 50 pg /  ml heparin 

(Sigma) and DepC water; heat to 65°C to dissolve and store at -70°C). Probe 

RNA was added to a final concentration of 30 to 50 n g / ml and incubation 

continued for 48 hours.

c) Washes and probe detection

Samples were washed for 10 minutes at 65°C in 2 x SSC, two times 30 

minutes at 65°C in 2  x SSC/ 0.1% CHAPS, and two times 30 minutes at 65°C 

in 0.2 X SSC/ 0.1% CHAPS. They were then washed in KTBT (25 mM Tris-Cl 

pH  7.3, 150 mM NaCl, 20 mM KCl, 1% Tween-20) for 10 minutes at room 

temperature, KTBT/  25% heat-treated goat serum (Sigma) for 2 to 5 hours at 

room temperature, then KTBT/ 25% serum / 1:2000 anti-digoxigenin- 

alkaline phosphatase (anti-DIG-AP, F'ab fragments, made in sheep.
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Boehringer Manheim) overnight at 4°C, rocking. This was followed by a 

minimum of 4 one hour washes in KTBT at room temperature, and an 

overnight wash at 4°C. Samples were then washed twice for 15 minutes in 

AP buffer (100 mM Tris-Cl pH 9.5, 50 mM MgCl2, 100 mM NaCl and 1% 

Triton X-100) then incubated in the dark at room tem perature in colour 

reaction solution (1 ml AP buffer with 4.5 pi 4-nitro blue tétrazolium 

chloride (NBT) and 3.5 pi 5-bromo-4-chloro-3-indolyl-phosphate, 4-toluidine 

salt solution (BCIP) both from Boehringer Manheim) until colour 

developed. If required the reaction was paused by washing in AP buffer and 

storing at 4°C. Once the required colour was achieved, samples were washed 

twice in AP buffer and stored in 4% paraformaldehyde/  PBS or in PBS/

0 .0 2 % sodium azide.

Samples were photographed with 35 mm Kodak colour film using a 

dissecting microscope. If required they were then mounted in OCT 

compound (Tissue Tek®), sectioned on a cryostat, mounted in Citifluor 

(UKC Chem-Lab) and observed using bright field microscopy.

XIV) Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSAs) provide a method for detecting 

the binding of proteins to DNA. Radioactively labelled oligonucleotides 

bound to proteins are retarded in their progress down an electrophoretic gel 

in comparison to unbound oligonucleotides. The method used is based on 

the m anufacturer's protocol (Promega).

a) Preparation of nuclear extracts

3 day old rat pups were sacrificed and approximately 300 pi volume of each 

of DRG, cerebellum, cortex and liver were dissected out into Dulbecco's 

Modified Eagle Medium with 0.11 g /  1 sodium pyruvate with pyridoxine 

(DMEM, GibcoBRL). Tissue was then washed in a large volume of PBS (see 

2.2 XlVb) then resuspended in 5 volumes of buffer A (10 mM Hepes pH  7.9,
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1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol (DTT), 1 pig/ ml 

leupeptin, Ipig/ ml aprotinin, 1 pig/ ml pepstatin A and 0.1 mM 

phenylmethylsulfonyl fluoride (PMSF)). After mechanical disruption, on 

ice, the tissue was left on ice for 10 minutes, spun at 1000 G at 4°C for 2 

minutes and resuspended in 3 volumes of buffer A / 0.05% Triton X-100. 

Samples were then homogenised in a 1 ml homogeniser on ice and nuclei 

were pelleted by centrifuging at 1000 G at 4°C for 10 minutes. The pellet was 

resuspended in 100 pil of buffer C (20 mM N-[2-hydroxyethyl] piperazine-N'- 

[2-ethanesulfonic acid] (HEPES) pH 7.9,1.5 mM MgClz, 0.25 mM EDTA, 25% 

glycerol, 0.5 mM DTT and 0.1 mM PMSF). Cold 5 M NaCl was added to a 

final concentration of 300 mM and the samples were left on ice for 30 

minutes. After spinning at 18000 G for 20 minutes at 4°C, the supernatant 

was snap-frozen in 10 pil aliquots and stored at -70°C.

b) Generation of labelled double stranded DNA

After selection of sequences to be used for band shifts (see appendix 5.15), 

both strands of the DNA for these sequences were synthesised (Genosys 

Biotechnologies Inc.). Oligonucleotides were dissolved in 50 mM NaCl to a 

final concentration of 100 pm ol/ pil. Equal volumes of sense and antisense 

strands were mixed, heated to 100°C for 3 minutes and cooled slowly to 4°C 

to allow correct annealing, before storing at -20°C. They were then diluted 

1:30 and 2 pil (3.3 pmol) of each was taken and mixed with 1 pil lOx T4 

polynucleotide kinase (PNK) buffer (Promega), 1 pil [gamma^^P] ATP (3000 

C i/ mmol at 10 m C i/ ml), 5 pil water and 1 pil T4 PNK (10 units). Reactions 

were incubated for 10 minutes at 37°C, stopped with 1 pil 0.5 M EDTA, mixed 

with 89 pil TE buffer (10 mM Tris-Cl, pH 7.4,1 mM EDTA, pH  8.0) and spun 

through type 1 0  spin columns according to the manufacturer's instructions 

(Sigma) to remove unincorporated ATP.
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c) DNA binding reaction with nuclear extracts

2  |il of the required nuclear extract was mixed with 2  |il Gel Shift 5 x binding 

buffer (Promega), 1 \il competitor oligonucleotide if required (1.75 pmol) and 

made up to 9 pi with water. This was left at room temperature for 10 

minutes before addition of 1 pi (0.03 pmol, approximately 100,000 cpm) of 

labelled oligonucleotide and a further 2 0  minute incubation at room 

temperature. 1 pi loading buffer (250 mM Tris-Cl, pH  7.4, 40% glycerol, 0.2% 

bromophenol blue) was added to all reactions before loading on gels.

d) Electrophoresis and detection of DNA-protein complexes

Nondenaturing acrylamide gels (4% acrylamide, 0.05% bis-acrylamide, 1 x 

TBE, 2.5% glycerol, 0.05% TEMED and 0.075% ammonium persulphate) were 

prepared in upright gel apparatus the day before use. They were pre-run in 

0.5 X TBE buffer for 30 minutes at 100 V, samples were added and 

electrophoresis continued for approximately 3 hours. Gel below the dye 

front was removed and the remaining gel was dried and exposed with 

Kodak film at -70°C for 5 to 36 hours.

2.3) Immunohistochemistry

I) Preparation of slides

a) APES coating

Slides were placed in a 2% solution of 3-aminopropyltriethoxy-silane (APES) 

in methanol for 2  minutes, washed well in distilled water, dried and stored 

for up to 3 months.
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b) Gelatin coating

Slides were immersed in gelatin subbing solution for 2 minutes, excess 

subbing solution was allowed to drain off, and the slides were dried and 

stored for up to 2 weeks. Gelatin subbing solution is prepared by making a 

solution of 0.5% gelatin in water, heating to dissolve the gelatin, cooling to 

room temperature, adding CrK(S0 4 )2 .1 2 H 2 0  to 0.05%, cooling to 4°C and 

using immediately.

II) Double fluorescence immunohistochemistry

Tissues examined were Sprague Dawley neonatal and adult rat DRG, 

Embryonic day (E) 9.5 C57/B1/6J mouse embryos and E12.5 rat embryos. 

Samples were dissected into PBS (see 2.2 XlVb), fixed for 1 to 14 hours in 4% 

paraform aldehyde/  PBS at 4°C, washed 3 times in PBS and equilibrated in 

30% sucrose/ PBS overnight before mounting in OCT compound. 8  to 15 pm 

cryostat sections were collected on Multispot microscope slides (Hendley- 

Essex), dried for 1 to 3 hours, washed with PBS, and incubated with primary 

antibodies overnight at 4°C. After washing in PBS, sections were incubated 

with secondary antibodies for 1.5 to 3 hours at room tem perature in the 

dark, washed in PBS, mounted in Citifluor and stored in the dark. All 

antibodies were diluted in 1% heat inactivated sheep serum (Sigma)/ 0.1% 

Triton X-100/ PBS. Negative controls with no primary and negative controls 

w ith no secondary antibodies were included in all experiments.

Primary antibodies used were: monoclonal antibody (Mab) 4D5 an ti-Isll/2  at 

1:100 (Tsuchida et al., 1994), AS rabbit anti-Isll at 1:5000 (Tsuchida et al., 1994) 

both gifts from T. Jessell, (Columbia University, New York, USA), Mab RT97 

anti-NF at 1:5000 (Wood and Anderton, 1981), Mab anti-peripherin at 1:1000 

(Chemicon International Ltd.) rabbit anti-CGRP at 1:1000 (made in the 

laboratory) and rabbit anti-TrkA at 1:10000 (Clary et ah, 1994). Secondary 

antibodies used were anti-mouse-Ig-fluorescein F(ab')2 frag, and anti-rabbit 

IgG-rhodamine F(ab')2 frag., (Boehringer Manheim) both made in sheep and 

used at 1 :2 0 0 .
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III) Peroxidase immunohistochemistry

E9.5 mouse embryos {Islet-1 + /- and Islet-1 -/-) were prepared as in 2.3 II, 

w ith a 14 hour fixation. 11 pm sections were collected on gelatin-coated 

slides, air dried for 1 hour and washed once in PBS. Endogenous peroxidase 

activity was quenched by incubating in 0.3% H 2O2 /  water for 20 minutes at 

room temperature in the dark . Slides were washed twice in PBS, then 

blocked with 17% avidin blocking solution (A vidin/ Biotin Blocking Kit, 

Vector Laboratories)/ 1% heat treated normal goat serum (NGS, Vector 

Laboratories)/ PBS for 15 minutes at room temperature. After a further wash 

in PBS slides were incubated overnight at 4°C with primary antibodies in 

1% NG S/ 0.1% Triton X-100/ 17% biotin blocking solution (Vector 

Laboratories)/ PBS. Primary antibodies used were A8  (see above) at 1:2500 or 

AP-2 (anti-AP-2, affinity purified IgG rabbit polyclonal, Santa Cruz 

Biotechnology Inc.). After 2 washes in PBS, secondary antibody (biotinylated 

anti-rabbit, ABC Elite kit. Vector Laboratories) was added at 1:600 and slides 

incubated for 30 minutes, washed again and incubated with ABC-HRP 

reagent (Vector Laboratories) at 1:200 for 30 minutes. Slides were then 

washed in PBS and stained with 3, 3'-diaminobenzidine (DAB, Sigma) until 

colour developed. The reaction was stopped by washing in PBS, and the 

slides were mounted in Citifluor. Negative controls included with all 

experiments lacked either primary antibody or ABC-HRP.

IV) Bromodeoxyuridine (BrdU)/ A8 double labelling

12.5 day post-coital pregnant female rats were injected intra-peritoneally 

with 1 m g / 10 g body weight BrdU/ PBS, left for 1 hour and sacrificed. 

Embryos were prepared as in 2.3 11, with a 2 hour fixation. 10 pm cryostat 

sections were collected onto multi-spot microscope slides, air dried for 1 

hour, washed in PBS, post-fixed in 4% PFA at 4°C for 5 minutes and washed 

in PBS again. A8  antibody was added at 1:500 in buffer (1% sheep serum / 

0.1% T-XlOO/ PBS) and slides were incubated at 4°C overnight. After 

washing in PBS, slides were incubated with anti-rabbit IgG-fluorescein
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(F(ab')2 fragments, made in sheep, Boehringer Manheim) at 1:100 in buffer 

for 90 minutes. Slides were kept in the dark as much as possible from this 

stage on. Two washes in PBS were followed by a 10 minute fixation in 4% 

PFA / PBS at 4°C, two washes in PBS and incubation in 1.0 M HCl at 50°C for 

15 minutes. Slides were washed again in PBS, blocked with 0.5% BSA/ 0.1% 

Triton X-100/ PBS for 15 minutes, washed in PBS and incubated with anti 

BrdU antibody (Becton Dickenson) at 1:10 in 0.5% BSA/ 0.1% T-XlOO/ PBS 

for 2.5 hours. They were then washed again in PBS, incubated w ith anti

mouse Ig-rhodamine (P(ab')2 fragment, made in sheep, Boehringer 

Manheim) at 1:100 in buffer for 90 minutes, washed in PBS and m ounted in 

Citifluor. Negative controls lacked one or both primary antibodies, or anti

rabbit secondary antibody.

2.4) Cell Culture

All tissue culture dishes were obtained from Falcon and all media and 

supplements were from GibcoBRL unless stated otherwise. Cells were 

incubated at 37°C in 5% CO2 .

I) Preparation and culture of primary embryonic fibroblasts

E13 to E16 mouse embryos were dissected out under sterile conditions into 

PBS (see 2.2 Xlllb). Heads and internal organs were removed and the 

embryos were washed thoroughly in PBS. Embryos were then placed in 

trypsin-EDTA cut into small pieces and transferred to a sterile flask 

containing 3 mm diameter glass beads. Trypsin-EDTA was added to just 

cover the beads, the flask was sealed and incubated at 37°C for 30 minutes 

with agitation to homogenise the tissue. The flask contents were then 

strained through a sterilized kitchen sieve and the cell suspension collected 

in a petri dish. Feeder medium (DMEM with sodium pyruvate, non- 

essential amino-acids (1 x), glutamine (1 x), 10% fetal calf serum (ECS, ES-cell 

tested), 0.1 mM B-mercaptoethanol, 100 lU / ml penicillin/ streptomycin) was
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used to wash further cells from the beads and sieve, and these were 

combined with the original run-through and transferred to 50 ml centrifuge 

tubes. Cells were centrifuged at 1000 G for 5 minutes, resuspended in 10 ml 

Feeder medium, counted and plated out in Feeder medium at 5 x 10^ cells/

15 cm diameter tissue culture dish. They were then grown to confluency, 

split 1:2 and frozen the following day in Freezing medium (Feeder medium/ 

10% DMSO) at a concentration of 1 x 10^/ ml. Thawed vials of fibroblasts 

were cultured in Feeder medium and could be split 1:5 twice before 

significant mortality was seen.

II) Mitomycin C treatment of fibroblast feeder layers

Confluent 15 cm diameter plates of fibroblasts (1 to 2  x 10^ cells per plate) 

were treated with 10 |Xg/ ml mitomycin C in Feeder medium for 2 hours at 

37°C in the dark. After washing thoroughly with PBS cells were trypsinised 

and transferred to gelatinised 9 cm dishes at 5 x 10^ cells per dish and left 

overnight. The dishes were usj?able for up to one week.

III) ES cell culture

E14-1 cells were obtained from Yurgen Roes (University College London). 

Cells for transfection were grown on mitomycin C treated fibroblast layers in 

ES cell m edium (Feeder medium except 15% FCS and supplemented with 

1000 u n its / ml murine leukemia inhibitory factor (LIF, Life Technologies 

Ltd.)). Cells for DNA preparation were plated directly onto gelatinised 

dishes, since pluripotence was not essential.

IV) Electroporation of ES cells

30 to 40 |LLg of linearised vector DNA was used for each transfection. DNA 

was cleaned by phenol, phenol/ chloroform (see 2.3 VII) and dissolved in 20 

pi sterile water. 5 x 10^ cells from a confluent dish were resuspended in 0.8
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ml cold PBS and transferred to an electroporation cuvette (BioRad Gene 

Puiser Cuvette, 0.4 cm electrode gap 50). Vector DNA was added and the cells 

electroporated in a BioRad Gene Puiser on the following settings: infinite 

resistance; 0.5 Faradays capacitance; 250 volts voltage. 1 ml ES cell m edium 

was added to the cuvette and the cells were incubated at room temperature 

for 10 minutes before plating out onto fibroblast feeder layers. Medium was 

changed daily and 200 p g / ml G-418 (Geneticin®, Life Technologies Ltd.) was 

added 1.5 days after electroporation. Individual undifferentiated, drug 

resistant colonies were picked 8  to 11 days later, half the cells (approximately 

15,000 cells) were used for PCR using Hom oll and SI primers, whilst the 

other half was grown up on feeder layers in gelatinised 48 well plates.
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Chapter 3 - Generation of a Bm-Sc null mutant mouse 

3.1 Introduction

POU domain proteins - structure of the POU domain

Brn-3c is member of the POU-domain class of transcriptional regulators 

discussed in the general introduction, which share homology in their POU 

domain. The POU domain is a bi-partite DNA binding domain consisting of 

an N-terminal POU specific domain (POUs) of 75 to 82 amino acids and a C- 

terminal POU homeodomain (POUhd) of 60 amino acids, separated by a 

variable linker region of 14 to 57 amino acids. Sequence similarity across this 

entire region allows this family of proteins to be divided into six classes (I- 

VI) (Rosenfeld, 1991) and further analysis has since revealed a second 

conserved region among the class IV members, located outside the POU 

dom ain at the amino terminal end of the proteins (Theil, 1993).

Both the POUhd and POUs domain contain a helix-turn-helix motif. The 

POUhd is unambiguously related to the homeodomain found originally in 

Drosophila developmental regulators and now recognised as the DNA 

binding domain in a large number of 'homeodomain' transcription factors 

(see General Introduction). Homeodomains of POU domain proteins are 

more closely related to one another than to other homeodomains. The 

POUs domain is found only in POU domain proteins, and shows some 

structural similarity to the bacteriophage lambda and 434 repressors 

(reviewed Herr and Cleary, 1995). Despite these similarities, POUhd and 

POUs domains are always found together within genes.

DNA binding by the two POU sub-domains

The linker itself is thought to be a flexible structure (Klemm et a l, 1994), 

allowing the POUhd and POUs domain to bind both DNA and other 

regulatory proteins in a variety of ways (reviewed Herr and Cleary, 1995).
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With respect to binding of DNA, a number of studies using truncated 

proteins, especially of Pit-1, Oct-1 and Oct-2, have shown that both the 

POUhd and POUs domain can independently bind specific recognition sites, 

bu t act synergistically when together. For example, the Pit-1 POUhd allows 

low affinity binding with relaxed specificity to natural Pit-1 response 

elements, but the presence of the POUs domain, in addition to the POUhd, 

increases the binding affinity up to 1000 fold and allows accurate DNA 

sequence recognition (Ingraham et ah, 1990). Using truncated Oct-1 proteins, 

it has been shown that both the POUhd and the POUs domains can bind 

autonomously to DNA in a sequence specific manner, but with only low 

affinity. The consensus binding sequences of the POUs domain and POUhd 

overlap the amino terminal and carboxy terminal sides respectively of a 

complete POU domain recognition sequence and as in the case of Pit-1, both 

domains are required for maximum sequence specificity and binding affinity 

(Sturm and Herr, 1988; Verrijzer et ah, 1992). The POU domain is therefore 

crucial for correct, high affinity DNA binding which in turn is essential for 

transcriptional activation of downstream target genes.

Further evidence for the importance of the POU domain in transcriptional 

activation comes from work on an alternatively spliced form of Pit-1 found 

in tum our cells. This protein lacks most of the POUs domain and represses 

expression of the prolactin gene, unlike wild-type Pit-1 which activates 

expression of this gene (Day and Day, 1994).

Cooperative binding of POU domain proteins to DNA

Pit-1, Oct-1 and Oct-2 have all been shown to behave as monomers in 

solution and can bind as monomers to their cognate DNA recognition 

elements. However, cooperative binding to DNA has been observed for both 

Oct-2 and Pit-1 homodimers, and cooperative interactions between Oct-2 

proteins have been shown to increase transcriptional activation (see 

Rosenfeld, 1991; Wegner et ah, 1993). In addition, studies using affinity 

chromatography or chemical cross-linking have shown that Oct-1 POU
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domain monomers can interact transiently in solution via both the POUhd 

and POUs domains. Binding of the dimers to the heptamer-octamer 

sequence in the immunoglobulin heavy-chain prom oter stabilises this 

interaction, correlating with the observed cooperative binding to this site.

Heterodimers are also formed between different members of the POU 

dom ain family. For example Drosophila I-POU specifically interacts with 

drifter (cfla), and this may inhibit the ability of I-POU to bind and activate 

dopa-decarboxylase, a neural specific gene (see below). Pit-1 and Oct-1 have 

been shown to bind as a heterodimer to a Pit-1 binding site within the 

prolactin promoter, and Oct-1 and Oct-2 can bind cooperatively either as 

homo- or heterodimers to regulatory sites w ithin the immunoglobulin 

heavy-chain promoters (Herr and Cleary, 1995; Rosenfeld, 1991 and 

references therein).

Interactions of POU domain proteins with other regulatory proteins

POU domain proteins have been shown to interact with a variety of other 

transcriptional regulators and the best characterised of these interactions is

that occurring between the POUhd of Oct-1 and the herpes simplex a-TIF/ 

VP16 gene product. Both of these proteins bind to viral promoters and in 

conjunction with a multi-subunit protein, H C F /C l, they activate 

transcription of viral immediate early genes (reviewed in Herr and Cleary, 

1995). Excluding viral proteins, POU domain proteins have been shown to 

interact with co-activators, incapable of activating transcription alone; 

activators, which activate transcription either alone or cooperatively as 

heterodimers; and a basal transcription factor (reviewed in Herr and Cleary, 

1995). For example, Oct-1 and Oct-2 interact with a B-cell specific co-activator, 

OCA-B (BOB.l/OBF.l), which enhances the ability of either Oct protein to 

activate gene transcription from promoters containing octamer motifs, 

including the immunoglobulin promoters (Strubin et a l, 1995; Pfisterer et 

al., 1995). In C. elegans, the product of the mec-3 gene binds and activates 

promoters including that of its own gene and it can also bind cooperatively
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with the unc-86 POU domain protein (Xue et al., 1993a). In all the examples 

given, the protein-protein interaction involves either the POUhd, the POUs 

domain or both subdomains. However, this is not always the case since 

transcriptional activation domains have been identified which lie outside 

this region.

Transcriptional activation domains of POU domain proteins

The major transcriptional activation domains of the POU dom ain proteins 

are located outside the POU domain itself and often show wide variation in 

composition. Examples include glutamine-rich regions in Oct-1 and Oct-2, 

serine/threonine rich regions in Pit-1, alanine-glycine rich regions in SCIP 

and proline rich regions in Oct-3/4 (see Wegner et ah, 1993). Many of these 

domains are only weak activators if acting alone and full transcriptional 

activation is achieved via binding to other regulatory proteins with stronger 

activation domains, or through the synergistic effect of multiple POU 

dom ain proteins.

Summary

From the above discussion we can see that POU domain proteins share 

extensive homology within the POUhd and POUs domains. Regions outside 

the POU domain are usually not conserved and contain major 

transcriptional activation domains. A series of mutational studies have 

shown that the two POU sub-domains are both capable of independent low 

affinity DNA binding with relaxed sequence specificity, but together can 

form specific, strong attachments to their recognition sites. Similar studies 

have also demonstrated the ability of the POU domain to mediate crucial 

homo- and heterotypic interactions with other regulatory proteins.

Together, these results highlight the importance of this domain in the 

function of POU domain proteins.
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In the following section 1 will consider in detail the POU domain 

transcription factor Brn-3c and the closely related proteins, Brn-3a and Brn- 

3b. All three are expressed predominantly or exclusively within subsets of 

neuronal cells, including sensory neurones and therefore represent good 

candidates for mediating different aspects of nervous system specific 

transcriptional regulation.

Identification of Bm-Sa

In a screen for novel POU-domain proteins, degenerate oligonucleotides for 

a nine amino acid region conserved in Pit-1, Oct-1 and 2 and unc-86 were 

used to probe hum an and rat brain cDNA libraries by PCR, which led to the 

identification of Brain (Brn)-l, 2 and 3 (He et a l, 1989). In situ hybridisation 

was then used to analyse the expression patterns of these three genes in rat, 

both during development and in the adult. This showed that Brn-1 and 2 

(isolated from human) are widely distributed through the rat nervous 

system whereas Brn-3 (from rat, later named Brn-3a) is more restricted. Brn- 

3a expression is detected in mouse at E9.5, appearing initially in spinal cord, 

then in cranial and sensory ganglia, retinal ganglion cells and in regions of 

the brain, excluding the telencephalon (He et ah, 1989). The majority of Brn- 

3a expression is within the nervous system, although it has also been 

detected in the developing immune system and at low levels in the pituitary 

gland (Gerrero et a l, 1993). The expression patterns in many tissues are 

m aintained through to adulthood.

Identification of Bm-3h

To search for other POU domain genes expressed in sensory neurones, the 

method used by He et a l (1989) was repeated using cDNA from the ND7 cell 

line (derived from a dorsal root ganglion (DRG) - neuroblastoma fusion) 

(Lillycrop et a l, 1992). A new POU domain protein highly related to Brn-3(a) 

was identified and named Brn-3b to distinguish it from the original Brn-3
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which was renamed Brn-3a. These two factors are initially co-expressed in 

sensory ganglia, spinal cord, hindbrain and midbrain, but diverge later in 

development (Turner et ah, 1994). However, Brn-Sb expression often first 

appears one or two days later than Brn-3a and as development progresses, 

the retina and PNS continue to co-express the two genes, whilst in the CNS 

the expression patterns rapidly diverge. In the adult, no Brn-3b expression 

could be detected in brain or in mature sensory neurones (Theil et ah, 1993) 

and only very low levels in the retina (Erkman et ah, 1996).

Identification of Bm-3c

A  third screen for related proteins in sensory neurones was carried out using 

a Brn-3a POU domain probe to screen a neonatal rat DRG cDNA library 

(Ninkina et ah, 1993). A novel transcript closely related to Brn-3a and Brn-3b 

in the POU domain was identified and named Brn-3c. Brn-3c is expressed 

only in the CNS and PNS, where it shows a more restricted expression 

pattern than either of the other Brn-3 genes (Ninkina et ah, 1993; Erkman et 

ah, 1996). In DRG and retinal ganglion cells, where high levels of Brn-3c are 

observed, there is evidence that the cells expressing Brn-3c constitute a 

subset of those expressing the other two Brn-3 genes (Ninkina et ah, 1993; 

Xiang et al., 1995). In situ hybridisation patterns in other areas are not 

incompatible with the expression of Brn-3c only in subsets of Brn-3a or Brn- 

3b expressing cells, except in the cochlea, where only Brn-3c is found. Within 

the rat DRG, Brn-3c expression starts at around E12, when the cells are still 

dividing and continues throughout development (Ninkina et ah, 1993), 

suggesting that it may be involved in the specification, development or 

function of subclasses of sensory neurones.

Function of the C. elegans Brn-3 homologue, unc-86

Further indirect support for roles of the Brn-3 genes in cell fate specification 

comes from the functional analysis of unc-86 and the Drosophila I-POU 

gene. The Brn-3 genes share extensive homology with these two
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invertebrate genes across the POU domain and also class IV specific amino- 

terminal domain. Based on the conservation of function often associated 

with sequence conservation, even between widely divergent species, (see 

General Introduction), it is reasonable to suggest that the Brn-3 genes may 

play fundamentally similar roles to those played by homologous 

invertebrate genes.

unc-86 is required in C. elegans for the correct specification of a number of 

neurones, including mechanosensory neurones. Its asymmetric expression 

in one of two daughter cells allows the unc-86 expressing cells to become 

different from their mothers and also from one another (see General 

Introduction). In the mechanosensory lineage, it has been shown that unc-86 

activates mec-3, a LIM-HD encoding gene required for the terminal 

differentiation of mechanoreceptors (Xue et a l, 1992, 1993a), therefore at 

least one of the genes acting downstream of unc-86 is a transcription factor 

which acts at one of the final stages of cell differentiation.

The continuation of unc-86 expression through to adulthood in those 

lineages affected by its mutation implies that this gene may also be involved 

in maintenance of the terminally differentiated phenotypes of these cells, 

subsequent to its role in their specification. This has been confirmed in one 

case where it was shown that both mec-3 and unc-86 are required for the 

normal expression of mec-7, one of a number of genes required for touch 

receptor function. Also, unc-86 is expressed in a large number of other post

mitotic neurorfs where it is required, in at least some cases, for their correct 

differentiation (Finney and Ruvkin, 1990).

Function of the Drosophila Brn-3 homologue, I-POU

Less is known about the neuron^specific Drosophila class IV invertebrate 

gene, I-POU, (Treacy et al, 1991,1992) and its splice variant tl-POU. Treacy et 

a l, (1992) showed that I-POU is coexpressed with another POU domain 

protein, drifter (cfla), in overlapping subsets of neurones during
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development. They then showed that I-POU itself cannot bind DNA and 

that through the formation of heterodimers with drifter it inhibits DNA 

binding and transcriptional activation by this second protein. However, 

Turner (1996) was unable to show any affect of I-POU on DNA binding by 

drifter and showed that I-POU, tl-POU and Brn-3a exhibited very similar 

DNA-binding specificity. Thus although the exact role of I-POU has yet to be 

determined, like the Brn-3 genes it is expressed in subsets of sensory 

neurones where it appears to be involved in transcriptional regulation.

Correlations between the Bm-3 genes and their invertebrate homologues

The expression of invertebrate class IV POU domain proteins in subsets of 

neuronal cells both during development and into adulthood correlates well 

with the expression of the Brn-3 genes in the CNS and PNS. The 

invertebrate unc-86 and possibly also I-POU, are involved in cell fate 

specification and later in the expression of a terminally differentiated 

phenotype, through binding directly to DNA and activating transcription of 

downstream genes. Both genes have been shown to interact w ith LIM-HD 

proteins, and interactions with other transcriptional regulators almost 

certainly remain to be revealed. In rodents, the Brn-3 genes are able to 

regulate the promoters of neuronally expressed genes (for example NF

genes. Smith et a l, 1997; a-internexin, Budhram-Mahadeo et a l, 1995) and 

are coexpressed with a large number of LIM-HD and POU domain proteins 

with which they could interact. These genes are therefore good candidates 

for involvement in cell fate decisions and in maintaining differentiated 

states w ithin the mammalian nervous system.

Of the Brn-3 genes, the restricted expression of Brn-3c w ithin the DRG 

suggested that analysis of this gene may reveal information on neuronal 

subset generation within these ganglia. In particular I wanted to test the idea 

that Brn-3c is required for the differentiation of the neuronal cells of the 

DRG in which it is expressed, homologous for the requirement of unc-86 for 

the differentiation of a number of neuronal cells in C. elegans. The method
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chosen was the generation of a Brn-Sc null m utant mouse, in which an 

absolute requirement for Brn-3c in sensory neurone subsets would be 

detectable through the aberrant development of the affected cells.

N ull m utant technology

Creation of transgenic mice containing a null m utation in one of their genes 

provides a direct method of determining at least the initial role played by 

that gene during the animal's life. Defects in the 'null m utant' mice m ust be 

due either directly or indirectly to the gene's absence and thus the function 

of that gene during normal development can be deduced. The technique was 

originally developed by Capecchi (see Capecchi, 1989). Below I have briefly 

outlined the steps involved in the production of a null m utant mouse, and 

a more comprehensive description can be found in Joyner (1994)

The gene of interest and its surrounding genomic locus must first be cloned. 

In many cases it may not be possible to delete the entire coding region of a 

gene, and therefore a decision must be made on which region to delete, such 

that its absence will result in a functionally m utant protein. Physical 

m apping of the surrounding sequence is then performed prior to the 

generation of a 'knockout construct'. The construct itself consists of genomic 

DNA encompassing the region to be mutated and extending a num ber of 

kilobases on either side, cloned into a suitable vector. The exact region to be 

m utated is then replaced by a positive selection cassette, often the neomycin 

phosphotransferase gene (neo^) and in many cases a second, negative 

selection cassette is placed at one extremity of the genomic sequence. In the 

presence of the appropriate drugs, positive selection cassettes allow survival 

of those cells in which they are expressed, whereas negative selection 

cassettes cause selective death of those cells in which they are expressed.

Cells are therefore selected which contain the positive, but not the negative 

selection cassette.
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Transfection of this construct into embryonic stem (ES) cells allows 

recombination to occur between the genomic regions of the construct and 

homologous regions of ES cell DNA. To maximise the probability of such an 

occurrence, the ES cells are derived from the same mouse strain as that from 

which the genomic DNA was obtained, usually 129 mice. If homologous 

recombination occurs on both sides of the positive selection cassette, the 

genomic DNA will be replaced with this cassette. One allele of the gene 

w ithin that single cell will therefore contain a null mutation. However, 

after transfection, many cells will contain knockout constructs which have 

not been incorporated into their genome, or which have incorporated 

incorrectly. Transfected cells are allowed to grow for approximately two days 

before selection of true positives begins. The first screen involves the use of 

a selective growth medium in which only cells with stable expression of the 

positive selection cassette, for example neo^, are able to survive, thus 

eliminating cells which did not incorporate the construct into their genome. 

Small colonies of selection-resistant cells will have appeared by the time this 

first round of selection is complete and colonies with a healthy appearance 

are picked and plated out in separate wells at this stage.

Not all the founder cells of these colonies will have undergone homologous 

recombination on either side of the positive selection cassette. In some cases 

the construct will have become incorporated elsewhere within the genome, 

and in others a single homologous recombination event will have occurred. 

Both situations usually result in the insertion of the entire construct 

sequence, including the vector. Further rounds of selection are therefore 

required, and the techniques are often used in combination:

a) If a negative selection cassette has been included in the construct then 

selective media can again be used, allowing the survival of only those cells 

which have eliminated the negative cassette.

b)PCR screens can also be used, in which case the negative selection cassette 

is usually placed asymmetrically within the region of genomic DNA in the
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knockout construct, such that one 'arm' of genomic DNA is short enough to 

allow PCR amplification across this entire region (usually 0.5 to 2 kb). Two 

sets of primers are made which anneal within the positive selection cassette 

and to the genomic DNA just outside the region incorporated into the 

construct. Successful amplification will only occur if homologous 

recombination has occurred within this construct arm.

c) PCR is only normally used to detect homologous recombination w ithin 

one arm of the construct, whilst the other arm is usually significantly 

longer, increasing the chances of recombination occurring in this region. 

Southern blots must therefore be used for this longer region, and should 

also be used to confirm the occurrence of homologous recombination 

within the shorter arm. The rapid PCR screen is now often replaced by 

Southern blots, thus allowing the use of longer arms which increases the 

probability of homologous recombination on either side of the positive 

selection cassette. Southern blot probes should be located outside the region 

of DNA used in the generation of the construct.

Together these selection techniques allow the identification of ES cell lines 

in which one allele of the endogenous gene has been m utated through 

replacement of all or part of it by the positive selection cassette.

Properties of ES cells

Murine ES cells are derived from the inner cell mass (ICM) of mouse 

embryos, a population of cells which during normal development is 

responsible for the formation of all the embryonic tissues and a num ber of 

the embryonic membranes. In the same way that the ICM cells are 

pluripotent, ES cells are also capable of contributing to any part of a 

developing embryo, including its germ cells. Furthermore, they retain this 

capacity through many divisions hence the name stem cells.
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Chimaera formation

The next stage in the formation of a null m utant mouse is the injection of 

ES cells from the selected cell lines into mouse blastulae and transfer to 

pseudopregnant mothers. These host blastulae are often obtained from the 

C57BL/6J mouse strain which differs in coat colour from the 129 strain from 

which the ES cells are often derived, allowing rapid identification of 

chimaeric offspring. In vitro culture and m anipulation of embryos delays 

their development, therefore embryos are usually transferred to 

asynchronous pseudopregnant mothers. For example day 4 embryos may be 

transferred to the uterus of females on the third day of pseudopregnancy. 

The resultant chimaeric offspring are then selected for further breeding on 

the basis of the contribution of the ES cells, as judged by coat colour. Mice 

with a large percentage of their coat derived from the ES cells have a high 

probability of germline transmission of the ES cell line and are therefore 

used for further breeding. In most cases only phenotypically male animals 

are selected for breeding because the commonly used ES cell lines were all 

derived from male embryos. Male ES cells produce a higher proportion of 

phenotypically male chimaeras and can be bred earlier than female 

chimaeras.

Subsequent breeding

Selected chimaeric animals should be test-bred with mice carrying marker 

gene(s), such as coat or eye colour, enabling the offspring generated from ES 

cell-derived gametes to be distinguished from other offspring. Only half of 

the ES derived animals carry the targeted allele, provided no dom inant 

lethal effects of the mutation occur prior to birth, nor any effect on sperm 

production. Southern blots must then be employed to identify offspring 

heterozygous for the mutation.

Cross-breeding of heterozygotes derived from the same chimaeric mouse 

can then be mated to generate offspring homozygous for the mutation.
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Southern blots can again be used to distinguish these from heterozgote and 

wild-type siblings. The subsequent breeding scheme used will depend on the 

phenotype of the homozygotes. In the simplest scenario, homozygosity of 

the null mutation will not render the animals inviable or sterile and thus 

homozygous colonies can be maintained. In other cases a more complex 

scheme may be required involving maintenance of heterozygote colonies by 

genotyping from which homozygous animals can be repeatedly generated. 

Phenotypic analysis of both heterozygote and null m utant mice can then be 

used to study the role of the m utant gene.

The Brn-3c null mutant mouse

It was decided to use transgenic technology to generate a null m utant mouse 

and therefore genomic DNA clones were obtained, from which I generated a 

knockout construct. I then transfected this into ES cells and through a 

num ber of rounds of selection I have identified cell lines in which one copy 

of the Brn-3c gene has been mutated by homologous recombination with the 

construct DNA. This is described in the following section.

3.2 Results

Mapping of the Brn-3c locus and planning of the knockout construct

A phage lambda FIXII clone derived from a 129 mouse genomic library and 

encompassing the Brn-3c coding region was kindly donated by T. Theil and 

T. Moroy (university of Marburg, Germany), together w ith two sub-clones in 

pBluescript® (figure 3.1). A plasmid containing the neomycin 

phosphotransferase gene (neo^) under the control of the PGK promoter 

(figure 3.2) was kindly donated by A. Furley (NIMR, Mill Hill, London). As a 

preliminary step to generating the knockout construct I accurately re

m apped the Brn-3c locus, for which only a rough physical map was 

previously available.
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It was decided to replace the entire POU domain of the Brn-3c gene with the 

neo^ gene in order to produce a null m utant Brn-3c allele. As discussed in 

the introduction (this chapter), the POU domain is essential for the binding 

of POU domain proteins to their recognition sites, without which they are 

unable to mediate transcriptional regulation. In a number of cases the POU 

domain has also been shown to mediate protein-protein interactions 

im portant in cooperative binding to DNA. Removal of the region of Brn-3c 

which encodes the POU domain should therefore render the resultant 

protein non-functional. The neo^ gene is a positive selection marker, and 

when stably transformed into cells will confer resistance to G418 (and 

neomycin). Treatment of ES cells with G418 after electroporation with the 

knockout construct will therefore eventually kill all those cells which have 

not integrated the neo^ cassette.

It was decided to use PCR as a rapid screen of G418 resistant ES cells, 

therefore a relatively short (1 kb) region of the Brn-3c locus was chosen for 

ligation at one side of the neo^ gene, with a longer arm of genomic sequence 

placed at the other side of the neo gene. The overall cloning scheme is 

shown in figures 3.1 and 3.3 and the steps were performed as described 

below.

Generation of the knockout construct

1. A 5.4 kb fragment of the 3' untranslated region of Brn-3c from the phage 

clone was ligated into pBluescript® (KS) using the H indlll and EcoRI 

restriction sites. This was to form the 3' arm of the construct. Restriction 

digests were used to confirm that the correct fragment had been cloned.

2 . The next step involved ligation of a 1.8 kb neo^ fragment from EcoRI to 

Sail to a 1 kb Notl to Xhol fragment of the Brn-3c 5' genomic sequence 

spanning the start translation site. The latter fragment will form the 5' arm 

of the construct, and the Brn-3c coding region within it stops 200 base pairs 5'
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of the POU domain. Sail and Xhol are isoschizomers and therefore sites cut 

by these enzymes can be ligated to one another. This ligation was done in 

the absence of vector DNA.

3. The Brn-3c 5'/neo^ fragment was then ligated into the plasmid generated 

in step 1, upstream  of the 3' untranslated region of Brn-3c, using the Notl 

and EcoRI restriction sites. The resultant knockout construct was amplified 

in bacteria.

The completed knockout construct was analysed by restriction analyses, by 

sequencing of regions spanning the ligation junctions a n d / or by PCR 

amplification of DNA spanning ligation junctions. Primers used are listed 

in appendix 3.1 and their locations are shown in figure 3.3. This ensured that 

all fragments were present in single copy and in correct positions and 

orientations.

Problems of plasmid instability

Originally, 1 intended to insert a negative selection cassette, the thymidine 

kinase gene, downstream of the Brn-3c 3' untranslated region. As explained 

earlier, only those cells in which this cassette is lost, such as would occur 

following homologous recombination on both sides of the neo^ gene, will 

survive in the presence of the appropriate negative selection drug, GANG. 

Such negative selection of transfected ES cells will lead to an enrichment of 

the num ber of correctly targeted cells compared to random  insertion events. 

Unfortunately the knockout plasmid was found to be extremely unstable in 

bacteria with almost complete loss of the plasmid occurring w ithin two days 

of its transformation. Ampicillin resistance however is maintained, 

presumably due to the integration of plasmid DNA, including the 

ampicillin resistance gene, into the bacterial genome. Due to these problems 

1 decided to omit the incorporation of a negative selection cassette.
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Selection of PCR primers for ES cell screening

Following G418 selection of ES cells containing the neo^ gene, I planned to 

perform a second round of screening by PCR. The primers named Hom oll 

and SI (see appendix 3.1) were chosen for analysis of the transfected ES cells. 

These allow PCR amplification of an approximately 1.6 kb region of DNA 

present after homologous recombination within the 5' arm of the construct, 

bu t not after simple random insertion. Optimisation of control conditions 

for PCR was achieved through the generation of a control construct and its 

transfection into ES cells to generate a control cell line (see later).

Selection of Southern blots for ES cell screening

Homologous recombination events occurring within both the 5' and 3' arms 

of the construct were analysed independently by Southern blots. For the 5' 

arm  I chose to use BamHI to digest the genomic DNA. This enzyme cuts 2.2 

kb upstream  from the 5' end of the construct DNA. In wild type DNA the 

adjacent 3' site is 7.8 kb downstream whereas if homologous recombination 

has occurred in the 5' arm of the construct then the adjacent 3' site is located 

within the neo^ gene 3.6 kb downstream. I chose a 0.5 kb probe immediately 

external to the construct DNA, from Hindlll to Notl as shown in figure 3.4. 

Such Southern blots on DNA from ES cells which have undergone 

homologous recombination in the 5' region will generate a 7.8 kb wild-type 

band and a 3.6 kb mutant allele band.

To detect homologous recombination within the 3' arm of the construct I 

chose to use Seal to digest the genomic DNA. In wild type DNA this enzyme 

cuts 5.2 kb downstream from the 3' end of the construct. After homologous 

recombination within the 3* arm the adjacent Seal site is located within the 

neo^ gene 12.0 kb upstream of this first site. In wild-type DNA the nearest 

upstream  Seal site is many kilobases away (20+ kb from the first site).
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Figure 3.4. A diagram to show the result of homologous recombination on
either side of the neomycin phosphotransferase gene (neo^) at the Brn-3c 
locus. Dashed lines indicate DNA fragments detected by Southern blots after 
hybridisation with the appropriate probes (open boxes). Genomic DNA 
digestion for Southern blots was performed using BamHI for analysis of the 
5' end of the construct and with Seal for analysis of the 3' end of the 
construct. Homologous recombination events within the 5' region result in 
the presence of a 3.6 kb band on a Southern blot, whereas wild-type alleles 
generate a 7.8 kb band. Homologous recombination events within the 3' 
region result in the presence of a 12.0 kb band on a Southern blot, whereas 
wild-type alleles generate a 20+ kb band (not shown). Numbers refer to the 
distance in kilobases between adjacent restriction sites. B = BamHI, C = Seal, 
H = Hindlll, N = Notl, R = EcoRI, S = Sail, X = Xhol.
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Again I chose to use an external probe, this time the 0.3 kb region from 

H indlll to EcoRI immediately 3' to the construct DNA as shown in figure 

3.4. Such Southern blots on DNA from ES cells which have undergone 

homologous recombination in the 3' arm will generate a 20+ kb wild-type 

band and a 1 2 .0  kb mutant allele band.

Further blots are also recommended to ensure that no concatemer 

formation (or other duplication of the homologous regions within the 

plasmid) has occurred prior to homologous recombination with genomic 

DNA. In such cases duplications of the homologous region will be difficult 

to detect using the above Southern blots but will be identified by re-probing 

the filters derived from these blots with internal probes. In the case of the 

BamHI filter, the probe will be derived from the 3' region of the neo^ gene 

sequence (this lies near the 5' arm of the knockout construct). The expected 

band size is 3.6 kb, (as with the original probe for this filter, except here no 

wild-type allele band is generated) and the appearance of bands of other sizes 

indicates duplication of (at least) part of the 5' homologous region. Similarly 

the Seal filter should be re-probed with a probe derived from the 5' region of 

the neo^ gene sequence (this lies near the 3' arm of the knockout construct). 

A band of 12 kb should be observed and the presence of other band sizes 

indicates duplication of (at least) part of the 3' homologous region.

Generation of a control construct

In order to optimise the PCR screen of ES cells I decided to generate a 

positive control cell line using a control DNA construct. This construct 

extends for an additional 30 bases upstream compared to the knockout 

construct which is sufficient to allow the 5' PCR primer (Homoll) to anneal. 

The second primer used to screen ES cells, SI, can anneal within the neo^ 

gene and together they amplify a 1.6 kb fragment of DNA.
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To generate the construct, I synthesised two oligonucleotides, one of which 

contained the sequence of the Hom oll primer, and the other of which 

contained the complementary sequence. Bases which would lead to the 

formation of a cut Notl site after annealing of the two primers were present 

at each end of each sequence (see appendix 3.2 for sequences). After 

annealing, the resultant fragments were then ligated into the cut Notl site at 

the 5' end of the knockout construct. Constructs were amplified in bacteria 

and correct insertion of the insert was detected by PCR on plasmid DNA 

using the Hom oll and SI primers.

Generation of a positive control cell line

ES cells were transfected with the above control construct and selected for 

the presence of the neo^ gene using G418. Colonies of G418 resistant ES cells 

were then picked and after amplification were tested for the presence of the 

control plasmid by PCR, using the Homoll and SI primers. Non-specific PCR 

bands were eliminated by blotting followed by hybridisation with a 1 kb 

probe derived from the 5' region of the Brn-3c locus from Notl to Xhol (see 

figure 3.3). Figure 3.5 shows the results from analysis of 6  colonies.

A num ber of cell lines were identified which had stably incorporated the 

control construct and gave positive PCR results with the Hom oll and SI 

primers. Two of these were expanded for use in optimisation of PCR 

conditions and as positive control cells in all further sets of PCR reactions. 

Note that homologous recombination need not have occurred in these cell 

lines. The entire control construct may have inserted randomly w ithin the 

ES cell genome.
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Figure 3.5. PCR was used to detect ES cell lines stably transfected with the 
control construct. The primers Homoll (Hoi) and SI amplify a 1.6 kb band 
present in the DNA of stably transfected cells but not wild-type cells. Blotting 
of the ethidium-bromide stained gel, followed by hybridisation with a probe 
located within the amplified region eliminates non-specific PCR bands. 
Location of primers and hybridisation probe are shown in figure 3.3. The 
control construct extends an additional 30 bases upstream compared to the 
knockout construct, allowing the 5' PCR primer (Homoll) to anneal. PCR 
was performed using DNA from a minimum of approximately 1000 cells per 
reaction, and concomitant negative and positive control reactions were also 
carried out. Control reactions contained plasmid DNA (pcontrol or pKO 
(knockout)), no DNA or wild-type genomic DNA (wt). The following PCR 
parameters were used: 95°C for 30 seconds, 58°C for 3 minutes and 72°C for 
3 minutes, repeated for 40 cycles. Of the six cell lines shown in the figure, 
lines 1 to 4 have stably incorporated the control plasmid.
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Generation of ES cells carrying a null mutation in one allele at the Bm-3c  

locus

ES cells were transfected with the knockout construct and selected for the 

presence of the neo^ gene using G418. Undifferentiated ES cell colonies were 

picked 10 to 12 days after transfection. Half of each colony was grown on and 

the other half was used to screen for homologous recombination using PCR. 

Pairs of colonies were pooled for the PCR screen and figure 3.6 shows one of 

the filters derived from hybridisation of a PCR gel. The low intensity of the

1.6 kb PCR bands obtained reduced my confidence in this screening method, 

therefore I individually re-screened all the above ES cell lines using the 5' 

external probe southern blot. Cell lines positive for this screen were then 

screened using the 3' external probe Southern blot. Figure 3.7 shows two of 

the blots I performed.

Four cell lines were identified, out of 404 colonies picked, in which 

homologous recombination had occurred within both arms of the knockout 

construct. Southern blots to check that the knockout construct is present in 

single copy are now recommended. However, the Southern blots already 

performed show that in these four cell lines, the POU domain of one allele 

of the endogenous Brn-3c gene has been replaced with the neo^ gene, 

generating a functionally null allele. Cells from each cell line have now 

been frozen in liquid nitrogen.

Unfortunately, at this point in this project, a paper from Rosenfeld's 

laboratory in the University of California, La Jolla, California, USA was 

published in Nature (Erkman et a l, 1996) detailing the generation and 

analysis of mice lacking the Brn-3c gene and in view of the phenotype 

observed, it was decided not to continue with the above line of research. In 

the following section I have briefly discussed the contents of this and of 

another paper from a second group who have also generated a Brn-3c null 

m utant mouse (Xiang et a l, 1997).
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Figure 3.6. PCR screen of ES cells transfected with the knockout construct. 
The primers Homoll and SI were used to amplify a 1.6 kb band present only 
in cells which have undergone homologous recombination within the 5' 
region of the knockout construct. This band was then detected by blotting of 
the agarose gel, followed by hybridisation with a probe located within the 
amplified region. Location of primers and hybridisation probe are shown in 
figure 3.3. Positive and negative control reactions, including reactions 
containing control cell line-derived DNA were performed concomitantly 
(not shown). See figure 3.5 for control reactions and PCR conditions. Each 
reaction contains approximately half the cells from each of two transfected, 
G418-resistant ES cell colonies. Pooled clones which appeared positive by 
PCR were then analysed individually by Southern blot to confirm the 
occurrence of homologous recombination. Arrows indicate reactions where 
one of the two clones was subsequently confirmed to be positive for 
homologous recombination.
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Figure 3.7. Southern blots of DNA derived from ES cells transfected with the 
knockout construct or from wild type ES cells to detect the occurrence of 
homologous recombination in the 5' (A) or 3'(B) regions of the construct 
DNA. (A) Genomic DNA was digested with BamHI and hybridised with a 
0.5 kb probe located external to the construct DNA (see figure 3.4). Wild-type 
alleles give rise to a 7.8 kb band, whereas after homologous recombination 
between one allele and the 5' region of the knockout construct, a 3.6 kb band 
is also detected. The cell line analysed in the left hand lane is therefore 
heterozygous for such a recombination event. (B) Genomic DNA was 
digested with Seal and hybridised with a 0.3 kb probe located external to the 
construct DNA (see figure 3.4). Wild-type alleles give rise to a 20+ kb band, 
whereas after homologous recombination between one allele and the 3' 
region of the knockout construct, a 12.0 kb band is also detected. The left 
hand lanes therefore contain DNA derived from ES cells which are 
heterozygous for such a recombination event.
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Mice lacking Bm-3c are deaf

Mice heterozygous for a Brn-Sc null allele appear normal in all respects, but 

Brn-Sc homozygous null m utant mice {Brn-3c -/-) exhibit complete deafness. 

By examining the inner ear of postnatal (P)0 and P14 mice, Erkman et al. 

(1996) showed that the deafness was due to a failure of the sensory hair cells 

within the organ of Corti to differentiate. Figure 3.8 shows a diagrammatic 

representation of the inner ear for reference and figure 3.9 taken from 

Erkman et a l (1996), is a comparison of wild-type and Brn-3c - / -  mouse 

cochlea. At PO, no stereocillia can be seen in the m utant hair cells and their 

nuclei do not segregate from the level of those in the supporting cells. By 

P14 no hair cells can be identified and most spiral ganglion cells have also 

degenerated. Similar results were obtained by Xiang et al. (1997).

Mice lacking Bm-3c show defects in balance and coordination

Brn-3c - /-  mice also exhibit balance and coordination problems. A second 

region of the inner ear, the vestibular labyrinth, is the organ responsible for 

balance, and movements of the head are detected by vestibular hair cells in a 

similar way to the detection of sound waves by the auditory hair cells. In the 

null m utant mice, these vestibular hair cells also fail to differentiate, and 

again a subsequent degeneration of the associated vestibular ganglion is 

observed. This is shown in figure 3.9 and similar results were again obtained 

by Xiang et a l, (1997).

It has been shown that Brn-3c is strongly expressed in the hair cells of the 

cochlea and vestibular labyrinth, but not in the spiral and vestibular ganglia 

(Erkman et ah, 1996). This, coupled with the degeneration of ganglion cells at 

a slightly later stage than the hair cell degeneration, implies that ganglion 

cell loss is a secondary defect, resulting from the failure of hair cells to 

differentiate.
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Figure 3.8. Diagrammatic representation of the middle and inner ear. (A) 
Sound waves cause vibrations of the tympanic membrane, which are 
transferred, via the bones of the middle ear (malleus, incus, stapes) to the 
oval w indow of the cochlea. The vibrations then pass down the spiral 
cochlea, cross the basilar membrane at a position determined by their 
frequency, return back up the cochlea and are dissipated within the middle 
ear. (B) Cross section through the cochlea showing the location of the basilar 
membrane and the spiral ganglion. (C) Higher magnification of (B), showing 
the auditory hair cells within the organ of Corti which rests on the basilar 
membrane. As sound waves cross the basilar membrane, the hair cells move 
relative to the adjacent tectorial membrane, resulting in movement of their 
stereocilia. This movement is converted to electrical impulses, which pass 
via the spiral ganglion to the brain.
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Vestibular LabyrinthCochlea

Figure 3.9. Loss of hair cells and primary sensory neurones in Brn-3c null 
mutant mice. Morphology of the cochlea (A), (B) and vestibular labyrinth 
(C), (D) in neonatal (A), (C) and P14 (B), (D) wild-type, heterozygous and null 
mutant mice. Within the null mutant PO cochlea no early signs of hair cell 
differentiation can be seen. Stereocilia fail to form and hair cell nuclei do not 
segregate from the level of supporting cell nuclei. By P14 neither hair cells 
nor many of the supporting cells can be identified and most spiral ganglion 
cells have degenerated. In the null mutant vestibular labyrinth there is a 
similar lack of hair cells, and subsequent degeneration of supporting cells 
and vestibular ganglion cells is observed. IHC, inner hair cell; HCs, hair cells; 
oC, organ of Corti; OHC, outer hair cell; Oto, otoliths; SCs, supporting cells; 
SG, spiral ganglion; St, stereociliary bundles; VG, vestibular ganglion. Figure 
taken from Erkman et al. (1996).
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Other phenotypic effects of the Bm-3c null mutation

Brn-3c null m utant mice have normal viability but are 10-20% smaller than 

wild-type mice, have lower fertility and exhibit hyperactive circling behavior 

(Xiang et a l, 1997). A number of other mouse lines with inner ear defects are 

known to exhibit similar circling behavior and therefore this behavioral 

phenotype is thought to result from the observed inner ear defects. It has 

been suggested that the lower weight and fertility of the mutants compared 

to wild type mice are secondary to the extra energy expended through this 

hyperactivity (Xiang et a l, 1997).

3.3 Discussion

Generation of ES cells containing a null mutation in the Bm-3c gene

The POU domain protein Brn-3c is expressed exclusively within the 

nervous system, in restricted subsets of neurones and especially high 

expression is seen in subsets of DRG neurones. Other members of the POU 

domain transcription factor family, including unc-86, Pit-1 and Oct-2 are 

known to play roles in the development of cells in which they are expressed, 

either in lineage specification an d /o r terminal differentiation. It was 

therefore suggested that Brn-3c may be involved in the generation of those 

sensory neurones in which it is expressed. To investigate this possibility it 

was decided to generate a mouse containing a null mutation in the Brn-3c 

gene. By analysing the phenotype of such null m utant organisms it is often 

possible to deduce at least some of the initial roles played by the mutated 

gene in wild-type organisms. Thus if expression if Brn-3c is essential for the 

generation or normal function of subsets of sensory neurones, then mice 

lacking this gene might be expected to lack, or show defects in, these 

neurones.
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In this project, I have generated a knockout construct suitable for generating 

a null mutation in the Brn-3c gene following homologous recombination 

with genomic DNA. Primers were selected for use in a PCR screen by which 

homologous recombination events within the 5' arm of the construct could 

be detected and restriction sites and probes were selected for use in Southern 

blots which could detect recombination events in both arms of the construct.

1 also generated a second construct to use as a positive control during the 

PCR screen. After transfection of ES cells with the control construct 1 selected 

stably transfected cell lines by PCR and used these to optimise the PCR 

screen. ES cells were then transfected with the knockout construct and cell 

lines which had undergone homologous recombination w ithin both arms 

of the construct were detected by PCR followed by Southern blots. 4 such cell 

lines were identified, out of 404 colonies analysed and these have been 

frozen in liquid nitrogen. Following publication of the phenotype of the 

Brn-3c null m utant mice (Erkmann et a l, 1996), this project was suspended 

as the resultant mice appeared to show no defects in sensory neurones 

w ithin the DRG.

Possible explanations for the observed phenotype of mice lacking Bm-Sc

The primary defect in the null m utant animals is the loss of hair cells in the 

inner ear, resulting in deafness and impaired balance and coordination. A 

num ber of possible explanations exist for the lack of defects in other tissues 

which normally express Brn-3c. Firstly, the Brn-3c expression seen in tissues 

other than the inner ear may be functionally redundant. Such expression 

may arise as a result of ancestral roles for this protein in these tissues, or as a 

result of chromosomal rearrangements bringing the Brn-3c gene under the 

control of new promoter elements. Alternatively, Brn-3c may play roles in 

many or all of the tissues in which it is expressed, but in all tissues except the 

inner ear, loss of this gene results only in subtle phenotypes which have yet 

to be detected. Over a number of generations such subtle phenotypic 

differences could confer a selective advantage on those organisms expressing 

Brn-3c in additional tissues to the cochlea. Thirdly, the closely related Brn-3a
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land Brn-Sb genes may be compensating for lack of Brn-3c expression in all 

those tissues where their expression overlaps that of Brn-3c. Thus, in the 

cochlea, where Brn-3a and Brn-3h are not expressed, the full Brn-3c null 

phenotype is observed, whereas in areas of co-expression, phenotypic 

differences between single-null and wild-type animals may be absent or 

relatively difficult to detect. Support for this latter explanation comes from 

the fact that in all areas except the hair cells of the inner ear, Brn-3c appears 

to be coexpressed with one or both of its close homologues.

Future work - double and triple null mutants

It will now be of great interest to generate and analyse double and triple null 

m utants of the Brn-3 genes. Synergistic effects, where the compound nulls 

show more severe phenotypes than the sum of those shown by the 

component nulls, is good evidence for the occurrence of compensation.

Cross breeding Brn-3b and Brn-3c null m utant mice should be straight

forward, since no fertility problems have been reported for the Brn-3b null 

m utant animals. The major phenotype in mice lacking Brn-3b is the loss of 

most retinal ganglion cells (Xiang et ah, 1993; Erkman et ah, 1996). However, 

mice; lacking Brn-3fl exhibit much a more severe phenotype with defective 

suckling, uncoordinated limb movements and death within 24 hours of 

birth. Anatomical examination reveals a selective loss of subsets of those 

brainstem and trigeminal ganglion neurones which normally express Brn- 

3a, and correlations between the anatomical and behavioural defects can be 

identified (Xiang et ah, 1996; McEvilly et ah, 1996). Due to the early postnatal 

death of Brn-3a null m utant mice, the generation of Brn-3a/ Brn-3c double 

nulls will be more problematic, but should still be possible.

The extreme phenotype of Brn-3a null mutants may be partly due to the 

reduction or loss of Brn-3b and Brn-3c expression observed in some tissues 

of these animals, preventing compensation by these genes. In wild type 

trigeminal ganglia and DRG, all three genes are expressed in overlapping
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subsets of cells, with most if not all cells expressing Brn-3a. Mice lacking Brn- 

3a show a complete loss of Brn-3b expression and a reduction in the num ber 

of Brn-3c positive cells in these ganglia, implying that Brn-3a positively 

regulates expression of the other two genes in these tissues. This loss of Brn- 

3b expression precludes any possible compensatory effects it could have in 

the trigeminal ganglia or DRG, and the reduction in the already small 

population of Brn-3c expressing cells severely compromises any 

compensatory action which this gene could perform. Therefore when 

compared to the observed roles of Brn-3b and Brn-3c as defined through 

their respective null mutants, the phenotype of the Brn-3a null m utant may 

be a more realistic reflection of the roles played by Brn-3a.

Restrictions in the use of null mutant organisms

In elucidating the function of a given gene from the phenotype of the null 

m utant, I have already considered the problems caused by the compensatory 

action of other genes. The second major restriction is that only the initial 

function of the gene in a given tissue can be investigated and in some cases 

loss of function in one tissue may result in aberrant or aborted development 

such that later roles in other tissues can not be analysed. Thus in the case of 

the Brn-3c null m utant, the possible involvement of Brn-3c in regulating 

gene expression in mature hair cells (see below) cannot be studied in these 

animals. Inducible null mutations are an obvious way to surm ount such 

problems and their use is becoming increasingly widespread. Also, tissue- 

specific null mutations can be used to reduce the severity of a null m utant 

phenotype and allow examination of a gene's role in only a subset of the 

tissues affected by a complete null mutation. This may be relevant to the 

Brn-3c gene because any defects in auditory processing, resulting from the 

loss of Brn-3c in areas other than the receptor cells, will be hidden by the loss 

of the receptor cells themselves. However, the generation of a suitable tissue 

specific null m utant would require an extensive knowledge of the Brn-3c 

promoter, in particular that region responsible for hair-cell specific Brn-3c 

expression, and is therefore not yet possible.
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Future work - extensive phenotypic analysis of mice and perhaps humans

A second line of research which should be pursued is the detailed analysis of 

the sensory system of the Brn-3c null m utant animals, both through 

behavioural testing and by histological examination of tissues in which Brn- 

Sc is expressed in wild-type mice. Subtle defects may reflect incomplete 

compensation in those areas, or may be a true reflection of the contribution 

of Brn-3c to the development and function of the affected tissues. Relevant 

to the search for subtle phenotypes is the finding that a form of late onset 

genetic deafness in humans maps to a chromosomal region equivalent to 

the chromosomal location of Brn-3c in mice (Leon et a l, 1981, 1992). Loss of 

hearing starts at around age 10, progressing to profound deafness by age 30 

and the disease is transmitted as a dominant mutation. It is possible that the 

affected hum an gene is the hum an homologue of Brn-3c. If true, this opens 

up a new avenue by which to investigate the role of Brn-3c, providing a 

more amenable subject for a variety of behavioural tests and perhaps 

allowing the detection of subtle phenotypes which would prove very 

difficult to detect in mice. However, care must be taken in extending such 

results to mice because the hum an condition may be due to a partial, rather 

than null mutation of the Brn-3c gene. Also, functional divergence may 

have occurred between the Brn-3c genes of humans and mice due to the 

evolutionary distance between them. The late onset of the condition in the 

hum an compared to the mouse may be a result of either of these 

possibilities.

Timing of Bm-3c expression

The inner ear defect observed in mice lacking Brn-3c could be due to defects 

in the late specification an d / or early differentiation stages of the affected 

hair cells, as judged by the timing of expression. It is known that the peak 

times for the final mitoses in hair cells occur at E14 for auditory hairs and 

E14-16 for vestibular hairs. Brn-3c is expressed in auditory hair cells by E14 

and in vestibular hair cells by E15 (Erkman et a l, 1996; Xiang et a l, 1997)
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coinciding with the time hair cells are born. Similar coincidence of Brn-3c 

expression and final neuronal mitoses is observed in DRG (Ninkina et a l, 

1993), although it has yet to be determined in either case whether expression 

is restricted to postmitotic cells. For comparison, Brn-Sa expression is 

observed in dividing cells within the migrating neural crest, at least some of 

which are presumed to be precursors of DRG neurones (Fedtsova et a l,

1995), thus similar pre-mitotic expression of Brn-Sc may also occur.

Comparison of the roles of Brn-3c and other POU domain proteins

In both the DRG and inner ear, the relatively late expression of Brn-3c in 

neuronal development precludes roles for this gene in the early stages of 

lineage determination. This is in contrast to the involvement of the C. 

elegans homologue, unc-86, in lineage determination, therefore some 

degree of functional divergence appears to have occurred between the two 

genes. However, it is possible that Brn-3c is involved in the latter stages of 

lineage determination in the hair cells. Neither of the groups analysing the 

Brn-3c null m utant animals were able to detect any early signs of hair cell 

differentiation, therefore late-occurring lineage defects may prevent hair cell 

formation. Alternatively, Brn-3c could be acting during the early stages of 

hair cell differentiation. Such a role may be analogous to that played by unc- 

86 in  post-mitotic development of many of the cells in which it is expressed. 

A more comprehensive investigation into this later role of unc-86 could be 

of great value in elucidating the mechanism of action of not only Brn-3c, but 

also Brn-3a and Brn-3b.

Other POU domain proteins have been shown to play roles in the final 

stages of development of subsets of neural cells, a n d / or in the maintenance 

of their mature phenotype. For example Pit-1 is involved both in the 

generation of three anterior pituitary cell types and subsequently in the 

expression of pituitary hormones from two of these cell types (Li et a l, 1990; 

Radovick et a l, 1992; Mangalam et a l, 1989, see General Introduction). The 

POU domain protein SCIP is capable of repressing the myelin Pq gene
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expressed by the schwann cells in which it is expressed (Monuki et al., 1993). 

Brn-2 is required for the specification of subsets of neurones in the 

hypothalam us and subsequently can bind to and activate the promoter of 

one of the neuropeptide hormones, corticotrophic releasing hormone, 

expressed by these cells (Nakai et ah, 1995; Schonemann et ah, 1995; 

Rosenfeld, 1991).

A common theme in the actions of many POU domain proteins is their 

involvement both during the development of a given cell subtype, and 

subsequently in the transcriptional regulation of one or more genes 

expressed by that cell type. This may also hold true for the Brn-3 genes, 

whose expression in a number of tissues continues into adulthood. Support 

for this idea comes from the in vitro findings that both Brn-3a and Brn-3c

can activate the promoter of the neuronal intermediate filament gene a - 

internexin (Budhram-Mahadeo et ah, 1995), Brn-3a can activate the 

prom oters of the three neurofilament genes (Smith et ah, 1997) and Brn-3b

can activate the neuronal nicotinic acetylcholine receptor a l  subunit gene 

prom oter (Milton et a l, 1995). It is possible that the respective Brn-3 genes 

are required at an earlier stage in the development of the neuronal cells 

expressing the above genes. Further work is now required to test this theory 

and to identify further downstream targets of the Brn-3 genes.

Conservation of function

One of the most striking findings from the generation of the Brn-3c null 

m utant mouse is the functional homology observed again between an 

invertebrate gene and its vertebrate homologue(s). unc-86 in C. elegans is 

expressed exclusively in neuroblasts or neurones and loss of its expression 

results in specific defects in a subset of those cells in which it is expressed, 

including the loss of a number of sensory neurones. The vertebrate 

homologues of this gene, the Brn-3 genes, are also expressed predom inantly 

{Brn-3a and Brn-3b) or exclusively {Brn-3c) w ithin the nervous system and
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mice lacking these genes show loss of specific sub-types of neurones. These 

include distinct subsets of sensory neurones, as well as neurones from those 

regions of the brain involved in processing of the respective sensory inputs. 

Analysis of invertebrate systems has therefore been shown again to be 

relevant to the understanding of mammalian development. Due to the ease 

with which invertebrate systems can be manipulated, it is possible, if not 

likely that further investigation into the mechanism of action of unc-86 will 

be of real benefit to gaining a greater understanding of the Brn-3 genes.
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Chapter 4 - The role of Islet-1 in sensory neurone development

4.1 Introduction 

LIM domain proteins

The vertebrate Islet-1 (Isll) protein (Karlsson et al, 1990), together with the 

C. elegans proteins lin-11 (Freyd et al, 1990) and mec-3 (Way and Chalfie, 

1988), are the founder members of the LIM domain family, sharing a 

cysteine-rich, zinc-binding motif (Michelsen et al,  1993), whose name is 

derived from their initials (LIM). Isll, like other LIM-homeodomain (LIM- 

HD) proteins, contains two LIM domains adjacent to a homeodomain but in 

other proteins LIM domains have been found alone or in association with 

kinase domains or other LIM domains (Sanchez-Garcia and Rabbitts, 1994). 

For example the proto-oncogenes RBTNl and 2, both contain two LIM 

domains, and in humans, deletions in these genes are associated with T-cell 

acute leukemias (Sanchez-Garcia et al, 1995). Mice with null m utations in 

RBTN2 are defective in erythroid differentiation (Warren et a l,  1994).

The LIM-HD family of LIM domain proteins has been implicated in cell fate, 

especially within the nervous system. For example mec-3 is required for the 

terminal differentiation of touch receptor neurones (see General 

Introduction). Lack of mec-3 leads to the apparent transformation of these 

cells into other neuronal cell types (Chalfie and Sulston, 1981, Way and 

Chalfie, 1988), implying a role for mec-3 in cell fate decisions. It has been 

show that mec-3 activates both its own promoter and that of the touch cell 

specific terminal differentiation gene, mec-7, which encodes a p-tubulin 

(Xue et al,  1992, 1993; Chalfie and Sulston, 1981). This implicates the LIM- 

HD protein, mec-3 in both control of cell fate in a subsets of neuronal cells 

and in subsequent transcription of terminal differentiation genes expressed 

by the same cells. Other LIM-HD proteins have also been implicated in cell 

fate decisions, for example lin-11 controls asymmetric divisions of many cell 

types in C. elegans, and one role of the Drosophila protein, apterous, is to
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establish the fate of dorsal cells in the wing imaginai disc (Blair, 1995). In 

vertebrates, the LIM-HD protein lhx-3 is essential for pituitary cell lineages 

(Sheng et al, 1996) and Isll itself is essential for the generation of motor 

neurones (Pfaff et al, 1996).

I s l l  and the pancreas

Isll was originally identified through analysis of factors binding to czs-active 

domains of the insulin gene (Karlsson et a l, 1990). In mice it is expressed in 

islet cells within the developing pancreas soon after they become post

mitotic and expression continues through to the adult where Isll 

immuoreactivity is located in almost all islet cell types (Thor et al, 1991). 

Surprisingly the nuclear location of Isll immunoreactivity seen in mouse 

pancreas differs from the mainly cytoplasmic location of immunoreactivity 

in adult hum an pancreas (Dong et al, 1991), leading to the suggestion that 

the subcellular localisation of the protein may play a role in its function.

Mice with null mutations in Isll lack all islet cells demonstrating that Isll is 

necessary for the generation of these cells. Isll is also found in the dorsal, but 

not ventral pancreatic mesenchyme. In the null m utant mice, this dorsal 

mesenchyme fails to form and as a result dorsal pancreatic exocrine cells are 

not generated (Ahlgren et al, 1997). Isll is therefore essential for the 

development of the dorsal pancreas and the endocrine islet cells and its 

expression in islet cells of the adult implies a role in the maintenance of the 

phenotype of these cells.

Is ll expression in other tissues

The early antibodies generated against Isll also recognise the related protein 

Isl2 (Gong and Hew, 1994), therefore I have used the term Is ll /2  to indicate 

cases in which either antigen may have been present. W ithin the adult rat 

nervous system Thor et al (1991) showed that Is ll /2  immunoreactivity is 

present in the nuclei of subsets of motor neurones, DRG neurones, and
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retinal ganglion cells and in all or most of the nuclei of sympathetic 

neurones of the adrenal medulla and anterior pituitary cells. Parts of the 

brain involved in motor functions and many brain nuclei involved in 

control of the endocrine system were also Is ll/2  positive, as was the region 

of the hypothalamus involved in circadian rhythms. Is ll /2  positive cells 

were not found in regions of the brain involved directly in vision or the 

processing of other forms of sensory information.

Thor et al. (1991) also found Is ll /2  immunoreactivity in the nuclei of 

calcitonin-producing cells of the thyroid and in chromaffin cells of the 

adrenal gland, both of which are derived form the neural crest and excrete 

polypeptide hormones. Although Dong et al. (1991) were unable to detect 

Is ll /2  immunoreactivity in either of these cell types, they did show the 

presence of Isll mRNA in the distal convoluted tubules of the kidney which 

are thought to be involved in signalling information of filtrate composition 

to the glomeruli, and thus regulating filtration rate.

Early studies of Isll expression detected the mRNA and protein only in cells 

of neuroendocrine lineage but Isll mRNA has since been detected in cell 

lines derived from fibroblasts, kératinocytes and epidermal cells, (Wang and 

Drucker, 1994). This seems to contrast with previous work from Drucker and 

colleagues (Dong et al., 1991), where they showed that Isll mRNA was not 

present in neonatal rat keratatinocytes. The discrepancy could be due either 

to the less stringent washing conditions used in the later experiments or to 

the unrepresentative phenotypes often observed in cell lines.

Motor neurone subclasses and expression of LIM-HD proteins

All embryonic motor neurones express Isll soon after leaving the cell cycle, 

and Isll is one of the earliest known markers for motor neurones (Ericson et 

al, 1992). Expression of Isll then becomes restricted to subsets of motor 

neurones, concomitant with the initiation of expression of at least three 

other LIM-HD genes in chick motor neurone subsets: Isl2, Lim-1 and Lim-3.
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Combinatorial expression of these four genes precedes the formation of 

motor columns in the chick spinal cord and defines motor neurone subtypes 

which subsequently select distinct axonal pathways (Tsuchida et ah, 1994). 

This implies that the LIM-HD genes are involved in conferring distinct 

axonal pathfinding abilities on motor neurone subclasses. Expression of 

LIM-HD proteins in motor neurone subsets has also been observed in the 

developing mouse (Pfaff et al, 1996) and zebrafish (see below). The timing 

and expression patterns of a number of other LIM-HD proteins implicates 

them  in similar roles in the generation of cell types within the spinal cord 

(LH-2, Lmx-1, Gsh-4, see Tsuchida et al, 1994; Pfaff et al, 1996).

Requirement for Is ll  in motor neurone generation

Prior to its putative role in the specification of motor neurone subclasses,

Isll expression is essential for the generation of all motor neurones, since 

the Isll null m utant mice show a complete loss of this cell type (Pfaff et al, 

1996). Embryos lacking Isll show arrested development soon after E9.5 and 

die at around E l0.5 probably as a result of defects in vascular differentiation. 

To show that the lack of motor neurones is not due to their delayed 

development, explants of neural tube taken at stages just before the 

appearance of the first motor neurones were cultured in vitro for 72 hours, 

sufficient time for the generation of all motor neurones in vivo. 

Interneurones and floorplate cells differentiated as expected in both wild- 

type and Isll m utant explants, but motor neurones were only formed in the 

wild-type neural tubes. A significant increase in apoptotic cell death in the 

ventral neural tube was observed in Isll null m utant embryos, implying 

that cells destined to be motor neurones die in the absence of Isll.

Although Isll is essential for the generation of motorneurones, its 

expression in precursor cells may not be sufficient to specify the 

motorneurone fate. Evidence for this comes from early rat and chick 

embryos, where cells immunoreactive to an anti Isll/Isl2  antibody and to

HNF-3P antibodies (a marker of floorplate cells) are located within the
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floorplate (Ruiz i Altaba, 1996). No significant dorsal migration of motor 

neurones has been observed within neural tubes, implying that these cells 

are not motor neurone precursors and will either differentiate into non

motor neurone cell types or die. Although it has not been proved, it is 

probable that these cells are expressing Isll rather than (or as well as) Isll, 

since this is the first of the two genes to be expressed by motor neurones in 

the adjacent ventro-lateral region of the spinal cord. Isll (or possibly Isll) 

expression is therefore probably not sufficient for the specification of the 

motor neurone cell fate.

Expression of Is ll  in sensory neurones

Isll /2  immunoreactivity was detected in a subset of DRG neurons in the 

adult rat (Thor et al, 1991) and is also expressed in rodent DRG during 

embryonic development (T. Jessell, personal communication). Further 

characterisation of Isll expression in mammalian sensory neurons has not 

previously been published.

Isl expression during zebrafish development

In zebrafish embryos, the first neurorfs to develop are the prim ary neurorfs, 

which pioneer both central and peripheral axonal pathways which the later, 

secondary neurorfe follow. Isll immunoreactivity is found in many cells 

from the sensory, motor and interneurone classes of primary neurorfs, first 

appearing prior to the formation of the notochord and neural tube. It is also 

found in regions of the brain, including a number of cranial ganglia at early 

stages of development, and at later stages, in subsets of developing secondary 

neurons (Korzh et al., 1993; Inoue et al., 1994).

As in chick, expression of LIM-HD genes in different subsets of developing 

zebrafish motor neurones precedes their overt differentiation, including 

axonogenesis. Neurones projecting to different peripheral targets express 

distinct temporal sequences of LIM-HD genes, suggesting roles for these
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genes in the generation of motor neurone subtypes a n d / or in neuronal 

pathfinding ability (Tokumoto et a l, 1995; Appel et al, 1995). For example 

Isll is expressed by all four primary motor neurones in each segment of the 

zebrafish trunk at some stage in their early development. Also, as in the case 

of early chick motorneurones, the LIM-HD genes Isl2 and lim-3 are 

expressed in zebrafish primary neurones prior to axonogenesis. However 

differences exist between the zebrafish and chick neurones, including the 

presence of Lim-1 expression in chick motorneurones but not zebrafish 

prim ary motorneurones. Also, the combinatorial and temporal expression 

patterns of the other three genes differs in the two organisms and in 

zebrafish not all of the later emerging secondary neurones express Isll, 

whereas all chick motorneurones are thought to express Isll.

In order to address the role of one of these LIM-HD proteins, IsI2, during the 

generation of zebrafish motor neurone subtypes, transplants of single 

prim ary motor neurones were performed (Appel et a l, 1995). Isl2 negative 

neurones transplanted to the location of Isl2 positive neurones at least 2 

hours prior to axonogenesis initiate Isl2 expression and change to a fate 

appropriate for their new location. Commitment to a motor neurone fate 

and LIM-HD gene expression is therefore tightly coupled, but whether LIM- 

HD expression is the cause or the result of the cell fate specification is not yet 

know n.

Both Isll and Isl2 are also expressed in at least some of the primary sensory 

neurones of the zebrafish (Appel et al, 1995). In the case of Isll, the 

expressing cells do not show any obvious segmental arrangement and no 

data is available on combinatorial expression patterns of LIM-HD proteins in 

these cells during development.

Isl expression during Drosophila development

Drosophila contains only one homologue of the vertebrate Isl genes, nam ed 

islet (Isl) (Thor and Thomas, 1997). In the Drosophila embryo, Isl is expressed
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in the heart, aorta and CNS and null mutations in the Isl gene result in 

defects in these tissues, and later to embryonic death. Within the CNS, Isl 

expression starts in the nuclei of subsets of postmitotic motor neurones and 

interneurones soon after their formation, but before axonogenesis. Lack of 

Isl expression results in aberrant pathfinding ability in most if not all of 

these neurones and in loss of neurotransmitters in a subsets of the 

interneurones.

Pathfinding ability was studied in more detail in the Isl positive motor 

neurones. These neurones innervate only ventrally located body wall 

muscles in the embryo and do not overlap with the population of motor 

neurones expressing the LIM-HD protein apterous. In Isl mutants, these 

motor neurones are formed and initiate axonogenesis as usual, but the 

axons fail to locate their targets and do not fasciculate. Over-expression of Isl 

leads to motor neurones whose normal targets are dorsal muscles projecting 

axons instead to ventral muscles but no extra motor neurones are generated. 

These results imply that in Drosophila, Isl expression is not sufficient to 

specify motor neurone fate but that Isl does play a role in the recognition of 

neuronal guidance cues, both from the environment and from other 

neurones.

A subset of the Isl positive interneurones in Drosophila co-express the 

neurotransm itters serotonin and dopamine. Loss of Isl expression results in 

failure of these neurones to express their transmitter phenotype, and this 

expression can be rescued in vivo by ectopic Isl expression in postmitotic 

cells. Isl is therefore not required for the generation of these cells but is 

necessary for their neurotransmitter expression.

Possible roles for the Isl genes in vertebrates and invertebrates

Drawing together the results from experiments on vertebrates and 

invertebrates leads to a number of possible roles for the Isl genes. The 

clearest results to date come from Drosophila, where transgenic
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m anipulations are relatively simple. In this organism, Isl is involved in 

axonal pathfinding and in neuropeptide expression, and the vertebrate data 

is not inconsistent with the Isl genes playing similar roles in these higher 

organisms.

The discovery that Isl is required for the expression of two neuropeptides in 

Drosophila agrees well with the observation that in vertebrates, many of the 

cells expressing Isll also express at least one neuropeptide. There is good 

evidence that Isll is directly involved in the transcriptional regulation of 

some of these genes. In pancreatic islet cells Isll binds directly to the 

promoters of the somotostatin, proglucagon, amylin, and insulin genes and 

in these all cases except perhaps insulin, Isll is able to regulate gene 

transcription (Leonard et al, 1992; Wang and Drucker, 1995, 1996).

Such a role for Isll in regulating the transcription of polypeptide genes could 

partly explain the expression of vertebrate Isll in both neural and endocrine 

cells. In a number of cases, the same gene is expressed by both pancreatic cells 

and neurones, for example the genes encoding tyrosine hydroxylase, 

synaptophysin and neural-specific enolase (Teitelman et al, 1981; Alpert et 

al,  1988; Weidenman et al, 1986; Garry et al, 1986). It is therefore possible 

that Isll is involved in the regulation of these genes. Also monoclonal 

antibodies exist which recognise cell surface gangliosides present on both 

islet cells and crest-derived cells but not on a range of non-neuronal cells 

(Eisenbarth et ah, 1982). Such molecules could be involved in axonal 

pathfinding and Isll may be involved in regulating their production.

A proposed role for Isll in axonal pathfinding is compatible with the 

observed combinatorial expression of vertebrate LIM-HD proteins, including 

Isll, in motor neurone subsets. In addition, Isll may play a role in 

axonogenesis itself, since many of the cell types which express Isl are capable 

of extending neurites. Apart from the neuronal cells, these include 

chromaffin cells of the adrenal medulla, thyroid-C cells and islet cells (Thor 

et al, 1991 and references therein). It is possible that Isll is expressed by
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endocrine cells primarily for the regulation of genes encoding secretary 

peptides, but that a secondary effect of this expression is the endowment of 

these cells with the ability to extend neurites.

However, although the underlying principles regarding the functions of Isll 

m ight be the same in vertebrates and invertebrates, there are some major 

differences between the two systems which should be taken into account.

For example Isll is expressed by all mouse motor neurones and is necessary 

for their survival, prior to any requirement for this gene in the generation 

of motor neurone sub-types. This is clearly not the case in Drosophila and 

zebrafish embryos, where at least some motor neurones, including all the 

prim ary motorneurones, survive in the absence of Isl.

No published reports of Isl expression in Drosophila sensory neurones exist, 

implying that roles for Isll in the generation of sensory neurones may 

therefore be specific to vertebrates. I decided to start to investigate the 

expression and possible roles of Isll in rodent sensory neurones using a 

variety of immunohistochemical techniques.

4.2 Results

Isll expression in neonatal and adult DRG

The first question addressed was whether Isll is expressed in a known subset 

of sensory neurones in a similar way to its expression in subsets of motor 

neurones (Tsuchida et al, 1994). Such subset-specific expression may precede 

the overt differentiation of the neurones in terms of axonal pathfinding and 

final gene expression patterns, as is the case in motor neurones. This would 

again implicate Isll in the control of aspects of differentiation in neuronal 

sub-classes. To analyse Isll expression, I dissected out neonatal and adult rat 

DRG from the lumbar region, and double labelled them with anti-Isl 

antibodies and a number of other neuronal markers which define subsets of
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sensory neurones. My analysis was restricted to postnatal DRG since the 

expression patterns of most of the markers used have not been characterised 

in embryos. The anti-Isl antibodies used were the Isll specific rabbit 

polyclonal, A8, and the anti-Isll/2  monoclonal antibody, 405, both kindly 

donated by T. Jessell (Columbia University, New York).

In DRG, Isll protein is located in the cell nuclei, but the other neuronal 

markers used (peripherin, neurofilament, TrkA and CGRP) showed 

cytoplasmic localisation. Cells whose nuclei were not present within the 

thickness of the section, but which were labelled with these cytoplasmic 

markers were not included in the quantitative analysis. Nuclei could be 

visualised in these cells by the presence of a 'nuclear shadow' where the 

surrounding cytoplasm was stained but the nucleus remained unstained.

All the 'nucleus-cut' cells stained within a section were counted and 

numbers given in the following tables refer to cell counts summated from at 

least two sections. Controls were used in all cases and unless noted 

otherwise showed only low levels of background staining. Cells were 

counted as positively stained if their immunofluorescence was greater than 

the background levels visible on control sections.

Isll expression compared with Isll/2 expression

Double immunocytochemistry relies on the availability of prim ary 

antibodies which have been generated in two different organisms, or which 

fall into different sub-groups (for example IgG, IgM). This allows them to be 

distinguished by differently conjugated secondary antibodies. The Isll 

specific marker, A8, is a rabbit polyclonal antibody, and hence can only be 

used in conjunction with non-rabbit primary antibodies, restricting the 

range of neuronal markers available. I therefore compared the distribution 

of A8 and the Isll /  2 specific 4D5 antibody in neonatal and adult rat DRG (see 

figure 4.1A).
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Figure 4.1. 10 )Lim sections through neonatal and adult lumbar DRG labelled 
with the Isll specific antibody, A8 (green) and counterstained with other 
neuronal markers (red). Isll and 2 show a nuclear localisation, whereas 
the cytoskeletal proteins peripherin (PF) and neurofilament (NF) are 
cytoplasmic.

(A) Neonatal section counterstained with the an ti-Isll/2  antibody, 4D5, 
showing exact co-localisation of the two markers (yellow). No cells are 
detected which express Isl2 but not Isll, therefore 4D5 can be used as a 
marker of Isll positive neurones in the tissues studied.

(B) Neonatal and (C) adult sections counterstained with an anti-PF antibody 
to label the small dark (SD) neurones. No correlation between expression of 
Isll and PF is observed.

(D) Neonatal and (E) adult sections counterstained with RT97, an antibody 
recognising the phosphorylated 200 kDa subunit of neurofilament, to 
identify the light (L) neurones. No correlation between expression of Isll 
and the presence of RT97 immunoreactivity is observed. This is in 
agreement with the results from the Isll /  PF study, and both sets of 
experiments demonstrate that Isll expression is not restricted to either the 
SD or L population of neurones, nor is it expressed in all the neurones of 
either population.
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From this I could determine whether the two markers exactly co-localised in 

these tissues at the ages studied, allowing me to use them interchangeably in 

the following double-labelling experiments.

Out of 593 4D5 positive cells from neonatal DRG and 686 4D5 positive cells 

from adult DRG, all were co-stained with AS. From this I concluded that no 

sensory neurones from neonatal or adult lumbar DRG expressed Isl2 but not 

Isll. Therefore the 4D5 antibody was used as a marker of Isll expression in 

the following experiments. A secondary observation from these and the 

following experiments was that Isll expression is limited to neurorfs within 

the DRG and is not found in glial cells. This conclusion is based of cell 

morphology and size since during postnatal life neurons are large, relatively 

rounded cells whereas the glial cells are many times smaller and a num ber 

of them surround each large neuronal cell body.

Isll and peripherin expression patterns

Adult and neonatal DRG were double stained using AS and a monoclonal 

antibody against peripherin (PF). PF is a nervous system specific, type III 

intermediate filament protein expressed in neurorfs w ith connections to 

peripheral targets (Portier et al., 1984). It is expressed in all DRG neurorfs 

from a very early stage of their differentiation, but later becomes restricted to 

the SD neurons and is frequently used as a marker for this cell type (Troy et 

al., 1990; Gorham et al., 1990; see General Introduction). SD neurones have C

or AÔ fibres with slow conduction velocities and include nociceptors, capable 

of detecting noxious stimuli.

Figures 4. IB and C show representative staining of neonatal and adult DRG 

and the tables 4.1 A and B show the results of cell counts in neonatal and 

adult DRG. In the adult DRG control, a small number of cells showed 

cytoplasmic staining with the secondary antibody used to detect PF, 

regardless of whether or not the primary antibody was present. In the adult 

double labelling experiment it is therefore possible that a small num ber of
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PF negative cells were counted as PF positive. This anomaly has been 

ignored because the large total number of cells counted, coupled with the 

small num ber of erroneously labelled cells will have only a minimal effect 

on the overall results, and will not affect the overall conclusions.

Table 4.1. 10 pm sections of neonatal (A) or adult (B) rat DRG were analysed 
for expression of peripherin (PF) and Isll using double 
immunofluorescence. Within each section, all the cells expressing PF, Isll 
(A8) or both were then counted and the numbers entered into the tables 
below.

A. neonatal DRG

PF+ PF-
A8+ 356 220

(61%) (38%)
A8- 7 not determined

(i%0

B. adult DRG

PF+ PF-
A8+ 303 188

(54%) (34%)
A8- 66 not determined

(12%)

From these results we can see that there is no correlation between the 

expression of Isll and that of PF. Neither protein is found exclusively within 

a subset of cell expressing the other protein. For comparison with future 

experiments, it is useful to consider just those cells expressing Isll since this 

same population of cells is stained in all the experiments and therefore can 

act as a reference. In the neonatal Isll/P F  experiments 62% (356) of the Isll 

positive cells also express PF. In the adult Isll/P F  experiment again 62% 

(303) of the Isll positive cells also express PF. Although this does not prove 

that the same cells in both neonate and adult co-express both Isll and PF, the 

results are compatible with this idea.
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Isll and neurofilament expression patterns

In order to confirm the results of the PF experiment, adult and neonatal 

DRG were next double stained using A8 and a monoclonal antibody against 

the phosphorylated 200 kDa subunit of neurofilament (NF(200P)) called 

RT97. This antibody has been shown to recognise the light (L) population of 

DRG neurones (Lawson et al,  1984), therefore anti-PF antibodies and RT97 

together label all the neurorfs of the rodent DRG. L neurons posses

myelinated A a or Ap fibres and include mechanoreceptors and 

thermoreceptors (see General Introduction).

Representative staining in neonatal and adult DRG are shown in figures 4.1 

D and E, and cell counts are shown in tables 4.2 A and B. As with PF, the 

adult, but not neonatal controls showed a small number of cells which 

stained with the secondary antibody used to detect NF(200P), regardless of 

whether or not the primary antibody was present. The same secondary 

antibody was used in both cases. This anomaly was ignored for the reasons 

outlined above.

These results show that, as in the case of PF, there is no correlation between 

the expression of Isll and that of NF(200P). Neither protein is found 

exclusively within a subset of cell expressing the other protein. Considering 

only the Isll expressing cells, in the neonate 38% (164) of the Isll positive 

cells also express NF(200P) and in the adult this value is 52% (164). This 

implies that between birth and adulthood, either a number of Isll negative 

cells are initiating NF expression, some of the Isll positive/ NF(200P) 

positive cells are loosing their IsH expression, or both. Of these possibilities 

the former is unlikely since the SD or L fate of sensory neurones is thought 

to be determined prior to birth. It is possible that the pattern of Isll 

expression changes postnatally. Alternatively experimental variation may 

account at least partly for the results. The relatively low numbers of cells 

analysed coupled with the variation in intensity of fluorescence with time.
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makes comparison of sections both within and between experiments 

difficult.

Table 4.2. 10 pm sections of neonatal (A) or adult (B) rat DRG were analysed 
for expression of the phosphorylated 200 kDa neurofilament subunit 
(NF(200P)) and Isll using double immunocytochemistry. W ithin each 
section, all the cells expressing NF(200P), Isll (A8) or both were then counted 
and the numbers entered into the tables below.

A. neonatal DRG

NF(200P)+ NF(200P)-
A8+ 164 262

(35%) (56%)
A8- 39 not determined

(9%)

B. adult DRG

NF(200P)+ NF(200P)-
A8+ 164 152

(50%) (46%)
A8- 14 not determined

(4%)

Indirectly, the results of the PF and NF(200P) experiments give us an 

indication of the percentage of all DRG neurones which express Isll. In rat 

lumbar DRG PF is expressed in approximately 70% of all neurones, and 

NF(200P) is expressed by approximately the remaining 30%. In neonates,

98% [(356/(356+7))xl00%] of the PF positive neurones express Isll and 81% 

[(164/(164+39))xl00%] of the NF(200P) positive neurones express Isll. In 

adult, 82% [(303/(303+66))xl00%] of the PF positive neurones express Isll and 

92% [(164/(164+14))xl00%] of the NF(200P) positive neurones express Isll. 

A lthough experimental error will introduce some inaccuracies, these results 

show to a very rough approximation that at least 80%, and possibly closer to 

95%, of neurones express Isll at some stage in their postnatal life. If the Isll 

positive population changes between birth and adulthood this value may be 

even higher. Also, this does not take into account embryonic expression of
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Isll, which may be more widespread and it is possible that Isll is expressed by 

all sensory neurones, in the same way that it is expressed in all motor 

neurones soon after their birth (Pfaff et ah, 1996).

Is ll and TrkA expression patterns

The next set of experiments involved double labelling neonatal and adult 

DRG with 4D5 and anti TrkA antibodies and cell counts are given in table 

4.3. TrkA is the high affinity NGF receptor and is often used as a marker of 

the nociceptive subset of neurons, which are known to depend on NGF for 

their generation (Snider, 1994; McMahon et ah, 1994 and references therein; 

see General Introduction). TrkA positive neurones are small or medium 

sized and project to laminae I and II of the spinal cord, an area associated 

w ith nociception (Molliver et ah, 1995; Averill et ah, 1995). They make up 35 

to 40% of all lumbar DRG neurones.

Table 4.3. 10 pm sections of adult rat DRG were analysed for expression of 
TrkA and Isll using double immunocytochemistry. W ithin each section, all 
the cells expressing TrkA, Isll (4D5) or both were then counted and the 
numbers entered into the table below.

TrkA+ TrkA-
4D5+ 325 176

(64%) (35%)
4D5- 7 not determined

(1%)

My results show that TrkA is expressed almost exclusively within a subset of 

the Isll-positive cells and that approximately 65% [(325/325+176)xl00%] of 

the Isll positive cell population express TrkA. Furthermore, it is possible 

that the seven TrkA positive/ Isll negative cells were categorised incorrectly 

due to the fact that the available TrkA antibody gave only very weak 

staining, making cell counting difficult. These seven cells may have been 

TrkA positive, but were not cut through their (Isll positive) nuclei. 

Alternatively, the low intensity staining may have led to background levels
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of fluorescence being interpreted as TrkA signal in some cells, seven of 

which were Isll negative. However, it is equally possible that these seven 

cell do indeed represent a TrkA positive/ Isll negative cell population. An 

anti-TrkA antibody with a higher binding affinity may have helped to clarify 

this issue, but was not available.

Isll and CGRP expression patterns

Calcitonin gene related peptide (CGRP) is a peptide hormone found in a 

subset of neuroiys in the brain and PNS (Rosenfeld et al., 1983) and within 

the DRG its expression overlaps considerably with that of TrkA (Averill et 

ah, 1995; Kashiba et ah, 1996). Two different isoforms of CGRP exist, CGRP I 

and II, which are encoded by separate genes and differ in only 3 of the 37 

amino acids (Peterman et ah, 1987, see Chapter 5). Like TrkA, CRGP 

immunoreactivity is often used as a marker of nociceptive neurones.

Based on previous work with Isll (see Introduction, this chapter) including 

its role in regulation of a number of peptides expressed by islet-cells; the co

expression of Isll and CGRP in DRG and thyroid-C cells; and the 

requirem ent for Drosophila Isl in neuro-transm itter production, it is 

possible that Isll is involved either directly or indirectly in the regulation of 

the CGRP gene. If this is the case, and other CGRP activation pathways do 

not exist, the CGRP expression will be restricted to Isll expressing cells. Cell 

counts from adult DRG sections double labelled with 4D5 and CGRP are 

shown in table 4.4.

These results provide strong evidence that CGRP is only found in a subset of 

the Isll expressing cells, consistent with the idea that Isll may regulate CGRP 

expression. The results are also consistent with the fact that the CGRP 

positive and TrkA positive neurones overlap considerably. The discrepancy 

between the percentage of Isll positive cells which expressed TrkA, and the 

percentage which expressed CGRP can be accounted for by the low staining 

intensity of both markers, making accurate counting difficult. Also, not all
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TrkA positive cells express CGRP (82% are CGRP positive), therefore the 

distributions of these two cell populations with respect to Isll expression 

may be expected to differ.

Table 4.4. 10 pm sections of adult rat DRG were analysed for expression of 
CGRP and Isll using double immunocytochemistry. W ithin each section, all 
the cells expressing CGRP, Isll (4D5) or both were then counted and the 
numbers entered into the table below.

CGRP+ CGRP-
4D5+ 137 324

(30%) (70%)
4D5- 0 not determined

(0%)

Summary of results from double-labelling studies

Double labelling neonatal and adult DRG with anti-islet antibodies and a 

num ber of other cell markers have produced the following results:

Isll is expressed both in SD and L neurons 

Isll is expressed in at least 85% of all DRG neurons 

Within the SD population, Isll is expressed in all or almost all of 

the nociceptive neurons.

CGRP, a peptide hormone is expressed only in cells expressing Isll.

Timing of Isll expression

Previous work on motor neurones and pancreatic cells showed that Isll 

plays an essential role in the development of all motor neurones and all 

pancreatic islet cells, prior to its putative roles in the generation of cellular 

sub-types within these two tissues. However, in both motor neurones and 

islet cells, Isll expression is first initiated soon after a cell's last mitotic 

division, therefore it must exert all its actions post-mitotically. This does not 

preclude roles for Isll expression in cell fate determination, but rather aids
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us in determining the method of action of Isll. I was therefore interested to 

analyse the timing of Isll expression in sensory neurones, and thus find 

whether or not the mechanism of action of this gene in the different cell 

types might be similar.

Isll expression and BrdU incorporation

A one hour in vivo incubation with bromodeoxyuridine (BrdU) was used to 

label dividing cells in E12.5 rat embryos. (Compare with Pfaff et al, 1996, 

who used a 45 minute incubation to label ventral neural tube cells). 

Neurones of rat lumbar DRG undergo their last mitotic divisions between 

E ll  and E15, with a peak at E12 (= E12.5 if the morning the plug was found = 

E0.5) (Lawson et al, 1974), thus both neuronal precursor cells and post

mitotic neuronal progenitors will be present in the BrdU incubated embryos. 

Cells within S-phase of the cell cycle during this incubation incorporate 

BrdU into their DNA which can later be detected with an anti-BrdU 

antibody. Post-mitotic cells however will not incorporate BrdU. Double 

immunofluorescence using A8 (anti-Isll) and an anti-BrdU antibody was 

used to analyse the embryos and the cell counts are shown in table 4.5.

Most cells within the embryonic DRG were labelled only with A8 or anti- 

BrdU as shown in figure 4.2 B. However, unexpectedly, 5% of all the labelled 

cells showed double labelling, such as the one shown in figure 4.2 C 

(enlarged view of B). In approximately one third (35%) of the double labelled 

cells, all of which showed clear anti-BrdU labelling, strong Isll expression 

was visible, therefore these cells were not mis-classified. The remaining 

double labelled cells showed weaker Isll staining, but were still counted 

because the Isll expression was higher than the background levels seen in 

the control slides.
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Figure 4.2. Sections through E12.5 rat embryos to show mitotically active 
cells (red) and Isll-expressing cells (green). Embryos were incubated with 
bromodeoxyuridine (BrdU) for one hour prior to sacrifice. Sections were 
then labelled with an anti-BrdU antibody, visualised in red, and an anti-Isll 
antibody, visualised in green. (A) Low power view of double-labelled 
lumbar section showing spinal cord and two DRG. Note the Isll positive 
motor neurones in the ventral spinal cord. (B) One double-labelled thoracic 
DRG. Most cells are positive for either BrdU or Isll, but approximately 5% of 
all labelled cells are positive for both markers (e.g. arrow). This is evidence 
that Isll expression in sensory neurones, unlike motor neurones, can be 
initiated before the last mitotic division, although the majority of Isll 
expressing cells are post-mitotic. (C) Higher magnification of cell indicated in
(B) (different plane of focus). (D), (E) Control slides showing single DRG 
labelled as above but without A8 (D), or anti-BrdU (E).
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Table 4.5. E12.5 rat embryos were incubated with BrdU for 1 hour prior to 
sacrifice to label dividing cells. 11 pm thoracic and lumbar sections were 
then analysed for the presence of Isll and BrdU within the DRG using 
double immunocytochemistry and the cell counts entered in the table below. 
Some double-labelled cells were found, suggesting that in at least some cells, 
Isll expression is initiated prior to the last cell division.

Number of cells

Isll+ 975 (70%)
BrdU+ 353 (25%)
IsllH-/ BrdU+ 71 (5%)
Of Is ll+ / BrdU+ cells, n°. 
w ith high Isll expression

25 (35% of 
double labelled)

Interpretation of the presence of double labelled cells

The presence of double labelled cells suggests that in sensory neurones, 

unlike in motor neurones and pancreatic islet cells, Isll expression is 

initiated before the last cell division. However, it must be noted that there is 

another possible explanation for the observed results: the one hour time 

delay between the initiation of BrdU labelling and the death of the embryo 

may allow co-detection of the two markers even if Isll expression is initiated 

only post-mitotically. A8 labels those cells containing Isll at the time of 

death, whereas anti-BrdU labels cells which incorporated BrdU any time 

during the preceding hour. Double labelled cells may therefore have 

undergone their last mitotic division early during the incubation period and 

subsequently have initiated Isll expression.

These two scenarios are very difficult to separate using the information 

available. Is the one hour BrdU incubation sufficient time for a cell to 

complete its final S-phase and cytokinesis and then to transcribe and 

translate sufficient amounts of the Isll gene for antigenic detection at the 

observed level? It has been shown that the cell-cycle time for El 1.5 mouse 

thoracic and cervical ganglia neurones is 11.5 hours plus or minus 2.8 hours 

and that S-phase lasts 3.1 plus or minus 0.4 hours (Farinas et al, 1994). Using
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this as a guide for rat lumbar DRG, this suggests that the rat cells are cycling 

relatively slowly compared to the time period used for incubation, thus 

there may be insufficient time for them to complete S-phase and cytokinesis 

and to generate Isll protein. However, the process of cytokinesis itself can be 

very rapid and it is possible that Isll mRNA is already present in the mother 

cell prior to the last mitotic division, thus such theoretical calculations may 

be inaccurate.

It is therefore possible that in sensory neurones, unlike motor neurones and 

islet cells, Isll is expressed before the last mitotic division. Reducing the 

BrdU incubation time to 30 or 15 minutes should help to test this idea. If 

cells express Isll only after their last division, the shorter incubation will 

probably not allow sufficient time for this expression to occur, whereas if Isll 

is expressed pre-mitotically, double-labelled cells will still be detected.

Regardless of the exact timing of Isll expression with respect to cell 

divisions, the BrdU studies show that Isll is expressed at the very earliest 

stages of post-mitotic sensory neurone development. Thus, as in motor 

neurones and subsets of pancreatic cells, Isll expression may be an essential 

step in the development of all sensory neurones.

Sensory neurones and the Is ll  null mutant mice

The existence of Isll null m utant mice (Pfaff et al, 1996) allows us to explore 

the possibility that Isll may be required for the generation of trunk sensory 

neurones. To test this idea, I have analysed sections of E9.5 and E10.5 Isll 

null m utant mice, labelled with a variety of neuronal markers by either S. 

Pfaff or myself, for the presence of sensory neurones. Both immunological 

techniques and in-situ hybridisation were performed and markers used were 

Isl2, SCGIO, Pax-3, AP-2 and ARIA. Unfortunately the developmental arrest 

of Isll null m utant animals, followed by their death at around E10.5, limits 

the choice of markers. At E9.5 in mouse most, if not all, neurones of the
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lum bar DRG have not yet undergone their last mitotic division. However, 

some cervical sensory neurones have been born by this stage (Lawson and 

Biscoe, 1979), therefore by using early neuronal markers, it should be 

possible to detect sensory neurones in this region if they can be generated in 

the absence of Isll.

Isl2 expression

The an ti-Isll/2  antibody, 4D5, clearly stains the DRG of E9.5 heterozygote 

mice but not of null mutant mice (figures 4.3 A and B, slides prepared by S. 

Pfaff). This show that no Isl2 protein is present in the location of the DRG in 

null m utant mice at this age. However, this may be because no Isl2 is 

expressed in sensory neurones at this stage of development: the wild-type 

4D5 staining may be due entirely to Isll expression in these mice.

The use of an Isl2 specific probe for in situ hybridisation (slides prepared by 

S. Pfaff) showed that in heterozygotes, this gene is expressed in the nascent 

DRG at E10.5 but not at E9.5 (see figure 4.3 C, D). Null m utant mice did not 

contain detectable levels of Isl2 mRNA at either age (see figure 4.3 E, F), 

implying that Isl2 is not expressed in the absence of Isll. However, it has 

been shown previously that null m utant mice show little further 

development between E9.5 and E10.5 (Pfaff et al,  1994). Therefore it is 

possible that this lack of Isl2 expression at E10.5 reflects the overall 

developmental arrest which is occurring, rather than a specific deficit in 

sensory neurone generation.

In order to distinguish between these two possibilities, I analysed the 

expression of another early marker of sensory neurone development, 

SCGIO, which is expressed at around the same time as Isl2.
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Figure 4.3. Isl2 expression in Isll heterozygote and homozygote null m utant 
mice. Sections are from thoracic regions and were prepared by S. Pfaff (Salk 
Institute, La Jolla, California). E9.5 heterozygote (A) and null m utant (B) 
embryos labelled with an Isll/Isl2  specific antibody, 4D5. Clear labelling of 
motor neurones, DRG and sympathetic ganglia can be seen in the 
heterozygote but not in the homozygote embryo. To determine whether the 
observed 4D5 labelling was due entirely to Isll expression, sections 
hybridised with an Isl2 specific in situ probe were analysed ((C) - (F)). (C) E9.5 
heterozygote embryo. Low levels of Isl2 are present in the developing motor 
neurones but no expression is visible in the location of the developing DRG. 
(D) E10.5 heterozygote embryo showing Isl2 expression in both motor and 
sensory neurones. (E) E9.5 and (E) E10.5 null m utant embryos showing no 
Isl2 expression at either age. Null m utant embryos arrest in their 
development at around E9.5, therefore the lack of Isl2 expression in their 
developing DRG may be due to this arrest rather than a specific defect in 
sensory neurone generation.
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SCGIO expression

SCGIO is a membrane associated protein expressed in subsets of neuronal 

cells. Highest levels of SCGIO expression occur during embryonic 

development, especially in growth cones, and it is first expressed by DRG 

neurorfs at around the time of their birth (Anderson and Axel, 1985). Using 

slides prepared by S. Pfaff, I analysed Isll null m utant and heterozygote 

embryos for expression of SCGIO mRNA.

In heterozygote embryos, SCGIO mRNA was easily detectable in DRG at 

E10.5 (figure 4.4 A) and may also be present at low levels in cervical DRG at 

E9.5 (figure 4.4 B). Analysis of E9.5 null m utant embryos revealed no 

expression of SCGIO (data not shown), but at E10.5 possible SCGIO expression 

was seen in cervical DRG (figure 4.4 C). This 'staining' could be artefactual, 

but the presence of SGGIO mRNA in cranial ganglia of E10.5 null m utants 

shows that this gene can be expressed by at least some tissues in these 

anim als.

The results suggest that further development does occur in the null m utant 

animals between E9.5 and E10.5, and that the generation of sensory neurones 

may still occur in the absence of Isll. More conclusive evidence was required 

to test this hypothesis, therefore I analysed the development of sensory 

neurones from neural crest precursors in the null m utant mice.

Pax-3 expression

Pax-3 encodes a paired-domain protein expressed in the dorsal neural tube, 

neural crest and somites and is required for the correct development of these 

tissues (Goulding et al, 1991; Gruss and Walther, 1992; see General 

Introduction). Expression in the neural crest progenitors starts at E8.5 when 

Pax-3 is expressed by the dorsal regions of the neural tube, and expression 

continues in the crest cells as they migrate and begin to differentiate.
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Figure 4.4. In situ hybridisation of Isll heterozygote (A), (B) and homozygote 
(C) null mutant mice using an SCGIO probe. Sections were prepared by S. 
Pfaff (Salk Institute, La Jolla, California). (A) Thoracic region of E10.5 
heterozygote embryo. Clear labelling of motor neurones and sensory 
neurones can be seen, and stained sympathetic ganglia are visible on either 
side of the dorsal aorta. (B) Cervical region of E9.5 heterozygote embryo. 
Labelled motor neurones are visible in the ventral spinal cord, and some 
staining of nascent DRG may also be present in the cervical, but not more 
posterior, regions of the embryo. (C) Cervical region of E10.5 Isll null 
m utant embryo. No motor neurones are present, but staining can be seen in 
the putative DRG at this level of the embryo (arrows). At least some of the 
cranial ganglia in null mutant embryos show strong SCGIO expression (data 
not shown). This fact, together with the poor embryo quality makes it 
impossible to be sure that the observed 'DRG' staining is not from cranial 
ganglia, mn = motor neurones; da = dorsal aorta; sg = sympathetic ganglion.
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In situ hybridisation using a Pax-3 probe was performed on heterozygote and 

null m utant embryos by S. Pfaff and I have analysed the resultant sections 

for expression of Pax-3 in the region of the migrating crest. Figure 4.5 shows 

representative staining of heterozygous (A), (B) and homozygote (C), (D) 

null m utant embryos. All sections show clear labelling in the dorsal half of 

the neural tube, and some staining in the regions flanking the tube, which I 

have putatively labelled as crest. This pattern of Pax-3 expression in the null 

m utant embryos suggests that neural crest is generated in the absence of Isll. 

However, it is possible that the labelled cells are derived from the somitic 

mesoderm, or in the case of the cranial sections, from facial mesenchyme 

rather than from crest.

AP-2 expression

I chose to use the transcription factor AP-2a as a second, more specific 

m arker for the neural crest. Antibodies against this protein label a num ber 

of developing tissues including neural crest, cranial and spinal sensory 

ganglia, spinal cord and skin (Mitchell et al, 1991; Moser et a l,  1997).

Isll  null mutant embryo identification by PCR

A pregnant female heterozygote mouse which had been mated w ith a 

heterozygote male was kindly donated by Professor W. Richardson 

(University College London). At E9.5 I dissected out the embryos and 

genotyped them by PCR with the primers used by Pfaff et al  (1994, see 

appendix 4.1). PCR results are shown in figure 4.6 and it can be seen that 

embryos 1 and 6 are null m utant for the Isll gene. Null and wild type 

embryos were then used for analysis of AP-2 expression. As a control on the 

genotyping, sections from each embryos were also labelled with the Isll- 

specific A8  antibody (figure 4.7 E, H).
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Figure 4.5. In situ hybridisation of Isll heterozygote (A), (B) and homozygote 
(C), (D) null mutant mice using a Pax-3 probe. Sections were prepared by S. 
Pfaff (Salk Institute, La Jolla, California). The extent of the spinal cord (sp) is 
indicated by a horizontal line in each picture and regions containing putative 
crest cells are indicated by arrows. (A) Cervical and (B) thoracic sections 
through E9.5 heterozygote embryos. (C) Cervical and (D) thoracic sections 
through E10.5 null mutant embryos. Note that in all sections the labelled cells 
may be of somitic rather than crest lineage and in the cervical sections, 
labelled cells may be of cranial origin. However, the staining pattern is not 
inconsistent with the presence of crest cells in the Isll null mutant mice.
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Figure 4.6. Genotyping of mouse embryos by PCR. A litter of embryos 
derived from a cross between two animals heterozygous for the Isll null 
mutation were kindly donated by W. Richardson (University College 
London). At E9.5 the embryos, numbered 1 to 8 , were dissected out from the 
mother and head DNA was used for PCR analysis. Heterozygote control 
DNA was kindly provided by N. Pringle (University College London). A 289 
base pair band illustrates the presence of a null allele and an 84 base pair 
band illustrates the presence of a wild-type allele. PCR was performed as 
follows, using the primers of Pfaff et al. (1994, see appendix 4.1): 94°C for 30 
seconds, 60°C for 2 minutes and 72°C for 2 minutes, repeated for 30 cycles. 
Embryos 1 and 6 are null mutant for the Isll gene and were used for 
subsequent antibody staining with anti-AP-2, together with wild-type 
siblings.
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Figure 4.7. E9.5 Isll null mutant, (A) - (F), and wild-type, (G) - (H), mouse 
embryos antibody labelled to show the presence of the neural crest. (A) 
Cervical and (C) thoracic sections of a null m utant embryo labelled with 
anti-AP-2. Note the presence of the neural crest on either side of the neural 
tube and also the presence of two sympathetic ganglia. (B) and (D) are higher 
magnifications of (A) and (C) respectively. (E) Thoracic section through the 
same embryo, labelled with the anti-Isll antibody, A8 , to show no Isll 
protein is expressed in these animals. (F) Null m utant negative control at 
the thoracic level, in which no AP-2 primary antibody was present. 
Magnification and orientation as in (D). (G) Thoracic section through wild- 
type sibling, labelled with anti-AP-2. DRG have coalesced in this animal, 
which is slightly more advance in its development than its null-m utant 
sibling. (H) Wild-type sibling stained with A8  to show the expression of Isll 
in a subset of the DRG neurones at E9.5.
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Neural crest is present in mice lacking Isll

The dorsal spinal cord and migrating neural crest are clearly labelled with 

the anti-AP-2 antibody in the null m utant (figure 4.7 A to D), therefore, as 

implied by the Pax-3 results, lack of Isll does not prevent crest cell formation 

and migration. In the cervical regions (figures 4.7 A and B), coalescing cells 

can be seen where the DRG and sympathetic ganglia should form and some 

crest cells appear to be migrating towards the locations of the enteric 

plexuses. Absence of Isll therefore does not appear to compromise the ability 

of crest cells to accurately recognise these target areas or to begin their 

aggregation. This is consistent with the fact that Isll is expressed in crest cells 

only after they have completed their migration.

The wild-type sibling is at a more advanced overall stage in development, 

and therefore no neural crest remains in the thoracic and cervical regions. 

Instead, DRG and sympathetic ganglia have been labelled with the anti-AP-2 

antibody (Figure 4.7 G). The use of somite-matched embryos would allow a 

more detailed comparison of the wild-type and m utant crest development, 

bu t such control embryos were not available. Early crest migration would be 

expected to remain unaffected, but it is possible that differences in the 

num ber of labelled coalescing cells may be revealed, perhaps due loss of AP- 

2 expression or to cell death (see later).

Having ascertained that neural crest is formed in the Isll null m utant mice,

I performed a more detailed analysis of the process of sensory neurogenesis 

in these animals. To do this I chose a number of markers known or thought 

to be expressed in the coalescing DRG at around the time when cell fate 

decisions are being made. Both neuronal and glial markers were included 

and the final selection depended both on availability and on the 

requirement for expression before E10.5.
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ARIA expression

ARIA (acetylcholine-receptor-inducing-activity) is one of a num ber of 

proteins generated by alternative splicing of the neuregulin gene 

(Marchionni et a l, 1993, see General Introduction). Neuregulin is expressed 

by cranial, but not trunk neural crest cells during their migration (Meyer and 

Birchmeier, 1995) and is later detected in neuronal cells of developing PNS 

ganglia, including DRG and sympathetic ganglia (Verdi et a l,  1996; Shah et 

al,  1994). S. Pfaff had prepared slides of heterozygote and null m utant 

embryos hybridised with an ARIA  probe to detect the presence of motor 

neurons and I was therefore able to analyse these embryos for expression of 

A R IA  w ithin the DRG.

No AR IA  expression is detectable in heterozygote embryos at E9.5 (data not 

shown), and only low levels are detectable in DRG at E10.5 (compare with 

motor neurone expression, figure 4.8 A). Hybridisation using E10.5 null 

m utant embryos produced inconclusive results due to deterioration of the 

embryos at this age. A representative section is shown in figure 4.8 B. 

Although it is possible that ARIA  is expressed in DRG in the absence of Isll, 

its low levels of expression in E10.5 heterozygotes coupled with the 

developmental arrest occurring in null mutants are problematic. Embryos 

may not develop sufficiently for AR IA  expression in DRG to be activated, or 

its expression levels may be below those detectable by in situ hybridisation. I 

have therefore looked for earlier markers of DRG lineages.

D R G ll  expression

D R G ll  encodes a paired-homeodomain protein and is expressed in dorsal 

spinal cord and DRG, but not in sympathetic ganglia. Within postnatal DRG, 

it was found in neurons but not glia, and in rat it is known to be expressed at 

E12.5, approximately equivalent to E ll .5 in mouse (Saito et a l,  1995). I was 

interested to discover whether expression could be detected at earlier stages 

in mouse embryos.
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Figure 4.8. In situ hybridisation of E10.5 Isll heterozygous (A) and 
homozygous (B) null mutant mice using an ARIA  probe. Sections were 
prepared by S. Pfaff (Salk Institute, La Jolla, California). (A) Thoracic region 
of E10.5 heterozygote embryo. Motor neurones (mn) are strongly labelled 
and some DRG staining is also visible. (B) Representative section through 
null mutant embryo showing clear loss of motor neurones. Expression of 
ARIA  in the location of DRG could not be detected, although this could be 
due to poor tissue quality coupled with low or complete lack of ARIA  
expression at this developmental stage. Expression of this gene can therefore 
not be used to identify any sensory neurones present in the null mutant 
embryos.
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Po expression

Po is the major protein of PNS myelin and its expression is restricted to the 

Schwann cell lineage (Lemke and Axel, 1985). Until recently, Pq expression 

was first detected in DRG and along nerve pathways just prior to the 

initiation of myelination at around E14 in the rat, but low levels of 

expression have now been found in rat neural crest cells at E ll .5, with a 

massive up-regulation occurring as myelination begins (Lee et a l,  1997). Pq 

has been proposed as one of the earliest markers of the Schwann cell lineage, 

therefore I wanted to use this gene to determine whether glial cells were 

present in the Isll null m utant mice. Isll expression is thought to be 

restricted to neuronal cells, therefore it is possible that in the absence of Isll, 

glial cells will still be formed. Alternatively glial cell generation or early 

survival may be dependent on signals derived from sensory neurones.

Expression of the Neurogenins

The neurogenins (ngns) are a family of basic-helix-loop-helix proteins 

expressed in areas of prospective neural tissue in the CNS and PNS 

immediately prior to neurogenesis (Ma et al, 1996; Sommer et al, 1996). 

Over-expression of ngn-related-1 (ngnr-1) in Xenopus CNS promotes 

neurogenesis, while Notch and Delta mediated lateral inhibition restricts its 

initial expression to a limited number of neuronal precursor cells. Ngnr-1 

therefore appears to function as a neuronal determination gene, analogous 

to the proneural genes of Drosophila, for example atonal and the AS-C  genes 

(see General Introduction).

W ithin the mouse PNS, ngnl  and ngn2 are expressed by DRG but not 

sympathetic or enteric ganglia. ngn2 is probably the murine homologue of 

Xenopus ngnr-1 and its expression in the PNS precedes that of ngn l,  first 

appearing in crest cells dorso-lateral to the spinal cord at E8.5. ngnl  is first 

expressed by DRG at about E10.5, by which time ngn2 expression is declining. 

Also, ngn2 is expressed only in DRG of the thoraco-lumbar region and the
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position and morphology of the ngn2 -expressing cells suggests that they are 

neuronal precursors or glia, rather than neurorfs. I was able to obtain an in 

situ probe for ngnl,  (courtesy of D. Anderson, CIT, California) and have used 

this as a tentative marker of neuronal precursor cells in developing DRG.

In situ  hybridisation

I performed in situ hybridisation on E9.5 and El 1.5 wild type mouse embryos 

using rat probes for D RG ll, Pq and ngnl, kindly donated by D. Anderson 

(CIT, California). Out of these three genes, only ngnl  expression was 

detectable in the DRG of E9.5 mouse embryos, with expression also present 

at E11.5 (figure 4.9). This gene is therefore an excellent marker to use with 

the Isll null m utant embryos and will be used for analysis of such embryos 

as soon as they become available.

Interpreting the lack of D R G ll  and Pq in wild-type embryos

No expression of D R G ll  (figure 4.10) or of P q (figure 4.11) was detected in 

any mouse tissues at E9.5 or at E11.5. The staining seen in E11.5 embryos 

probed for D R G ll  or P q expression is non-specific (compare with control 

embryos and with the expression of neurogenin), and no weak staining was 

visible in sections taken from any level of the E9.5 embryos. Neither D R G ll  

nor P q expression can therefore be used to analyse Isll null m utant mice, 

since developmental arrest will have occurred in these animals more than 

24 hours before either gene can be detected. The lack of D R G ll  and P q 

expression at E ll .5 could be due to a number of factors. It is possible than 

D R G ll  is not expressed in mice at either of the ages analysed or perhaps its 

expression level is below that detectable with the protocol used. In the case 

of P q , low-level expression has been seen in rat neural crest cells (Lee et al., 

1997), therefore this gene is probably also expressed in mouse crest bu t the 

protocol used was not sensitive enough. At least part of this lack of 

sensitivity will be a direct result of using rat probes with mouse embryos.
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Figure 4.9. Use of in situ hybridisation to show the presence of ngnl  
transcripts in E9.5 and El 1.5 wild-type mouse embryos. Stained DRG are 
visible in whole mount embryos at E9.5 (A) and E11.5 (C). Compare with 
controls, (B) and (D) respectively. (E) Section at forelimb bud level of the 
embryo shown in (A), showing clear staining of cells within the DRG.
(F) Equivalent section through the control embryo shown in (B). (G), (H) 
Higher magnification of (E), showing left and right DRG respectively.
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Figure 4.10. Use of in situ hybridisation showing the lack of D R G ll  
transcripts in E9.5 and E ll.5 wild-type mouse embryos. (A) E9.5 and (C) E ll.5 
whole mount embryos probed for the presence of D R G ll.  When compared 
to the control embryos, (B) and (D) respectively, it can be seen that the 
staining is non-specific. The absence of DRGll  transcripts in the DRG at 
either age is further confirmed by comparison with the pattern of ngnl 
expression seen in DRG at these ages (see figure 4.9) and by sectioning of the 
embryos. (E) Section at forelimb bud level of the embryo shown in (C), 
showing no D RG ll expression in the DRG at E9.5. (F) Higher magnification 
of left DRG shown in (E).
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Figure 4.11. Use of in situ hybridisation showing the lack of Pq transcripts in 
E9.5 and E ll.5 wild-type mouse embryos. (A) E9.5 and (C) E ll.5 whole 
mount embryos probed for the presence of Pq- When compared to the 
control embryos, (B) and (D) respectively, it can be seen that the staining is 
non-specific. The absence of Pq transcripts in the DRG at either age is further 
confirmed by comparison with the pattern of ngnl expression seen in DRG 
at these ages (see figure 4.9) and by sectioning of the embryos. (E) Section at 
forelimb bud level of the embryo shown in (C), showing no Pq expression in 
the DRG at E9.5. (F) Higher magnification of left DRG shown in (E).
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TUNEL labelling of dead cells

If Is/I is essential for the generation of sensory neurones, then in the m utant 

animals those cells which would normally become neuronal m ust either 

change fate or die. A fate change will be detectable via an increase in some of 

the non-neuronal markers, for example glial or unspecified progenitor cell 

markers and TUNEL can be used to detect cell death. TUNEL (TdT-mediated 

biotin-dUTP nicked-end labelling) labels the 3' ends of DNA strands with 

biotinylated dUTP, which can be detected immunologically. Apoptotic cells, 

in which DNA degradation is occurring, will be strongly labelled, whereas 

healthy cells will not.

Cell counts

1 was able to analyse sections of Isll null mutant embryos TUNEL labelled by 

S. Pfaff for the presence of apoptotic nuclei. Labelled cells were counted if 

they lay in the region dorsal to the level of the bottom (most ventral part) of 

the neural tube and table 4.6 shows the results from three different regions 

of heterozygote and wild type embryos. A continuous series of sections 

throughout the entire embryos was not available, therefore the results are 

only preliminary, but suggest that a more thorough analysis of cell death in 

these embryos will be worthwhile.

Table 4.6. TUNEL was used to label dying cells in Isll null m utant and 
heterozygote embryos and labelled cells in the region dorsal to the base of 
the neural tube were counted. The average number of labelled cells in a 
series of n successive sections in cervical, thoraco-cervical (position of 
forelimb) and thoraco-lumbar regions are given.

heterozygote Isll null m utant
cervical (n=8 ) 10 5.5
thoraco-cervical (n=8 ) 6.1 27.5
thoraco-lumbar (n=5) 5.4 17.4
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Problems with the interpretation

When interpreting these results, a number of points m ust be borne in mind. 

Firstly, the extensive cell death occurring in these animals, especially in the 

more posterior regions, at E9.5 makes interpretation of the results difficult, 

and direct comparison on cell numbers with wild-type or heterozygote 

embryos meaningless. The high number of dying cells in the thoraco

lumbar region of the null m utant embryo was probably due in part to this 

process. Also, the two embryos being compared are at slightly different 

developmental ages: the heterozygote was at the 27 somite stage whereas the 

null m utant was at the 25 somite age. To further confuse matters, w ithout 

the use of markers, crest cell lineages are difficult to distinguish from 

mesenchymal cells in some areas and it is known that mesenchymal cells 

are also affected by the Isll mutation, thus some or all of the cell death may 

be attributable to these cells.

Tentative interpretations

Despite these problems, the above results are suggestive of a large amount of 

cell death occurring in the location of newly developing DRG in the m utant 

compared to the heterozygote embryos. In the mutant, the levels of cell 

death at the level of the limb bud are many times greater than the levels in 

either the cranial or thoraco-lumbar regions, whereas in the heterozygote 

the levels of cell death in this region falls between those observed in the 

adjacent regions. Of the three regions studied, the limb-bud level is known 

to be the most developmentally advanced in terms of somite and DRG 

development. Taken together these results imply that lack ol Isll results in 

the specific death of cells in the region in which Isll expression would 

normally occur. A far more though analysis is required before this can be 

confirmed.
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4.3 Discussion

Expression of Isll in neonatal and adult DRG does not correlate exactly with 

a number of known markers of sensory neuronal sub-types

Using antibodies against peripherin (PF) and the phosphorylated 200 kDa 

subunit of neurofilament (NF(200)P) to label rat lumbar DRG, I have shown 

that of the Isll positive cells, approximately 60% express PF in both neonates 

and adults and approximately 40% express NF(200)P in neonates, with this 

percentage increasing to approximately 50% in the adult. Isll expression is 

therefore not restricted to either the SD (PF positive) or L (NF(200)P positive) 

population of neurones.

The presence of some PF and NF(200)P positive cells which do not express 

Isll showed that Isll is not found in all cells in postnatal rat lumbar DRG. 

However, at least 80% of neurones did express Isll at some point in their 

postnatal life.

Anti-TrkA antibodies showed that this receptor is expressed exclusively or 

almost exclusively within a subset of the Isll expressing cells. As TrkA is a 

marker of nociceptive neurones, this shows that all or almost all nociceptive 

neurones express Isll. However, Isll expression is not restricted to 

nociceptive neurones since 35% of Isll positive cells do not express the TrkA 

m arker.

Co-expression of Isll and a second marker of nociceptive neurones, the 

peptide hormone CGRP, was also studied and CGRP expression was found 

exclusively within a subset of the Isll expressing cells in lumbar DRG of the 

adult rat. This confirmed that all or almost all nociceptive neurones express 

Isll, but Isll is not restricted to nociceptive neurones.
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Possible role for Isll in transcriptional regulation of genes encoding secreted 

polypeptides

As discussed in the introduction (this chapter). Drosophila Isl is required in 

a subset of the Isll positive neurones to allow them to express the 

neurotransm itters serotonin and dopamine. In vertebrates, Isll is known to 

regulate the expression of a number of peptide hormone genes, including 

the somotostatin, proglucagon and amylin genes. Isll is also co-expressed 

with CALC-I, the gene encoding CGRP, in thyroid-C cells. The 

demonstration that CGRP is found in a subset of Isll positive sensory 

neurones is compatible with the idea that Isll may regulate CGRP 

expression.

Production of polypeptides is an obvious phenotype shared by neurones and 

endocrine cells, and Isll may play a role in the expression of this phenotype 

via the regulation of a number of polypeptide genes in both cell types. For 

example somatostatin is known to be expressed by sensory neurones. In 

view of its regulation by Isll in the pancreas it would be interesting to 

determine whether somatostatin expression is restricted to Isll positive cells 

within DRG. Other genes are also shared by neuroris and endocrine cells 

include tyrosine hydroxylase, synaptophysin, neural-specific enolase and 

neuroD (Teitelman et al, 1981; Alpert et al, 1988; W eidenman et a l,  1986; 

Nay a et al, 1995; Garry et al, 1986) and these too may regulate, or be 

regulated by Isll. Unavailability of antibodies prevented investigation of 

these ideas.

The possible involvement of Isll in transcriptional regulation of genes 

associated with terminally differentiated neuronal phenotypes is not 

incompatible with an earlier requirement for Isll in the generation of those 

neurones. In the pancreas Isll is required for the development of the 

different endocrine cell types and is subsequently involved in the regulation 

of at least three of the polypeptides produced by the major cell types. In this 

way Isll in analogous to Pit-1 which is required for the development of
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lactotrophs, somatotrophs and thyrotrophs of the anterior pituitary and is 

subsequently required in the former two cell types to activate the genes 

encoding the polypeptides prolactin and growth hormone respectively (Li et 

al., 1990; Ingraham et al, 1988; Mangalam et al,  1989).

However, identification of an earlier requirement for Isll in neuronal 

subtype specification is problematic. Isll null mutants die before the 

appearance of subtypes of sensory neurones can be detected and tissue- 

specific null m utant mice do not (yet) exist. As well characterised early 

markers of neuronal subtypes become known, this question will be more 

amenable to analysis.

Isll/ BrdU double immunocytochemistry suggests that Isll can be expressed 

in sensory neurone progenitors before their last cell division

As a step in analysing the possible role for Isll in the generation of sensory 

neurones or their subtypes, I investigated the timing of Isll expression with 

respect to final mitoses in sensory neurones. Following a one hour BrdU 

incubation period, Isll and BrdU immunoreactivity were found together in 

a num ber of cells within developing rat DRG (5% of all labelled cells). 

Together with the neurone-specific later expression within DRG, this 

strongly suggests that Isll can be expressed by pre-mitotic sensory neurone 

progenitors.

It is possible that the time-delay involved in BrdU incorporation may have 

enabled cells to complete their last mitotic division and subsequently initiate 

Isll expression during the course of the BrdU incubation. However, a one 

hour incubation period is normal for this type of experiment and the strong 

Isll expression seen in some cells, coupled with a cell cycle time of 

approximately 11.5 hours, argues against this possibility.
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Motor neurones and pancreatic islet cells express Isll only in post-mitotic 

cells and Isll expression is an essential early step in the differentiation of 

these cell types (Pfaff et al., 1996; Ahlgren et al, 1997). The pre-mitotic 

expression of Isll in sensory neuronal lineages suggested by my experiments 

may simply reflect upstream differences in the regulation of Isll expression 

in these different cell types and does not preclude an analogous requirement 

for Isll in the early differentiation of all sensory neurones. However, this 

pre-mitotic expression also opens up new possibilities both in terms of the 

mechanism of action of Isll in developing cells and also in terms of other 

roles specific to the sensory neurone lineage.

I s l l  is not required for neural crest formation, migration and initial 

coalescence at target sites

The use of an anti-AP-2 antibody to label the neural crest in Isll null m utant 

embryos clearly demonstrated that the formation of the neural crest, its 

subsequent migration and the initiation of its coalescence at correct target 

areas, including prospective DRG, are not dependent on the expression of 

Isll. In situ hybridisation with another marker of neural crest, Pax-3 

supported this finding. This suggests that there is no specific loss of sensory 

neuronal precursors in the m utant animals. Such a result m ight be expected 

because Isll is not expressed in crest cells until around the time of their last 

mitosis (see above), when they have reached the sensory ganglia.

Expression of markers of sensory neurones in the Isll  null mutant mice

The next step in analysing the development of sensory neurones in the Isl 

null m utant mice is to look for the expression of early neurone and glia- 

specific markers. Any such markers must be detectable before E10.5, by which 

point developmental arrest of the null m utant animals has occurred. In 

wild type mice I have identified expression of SCGIO at E9.5 and of AR IA  

and Isl2 by E10.5.
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In null m utant animals it is possible that SCGIO expression is occurring in 

the cervical ganglia at E10.5, although the observed 'staining' may be 

artefactual. SCGIO mRNA was detected in at least some of the cranial 

ganglia, showing that it can be expressed in the absence of Isll in at least 

some cell types. However, cranial ganglia differ from trunk ganglia in that a 

proportion of the neurones in many cranial ganglia are derived from 

placodes, regions of epidermal tissue from which many cells migrate. Also, 

neural crest cells which give rise to the cranial ganglia also form a range of 

mesectodermal derivatives not formed by trunk crest, and the two crest cell 

populations do not express exactly the same genes. Trunk and cranial crest 

derivatives may therefore have different requirements for Isll expression 

and the expression of SCGIO in null m utant cranial ganglia should not be 

used as evidence that it is also present in the trunk ganglia. Also, the 

observed 'staining' may have been in cells derived from the cranial crest, 

either because of mis-identification of cervical regions, or because of aberrant 

migration pathways in the m utant embryos. A more definitive analysis of 

SCGIO expression was not possible due to the unavailability of null m utant 

embryos.

In heterozygote embryos, ARIA  was first detected at very low levels at E10.5. 

It is therefore expressed too late for use as a marker of sensory neurones in 

null m utant animals, since by E10.5 their development is retarded by almost 

an entire day.

No expression of Isl2 was present in the absence of Isll despite its strong 

expression in E10.5 wild-type embryos. This is not incompatible w ith the 

SCGIO experiments since the absence of expression of one early marker is 

insufficient evidence to show that sensory neurones are missing in the 

m utant embryos (see below). I have therefore analysed the wild type 

expression of three other markers of developing DRG which were available: 

? 0, D R G ll  and ngnl. In situ hybridisation probes were unable to detect 

expression of either of the former two genes at E9.5 or E11.5 in wild type
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mice, and therefore cannot be used for null m utant analysis. Mouse probes 

may allow the detection of the two genes, but unfortunately were not 

available, ngnl expression was detectable at both of these developmental 

ages and is therefore suitable for use in analysing the null m utant embryos. 

Unavailability of such embryos has precluded such an analysis.

Interpreting the presence or absence of expression of markers of sensory 

neurones

It is important to use a number of early markers of sensory neurones when 

analysing the extent of sensory neurogenesis in the Isll null m utants 

because the presence or absence of expression of a single chosen marker gene 

(X) in the location of the null m utant DRG can be interpreted in a num ber of 

different ways. For example, inability to detect X could be due to:

a) the delayed development and early death of the null mutants, 

such that there is insufficient time for the expression of X;

b) a direct requirement for Isll in the transcription of X; or

c) a specific defect in the early stages of sensory neurogenesis.

Loss of a single early marker of sensory neurones, is therefore insufficient to 

reveal whether the underlying generation of sensory neurones is 

compromised.

On the other hand, the presence of X expression in the null m utants could 

be due to:

a) X expression in non-sensory lineages, such as glia;

b) the expression of X at an earlier stage than Isll in the generation 

of sensory neurones; or

c) no absolute requirement for Isll in the generation of at least some 

subsets of sensory neurones.

From this outline we can see that a number of markers of early neurone 

development are required before any conclusions can be made regarding the 

role of Isll in the specification or commitment of the sensory neurone 

lineage. Information on the timing of Isll expression with respect to these
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markers will greatly aid the analysis of results. Also, glial cell markers 

should be used for an independent analysis of the development of this 

lineage, which may or may not be dependent on sensory neurones for its 

generation.

The early death of Isll null m utant embryos at E10.5 severely limits the 

choice of markers. The genes whose expression I have analysed so far were 

selected because of their availability and known early expression. Other 

genes whose expression could be analysed include the glial markers GFAP, 

Nestin, FSP, SlOO, pys^NGFR and the neuronal markers PF, N-CAM, 

neurofilament, heta-tubulin, neuregulin (all isoforms), and genes encoding 

early expressed channel proteins such as P2 X3 and NallCh. Lack of Isll null 

m utant embryos prevented me following this line of research.

In vivo  cultures

A complementary technique to the above experiments is the culturing of 

neural tubes from m utant and control embryos in collagen, allowing crest 

cells to migrate from the neural folds and to differentiate into neurorfs and 

glia. Such cultures, derived from E8.5 null m utant embryos may allow time 

for the expression of later markers of neurorfs and glia than can be found in 

v ivo .

Ideally, in vitro cultures would be used to analyse the expression of even 

those markers whose expression is known to begin at E9.5, since it is possible 

that DRG development in the m utant embryos is retarded to a greater extent 

than development of other structures. The detection of a given marker 

would provide good evidence that development of the cell in which it is 

expressed is not dependent on Isll expression at that stage in its 

development. However, care must be exercised in interpreting negative 

results (discussed above), especially because retardation of development in 

null m utant tissues may still occur in vitro, resulting in only the control 

cultures having sufficient time to express certain markers before death of the
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culture. Despite these problems, and the technical difficulties involved, the 

use of culture systems would open up a whole new range of available 

markers to analyse DRG development in the Isll null m utant animals.

Possible roles for Isll

Essential for the generation of sensory neurones?

In mouse embryos Isll is expressed by developing motor neurones, dorsal 

pancreatic mesenchyme and pancreatic islet cells and is essential for the 

generation of these cell types. In the case of motor neurones, it was shown 

that the cells fated to become motor neurones die in the absence of Isll. By 

analogy Isll expression in sensory neurones may be an essential early step in 

their generation. Some tentative support for this idea comes from the 

elevated levels of cell death in regions where early sensory neurones should 

be located.

However, in Drosophila embryos Isl is expressed postmitotically by subsets 

of motor neurones and interneurones but expression of Isl in these cells is 

not essential for their survival or for axonogenesis. Although Drosophila 

and mice are widely divergent species, this suggests that not all cells in 

which Isll is expressed may require this gene for their survival.

Essential for the specification of sensory neurones?

The expression of Isll by all subclasses of motor neurone at a very early stage 

in their development has led to the suggestion that this gene may be 

involved in the specification of this cell type (Tsuchida et ah, 1994). A 

similar requirement may also exist for Isll in specification of other 

mammalian cell types in which it is expressed. In this scenario, the fate of 

those cells normally expressing Isll may differ widely in different tissues and 

organisms when Isll expression is removed. For example cells in the mouse 

ventral spinal cord fated to become motor neurones may die as a result of
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this lack of exact specification, whereas the motor and inter-neurones of 

Drosophila survive but are deficient in aspects of their differentiation. If Isll 

is indeed involved in specification of motor neurone fate, it may also be 

involved in the specification of sensory neurones and also of pancreatic cell 

types.

Support for the involvement of LIM-HD genes in cell fate specification 

comes from lower organisms, where LIM-HD genes control the fates of 

many different cell types, including neurones. In C. elegans, touch receptor 

cells express the LIM-HD protein mec-3. Mutations in this gene have no 

effect on the touch cell lineages, but once the touch cells are born they appear 

to take on the fate of other neuronal types, mec-3 may therefore play a role 

in specification of the touch cell phenotype (Way and Chalfie, 1988). The 

Drosophila gene, apterous, is expressed by a subset of mesodermal precursor 

cells, and mutations in this gene result in loss of the muscles normally 

derived from these cells (Bourgouin et al, 1992). apterous expression is also 

required to specify dorsal fate in the wing and haltere imaginai discs (Cohen 

et al, 1992). Finally, in the zebrafish embryo, transplantation of post-mitotic 

motor neurones to a new location showed that there is a tight correlation 

between expression of Isl2 and the fate of these cells.

Essential for the specification of subsets of sensory neurones?

The combinatorial code of LIM-HD gene expression in chick and zebrafish 

motor neurone sub-classes may reflect roles for these genes, including Isll, 

in specifying the fate of these cells. This would suggest possible roles for Isll 

in specification of cell fates in subsets of sensory neurones. My experiments 

have shown that Isll is not expressed in all sensory neurones at birth. It 

would now be interesting to know whether this protein is restricted to 

subsets of neurones at earlier stages of development. Unfortunately sub-class 

markers are not well characterised for early sensory neurones, and unlike 

the motor columns of the spinal cord, no spatial segregation of different 

sensory subtypes is apparent.
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Essential for the specification of glial cells within the DRG?

Although Isll expression in neonatal and adult rats is restricted to neuronal 

cells, this does not eliminate a role for this protein either directly or 

indirectly in glial lineages. The putative expression of Isll in crest cells 

before their last mitotic division, as shown by the BrdU/ Isll positive cells, 

opens up the possibility that it is expressed by bipotential neurone/glia 

precursors. It may also be required indirectly for glial cell generation within 

the DRG, via cell-cell interactions. This would be analogous to the 

requirement for Isll expression in motor neurones and dorsal pancreatic 

mesenchyme to allow the development of adjacent cell types (Pfaff et al,  

1996; Ahlgren et al,  1997).

Spatio-temporal changes in Isll  expression patterns

From this discussion, we can see that Isll and other LIM-HD genes may be 

involved in specification of a number of cell fates within the nervous 

system, (and also within the pancreas, not discussed in detail here). 

Alterations in the expression patterns of these genes with time would allow 

them to play different roles at successive stages of development, and such 

changes in expression pattern have been observed. For example during chick 

development Isll is expressed initially in most, if not all, motor neurones, 

before becoming restricted in a subclass-specific manner (Tsuchida et al, 

1994). In zebrafish motor neurons the expression of Isll is very dynamic and 

appears in all primary motor neurones at some stage in their development 

(Appel et a l, 1995). A certain level or time period of Isll expression might be 

required by a cell before its fate is determined, thus the Isll /2  positive/ HNF-

3p positive cells in neural tubes of rat and chick embryos may have yet to 

become committed to a floorplate or motor neurone fate (Ruiz i Altaba,

1996, see Introduction, this chapter). It is equally possible that Isll plays no 

role in cell fate specification, but acts at a later stage to control aspects of 

cellular differentiation, such as axonal pathfinding a n d / or 

neurotransm itter regulation, as determined for Drosophila Isl.
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Summary

A wide variety of roles have been postulated for Isll in vertebrates, both 

during embryogenesis and in postnatal life and in a few cases, in different 

organisms, these roles have been confirmed. Circumstantial evidence 

suggests that Isll and other LIM-HD genes may be involved alone or in 

combinations for cell fate specification or expression of terminally 

differentiated phenotypes in those cells in which they are expressed. A 

Drosophila Isl null mutant lends support to the latter theory since at least 

some of those neurones which normally express Isl show aberrant 

pathfinding ability and lack of neurotransmitter expression. I have used a 

num ber of markers of neuronal sub-types to analyse the distribution of Isll 

in neonatal and adult DRG. These studies showed that Isll is expressed in 

both SD and L neurones; that all or almost all nociceptors express Isll, but 

Isll is not restricted to nociceptive neurones; and that the neurotransm itter 

CGRP is expressed exclusively by a subset of Isll positive neurones. Isll may 

therefore be involved in regulation of the CGRP gene and in expression of 

the nociceptive phenotype within sensory neurones.

Motor neurones and subsets of pancreatic cells have a direct requirement for 

Isll for their survival at a very early stage in their development. I have 

shown that neural crest cells are formed in the absence of Isll and are able to 

migrate to their correct target areas, including the prospective DRG, and 

begin to coalesce into ganglia. This suggests that Isll is not required for the 

generation of sensory neurone precursors. I have also used BrdU as a 

marker of dividing cells to show that Isll is first expressed at around the 

time of the last mitotic division in sensory neurones. This agrees w ith the 

idea that Isll expression is not required in sensory neurone precursors. 

However, unlike the expression of Isll in motor neurones and pancreatic 

cells, my results showed that some cell within the developing DRG initiate 

Isll expression prior to their final mitosis.
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Analysis of later stages of sensory neurone development have been 

hindered by the early death of the null m utant embryos. I have putatively 

identified SCGIO expression in the location of cervical DRG in embryos 

lacking Isll, which suggests that the initial stages of sensory neurone 

formation do not require Isll. However, no expression of Isl2 or A R IA  could 

be detected in null m utant embryos and there is evidence for increased cell 

death in the region where DRG would be expected to form in these animals. 

In order to further analyse sensory neurone development in the Isll null 

mutants, I have tested P q, D R G ll  and ngnl in situ hybridisation probes for 

their suitability. The neuronal marker ngnl is expressed at E9.5 and could 

therefore be used for future analysis, but lack of null m utant embryos 

prevented this line of research being followed.

These findings have begun to address the roles played by Isll in sensory 

neurone development, but many questions remain to be answered. A 

num ber of other suitable neuronal markers are now needed for use both in 

analysing wild type Isll expression patterns and for investigating the fate of 

sensory neurone precursors in the Isll null m utant embryos. In the future, 

the generation of sensory neurone-specific-, and of conditional-Is/1 null 

m utant animals would provide invaluable tools for determining the 

importance of Isll in DRG development. Also, identification of those genes 

acting directly up- and down-stream of Isll will increase our understanding 

of its mechanism of action.
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Chapter 5 - A search for novel DRG specific transcriptional regulators

5.1. Introduction 

Overview

A variety of methods are available for identifying cfs-acting elements capable 

of directing cell-type specific gene expression, and these elements can be used 

to isolate transcription factors mediating such cell-type specific expression. I 

have used two of these techniques: sequence comparison followed by 

electrophoretic mobility shift assays (EMSAs), to identify a num ber of 

putative neuronal specific transcriptional regulators, one of which may be 

DRG specific. The possibility that the identified proteins could be previously 

identified sequence specific DNA binding proteins is discussed together with 

methods to test this idea. Finally, I have considered future work, including 

further characterisation of the identified proteins and methods of isolating 

the genes encoding them.

Identification of cis-acting sequences 

The promoter

Czs-acting elements are sequences located around the coding region of a gene 

which direct its correct spatio-temporal expression pattern. Originally, work 

with bacterial genes suggested that such elements lie entirely within the 

'promoter' region located just 5' to the transcriptional start site and 

extending approximately 200 bases upstream. However the situation in 

eukaryotes is far more complex. The traditional promoter is necessary but 

not sufficient for accurate gene expression, since it contains binding sites for 

the basal transcriptional apparatus. In the case of eukaryotic transcription, 

this basal apparatus includes TATA box-binding protein (TBP), TBP- 

associated factors (TAPs), and the polymerase itself (I, II or III). RNA 

polymerase II is essential for all mRNA transcription, but on its own can
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only direct low levels of gene expression in non-specific patterns. In 

addition, the promoter region contains sequences which mediate some 

degree of spatio-temporal gene regulation. These are usually distinct from 

the basal promoter region but recently a number of cases have been 

identified in which correct gene regulation requires the binding of 

regulatory proteins to sites located between the TATA box (see later) and 

initiation site, (for example Mendelson et al, 1995). This region is thought to 

be covered almost entirely by the basal transcription factors, implying that at 

least some of the proteins mediating specific gene expression can be 

incorporated within this basal transcription complex.

Enhancers

Despite the presence of specific regulatory sequences within the promoter 

region, separate enhancer regions, often located many kilobases upstream  of 

the prom oter are essential for correct spatio-temporal gene expression. 

Enhancers are defined as regulatory sequences which work in concert with 

the promoter but which are capable of acting at a distance from it. They have 

been identified downstream of the gene they regulate and within its introns, 

as well as upstream  of the promoter {p-globin- Antoniou et al, 1988; Nestin- 

Zim m erm an et al, 1994; PF- Belecky-Adams et al, 1993; NGF- Carroll et al,  

1995). To further confuse matters, some promoter elements are capable of 

acting at a distance from the initiation site and enhancer elements can often 

function when placed within the promoter region, blurring the distinction 

between enhancer elements and those prom oter elements not involved in 

assembly of the basal transcription apparatus. The term 'regulatory region/ 

m otif has therefore been used in the following discussion to encompass 

both promoters and enhancers.

Czs-acting elements can be identified using a num ber of techniques and the 

method chosen will partly depend on what is already known of the gene in 

question. I have concentrated on those techniques available in cases where 

the gene and its regulatory regions have previously been cloned.
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Functional assays using cultured cells

The method most commonly used to identify and analyse czs-acting 

elements involves the use of functional assays, in which potential 

regulatory regions of known genes are fused with reporter genes, whose 

expression is then assayed in in vitro cultures. Common reporter genes

include those encoding beta galactosidase ((3-gal), choline acetyl transferase 

(CAT), or more recently green fluorescent protein (GFP). Successive 

deletions of the initial construct allow the identification of both positive and 

negative regulatory elements within the sequence.

Cells used for such functional assays must reflect the cells expressing the 

lineage restricted genes as closely as possible to minimise the possibility that 

they lack important regulatory proteins. This has proved problematic in the 

case of sensory -neurone specific expression, since no cell lines derived from, 

and still phenotypically similar to, this cell type exist. Primary cultures of 

sensory neurones are usually used instead, and transfection of DNA 

constructs into these cells has so far proved problematic. Nuclear injection 

has been used more successfully, but is time-consuming and technically 

difficult. Another problem with the use of primary cultures is their 

heterogeneity, such that often only a percentage of the cells express the 

endogenous copy of the gene being analysed, and will therefore be capable of 

driving the reporter constructs. In the case of genes expressed early during 

sensory neurone development, these problems are exacerbated yet further by 

the difficulty of obtaining primary cell cultures of very early sensory 

neurones.

The use of cell cultures also necessitates prior knowledge of the expression 

pattern of the gene of interest. In cases where the gene is expressed in a 

m ultitude of cell types, any one cell line is unlikely to express all the 

transcriptional regulators involved in production of the final in vivo 

pattern, therefore not all the important regulatory regions will be identified.

171



The use of multiple cell lines is therefore required in these cases if a full 

characterisation of the regulatory regions is to be achieved.

Functional assays using transgenic animals

A more recent development has been the use of transgenic animals for 

analysis of potential regulatory regions. In mice, deletion constructs are 

generated and injected into the male pronuclei of fertilised eggs (Hogan et 

al., 1986) and the resultant transgenic mice are used to establish transgenic 

lines (for example Carroll et al, 1995). For each construct, several mouse 

lines m ust be generated and reporter gene expression patterns analysed. This 

allows identification and elimination of those animals where the construct 

has become incorporated in the mouse genome such that its expression is 

controlled at least partially by the regulatory elements of an endogenous 

gene, rather than solely by the promoter sequences being analysed.

Transgenic analysis has the advantage over cell cultures that expression 

patterns of the construct in a wide variety of tissues can be analysed 

simultaneously. Also, this expression is likely to be a true reflection of the in- 

vivo expression of the gene being analysed, which is an essential 

prerequisite to meaningful analysis of deletion constructs. A num ber of 

examples exist in which promoters were inappropriately expressed in 

cultured cells, but showed correct regulation when introduced into the 

germline of mice (for examples see Zimmerman et ah, 1990 (nestin); Carroll 

et al, 1995 (pZdl'^^^^)). However, generation of transgenic mice is time 

consuming, technically difficult and expensive and therefore is often used 

for confirmation of results obtained through cell culture analyses.

DNase hypersensitivity studies

DNase hypersensitivity studies show regions of the genome in which the 

chromatin structure is accessible to DNase, which cuts the DNA in these 

regions. Such 'loose packing' of DNA is indicative of binding sites for
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proteins such as transcription factors. Hence this technique can be used 

either to narrow down czs-acting elements from long stretches of DNA, or as 

confirmation that a given site could be bound by regulatory proteins.

Genomic sequence conservation

Another method to identify potential czs-acting sequences is by sequence 

comparisons between the regulatory regions of a number of genes. As 

discussed in Chapter 1, sequence conservation within coding regions is often 

an indication of functional conservation, and the same principle also holds 

true for regulatory regions. The existence of a conserved sequence within the 

regulatory regions of a number of genes implies a functional significance for 

that sequence, such as forming the binding motif for a regulatory protein. 

The best studied example of a protein binding motif is the TATA box, an A T 

rich region which forms the binding site for the basal transcriptional 

apparatus in many, but not all, eukaryotic genes transcribed by RNA- 

polymerase II or III. In the case of RNA polymerase II or III based 

transcription from TATA-containing promoters, TBP recognises and binds 

to the TATA box, from where it recruits the remainder of the basal 

transcriptional apparatus (Rigby, 1993).

Consensus binding sites for thousands of transcription factors have now 

been defined (Transfac and TFD databases, GCG, 1994) and many have been 

identified in the regulatory regions of multiple genes. However it is 

im portant to remember that the presence of a protein binding site in a 

putative regulatory region does not dictate that the protein will bind to that 

regulatory region in vivo. The downstream gene may not be expressed in 

the same cells as the protein whose site has been identified, the binding of 

other transcription factors or histones may mask the site, or DNA 

m éthylation or conformation in that area may prevent the protein from 

binding. Stringent tests must therefore be carried out to assess the functional 

significance of any putative or identified binding motifs within a given 

prom oter.
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Identification of trans-acting proteins 

Electrophoretic mobility shift assays (EMSAs)

Once putative regulatory regions of the promoter have been identified, 

there are a number of ways to determine whether the potential regulatory 

sequences are bound by proteins in vitro, and to isolate any such proteins. 

One of these is the use of EMSAs which rely on the decreased electrophoretic 

mobility of short DNA sequences when bound by DNA binding proteins. 

Radioactively labelled short DNA sequences which bind a specific protein 

are delayed in their progress down an electrophoresis gel, and hence form a 

discrete band separate from the unbound DNA fragments. The extent of the 

decreased mobility is dependent on the protein bound, hence different 

proteins give rise to bands at different positions down a gel.

One advantage of this technique is the ease with which a large num ber of 

tissues can be screened for the presence of binding activities and the ability to 

compare the binding activities from different sources without the need to 

clone their genes. However, the major disadvantage is the need for a 

separate step to clone genes encoding those proteins of interest. This can 

either be done by screening expression libraries (see below), or by removal of 

the DNA-protein complex band from the gel, followed by protein 

purification. The protein is then used for microsequencing which allows 

cloning of its gene via the use of degenerate oligonucleotides. If required, 

increased volumes of protein can be isolated using columns containing the 

bound DNA fragment of interest, through which nuclear extracts are passed. 

Only the protein capable of binding to the DNA will be retained in the 

column, and this can later be eluted for further analysis.

Expression library screening

An alternative technique to identify proteins which bind to czs-acting 
oP

elements is the use^these elements to probe expression libraries. Clones
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capable of binding the probe DNA must contain proteins which bind to the 

sequence used and further screens enable the elimination of false positive 

clones, for example those containing non-sequence specific DNA binding 

proteins. This method provides direct access to the genes encoding proteins 

of interest (Singh et al., 1988). However, it must be combined with other 

methods to assess the in vivo relevance of any identified proteins. For 

example, the DNA probe may have previously been used in EMSAs to show 

the existence of a cell-type specific binding activity. Electrophoretic mobility 

of proteins subsequently isolated from the expression library can then be 

compared with that of the initial binding activity.

Unfortunately the major problem with expression library screening is its 

dependence on strong interactions between protein and DNA, which is not 

always present, especially in the artificial conditions of the hybridisation 

stage. Tissue- and stage-specific expression libraries increase the sensitivity of 

the screen and can help to overcome this problem but obviously require 

prior knowledge of the expression of the analysed gene. Despite these 

drawbacks, this method has been used successfully to identify a num ber of 

neuronal genes (Haque et ah, 1994; Jones et al, 1997).

The yeast-l-hybrid system

A yeast-l-hybrid system has recently been developed, based on the 2-hybrid 

system (Fields and Song, 1989; Ausubel et al, 1994) which uses DNA 

fragments containing protein-binding sites to isolate novel DNA binding 

proteins. A putative binding site is placed upstream of a reporter gene whose 

expression is required for yeast cell survival. The minimal prom oter within 

this construct is insufficient to drive reporter gene expression. Cells are 

transfected with plasmids containing the GAL4 activation domain fused to 

members of a cDNA library, and yeast that receives a fusion protein capable 

of binding to the putative binding site can be identified on the basis of 

reporter gene expression. The plasmids responsible for reporter gene 

activation can then be isolated and the incorporated gene analysed. The first
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gene identified using this method encodes the Olf-1 neuronal transcription 

factor (Wang and Reed, 1993), and the method is applicable for isolation of 

repressor proteins in addition to activators, since only the presence of a 

DNA-binding domain is required (Chong et ah, 1995).

Selection of regulatory sequences

From the above discussion we see that a number of methods exist, both for 

the initial identification of putative czs-acting regulatory sequences and for 

isolation of frans-acting factors capable of binding to these sequences. The 

combination of methods used in each case will depend on what is 

previously known of the gene(s) being analysed and also on what the 

researcher hopes to discover. In my experiments I wanted to determine 

whether sequence comparisons between regulatory regions of genes 

selectively expressed in sensory neurones could be used to identify 

conserved regulatory elements responsible for tissue specific gene 

expression. Below I have listed the genes whose regulatory sequences I used 

in my experiments, and briefly discussed what is already known of their 

regulatory regions.

Calcitonin gene-related peptide (CGRP)

CGRP-I and calcitonin are two peptide hormones encoded by the same gene, 

CALC-L Tissue-specific alternative splicing generates mRNA for calcitonin 

in thyroid C cells and mRNA encoding CGRP-I in a subset of neurorfs in the 

brain and PNS (Rosenfeld et al, 1983). More recently a second gene, (CALC- 

11) has been identified (Steenbergh et ah, 1985) which encodes a second CGRP 

peptide (CGRP-II) but does not express a second calcitonin gene. CGRP-II 

differs from CGRP-I in 3 of the 37 amino acids and is expressed in some of 

the same tissues as CGRP-I (Peterman et ah, 1987). Within adult rat DRG, 50 

to 70 % of the neurons express at least one form of CGRP (Ju et ah, 1987).
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Regulatory sequences are only available for the CALC-I gene, therefore I 

have concentrated on this in the following resume.

Transfection of PC 12 cells and adult DRG neurorfs with a series of deletion 

constructs of the CALC-I promoter was used to delineate the regions 

responsible for its expression in neuronal cells, and for its NGF inducibility 

(Watson and Latchman, 1995; Watson et ah, 1995 and refs, therein). This 

demonstrated that a region of the hum an CALC-I promoter from -1670 to - 

724 is required to allow high level transcription of CGRP-I in a variety of 

neuronal cell types (and also in thyroid C cells), but does not increase 

transcription on a range of non calcitonin/CGRP-expressing cells types. The 

region from -724 to -292 has an inhibitory effect in neuronal cells, but no 

significant effect in non-neuronal cells including thyroid C cell lines. Thus 

the inhibitory elements in this region appear to be neurone specific. From - 

292 to -158, the promoter contains sequences essential for gene expression 

which act independently of cell type and therefore are likely to be important 

in basal promoter activity.

Promoter sequences mediating NGF inducibility of the CALC-I gene in adult 

DRG neurons lie between -140 and -72. In contrast, in PC12 cells, induction 

by NGF requires additional upstream regions (Watson and Latchman, 1995). 

This suggests that factor(s) binding the former region might be DRG specific 

either in their response to NGF or in their expression pattern. A cyclic AMP 

response element (CRE) within this same region is necessary but not 

sufficient for the NGF response, therefore presumably at least one other 

element in this region is required for NGF inducibility.

Thus analysis of the CALC-I promoter has implicated a num ber of different 

regions in regulation of the calcitonin/ CGRP-I encoding gene. Some regions 

appear to act independently of the cell type in which they are located, whilst 

others are functional only in restricted cell types including neuror&. Proteins 

binding within these latter regions are good candidates for transcriptional 

regulators of neuron-specific gene expression.
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Preprotachykinin (PPT)

PPT  is another gene expressed by terminally differentiated cells, so again 

regulators of this gene may be involved only in carrying out the process of 

terminal differentiation. The PPT gene is expressed exclusively in subsets of 

neuronal or neural crest-derived cells and encodes a num ber of biologically 

active neuropeptides of the tachykinin family, including substance P. The 

different peptides are generated by alternative splicing of primary RNA 

transcripts and post-translational processing of peptide precursors (Nawa et 

a l,  1984; Carter and Krause, 1990). Substance P is present in all peptide 

precursors generated by the PPT gene and shows high expression in 

approximately 20% of DRG neurons. It is possible that regulators not only of 

sensory neurone development, but also of sensory neuronal subtype and of 

NGF inducibility are shared between this and the CALC-I gene since both 

genes are expressed in overlapping subsets of sensory neurorfs (Ju et al,

1987) and can be induced by NGF (Lindsay and Harmar, 1989).

The PPT  gene is regulated by a wide variety of stimuli including growth 

factors, steroids, inflammation and cocaine (Quin et al, 1995 and references 

therein), many of which are thought to act at the level of transcription. As in 

the case of the CALC-I promoter, deletion analysis was used to locate 

regulatory elements within the PPT promoter (Mulderry et a l,  1993). The 

region from -857 to -47 is capable of directing gene expression in adult rat 

DRG neurorfs, but not in a variety of non-neuronal cell types. Also it is not 

sufficient for correct tissue specific expression in transgenic animals.

DNase I footprinting analysis of this region using HeLa cell extract was used 

to identify sites of protein-DNA interactions (Mendleson and Quin, 1995). 

Nine protected sequences, spread throughout this region were identified, 

including sequences showing homology to AP-1 binding sites, a CRE, E- 

boxes and AP-2 binding sites. A number of proteins recognising similar sites 

in other promoters are expressed in tissue specific patterns (for example fos, 

jun (Curran and Franza, 1988), NSCL (Begley et al, 1992) and MASHl
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(Guillemot and Joyner, 1993)) or are modulated or induced by NGF (for 

example MASHl (Johnson et al,  1990), AP-1 family members (Quinn, 1991) 

and CREB (Ginty et al, 1994)). AP-2, the ubiquitous Spl, members of the API 

and E-box binding family of proteins and a single stranded DNA binding 

protein present in sensory neurons have all been shown to bind to the PPT  

prom oter (Quin and McAllister, 1993; Quinn et al, 1995; Paterson et a l,

1995). These or related factors are therefore good candidates for the binding 

activity present on the PPT promoter and may be involved in regulation of 

the PPT gene. Three of the protected sites have been shown to act as 

transcriptional regulators in a number of cell types, including DRG neurons. 

In the presence of NGF, two of these sites further stimulate reporter gene 

expression in PC12 cells (Quinn et al, 1995 and references therein).

Another site between -20 and +4 of the PPT gene functions to repress 

reporter gene transcription in HeLa and PC12 cells but not in cultured DRG 

neurones (Mendelson et al, 1995) and is correlated with the binding of a 

complex to the sequences between the TATA box and transcription 

initiation site.

Peripherin (PF)

The intermediate filament protein PF (Fortier et al, 1984; see Chapter 4) is 

expressed in DRG neurorfs from a very early stage of their differentiation, 

later becoming restricted to the SD neurorfs (Gorham et a l, 1990) and its 

expression can be induced by NGF and by nerve injury. Deletion m apping of 

approximately 3.5 kb of upstream region revealed the existence of two 

transcriptional activation regions and at least three regions which repressed 

gene expression in PC12 cells. It also showed that only the first 98 base pairs 

preceding the transcription initiation site are required to confer neuron- 

specific expression in cultured cells (Desmarais et al, 1992). Within this 

proximal promoter, DNasel footprinting revealed three protected sites, 

named PERI, 2 and 3. PERI overlaps the TATA box, is protected by a cell- 

type specific complex and mediates cell-type specific expression. Also NGF
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inducibility of the PF gene depends in part on the specific PF TATA box 

sequence within this PERI element, although other regions are also 

involved (Desmarais and Royal, 1996). Therefore in the PF gene the 

sequence around the TATA box plays and important role in regulating both 

cell-type specificity and NGF inducibility of the PF gene. Factors responsible 

for the NGF regulation and probably also the cell type specificity are thought 

to be associated with the preinitiation complex, but in both cases no 

candidate proteins have yet been identified.

PFRl alone is unable to activate transcription, but can do so in conjunction 

w ith the other two protected elements, PFR2 and 3, which determine the 

strength of the promoter. The PFR2 motif found in mouse PF is not 

conserved in the hum an and rat PF promoters, whereas PFR3 is conserved 

in the PF genes of all three species and is also found in the promoters of 

other type III intermediate filament genes (GFAP, vimentin and desmin). In 

the PF promoter, it is bound by the ubiquitous transcription factor Spl in 

vitro and in vivo, and this interaction promotes expression of the 

downstream gene (Ferrari et al, 1995).

As mentioned previously, these three elements together do not provide 

complete control of PF transcription. In vitro experiments showed that the 

amplitude of transcription was reduced as the promoter region was 

truncated to just these three regions. In the mouse PF gene, Thompson et al  

(1992) gave evidence that NGF acted in part by relieving the repression 

mediated by a negative regulatory element 5' to the PER motifs, termed the 

NGFNRF. Furthermore, experiments using transgenic mice showed that 

although 5.8 kb of upstream PF promoter could direct nervous-system 

specific expression, intragenic sequences are required for correct cell-type 

specific expression in vivo (Belecky-Adams et al, 1993).
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c-ret receptor tyrosine kinase gene

During development, c-ret is expressed in motor neurorfs, retinal neurorfs, 

the urogenital system and in neural crest cells and their derivatives, 

including DRG (Pachnis et ah, 1993; Schuchardt et ah, 1994). It was first 

identified in humans as an oncogene, responsible for a num ber of tumors 

originating from the neural crest lineage and has also been implicated in 

hum an aganglionic megacolon phenotypes. Mice carrying deletions in the c- 

ret gene die shortly after birth and show loss of kidneys, superior cervical 

ganglia and the enteric neuror& of the intestine (Schuchardt et ah, 1994, 

Durbec et ah, 1996). Other sympathetic neurorfs are unaffected, as are the 

DRG, and Dil labelling suggests that the missing neurorfs share a common 

progenitor cells located in the post-otic neural crest (Bronner-Fraser and 

Fraser, 1991; Serbedzija et ah, 1994).

In transgenic mice a 6 kb region of promoter just upstream of the 

transcription initiation site is sufficient to drive correct expression of a 

reporter gene in DRG, motor neurons and retina, but not in sympathetic and 

enteric ganglia or in parts of the urogenital system (Sukumaran, 1996). 

However, it is not known whether the regions controlling DRG expression 

are located within the 0.4 kb of sequenced region, therefore care m ust be 

exercised in the interpretation of comparative results.

Segmentally expressed kinase-1 (Sekl)

Sekl is a member of the Eph family of receptor tyrosine kinases (Gilardi- 

Hebenstreit et ah, 1992) and is expressed in neural crest cells (Wang and 

Anderson, 1997), developing DRG (T. Theil, personal communication) and 

in subsets of neonatal but not adult DRG neurones (my results, see below).

During development the expression of an Eph receptor subclass is often 

m utually exclusive with the expression of its cognate ligand subclass (Gale et 

ah, 1996). Thus the complementary expression patterns of receptors and
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ligands compartmentalise the embryo and suggests roles for these molecules 

in specification of cell fates within these areas a n d / or in formation 

maintenance or refinement of boundaries. Evidence for this comes from the 

developing hindbrain, where Sekl is expressed in odd numbered 

rhombomeres whilst two of its ligands are expressed in even numbered 

rhombomeres. Uniform expression of dom inant negative Sekl throughout 

the hindbrains of developing Xenopus and zebrafish embryos disrupts 

rhombomere specification (Xu et al, 1995). Reciprocal expression of Eph 

receptors and ligands in adjacent rhombomeres of the hindbrain therefore 

appears crucial for normal segmentation in this structure.

W ithin the peripheral nervous system Eph receptors and their ligands have 

been implicated in neural crest migration and in axonal guidance (Wang 

and Anderson, 1997 and references therein). In all cases studied to date, 

neuronal cells express the receptors whilst surrounding cells express the 

ligands and in vitro assays have shown that the ligands act as repulsive 

guidance cues to the migrating cells or growth cones. Sekl expression in 

neural crest and developing sensory neurorfs is compatible with a role in 

these processes.

Despite the dynamic expression patterns of Sekl in a plethora of tissues, 

elements in its promoter responsible for subsets of this expression have been 

identified (T. Theil, personal communication). A reporter gene under the 

control of 7 kb of Sekl sequence from just upstream  of the transcriptional 

start site has been used for the generation of transgenic mice. This region 

contains sufficient information to direct correct gene expression within the 

hindbrain, DRG and a number of other tissues at E13.5, as shown in figure 

5.1 (courtesy of T. Thiel). Deletions of this promoter have been used to 

identify a discrete promoter element responsible for regulating hindbrain 

expression, suggesting that other promoter elements may exist to mediate 

transcriptional regulation in other tissues, including DRG.
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Figure 5.1. (courtesy of T. Thiel, NIMR, Mill Hill). E13.5 mouse showing 
expression of the lacZ reporter gene under the control of 7 kb of Sekl 
upstream sequence. Note the strong expression in the DRG at this stage.
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By sequencing the upstream region of Sekl used in the transgenic 

experiments, I hoped to identify region(s) within it responsible for 

generation of the observed DRG expression.

P2Xs

P2X receptors make up a family of ATP-gated cation channels (Collo et al,

1996) expressed in neuronal cells and smooth muscle. P2 X3 shows by far the 

most restricted expression pattern of the family members identified to date, 

transcripts being found only DRG, cranial ganglia and at low levels in 

pituitary (Chen et al, 1995; Lewis et al, 1995). Within the DRG only a subset 

of neurons express the receptor, the majority of which are SD neurons. It has 

also been shown that P2 X3 is expressed in the c-ret positive population of 

DRG neurorfs (S. McMahon, personal communication). Expression patterns 

and channel electrophysiology provide evidence that P2 X3 is involved in 

transduction of the ATP-induced nociceptive signal.

To date no functional data exists on the regulatory sequences required for 

correct expression of the P2 X3 gene, therefore as in the case of c-ret, care must 

be taken in interpretation of comparative results.

Choice of subsequent functional assay

Comparison of regulatory regions from the above genes led to the 

identification of a number of putative czs-acting elements. As an initial 

functional assay on these elements, I chose to use EMSAs to screen for 

binding activities and subsequently to analyse the cell-type specificity of the 

identified binding activities.
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5.2. Results

Assimilation of regulatory sequences

I first searched for regulatory regions of selectively expressed neuronal genes 

present in the Hum an genome mapping project (HGMP) Genbank and 

EMBL databases (GCG, 1994). Wherever available, first and second introns 

and 5' untranslated regions were selected in addition to all available 

upstream  sequences. Where more than one transcription initiation site was 

present, the most commonly used site was designated as the reference 

position. + 1  refers to the first base of the transcribed region, with 

downstream (3') bases progressively higher positive values, and upstream  

(5') bases progressively larger negative values. Regulatory regions of the 

following genes were identified:

Table 5.1. Genes whose regulatory regions were found in the Genbank and 
EMBL databases (GCG, 1994) and were used in subsequent sequence 
comparisons. The organism from which each sequence was derived is given, 
and those regulatory regions available are noted. CALC-I = gene encoding 
calcitonin gene-related peptide; PF = peripherin; PPT = pre-protachykinin A; 
c-ret = c-ret receptor tyrosine kinase; prom = regulatory region 5' of 
transcription initiation site; 5'UT = 5' untranslated region (defined as the 
sequence between transcription and translation initiation sites).

gene source regulatory regions reference

CALC-I human prom, 5'UT and intron 1 Broad et a l ,  (1989)

CALC-I rat prom Stolarsky-Fredman et a l ,  (1990)

PF human prom, 5'UT, introns 1 and 2 Foley et a l ,  (1993)

PF mouse prom, 5'UT, introns 1 and 2 Karpov et a l ,  (1992)

PF rat prom, 5'UT, introns 1 and 2 Thompson & Ziff, (1989)

PPT bovine prom and 5'UT Nawa et a l ,  (1984)

PPT rat prom and 5'UT Carter & Krause, (1990)

c-ret human prom Itoh et a l ,  (1992)
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The remaining sequences were either obtained from colleagues or were 

sequenced myself. Approximately 400 base pairs of the mouse c-ret promoter 

sequence, immediately upstream of the transcription initiation site was 

kindly donated by M. Sukumaran (University College London). 2.5 kb of 

sequence immediately upstream of the mouse P2 X3 coding sequence and 162 

base pairs of sequence from the start of the first intron of this gene were 

kindly donated by A. Akopian(University College London).

I sequenced both strands of a 7 kb region immediately upstream  of the Sekl 

gene using clones kindly donated by T. Theil (NIMR, Mill Hill). The relative 

positions of the sequencing primers are shown in appendix 5.1. A full list of 

the sequencing primers used is found in appendix 5.2.

In addition, to analyse the postnatal expression of Sekl, I performed in situ 

hybridisation on neonatal and adult rat DRG using a murine Sekl probe 

kindly donated by K. Patel (Reading University, UK) This showed that Sekl 

is expressed in subsets of neonatal rat DRG neurons (figure 5.2), but not by 

adult rat sensory neurons (data not shown).

All of the above regulatory sequences are listed in appendices 5.3 - 5.13 and 

were entered into the GCG sequence analysis program using seqed (GCG, 

1994) for further analysis.

Sequence comparisons between the PF genes

Preliminary sequence comparisons failed to reveal the presence of regions of 

homology between the regulatory regions of the different genes. I therefore 

decided to use the PF sequences as a basis for my investigations (see Foley et 

al,  1994). This gene is expressed exclusively within the PNS from an early 

stage in neuronal development, suggesting that some of the proteins 

regulating PF expression may be involved in sensory neuronal fate 

specification or commitment.
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Figure 5.2. Whole mount in situ hybridisation of neonatal mouse DRG with 
a murine Sekl probe kindly donated by K. Patel (University College, 
London). The probe was labelled with digoxigenin-UTP and detected using 
alkaline-phosphatase conjugated anti-digoxigenin antibodies, followed by 
NBT/  BCIP staining. (A), (B) Individual labelled cells can be seen within 
whole-mount neonatal DRG. (C), (E) Labelled cells after sectioning of whole- 
mount DRG. Note the nuclear 'shadows'. (D), (F), higher magnification of 
(C) and (E) respectively.
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PF also has the advantage that regulatory sequences are available from three 

mammalian species: mouse, rat and human. Sequences from these three 

animals were compared using pileup (GCG, 1994), and regions of extensive 

sequence similarity were highlighted (figure 5.3). Twenty six conserved 

regions were identified and are listed in appendix 5.14.

Nomenclature

The major initiation site of the rat gene (A in the sequence TGCAGCTC of 

the rat gene) was designated as position +1. Fragments upstream  of the 

translation initiation site were named PF-prom-X or PF-5'UT-X, where X is 

the position of the most 5' base in the fragment with respect to the rat 

transcriptional initiation site. Fragments within introns were nam ed with 

respect to the start of the introns, allowing direct comparison between the 

positions of any regulatory regions within introns of different genes. The 

names followed the model PF-intronl(2)-X, where X is the distance between 

the most 5' base of the fragment and the 5' splice site of that intron.

Comparison of PF conserved fragments with other DRG specific genes

The sequence of each conserved fragment from within the PF gene was 

entered into the GCG sequence analysis program and was then 

independently compared with the regulatory sequences from each of the 

various genes, using the fastA algorithm (GCG, 1994). Table 5.2 shows the 

results. The numbers within the table refer to the bases within each PF 

fragment which are also found in the sequence with which it is being 

compared. Of the 26 fragments of PF regulatory sequence conserved between 

the mouse, rat and human genes, only 3 (PF-prom-436, PF-prom-312 and PF- 

intronl-208) showed very little homology to the regulatory regions of the 

other DRG specific genes. The remaining fragments were all potential 

candidates for controlling DRG specific expression.
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Figure 5.3. Sequence comparison of the PF gene regulatory regions from rat, 
mouse and human. See Appendices 5.5 - 5.7 for individual sequences. 
Sequences are numbered with respect to the rat sequence. Regions of 
homology chosen for further analysis are underlined in the rat sequence. (A) 
region upstream  of the transcription initiation site; (B) 5' untranslated 
region; (C) intron 1; (D) intron 2.

(A)

-868 -819
PF-prom-mou CGTAAGGCCC GTGACTGCCC AGCAGATGGT GTGGAGGGGG CACCAATCCA 
PF-prom-rat .....................................................CCA

PF-prom-human

PF-prom-mou
PF-prom-rat

PF-prom-human

-818 -774
GTAAAGGCTG AAAGTGTACC ACAGGCCCAC TCAGCTTAGC TCCCCCCCTT 
ATAAAAGCCA AAAGTGTACC ACAGGCCCAC TCTGTTTAG..... CCTCTG

-773 -724
PF-prom-mou TCATGGCACA GACCCTTGGA ACCCCGACAT CC..... TC AGCACCCTGT
PF-prom-rat GCATGGCACA GACCCTCAGA GCCCCGGACA CCCTCACTCC CCCCCACCAA 

PF-prom-human .............GGATCCAG AGCTGGGTCC AGCCACCCTC AGCCCCCTAT

PF-prom-mou
PF-prom-rat

PF-prom-human

-723 -674
GAGGTGCCCA CTCTTGTTGG GGTGGGTGTT ACGTCCGAGT T ..... TGG
GAGGTGCCCA CTCTTGTTGG AGCATTTGTT AAATCCAAGT TTGAGGGTGG 
GATGTACCCA CCTCATTGGG GCTTGTTGCG GGGT..AGGT CTAGGTTTGG

PF-prom-mou
PF-prom-rat

PF-prom-human

-673 -624
GGGCTGTGTC TTTAAGATGG AAACATCACC ATGCAACTTC TGCTGGTCCA 
GGGCTGTGCC TTTAAGGTGG AAACATCTGC ATGCAACTTC TGCTAGGCCA 
GGGCTGTGTC TTTAAGGCTG AAACATCAGC AGACAACCTC TGCTGGGCCG

PF-prom-mou
PF-prom-rat

PF-prom-human

-623 -576
AGGGCGGGGG TGGGGGTGGG AGAGCTGGTC AGTCCATTAG CTGCAGAGCT 
AGGGCAGGG. .GGAGGGGAG CTGGTCAGTC AGTCCATTAG CCGCAGAGCC
TCTTCAGGGG AGGGGGAGGG .GGGCTGGTC AGCCCATTAG CAGCAGAGCT

PF-prom-mou
PF-prom-rat

PF-prom-human

-575 -526
GGCGCCAATC ACCAGCCCTT TACCGTGCCC TGGGGAGTAG GCAGAGATAA 
GGCGCCAATC ACCAGCCCTT TACTGTGCCC TGGGGAGTAG GCAGAGATAA 
GGCGCCAGGC ACCAGCCCTT CACAGGGCCC TGGGGATTAG G..GAGAGTA

PF-prom-mou
PF-prom-rat

PF-prom-human

-525 -489
GCTCTTCCCC AGCTCCCTCT GCCTCAGCCC ............. TCGGTTG
GCCCTTTCCC AGCCCCCTCT GCTTCAGCCC ............. TCGGTTA
GCTCTTCCCC AGCCCGATCT GCCTCTGCGC CCCTGTCTCC TATTCCTCTC

PF-prom-mou
PF-prom-rat

PF-prom-human

-488 -439
TGGCCAATGA T ...GGGGGG CAGTTGACAA CAGGTGAAAG GAGAACCCCA 
TGGCCAGTGA TGGGGGGGGG CAGCTGACAA CAGGTGAATG AAGAACCCCA 
TGGGTGTGGT GAAGGAGGGG TAGCTGACAG CAGGTGAAAA TAGAGCCTGG
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PF-prom-mou
PF-prom-rat

PF-prom-human
PF-prom-mou
PF-prom-rat

PF-prom-human

-438
GTTTCAGGAG
GTTTCAGGAG

ACAGGAGGAG GCACGAATTC 
ACAGGAGGGG GCGCAAATAC

CCTGGCTTAG
CCTGGCTTAG

- 3 8 9
GCCAGGTTAG
GCCAGGTTAG

CCTTCAGGGG
-388
CTCTCCCTCC
CTCTCCCTCC

GCAAGTCAAG GCACTAGCTA TGGGGCCTAA
ACCTACCCCA CTTCTCATTG 
ACCTACCCCA TTTCTCATTG

CTCTCCCTCC AGCTGGCCTC CTCCCTACTC

CT......CA
CC..... CA
CTGTGCCAGA

GCCAGGTCAA
-354

AAACTTGCCC
A ........
AGCCTGCCCT

-353 -312
PF-prom-mou TTTTCCTCAG GTCCTCATAT TCCCTAATTT TTACCCCCTC TTCTGAGAGG
PF-prom-rat ....... AG GTTCTTCTAT TCCCTAATTT TTACCTCCTT TTCTGAGGGG

PF-prom-human TTAACTTCAG GTCCTTCTAC CTCGCAATTT TCA................. G
-311 -262
GCACCCCAGG TCAAGCCATG TCCTCCCATT CTAGGCTCCA GCGTTGGATG 
GCACCCCAGG TCAAGCCATG TCCTCCCGCC CTAGGCTCCC GCGTTGGGTT 
GGACTCTAGT TCAAGTCAGG CCTTCCTACC CTAGGTTCTA GCTTTGGGTG
-261 -212
CATGCTCTAA GG. . . TAGAC CTTAGCCCAC CTCCATC......... ACAT
CATGCTCAAA GGCTAGGATC CTTAGCCCAT CTCCATCCTG CCATTTACAT 
CTTGTTGGGA GGAAGTGACC CCCACCCCAG C ....................
-211 -165
CCCGGATCTC AGCCAGCAAC AAGGGGGAAT CAAGCAGGCA GGGTGCCAGC 
CCCGGATCTC AGC...CAAC AAGGGGGAAT CAAGCAGGCA GGGCGCCAGC 

PF-prom-human  GGCAAC AGGGGGCAAT CAAGTGGGTA GAG. GCCTGC

PF-prom-mou
PF-prom-rat

PF-prom-human

PF-prom-mou
PF-prom-rat

PF-prom-human

PF-prom-mou
PF-prom-rat

PF-prom-mou 
PF-prom-rat 

PF-prom-human

PF-prom-mou
PF-prom-rat

PF-prom-human

PF-prom-mou 
PF-prom-rat 

PF-pr om-human

-164 -119
AACCAGGAGA GGGAAGGGGT GGTGTCCTCT CTCTGC.... AGGGTGGGGC 
AACCAGGAGA GGGAAGGGGT GGTGTCGCCG CTCTGC.... AGGGTGGGGC 
AACCAGGGAA GGGAGGGGAA GGCGCTCCTG CTGTTCCGCA GGGGTGGGGC
-118 -73
ATCCCCCTCC CCACACAGCC C ....AAGGC TGAAGTCAGG CCAGTGGGAG 
ATCCCCCTCC CCACACAGCC C ....AAGGC TGAAGTCAGG CCAGTGGGAG 
ATCCCCCTCC CCATACAACC CCCCTCCAGC GGCCATCAGG CCAGTGGGAG
-72 -23
GAGCTGTCGT GCCCCCCCAC CCCCCCTCCC CGGAGACCGC AGGGCTATAA 
GAGCTGTCGT GCCCCCCCAG TAAGCCCCCC CCCATACCGC AGGGCTATAA 
GAGCTGCC..............CGTGCCCCCC CTGAGACCGC AGGGCTATAA

PF-prom-mou
PF-prom-rat

PF-prom-human

- 2 2  - 1  
AGCCGCCCCG CATCGGTCTG CA 
AGCCGCCCCG CATCGGTCTG CA 
AG.CGCCTCG CAGCGGTCTG CG
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(B)

PF-5UT-mou
PF-5UT-rat

PF-5UT-human

1 47
GCTCCTTGCC A...CCCGGC CTAGTTCTGC CAAGCGCTGA .........
GCTCCTTCCC G...CCCGGC CTAGTTCTGC CAAGCGCTGA ATGCCATCTT 
GCTCCTTGCC AGCCCCCGGC CTAGCTCTGC GAACGGTGAC TGCCCATCCT

PF-5UT-mou 
PF-5UT-rat 

PF-5UT-human

48
CCGCCAGC
TGGCCGCA

(C)

PF-intl-mou 
PF-intl-rat 

PF-intl-human

1 21
............................... G TCAGAGGGCA GGACCGGGCC
............................... G TCAGAGGGCA GGACCGGGCC
GTCAGGGGGC AGGGCTGGGC CGCTGCCGTC GAGGCGAGGT CGAAGCGGCG

PF-intl-mou 
PF-intl-rat 

PF-intl-human

22 71
TGCCAGACGC TCCCTTCGCT CCCCCTGCCT TCCCCTCCAG ATCCAACAGC 
TGCCAGACAC TCCCTCTGCT CCCCCTGTCT TTCCCCTCGG ATCTAACAAC 
TCGAGGCGGC TGCTCTTGCC TCCCCTCGCT TCCCCTCTCC ATC.AGCAGC

PF-intl-mou 
PF-intl-rat 

PF-intl-human

72 121
CCTAGGGCGT GGCCGGGCTG GCCAACCCCA GGGC.GAGCC TGCAGCATCC 
CATAGGGCGT GGTCGGGCTG GCCAACCCCA GCCCGGAGCC TGCAGCATCC 
CCAAGGGTGT GGCTCCCCTT ACCAA.CCCA GGTGTGTGCG GGCAGCATCC

PF-intl-mou 
PF-intl-rat 

PF-intl-human

122 157
.............. AAGCCA GCCCCCTCCC TGCACTTTGC TCCGAGAG.C
.............. TAGCGG GCCCTCTGCC AGCACTTTGC TCCGAGAGCC
CTCGCCCACG GGCTCCAAGT GCCCCCCGCT ACCCCTTTGC TCTGAGTGTT

PF-intl-mou 
PF-intl-rat 

PF-intl-human

158 188
TAGCG......... GAAGTGA CCAGACAT........... T AAGGGGACT .
TAGGG......... GAAGTGA CCAGACAT........... T AAGGGGACTG
TGGGGAGGTG GGAGAAGTGG GTATCTGTGC CTCCCCTGAG TAATGAGGAA

PF-intl-mou 
PF-intl-rat 

PF-intl-human

189 217
. . . CCCTTCT CTGTTCCTAG TCCGTTAG...................... AC
ACACCCTTCT CTG.TCCCAA TCCGTTAG......................AC
ACCCCCTTTT CAGCTCCCAG TCCGTTAGAG ACAATGCGGG GCAATTCCAT

PF-intl-mou 
PF-intl-rat 

PF-intl-human

218 258
GGGCAGACTG AATCCCTCCT TTTAGA..........TCCAG GACAGCTGCA
GGGAAGGCCG AATCCCTCGC TTTAGA..........TCCAC GACAGCTGCA
TAGACAGCCT CAGCCCTCCA TTTAGAGTCC TGGGCAGCAG AACAGCCTCT

PF-intl-mou 
PF-intl-rat 

PF-intl-human

259 308
TAAGCAGATG GGGGCGGGGT GCTGGATGTG GCACGAGATC TGGGAGGTCA 
GAAGTAGATG GGGGCGGGGT GCTGGATGTA GCACGAGGTC TGGGAGGTCA 
AACCGGATCC TGGGGGGCGT GCGGTCTGGG GTGCGAGCT. ..GGGCGCGA
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309 344
PF-intl-mou CCCCGCAGTT CAGCATCTTC CCACTCTGCC TGTCAG.
PF-intl-rat CCCGGCAGCT CAGTGTCTTC CCACTCTGCC TATCAG.

PF-intl-human CCCCGCAGTT CAGCCTCTGC ACGCTCTTCC CGTCAGG

(D)

PF-int2-mou 
PF-int2-rat 

PF-int2-human

1 49
GTGAGTGAGG GGTCA...CG TTGAGTCCCA ACACCCCAGC TGCACCCCCA 
GTGAGTGAGG GGTCACGTCG TCGAGTCCCA GCACCCTAGC TGCA.CCCCA 
GTGAGTCCGA GCCCCTCTCC GAGTTCAGCC TCCCCACCGC TACCCCCGAT

PF-int2-mou
PF-int2-rat

PF-int2-human

50 89
GCTGCGTCTC CAGGGTGGCA TCGGTGGGTT AAGGGAG......... GCCAC
GCTGCATCTC CA. GGTGGCA TCGGTGGGTT . GGGGGG......... TCACT
CTCAGTATCC AGAGGTGGCA TCGGTGGGCG CGGGGAGAAG GGGGTAACCC

PF-int2-mou
PF-int2-rat

PF-int2-human

90 139
TCCGTGCTTC CGAGACAGAC AGGGAAGACC TGGCCCTTCC CTGGCCTGAG 
TCTGTGCTTC TGAGGCAGAC AGGGAAGACC TGGCCCTTCC TTTGCCTGAA 
AGATGCCTCC TGAGGCAGAC AGGGAAGGCC TGGTCCTTCC TTGGTCTGCG

PF-int2-mou 
PF-int2-rat 

PF-int2-human

140 181
GAG.CCCTCC T  ATTG ATCCCCTATT CCCGTTCGCG AAG
GAG.CCCTCC TTTCTCTTGA ACTCCCCATT CCCACTCACG AAG 
CAGCCCCTAA CTTATCTTGA ACCTCCACTG CCACCCCTCG AAG
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Table 5.2. Table to compare conserved sequence fragments from the PF gene 
(column headings) with regulatory regions from a variety of other genes 
expressed in DRG neurorfe. 'Conserved' regions comprised at least 7 
consecutive matching bases (unless the total fragment length was less than 
7), include a maximum of 2 unknown or variant bases (N). Prom = region 
located upstream  of the transcription initiation site, 5' UT = sequence 
between transcription and translation initiation sites. Numbers a and b 
separated by commas represent the sequence from base a to base b of the PF 
fragment. a,b+c,d represents the sequence from a to b then from c to d of the 
PF fragment with the intermediate region not conserved. If the PF fragment 
showed homology with more than one region of a sequence being 
compared, the conserved bases of the PF fragment in each case are separated 
by the symbol '/ '.

193



PF-5UT-12 PF-intron1-75 PF-intron1-93 PF-lntron1-113 PF-intron1-142 PF-intron1-208 PF-intron2-1
1 6 b a se s 10 ba se s 10 base s 9 base s 14 b ase s 8 base s 6 ba se s

CGRP-5UT-human 4 , 9 1 ,9 1,8
CGRP-intron2-human 1,9/  1,7 3 ,9 1,7
CGRP-prom-human 2 , 8 3 , 9 4 , 1 0 1 ,7 1,6
CGRP-prom-rat

P2X3-5UT/exon1-mou
-

3 ,9 1 ,7

P2X3-intron1-mou 1,6
P2X3-prom-mou

PF-5UT-human

5 , 11  _ 2 .9 /  1.7 2 ,9 1,8

PF-5UT-mou
PF-5UT-rat ------ -- -  - ------
PF-prom-human ------- - - -—  ----------------------
PF-prom-mou

57)4 :  '  “  ' 'PF-prom-rat 
PF-intron1 -human

^ 1 0  ______ --------------------------- -----------------------------
4 , 1 0 —  -  - - — —

-------------------PF-intron1-mou
PF-intron1-rat ---- ----------------------- 1 ,7

27s
PF-intron2-human 4 , 1 0  I
PF-intron2-mou 1
PF-intron2-rat

PPT-5UT-bovine

1

4 ,11
. ...Y' ' ).

PPT-5UT-rat 1,6
PPT-prom-bovine 4 ,10 /  4 , 10 1,7
PPT-prom-rat 

Retl -prom-human

9 , 1 6  

Ï ,7

2 , 9 1,7

3 ,9
; ' - V; 
3 , 1 0

f -
1,6

Ret l -prom-mou

Sek l-prom-
'

œMMENTS

3 , 10 /  1,7  

could use

2 ,8

1,9/  1,7  

porcine

1

1,7/  4 , 10  

common

2 , 8

common

1 ,10/  1 ,10  

use  -2 to 16

2 ,8 /  2,8  

unconserved

1,6/  1,6 

too short
microsatilite Fragment 1



\Dai

PF-intron2-105 PF-intron2-62 PF-prom-817 PF-prom-772 PF-prom-723 PF-prom-676
25 ba se s 15 ba se s 38 ba se s 15 ba se s 11 ba se s 47  bas e s

CGRP-5UT-human 6 ,1 2 /  5,11 1,7/  1,7 2 0 ,3 0 /  21 ,2 7 6 ,13 /  5,11 1 4 , 1 9  + 2 4 , 2 7
CGRP-intron2-human 3 ,9 /  3,9 13 ,22 /  2 4 , 30 2 ,8 5 ,1 1
CGRP-prom-human 13 ,21 2 4 ,3 4 /  21 ,2 8 8 ,15 /  4 , 10 3 , 11 /  4 ,10
CGRP-prom-rat 

P2X3-5UT/exon1 -mou

13 , 21 /  6 , 13 1 ,7  

8 , 1 4

17 ,24 /  2 1 , 27  

24^32/  9 ,16

3,11 5 ,11 5 ,11

5 ,1 1 /  5 , i l
P2X3-intron1-mou 6 ,1 3 /  18 ,25 9 , 1 6
P2X3-prom-mou

PF-5UT-human

6 , 1 3 3,9/  1,7 2 4 ,3 3 /  24 ,31 1,7/  9 , 15 5 ,11 4 ,1 1 /  3 7 , 44  

2 , 9
PF-5UT-mou 1 ,7
PF-5UT-rat
PF-prom-human 5 , 13 /  2 ,9 3 ,9 2 , 9
PF-prom-mou 5 ,11 /  2 ,8 5 , 1 2 4,1 1
PF-prom-rat 2 , 8 5 , 1 2 4 , 1 0 2 , 9
PF-intron1-human 4,11 5 ,11
PF-intron1-mou 7 , 1 4 2 1 ,2 7 /  25 , 3 4 2 ,9 /  1,7
PF-intron1-rat 2 , 9 2 1 ,2 7 /  25 ,3 4 3 9 ,4 6 /  1,7
PF-intron2-human 1 9 , 2 5  j 9 , 1 5 3 ,9
PF-intron2-mou 5 , 1 2 2 6 , 3 4
PF-intron2-rat

PPT-5UT-bovine
V " : ' '

2 5 , 3 2

4 0 , 4 7
PPT-5UT-rat 11 , 18 /  15,21 2 , 8 N"5,21 6 , 1 4 2 ,9 /  13 ,19
PPT-prom-bovine 6 , 1 3 1 0 , 1 7 1,8
PPT-prom-rat

Ret l -prom-human

6 ,14 /  1,7  

13 ,21

1,11

2 3 , 2 9

6 , 1 2

5 ,11 /  8 , 14

3 , 1 0 3 9 ,4 7 /  1 1 , 1 6 + 2 3 , 3 0  

1 .7
Ret l -prom-mou  

Sek1-prom- ' 

COMMENTS

6 ,14 /  2 , 9  

use  -1 to 27

7 ,1 3 /  9 ,15  

use  -2 to 17

1 2 , 1 9  

use  8 to 35

4 ,1 4 /  9 ,15  

use -2 to 17

4,1 i /  5,11 1 

common

8 , 17 /  8 ,16  

use  -2 to 21
Fragment 2 Fragment 3 prion prot homol Huntington's Di sease  & Fragment 6

Fragment 4 keratin homol. Frag. 5



\D
O n

PF-prom-598 PF-prom-549 PF-prom-532 PF-prom-472 PF-prom-436 PF-prom-405 PF-prom-336
43 base s 14 ba se s 37 ba se s 22 ba se s 13 b ase s 31 ba se s 6 b ase s

CGRP-5UT-human 17 ,24 /  35,41 2 , 1 0 1 3 , 2 2 " 15 ,21 18 ,27 /  8 , 14 l . A ______
CGRP-intron2-human 2 2 , 2 6 + 2 8 , 3 0 + 3 3 , 3 7 /  3 4 , 40 3 , 1 0 9 ,21 2 2 , 2 8 1,6/  1,6
CGRP-prom-human 1 3 , 2 0 + 2 5 , 2 8 /  16 ,24 4 ,10 /  2,8 1 5 , 2 2 1 , 10 2 2 , 3 0
CGRP-prom-rat 2 1 ,2 8 /  2 4 , 3 4 9 , 1 6 1.7/  1,7 2 2 ,2 8 /  2 1 , 2 7 1,6/  1,6

P2X3-5UT/exon1-mou 2 6 , 3 2 1 6 , 2 2
P2X3-intron1-mou 1 2 , 2 4 1 2 , 1 9 2 , 7 + 1 0 , 1 9 2 1 , 2 7
P2X3-prom-mou 12 , 24 /  2 4 ,3 0 1 ,7 1 5 , 2 2 + 2 6 , 3 1 2 , 7 + 1 0 , 1 9 3 ,11 1 9 , 2 5

PF-5UT-human 1 6 , 2 2 1 3 , 2 2
PF-5UT-mou
PF-5UT-rat
PF-prom-human 4 , 1 0 1 5 , 2 2 6 , 1 2 1 ,8  3 ^ 1 8 , 2 5 1 ,6
PF-prom-mou 1 2 , 2 0 4 , 1 0 2 6 , 3 2 1 ,1 0 1 ,6
PF-prom-rat 2 1 , 2 9 3 , 9 1 ,1 0 1,6
PF-intron1-human 3 4 ,4 2 /  7 , 13 3 , 9 15 ,2 2 /  9 , 17 1 J
PF-intron1-mou 3 6 ,4 2 /  35,41 1^9___________ 2 ^ 3  i  ________' 2 2 , 2 8
PF-intron1-rat 2 7 ^ + 3 5 , 4 1 /  35,41 _____ 2 0 , 2 6
PF-intron2-human
PF-intron2-mou

- —  ----- ------------  — ------------
2 6 , 3 2

-  - --------- —
8 J 4

PF-intron2-rat 1 5 , 2 2 + 2 6 , 2 9 8 , l ' 4

PPT-5UT-bovine 2 ,9
PPT-5UT-rat 3 5 , 4 1 3 ,9 15 , 22 /  18 ,24 1 5 , 2 2
PPT-prom-bovine 7 , 13 /  14,21 1 6 , 2 2 2 1 , 2 7 1,6/  1,6
PPT-prom-rat 3 5 ,4 2 /  3 0 , 3 9 2 ,8 /  5 , 12 1 3 , 2 2 2 , 8 18 ,25 /  5,11 1,6/  1,6

Ret l -prom-human 16 ,2 4 /  1 6 , 22 +3 8 , 41 2 6 , 3 2 /  26 ,32 2 1 , 3 0
Retl -prom-mou 1 1 , 1 7 6 , 1 2 2 2 , 2 8

Sek l -prom-  ] 1 1 , 1 6 + 1 7 , 2 0 + 2 5 , 3 0 /  3 5 ,4 3 1,8/  2 , 9  ] 7 , 15 /  15 ,22 15 ,22 /  9 , 15  ] 2 , 1 0 19 ,26 /  19 ,26 1,6/  1,6

COMMBTTS use  5 to 45 Y chromosome use  7 to 34 use  -2 to 24 unconserved repetitive too short
Fragment 7 repeat includes AP2 site Fragment 9

Fragment 8



N

PF-prom-312 PF-prom-198 PF-prom-170 PF-prom-127 PF-prom-87 PF-prom-37
27 b ase s 18 b ase s 20 base s 22 ba se s 21 b ase s 36 ba se s

CGRP-5UT-human 1 3 , 1 9 1 1 , 1 7 7 , 1 8 13 ,20 /  1,7 9 ,16 /  3 ,10 5 ,11
CGRP-intron2-human 1,8 13 ,22 /  13 ,19 3 ,11 7 , 1 4
CGRP-prom-human 9 , 1 5 7 , 1 3 6 ,13 /  5,11 1,8/  7 , 14 4 , 1 0 5 ,11
CGRP-prom-rat 

P2X3-5UT/exon1 -mou
! # # # # #

7 , 1 4 1 , 6 + 1 6 , 2 2 8.17 9 , 1 6

P2X3-intron1-mou 11 ,14 /  16 ,20 14 ,21 /  9 ,15
P2X3-prom-mou

PF-5UT-human

1 2 , 1 8 9 ,15 /  7 , 13 7 ,1 6 /  7 , 13 12 ,21 /  11 ,18 1,8/  9 , 15 4 ,11 /  2 , 8

PF-5UT-mou
PF-5UT-rat 1 4 , 2 0 ^
PF-prom-human 11 ,21 3 , 9 + 1 2 , 1 6
PF-prom-mou 1,8 1 0 , 1 7 5 ,11
PF-prom-rat 1 1 , 1 7 + 1 9 , 2 1 1 1 , 1 7
PF-intron1-human 15 ,22 /  1 3 , 1 8 + 2 0 , 2 2 9 ,15 /  15,21 4 ,11
PF-intron1-mou 1 2 , 2 0 2 , 6 + 8 , 1 4 /  10 ,16
PF-intron1-rat 3 , 1 0 1 1 , 1 7 10 ,16 /  8 , 14
PF-intron2-human 1 0 , 1 6 15 ,22 /  2,8 3 0 , 3 6
PF-intron2-mou T^/ r3,T9
PF-intron2-rat

PPT-5UT-bovine

9 , 1 6 11 ,15 /  19 .22 8 , 1 4

1 2 , 1 8 1 .7
PPT-5UT-rat 1 2 , 1 7 + 1 9 , 2 2 13 ,19 /  15,21 1,7/  2,8
PPT-prom-bovine 5 , 1 4 1 1 , 1 9 1 2 , 2 2 1 0 , 1 7
PPT-prom-rat 8 ,1 6 /  1,8 5 ,11 12 ,22 /  2,8 1,7/  8 , 14 1 1 , 1 8

Ret l -prom-human  
Ret l -prom-mou  |

Sek l-prom-
- - r: .

COMMENTTS

iT i 9 ^ ^ ^ |

unconserved

4 ,11  

7,~13 

could use

7 ,13 /  6 , 12  

use  1 to 21

I , 9 /  1 2 ,1 4 + 1 6 ,2 0  1 
2 ,9 /  13,19

I I , 2 1 /  1 , 10  

repetitive + palindromic

1 1 , 1 9
15 ,21

5 ,1 4 /  2 , 1 0  

well characterised

4 , 1 0

2 , 11 /  6 , 13  

well characterised
Fragment 10 includes AP2 site PER 3 PERI



Selection of PF conserved fragments for EMSAs

Sequence comparisons allow identification of putative regulatory regions on 

the basis of their conservation in a number of co-expressed genes. However, 

functional analysis of some type must also be employed if any meaningful 

conclusions are to be drawn from the comparative work. I chose to use 

electrophoretic mobility shift assays (EMSAs) in order to search for binding 

activity within DRG nuclear extracts. The identification of a specific binding 

activity present in DRG, but not other tissues, is good evidence for the 

existence of a cell-type specific transcriptional regulator.

Comparison with database sequences

In order to narrow down the number of potential candidate sequences, I 

used fastA (GCG, 1994) to compare each fragment with all the sequences in 

the GenBank and EMBL databases. 7 fragments were disqualified due to 

homology with known chromosomal repeats, or because they were found in 

the regulatory regions of a large number of genes not expressed in DRG. The 

latter are marked as 'common' sequences in table 5.2. Two conserved 

sequences within the PF promoter, named PERI and PER3 (PF-prom-37 and 

PF-prom-87), have been extensively studied (discussed above) and were 

therefore not used for further analysis. 10  fragments were selected from the 

remaining candidate sequences on the basis of their frequency of 

conservation within the other genes, and in 2  cases, on their similarity to 

regulatory regions of the neuronally expressed genes encoding prion protein 

and a protein involved in Huntington's chorea.

Final selection of test sequences

From each of the 10 fragments, only the region of each which was conserved 

amongst the regulatory regions of the other DRG-specific genes was selected 

for EMSAs. The entire length of some fragments was conserved, whereas in 

others only a part of the fragment was identified in other genes. Any bases
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showing variation in the mouse, rat and hum an sequences (designated N 

for the sequence comparison work) were replaced with the base present in 

the rat sequence, since this was the species from which the nuclear extracts 

were derived. Also, two bases of rat sequence on either side of the selected 

region were added, since some proteins are unable to bind their binding sites 

if the sites are located at the ends of DNA fragments. The resultant rat PF 

promoter fragments were numbered 1 to 10  and sequences of both the sense 

and anti-sense strand of each are listed in appendix 5.15. Below is a summary 

of the fragments used.

Number 1 (18 bases) from PF-intronl-142
homologies with: CGRP (human) promoter, 5'UT, intron!

CGRP (rat) promoter
P2X3 (mouse) promoter, 5'UT, intron 1
PPT (bovine) promoter, 5'UT
PPT (rat) promoter, 5'UT
c-ret (human) promoter
c-ret (mouse) promoter
Sekl (mouse) promoter

Number 2 (28 bases) from PF-intron2-105
homologies with: CGRP (human) promoter, 5'UT, intron!

CGRP (rat) promoter
P2X3 (mouse) promoter, intron 1
PPT (bovine) promoter
PPT (rat) promoter, 5'UT
c-ret (human) promoter
Sekl (mouse) promoter

Number 3 (19 bases) from PF-intron2-62
homologies with: CGRP (human) 5'UT

CGRP (rat) promoter 
P2X3 (mouse) promoter, 5'UT 
PPT (rat) 5'UT 
Sekl (mouse) promoter

Number 4 (28 bases) from PF-prom-817
homologies with: CGRP (human) promoter, 5'UT, in tron!

CGRP (rat) promoter
P2X3 (mouse) promoter, 5'UT, intron 1
PPT (bovine) promoter
PPT (rat) promoter, 5'UT
c-ret (human) promoter
Sekl (mouse) promoter
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Number 5 (19 bases) from PF-prom-772
homologies with: CGRP (human) promoter, 5'UT, intron2

CGRP (rat) promoter 
P2X3 (mouse) promoter 
PPT (bovine) promoter 
PPT (rat) promoter, 5'UT 
c-ret (human) prom oter 
Sekl (mouse) promoter

Number 6  (23 bases) from PF-prom-676
homologies with: CGRP (human) promoter, 5'UT, intron2

CGRP (rat) promoter 
P2X3 (mouse) promoter, 5'UT 
PPT (bovine) 5'UT 
PPT (rat) promoter, 5'UT 
c-ret (human) promoter 
Sekl (mouse) prom oter

Number 7 (41 bases) from PF-prom-598
homologies with: CGRP (human) promoter, 5'UT, intron2

CGRP (rat) promoter 
P2X3 (mouse) promoter, intron 1 
PPT (bovine) promoter, 5'UT 
PPT (rat) promoter, 5'UT 
c-ret (human) promoter 
Sekl (mouse) promoter

Number 8  (28 bases) from PF-prom-532
homologies with: CGRP (human) promoter, 5'UT

CGRP (rat) promoter 
P2X3 (mouse) promoter, 5'UT, intron 1 
PPT (rat) promoter, 5'UT 
c-ret (human) prom oter 
c-ret (mouse) promoter 
Sekl (mouse) promoter

Number 9 (26 bases) from PF-prom-472
homologies with: CGRP (human) promoter, 5'UT, intron2

CGRP (rat) promoter 
P2X3 (mouse) promoter, 5'UT, intron 1 
PPT (bovine) promoter 
PPT (rat) 5'UT 
c-ret (mouse) promoter 
Sekl (mouse) promoter

Number 10 (21 bases) from PF-prom-170
homologies with: CGRP (human) promoter, 5'UT

P2X3 (mouse) promoter 
PPT (bovine) promoter
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Num ber 10 (continued) PPT (rat) promoter
Sekl (mouse) promoter

Electrophoretic mobility shift assays (EMSAs)

Initial experiments

An oligosynthesizer was used to generate each oligonucleotide, then 

complementary DNA strands were annealed as described in the methods 

section. After end-labelling with ^^P, the 10 fragments were each incubated 

with rat DRG nuclear extract. A second reaction was also performed with 

each oligonucleotide, identical to the first except for the addition of a 50 fold 

excess of unlabelled oligonucleotide to act as a specific competitor. All 

reactions were analysed by electrophoreses through a 4% nondenaturing 

PAGE gel. Exposure of the gel with photographic film allowed detection of 

the position of unbound DNA fragments at the base of the gel and of any 

protein-DNA complexes further up the gel. This is shown in figure 5.4.

Shifted radioactive bands are visible in all the lanes derived from the first 

set of reactions, demonstrating that all 10  oligonucleotides are bound by 

proteins present in DRG nuclear extract. The proteins forming complexes 

with 2, 3, 4, 5, 7, 8 , 9 and 10 appear to show specific binding, since in each case 

the band formed by the reaction containing specific competitor appears 

reduced in intensity compared to the adjacent band from the reaction 

w ithout competitor DNA. These are therefore good candidates for future 

analysis. The last two lanes contain an AP-2 positive control: a labelled 

oligonucleotide containing an AP-2 binding site was incubated with the 

DRG extract, either in the presence or absence of unlabelled specific 

competitor DNA. AP-2 is expressed in a number of crest-derived tissues 

including DRG, therefore the presence of a band-shift which can be 

specifically competed by cold AP-2 oligonucleotides acts as a control both for 

nuclear extract quality and for the EMSA.
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Figure 5.4. EMSAs showing binding of DRG nuclear extract to the 10 
conserved fragments of the PF gene. A control reaction using an AP-2 
consensus oligonucleotide is also shown. All binding reactions were 
performed at room temperature either without (-) or with (+) specific 
competitor DNA (cold oligonucleotide). Note that with all oligonucleotides 
except 1 or 6 , binding activities present in reactions without competitor 
DNA are reduced in intensity in reactions with specific competitor DNA.

oligonucleotide
number

cold oligonucleotide

oligonucleotide 
number/ name 8 9 10 AP-2

cold oligonucleotide - + - +

I
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Cell type specificity

Oligonucleotides 7, 8 , 9 and 10 were then analysed further for the presence of 

cell-type specific binding activity. Nuclear extracts were made from 

cerebellum, cortex and liver and EMSAs were performed for each 

oligonucleotide when incubated with each of these nuclear extracts or with 

DRG nuclear extract. The reaction products were analysed as before and the 

results are shown in figure 5.5. Note that bands in lanes containing DRG 

nuclear extract are weaker due to the lower concentration of protein in this 

extract than in the other three extracts. This is probably a result of the low 

efficiency of nuclear separation from the connective tissue matrices 

surrounding the DRG neurons.

Binding activities seen with oligonucleotides 7, 8 and 10 are only present in 

the neuronal tissues and may therefore be neurone specific. In the case of 

oligonucleotides 7 and 8 , the lower band formed in the presence of DRG 

extract is also present in cerebellum and cortex lanes, but not in the liver 

lane. With oligonucleotide 10, the single complex in the DRG track shows 

the same electrophoretic mobility as those in the cerebellum and cortex 

tracks, but is not in the same position as either of the two liver-track bands. 

Binding activities present only in neuronal tissues comprise DNA binding 

proteins which may be nervous-system specific transcriptional regulators.

Oligonucleotide 9 shows two binding activities with DRG extract, the lower 

of which appears to be DRG specific. Lower bands in the cerebellum and 

cortex tracks run slightly more slowly and are also spread more widely 

which indicates a different protein composition. The lower binding activity 

seen with oligonucleotide 9 is therefore a good candidate for a sensory 

neurone specific DNA binding protein.

203



Figure 5.5. EMSAs showing binding of nuclear extracts from cerebellum, 
cortex, DRG and liver to fragments 7, 8 , 9 and 10 from the PF gene. A control 
reaction using an AP-2 consensus oligonucleotide is also shown. All binding 
reactions were performed at room temperature. Note that binding activities 
present with oligonucleotides 7, 8 and 10 (arrows) are not found in liver and 
may therefore be neuronal specific. Also note that with oligonucleotide 9 a 
binding activity from DRG shows a slightly different mobility to binding 
activities from other tissues, implying that this may be a DRG specific DNA 
binding protein (arrow).

nuclear 

extract from

cerebellum

cortex

DRG

cerebellum

DRG

cerebellum

cortex

DRG

cerebellum

cortex

DRG

oligonucleotide 

number/ name

10

DRG

cell line (kit)
AP-2
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Sequence specific binding activity

Although the first set of experiments (figure 5.4) suggested that each of the 

oligonucleotides chosen for further analysis showed sequence specific 

binding activity, a more comprehensive analysis of this was performed.

Four independent reactions were set up for each oligonucleotide, each 

containing buffer and:

a) no protein (negative control)

b) labelled test oligonucleotide (reference reaction)

c) labelled test oligonucleotide plus a 50x greater concentration of 

unlabelled test oligonucleotide (specific competitor reaction)

d) labelled test oligonucleotide plus a 50x greater concentration of 

unlabelled Spl oligonucleotide (non-specific competitor reaction)

All the reactions were incubated with DRG nuclear extract and the reaction 

products were analysed as before (see figure 5.6).

Clear sequence specific binding is seen with oligonucleotides 8 and 10. The 

major band present in the reference reaction lanes (+) is reduced in intensity 

after addition of specific DNA (sp) but not after the addition of non-specific 

DNA (non sp). Specific, unlabelled DNA competes effectively for the 

proteins which cause the band shift, thus reducing the amount of protein 

available to bind the labelled oligonucleotide and generate the band. The 

non-specific, unlabelled DNA is unable to compete for the proteins, leaving 

them available to bind to the labelled test sequences and produce a band 

shift. Therefore the binding activities seen with oligonucleotides 8  and 10 

comprise DNA binding proteins, present in DRG nuclear extract, capable of 

sequence specific binding to motifs within these two oligonucleotides.

Reductions in band intensity are not seen in the cases of oligonucleotides 7 

and 9 after addition of specific or non-specific competitor DNA. This was 

unexpected, since specific competitor DNA was able to cause a reduction in 

band intensity in the original set of experiments with these DNA fragments 

(figure 5.4). It is possible that the complex-forming proteins were present at
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Figure 5.6. EMSAs showing binding of DRG nuclear extract to fragments 7, 8 , 
9 and 10 from the PF gene. A control reaction using an AP-2 consensus 
oligonucleotide is also shown. For each oligonucleotide four experiments 
were set up: = negative control containing no protein;'-!-' = reference
reaction containing labelled test DNA; sp = specific competitor reaction 
containing labelled and unlabelled test DNA; non-sp = non-specific 
competitor reaction containing labelled test DNA and unlabelled non
specific DNA. All binding reactions were performed at room temperature. 
Note that clear sequence specific binding activities are seen with 
oligonucleotides 8 and 10 (arrows).
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number/ name

non sp

non sp

non sp

non sp

non sp

10

AP-2
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very high abundance, such that even the 50 fold excess of unlabelled specific 

DNA was unable to dilute them significantly. Lower concentrations of DRG 

nuclear extract were used in the first set of experiments, therefore the 50 fold 

excess of unlabelled DNA may have been sufficient in those reactions to 

produce an observable effect. Further experiments are required to elucidate 

this.

Summary of EMSA results

Combining the results from the cell type specificity and the sequence 

specificity experiments, oligonucleotides 10  and 8  contain motifs recognised 

by sequence-specific DNA binding proteins found in a number of neural 

tissues. Identical binding activities were not identified in liver. These 

proteins are therefore good candidates for nervous-system specific 

transcriptional regulators.

Oligonucleotide 7 also contains a motif recognised by DNA binding 

protein(s) found in a number of neural tissues, and as in the cases above, 

this binding activity was not found in liver. This suggests that the protein(s) 

is/are  nervous system specific DNA binding protein(s). However, it is 

unclear whether the binding is sequence specific.

The binding activity in DRG extract seen with oligonucleotide 9 (lower band) 

is not found in liver and may differ from the activity seen in cerebellum and 

cortex. In this case the component DNA binding protein(s) may be DRG 

specific. As for oligonucleotide 7 it is not clear whether the binding is 

sequence specific.

These results are summarised in table 5.3.
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Table 5.3. Summary of the results from the EMSA experiments. Bd = 
binding; NS = Nervous System.

Oligonucleotide number
7 8 9 10

Bd activity 
present in:
DRG yes yes yes yes
Cerebellum yes yes no? yes
Cortex yes yes no? yes
Liver no no no no
Conclusion NS specific NS specific DRG specific? NS specific

Specifically
competed?

? yes ? yes

Non-specif.
competed?

no no no no

Conclusion unclear sequence
specific

unclear sequence
specific

Oligonucleotides 2 , 3, 4 and 5 need to be analysed further both to confirm 

that the observed binding activity is specific to the sequences used and to 

determine whether it is found in a variety of different tissues or whether it 

shows a more restricted distribution consistent with putative roles in 

sensory neurone specific transcriptional regulation.

Searching for homologous sequences in the HGMP database

After determining that fragments 7, 8 , 9 and 10 are bound by possible 

regulatory proteins, I searched for homologous sequences in the regulatory 

regions of genes in the HGMP database. By doing this I hoped to find similar 

motifs in the promoters of other genes expressed in neuronal cells, 

providing circumstantial evidence that these sequences were involved in 

the control of neuronal gene expression.

No exact matches were identified, and none of the four fragments appeared 

in the promoters of multiple neuronally expressed genes. Furthermore, 

none of the promoters I had used in my comparative work were picked out
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by the searches. Possible reasons for this are discussed later. Despite these 

disappointing results, a number of database sequences do show partial 

homology to individual fragments. For example a sequence motif shared by 

fragm ent 7 and the Drosophila sodium channel alpha subunit (Thackeray 

and Ganetzky, 1994; EMBL database reference numbers M32078, M32079, 

M32080, M24285) contains 6  conserved bases followed by a variable number 

of non-conserved bases, then 9 conserved bases. Fragment 7 also shares a 

sequence motif (stretches of 6  then 4 then 6 conserved bases, separated by a 

constant num ber of unconserved bases) with the bacterial tfdA gene 

encoding 2,4-dichlorophenoxyacetate monooxygenase (Streber et al, 1987; 

EMBL database reference numbers A12337, M16730). Fragment 10 showed a 

run of 17 bases conserved in the Roml gene of a num ber of mammalian 

species (Bascom et ah, 1992; EMBL database reference numbers M96760, 

X96587, L07894). Roml is a Pf-like gene, therefore this sequence motif could 

be specific to the expression of a subset of intracellular matrix proteins.

The functional significance of these homologies is as yet unknown.

However, if future work identifies these conserved areas as binding sites for 

the proteins present in DRG, there is a good possibility that the same 

proteins regulate the expression of the different genes. Binding sites can be 

identified by DNA footprinting, in which the bound protein protects the 

binding site from digestion by nucleases. Point mutagenesis of the protected 

bases followed by EMSAs can then be used to determine exactly which bases 

are requires for the recognition of the binding site by the protein (see 

discussion).

Transcription factor binding site searches

As a first step in identifying the binding activities present on 

oligonucleotides 7 to 10 ,1 decided to search for known transcription factor 

binding sites within these fragments. I also searched for binding sites present 

in oligonucleotides 1 to 6 , since future experiments may reveal binding 

activities of interest with these sequences. By using the Transfac option of
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signal scan (GCG, 1994) I have identified a number of binding sites w ithin 

each fragment and these are shown in table 5.4.

Table 5.4. Table to show known binding sites for DNA binding proteins 
located within fragments 1 to 10 from the PF promoter. Names of those 
factors whose sites have been identified are listed below each sequence, 
along with the GCG reference number(s) for that factor. The + or - sign is 
located below the base where the binding site starts and indicates whether 
the known site is found in the current strand (+) or the opposite strand (-) of 
DNA.

Number 1
CACTTTGCTCCGAGAGCC 
(-)TCF-l R02248

(-)MAPF2 R03321 
(-)unknown R04141

(+/-)GAGA_factor R02067,R02063
Number 2

GCAGACAGGGAAGACCTGGCCCTTCCTT 
(-)NF-E R00558

(+/-)XrpFI R01326,R02383 
(-)GCRl R04073 
(+)GAL4 R00492 

(-)TGT3 R02680
(-)HNF-3 R03140

(+/-)XrpFI R01326,R02383 
(+)GCR1 R04073 
(-)PEA3 R02232 
(-)E74A R 0 2 3 8 7 , R 0 2 3 8 8 , R 0 2 3 8 9  
(-)Elk-l R03591

Number 3
CAGGTGGCATCGGTGGGTT 
(+)IgPE-l R00849 
(+)da R03718,R03719 
(+)Sn R04144 
{-)NF-kappaE2 R00897 
(-)F R03508,R03517 
(-)enhancer R00896 
(-)EMFl R03330

(+/-)CAC-binding_pro R04295,R04291 
(-)GGTGG R04083 
(-)GT-I R03492 

(+)NF-1 R01624 
(+)NF-1/L R00079,R01322

(+/)CAC-binding_pro R04295,R04291 
(-)GGTGG R04083 
(-)GT-I R03492

Number 4
CAAAAGTGTACCACAGGCCCACTCTGTT 
(+)TCF-1 R02248

(-)EBP-80 R02896 
(+)TCF-1 R02248

(-)T-Ag R01372
(-)GR R01813

(-)TCF-l R 0 2 2 4 8

210



Number 5
GGCATGGCACAGACCCTCA 
(-)SDRE R01618 

(+)NF-1 R01624 
(+)NF-1/L R00079,R01322 
(+)unknown R03 615 
(-)GR R03535 
(-)unknown RO15 0 5 

(+)TCF-1 R02248
(+)CTCF R02137

Number 6
GGTGGGGGCTGTGCCTTTAAGGT
(+/-)CAC-binding_pro R04295,R04290,R04291 
(-)GGTGG R04083 
(-)GT-I R03492 
(+)unknown R04141 
(-)MyoD R02418

(+/-)T-Ag R01243,R01241,R01372,R01244 
(-)TCF-l R02248 
(+)GR R03535 
(+)unknown R01505

Number 7
GTCCATTAGCCGCAGAGCCGGCGCCAATCACCAGCCCTTTA 
(-)Dfd R02481

(+)unknown RO0603,RO0604 
(+/-)IUF-1 R04227,R04228 
(-)Isl-l R03914,R03915 
(-)Retl R03188 
(-)unknown R02 049

(+)GR R01813
(+)GCF R02159 
(-)NF-Wl R01072

(+)alpha-CPl R00511 
(+)CAAT R03384 
(-)NF-l R03106 

GDP R00562
CPI R00564,R00572,R02048,R03119
CP2 R00571,R01799
H1TF2 R00660
NF-1 R01543
NF-E R00561
SRF R00039
alpha-CBF R02848
alpha-IRP R00510
gammaCAAT R00563
B R03306
BCT R03436
unknown R01189,R01703,R01931,R01932,
R02404,R02465,R04033,R02977,R003 00,
R01651,R01652,R01788
unknown RO2955,RO2957,RO1345
TGGCA-binding_p R00532
AP-1 R01239
II R03895
EPBF ROOlOl
CBF-B R00232
CCAAT-binding_f R00231,R00765
CPI R03039,R03040
CTF R00761,R00768
EFI R00233,R02870
NF-Y R01080,01081
C/EBP R01445
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Number 7 (continued) (-)CRF R00335
(-)NF-Y' R01446 
(-)CBF_(1) R00668 
(-)CDF R00669 
(-)HAP4 R02869 

(-)GATA-l R00540
(+)MyoD R01620 
(+)NF-l_(-like_pro R01622 
(+)IRE_site_I R02899

Number 8
AGCCCTTTCCCAGCCCCCTCTGCTTCAG 

(+)NF-1 R00802
(-)AGP/EBP R02170 
(-)Ik-2 R04209 
(-)IL-6_RE-BP R04252 
(+)AP-2 R02121 
(-)TC-II;_L_strand R01405 
(-)Spl R02245 
(+)MyoD R01620 
(+)NF-l_(-like_pro R01622 
(+)IRE_site_I R02899 
(-)NF-Wl R01072 
(+)MyoD R02 418

(+/-)T-Ag R01244,R01241,RQ1243,R01372 
(+)CTCF R02137 
(-)B_enhancer,_bet R0123 0 
(-)GR R01813

Number 9
GGGGGGCAGCTGACAACAGGTGAATG 
(+/-)T-Ag R01244,R01241,R01243,R01372 
(-)MyoD R02418 
(_)NF-E2 R01251 
(+)LF-A1 R01171 
(+)Spl R01540 

(+)E47 R02139 
(+/-)AP-4 R01259,R02076 
(+/-)XPF-1 R00403,R03500 
(+/-)HEN1 R04244 

(-)NF-S R02219 
(-)unknown R00404 

(+)GAL4 R00494 
(+)GR R01313 

(+)DEP2 R01959 
(+)TCF-1 R02248 
(-)unknown R04276 
(+)E47 R02139 
(+)da R03718,R03719 
(+)Sn R04144 
(-)EMFl R03330

Number 10
GCCAGCAACCAGGAGAGGGAA 
(+)MyoD R01620 
(+)NF-l_(-like_pro R01622 
(-)NF-Wl R01072 
(+)unknown R03 046

(-)ADRl R00074 
(+)GAGA_factor R02063,R02067 
(+)B_enhancer,_bet R01230 
(-)CTCF R02137
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Fragment 8 contains an AP-2 binding site

One interesting site with respect to sensory neurone specific gene expression 

is that for AP-2 located within fragment 8 (bases 7-16). Analysis of the 

sequence comparison table (table 5.2) provides some evidence that the 

presence of the AP-2 site may be the reason for the observed sequence 

conservation between the different promoters, since bases 13 to 22 of PF- 

prom-532 are the bases 7 to 16 within fragment 8. Referring to the table, it is 

possible that AP-2 is involved in regulating the expression of CGRP, P2X3, 

PF, PPT and Sekl . AP-2 sites are observed both upstream of the transcribed 

sequences and within introns, and in a number of cases are present more 

than once in a gene's regulatory regions. Functional analysis is now required 

to determine whether any of these AP-2 binding sites function in vivo.

Fragment 7 contains an Isll binding site

Another site which was identified is that for Isll, located from base 4 to base 

9 of fragment 7. These are bases 8 to 13 within PF-prom-598 (see table 5.2), 

and do not appear to be conserved between the promoters. However, the 

apparent absence of this site in the other promoters could be due in part to 

its small size (6 bases long), since stretches of at least 7 matching bases were 

used to select conserved regions of the PF promoter. What can be deduced 

from these results is that the presence of an Isll site in association with a 

second site present within fragment 7 is not required in the transcriptional 

control of these promoters.

Further functional studies are now required in order to discover the 

relevance of any of these binding motifs in the expression of sensory 

neurone specific genes. Supershifts using the AP-2 antibody will allow us to 

determine whether AP-2 is part of the binding activity seen with fragment 8. 

Similarly, use of an Isll antibody will allow us to check whether Isll is part 

of the fragment 7 binding activity. The ability to shift a protein-DNA 

complex yet further up the gel after addition of an antibody is good evidence
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that the antigenic protein is present in the binding activity. If such a 

supershift was observed with the AP-2 an d / or Isll antibodies, this would 

suggest that AP-2 a n d / or Isll binds to the PF promoter in vivo and may be 

involved in the regulation of this gene.

5.3. Discussion

Previous work on neuronal regulatory elements

To date, the promoters of a large number of genes expressed by sensory 

neurorfs have been characterised functionally, often using transformation of 

cell lines or primary cultures with consecutive deletions of the promoter, 

attached to a reporter gene. More recently, transgenic technology has allowed 

the stable incorporation of deletion constructs into the mouse genome (see 

above for references). In vivo spatio-temporal expression of the reporter 

gene throughout all the mouse tissues can then be observed, giving a more 

accurate picture of the promoter deletion's activity than that available via 

cell culture experiments.

I was interested to discover whether sequence comparisons could be used to 

identify conserved motifs within the promoters of neuronally expressed 

genes, which are capable of mediating sensory neurone specific gene 

expression. Czs-acting elements, capable of directing gene expression in other 

neuronal types are known, for example the Pit-1 binding site. This was 

originally identified as a common multiple-copy element in the promoters 

of the related prolactin and growth hormone genes (Nelson et ah, 1986). 

These genes are co-expressed in certain subsets of pituitary cells and their 

expression is virtually limited to the pituitary gland. Adjacent copies of their 

common c/s-acting element were shown to be capable of transferring cell- 

type specific expression to reporter genes. These elements were subsequently 

used to identify a common tissue-specific transcriptional activator which 

was named Pit-1 (Nelson et al, 1988).
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Another c/s-acting element capable of mediating neuronal specific gene 

expression is the silencer element known as NRSE or RE-1 (Schoner and 

Anderson, 1995). This acts to repress expression of the downstream gene in 

non-neuronal cells via the binding of a repressor protein present in those 

cells. Neuronal cells lack this repressor and the genes are therefore 

selectively derepressed in these cells. NRSEs have been identified in the 

regulatory regions of the following genes, where they are thought to partly 

determine the neuronal-specific gene expression observed in vivo: SCGIO 

(Mori et al, 1990, 1992; Wuenschell et al, 1990); the type II sodium channel 

(Maue et al, 1990; Kraner et al, 1992; Chong et al, 1995); synapsin (Li et al, 

1993); N C A M  (Hirsch et al, 1990), dopamine p-hydroxylase (Mercer et a l,

1991; Ishiguro et a l, 1993) and the acetylcholine receptor p-2 subunit (Bessis 

et al, 1997). It is possible that the sensory neurone-specific expression of 

some genes may also be mediated partly by repressor element(s) functionally 

related to the NRSE, leading to selective derepression of those genes in 

sensory neurones.

In order to identify czs-acting elements which direct DRG specific gene 

expression, I decided to search for conserved sequences within the regulatory 

regions of known genes. To date most comparative studies using regulatory 

sequences have concentrated on searching for the presence of previously 

identified regulatory motifs within a new promoter sequence (for example 

Gilchrist et al, 1991, Quinn et al, 1995, Foley et al, 1994). This method can 

only identify further copies of previously known motifs in different genes, 

and does not allow the direct identification of new motifs. Also, the presence 

of a known binding site within a regulatory region tells nothing of its 

functional significance at that location. Direct comparison of prom oter 

sequences from a number of genes expressed relatively specifically in DRG 

provides a more un-biased method for the initial identification of putative 

regulatory motifs. It is not dependent on the accuracy of functional studies 

and has the potential to identify novel c/s-acting elements.
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Selection of regulatory sequences

The promoter sequences I selected for comparison were dictated to a large 

extent by availability. I used promoters only from those genes which are 

expressed relatively specifically in DRG, in order to avoid confusion with 

motifs directing more widespread neuronal transcription. This does not 

eliminate the identification of such sequences, but will reduce the 

probability of discarding a sensory neurone specific motifs which may not be 

conserved in genes whose expression is not restricted to sensory neurones. 

PF, CGRP, PPT and the human c-ret promoter sequences were all available 

from the HGMP databases, and all four genes show expression in DRG and a 

relatively small number of other cell types. Such expression patterns are also 

true of the Sekl, P2X3 and mouse c-ret genes. I was able to obtain partial 

promoter sequences for the latter three genes and sequenced 7 kb of 

prom oter region from the Sekl gene myself.

Prelim inary sequence comparisons

Simultaneous comparison of all the sequences was unable to identify 

conserved motifs within the genes, since the sequences were aligned to give 

the maximum overall sequence similarity rather than to identify short 

motifs located at different positions within the regulatory regions of the 

different genes. To overcome this difficulty, I decided to use one gene to 

perform a preliminary screen, comparing the regulatory regions of the same 

gene from different species. I chose the PF gene for this purpose primarily 

because of its expression in a relatively large percentage of sensory neurones 

(see Chapter 4), but also because promoter sequences are available from three 

species, allowing a more stringent selection of conserved regions than 

would be possible with the other promoters, where sequences are only 

available from two species in each case.
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Comparisons between the PF genes

Comparison of the three PF sequences led to the identification of twenty six 

conserved regions (figure 5.3 and appendix 5.14). It is important to consider 

the restrictions imposed on the identification of regulatory motifs, by the 

m ethod employed. This initial screen obviously occludes the identification 

of regulatory motifs not present in the PF promoter. However, by using the 

PF prom oter rather than one of the other available promoters 1 aimed to 

minimise the loss of relevant motifs: PF is expressed in all sensory neurons 

early in their development (Portier et a l,  1984), therefore it m ust contain 

sufficient regulatory sequences to direct its expression in all sensory 

neurorfs. Also, since PF is expressed from a very early stage of sensory 

neurone development, motif(s) capable of allowing early sensory neurone 

specific expression must be present. Genes expressed in subsets of the PF- 

expressing cells may share all or a subset of the motifs, using additional 

motifs to restrict their expression patterns.

Comparison of PF conserved fragments with other DRG specific genes

The second screen involved comparison of the conserved fragments from 

the PF promoter with the remaining promoter sequences. 10 fragments were 

selected for further analysis using a number of criteria, including the 

num ber of promoters in which homologous sequences were found and the 

extent of that homology (table 5.2 and appendix 5.15). This method selects 

only those regulatory regions shared between PF and a number of the other 

genes, therefore the discarded fragments could be involved in directing 

transcription of a subset of the genes studied. However, 1 had decided to 

search for motifs conserved across a variety of genes expressed by DRG, and 

which might therefore represent ancestral regulatory sequences involved in 

restricting gene expression to sensory neurones.
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Functional studies using EMSAs

EMSAs were then employed as a relatively rapid method with which to 

functionally assess the selected fragments, in particular to identify sensory 

neuronal specific DNA binding proteins. Note that the conserved regions 

could function either as activators or as repressors involved in directing 

correct sensory neuronal expression. Silencer proteins binding to these 

regions might be expected to bind in liver but not neuronal cells, or to be dis- 

functional within neuronal cells, perhaps due to binding of a second 

protein, which in turn would result in a different electrophoretic mobility of 

the protein DNA complex. By using a wide range of non-neuronal tissues, 

rather than just one, I may have been able to identify negative regulatory 

proteins by their presence in all but the neuronal tissues/ DRG. Similarly, 

crest-specific repressors may have been identified through bands present in 

all tissues except neural crest derivatives. Future work could include 

functional analysis of the selected fragments by testing their ability to drive 

reporter gene expression in cultured cells. Not only would this confirm the 

results of the EMSAs, but should also allow the identification of negative 

regulatory elements. However, as an initial analysis, I decided to concentrate 

on putative activator binding sites.

DNA binding proteins from DRG bind fragments 2 to 5 and 7 to 10

With all but two fragments (1 and 6), nuclear extract from DRG showed 

binding activities which were reduced in the presence of specific competitor 

DNA. This showed that proteins present in DRG are capable of binding to 

sequences within fragments 2 to 5 and 7 to 10. The apparent lack of specific 

binding to fragments 1 and 6 implies that these do not represent im portant 

regulatory elements for activation of transcription in neonatal DRG, 

although they may contain motifs recognised by negative regulatory 

proteins not present in DRG. However, in all cases it should be remembered 

that the binding conditions used (pH, salt concentration) are not optimal for 

all proteins. Thus, even if their binding sites are present within the
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fragments, crucial regulatory proteins may not be able to bind to the DNA 

with sufficient affinity as to be detectable. Systematically altering those 

param eters which may affect protein binding should minimise these 

problems.

Fragments 8 and 10 are bound by neuronal, sequence specific DNA binding 

proteins

Further analysis using fragments 7 to 10 provided information on the 

sequence specificity of the bound proteins and on their tissue distribution. 

Fragments 8 and 10 were shown to contain motifs recognised by neuronally 

expressed sequence-specific DNA binding proteins. These proteins were 

either not present in liver, or were prevented from binding to the DNA 

fragments and therefore represent good candidates for nervous-system 

specific transcriptional activators.

Fragment 7 is bound by an activity present in neural tissues but absent or 

repressed in liver and fragment 9 is bound by an activity which appears to be 

active only in DRG, although its presence in other neuronal tissues has not 

been reliably eliminated. However, in both cases it is unclear whether the 

activities are sequence specific. Fragments 7, 8, 9 and 10 are from the 

regulatory region of the PF gene upstream of the transcription initiation site 

and are located at -598, -532, -472 and -170 respectively.

Problems associated with the use of EMSAs

One potential problem resulting from the use of EMSAs involves the use of 

neonatal DRG for the preparation of nuclear extracts. It is possible that 

im portant regulatory proteins for early DRG gene expression, in particular 

those involved in cell type specification, are no longer expressed in neonatal 

DRG. Extraction of DRG at the earliest stages of their development (E12 rat) 

is technically difficult and produces low yields since the cells are still 

dividing at this stage. I decided to concentrate on proteins present in
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neonatal DRG, which will include those needed for the regulation of 

processes such as neuronal survival, the maintenance of neuronal fate, and 

the expression of a terminally differentiated phenotype. By using promoters 

from genes expressed in differentiating sensory neuroiis I have already 

biased my study towards regulation of such genes.

Searching for homologous sequences in the HGMP database

After determining that fragments 7, 8, 9 and 10 are bound by possible 

regulatory proteins, I decided to search for similar sequences in the 

promoters of other genes expressed in neuronal cells. The presence of 

homologous motifs in such genes supports the idea that the motifs might be 

involved in the control of neuronal gene expression. Partial homology to 

individual fragments was observed with a small number of neuronally 

expressed genes, including the Drosophila sodium channel alpha subunit, 

bacterial tfdA and mammalian Rom l.  These genes may therefore share 

regulatory proteins with some or all of the genes I used for my promoter 

analysis. Identification of the binding sites used by the proteins identified in 

the EMSAs will be important in testing this theory.

Problems associated with database searches using short sequences

The inability of the database searches to identify those promoters I had used 

in my comparative work is presumably due to the relatively low homology 

between the entire fragment and the neuronal promoters used. Only those 

bases crucial for protein binding will be conserved in other promoters which 

are regulated by the same factors. The problem is compounded by the fact 

that short sequences appear by chance many times in the genome and 

functional motifs may not appear at a widely different frequency than 

nonfunctional ones. Thus many sequences were identified which share 

limited homology with the conserved fragment used, but only a fraction of 

these will show conservation within the functional binding motif.
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Binding site identification

An obvious way of simplifying the problem is by first identifying those bases 

of the conserved fragments which are bound by the proteins in the EMSAs, 

as suggested earlier. DNasel protection and sequence mutagenesis will allow 

identification of binding sites. The binding of a protein complex to DNA of 

the fragment being analysed protects the DNA under the bound protein 

from degradation by DNasel and analysis of the lengths of the remaining 

DNA after digestion enables deduction of the binding site. EMSAs using 

fragments in which individual protected bases are m utated allows us to 

determine exactly which bases are recognised by the protein(s), rather than 

simply covered, since their mutation will reduce the binding affinity of the 

proteins(s). Once a binding site has been identified within one promoter, 

databases can be searched at high stringency for the presence of that site 

within other regulatory regions. This acts as a starting point to link different 

genes together in the regulatory networks required for proper cellular 

development and function. However, extreme caution m ust be exercised 

since the presence of a binding site is not necessarily synonymous with a 

functional role.

Identification of transcription factor binding sites in fragments 1 to 10

Of equal importance to the identification of the binding sites within the 

fragments is the characterisation of the bound proteins. It is possible that one 

or more of the proteins are previously known DNA binding proteins with 

identified binding sites, therefore I have begun the analysis by searching for 

known transcription factor binding sites within the fragments.

It is crucial to remember that the presence of such sites does not give any 

indication of their functional relevance. For example proteins known to 

bind these sites may not be expressed in early sensory neurons, interactions 

with other proteins may be required before proteins can bind their identified 

binding sites or the presence of other proteins binding nearby may mask the
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sites in vivo. The vast numbers of identified binding sites w ithin each 

sequence also illustrates that redundancy must occur between the sites, since 

it would be physically impossible for all the proteins whose binding motifs 

have been identified to bind the DNA. However, such binding site 

identification does provide a handle on the possible identities of the binding 

activities found in DRG. In those cases such as AP-2, where antibodies raised 

against the putatively bound protein are available, supershifts can be used to 

quickly deduce whether or not the protein is present in the binding activity.

Identifying the proteins present in the binding activities

Purification of protein from the EMSA gels, followed by microsequencing 

and cloning of the gene using degenerate oligonucleotide primers can be 

performed in order to identify the bound protein. Alternatively the DNA 

fragments can be used to screen DRG specific expression libraries or to isolate 

proteins using the yeast-1 hybrid system. These methods are explained in the 

introduction (this chapter) and all have their own advantages and 

disadvantages. The latter two are associated with high numbers of false 

positive results. Any isolated proteins must therefore be tested again using 

EMSAs, as they may not be the same protein as that present in the 

previously observed binding activities. Microsequencing, although longer, is 

a far more accurate technique since the library screening is dependent on the 

hybridisation of two nucleic acid strands rather than the binding of DNA to 

protein. This is therefore the technique of choice for the identification of the 

proteins present in the binding activities observed with oligonucleotides 7 to 

10.

Sum m ary

Despite these restrictions, and those mentioned earlier relating to the 

sequence comparisons, I have succeeded in identifying regions of the PF 

promoter, conserved between the rat, mouse and hum an PF genes. A 

num ber of these regions show homology with promoters from other
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neuronally expressed genes, including PPT, CGRP, P2X3, Sekl and c-ret. I 

have used those fragments from the PF promoter showing the greatest 

conservation across the different genes for EMSAs and have identified a 

num ber of binding activities present in DRG. Two of these binding activities 

show sequence specific DNA binding and appear to be expressed only in 

neuronal tissue. A third protein also shows neuronal-specific expression, 

and yet another may be expressed only in DRG. These proteins, in particular 

the former two, are good candidates for transcriptional regulators involved 

in specifically directing neuronal gene expression. Further work, including 

functional assays in cultured cells, is now required to test this hypothesis.

223



Conclusions

During this project I have used a number of different approaches to study 
transcriptional regulation in sensory neurones. The choice of method in 
each case depended on a variety of parameters. In the case of Brn-Sc, 
expression of this gene in cells around the time of their final mitosis, 
coupled with its homology with the invertebrate POU domain gene, unc-86, 
implied roles in cellular differentiation. The nervous-system specific 
expression of both Brn-Sc and unc-86 lends further support for such 
functional conservation. To study the role of Brn-Sc it was decided to 
generate a mouse homozygous for a null mutation in this gene. The 
restricted expression of Brn-3c in only subsets of neuronal cells makes this 
an excellent candidate for such a technique, since inviability of the resultant 
embryos is far less likely than in cases where widespread gene expression is 
observed. Brn-Sc null m utant mice are indeed viable, as shown by both 
Erkman et a l, (1996) and Xiang et al, (1997) and show obvious defects in 
only the inner ear. However, detailed analysis of other sensory modalities 
has yet to be performed, as has the generation of mice lacking both Brn-Sc 
and one of its two close homologues, Brn-Sa and Brn-Sb. Due to the co
expression of these genes in many Brn-Sc positive cells, there is a high 
probability that such double knockouts will reveal further functions of the 
Brn-S genes.

A second transcriptional regulator expressed in the DRG is the LIM-HD 
gene, Isll. Mice with null mutations in this gene have been generated, but 
die before recognisable DRG have formed. I used a number of markers of 
sensory neurone sub-types to show that expression of Isll in wild-type DRG 
is not restricted to the L or SD subtype, but that the expression of at least one 
neuropeptide is restricted to Isll positive cells. The Drosophila homologue 
of Isll is required for expression of 2 neurotransmitters in subsets of those 
cells in which it is expressed. Together, these results provide strong support 
for the idea that the mammalian Isll may also be involved in regulating the 
expression of neurotransmitters. LIM-HD proteins are also known to play 
roles in cell fate, therefore I was interested to determine whether Isll was 
essential for the generation of sensory neurones. Within wild-type DRG, I 
have shown that Isll is first expressed in cells at around the time of their last 
mitotic division, with some cells initiating Isll expression prior to their final 
mitosis. I have also analysed a variety of markers of early sensory neurones 
in Isll null m utant embryos, but the early death of these animals has 
prevented any definite conclusions being drawn. In vitro culture of neural 
tubes and associated ganglia from null m utant animals will allow continued 
development of these tissues beyond E9.5, and thus the detection of any 
sensory neurones present will be possible.

A striking feature emerging from both the Brn-Sc and the Isll experiments is 
that again conservation of sequences between invertebrate and vertebrate 
genes is associated with some degree of functional conservation. Both Brn-Sc 
and its C. elegans homologue, unc-86, are expressed in a restricted nervous- 
system specific pattern and are required for the development of at least a
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subset of those cells in which they are expressed. In particular, both Brn-3c 
and une-86 are required for the development of mechanoreceptive cells 
(hair cells of the inner ear and touch cells respectively). Similarly, both Isll 
and its Drosophila homologue are expressed in subsets of neuronal cells. 
Drosophila Isll is required for the expression of two neurotransm itters in 
subsets of the Isll positive cells and in rat, co-expression studies suggest a 
similar requirement for Isll in the expression of at least one neuropeptide. 
The identification of such functional homologies between genes conserved 
in invertebrates and vertebrates is becoming increasingly common. Initial 
functional analysis of a given gene in invertebrates therefore provides a 
relatively rapid and simple starting point for analysing the role(s) played by 
m ammalian homologue(s) of that gene.

In view of this functional conservation associated with sequence 
conservation, I was interested to determine whether this phenomenon 
extended to the promoter regions of genes, such that binding sites for 
proteins directing sensory neurone specific expression would be identifiable 
by sequence comparison. I sequenced approximately 7 kb of promoter region 
from one gene, and obtained regulatory regions from a num ber of other 
genes, all of which are expressed relatively specifically in sensory neurones. 
By sequence comparison, I identified a number of putative c/s-acting 
elements which I then tested for sensory neurone-specific protein binding 
using electrophoretic mobility shift assays. Two of these sequence elements 
were bound in a sequence-specific manner by proteins which appear to be 
expressed only in neuronal tissue and a third element was bound by a 
protein which may be DRG specific. Further work is now required to 
determine whether any of these proteins are (sensory) neurone specific 
transcriptional regulators. Such findings would demonstrate that sequence 
conservation can be used not only to identify homologous genes and 
provide insights into their functional roles, but also to identify important 
regulatory sequences, and thus indirectly to identify new transcriptional 
regulators.
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A ppendix 3.1. Primers used for sequencing a n d / or PCR of the Brn-3c locus 
(sequences from 5' to 3'). Figure 3.3 shows the positions of these primers 
w ith respect to genomic or knockout construct DNA. After homologous 
recombination between genomic DNA and the 5' region of the knockout 
construct, the primers Homoll and SI amplify a 1 .6  kb band not present in 
wild-type DNA.

Homoll AGTCTGCCCTTTCATCCAGG
SI GCAGCGCATCGCCTTCTATC
Nt GGCTCAGAGTGGTGCGCCGA
Tn TCGGCGCACCACTCTGAGCC
Jc TCTGGCTGAGCGAGCCCACA
T7 GTAATACGACTCACTATAGGGC
Rev GGAAACAGCTATGACCATG

Appendix 3.2. Complementary oligonucleotides used to create a control 
plasmid for transfection into ES cells and optimisation of PCR reaction 
conditions. Bold characters are homologous to the Brn-3c 5' genomic 
sequence and encompass the Hom oll primer annealing site. Remaining 
characters generate cut Notl sites for ligation into the 5' Notl site of the 
knockout plasmid. The resultant control plasmid can be used as a template 
for amplification of an approximately 1.6 kb band using the Hom oll and SI 
primers. This band is similar to that generated by the same primers using a 
template of ES cell genomic DNA which has undergone homologous 
recombination w ith the 5' region of the knockout construct.

5 ' to 3' GGCCGCATCGATTAGTCTGCCCTTTCATCCAGGATTGC 
3 ' to 5' CGTAGCTAATCAGACGGGAAAGTAGGTCCTAACGCCGG

Appendix 4.1. PCR primers used to distinguish wild-type from Isll null 
m utant alleles (Pfaff et ah, 1994). The two neo primers produce a band of 289 
base pairs with null m utant but not wild-type DNA. The two LIM primers 
produce a band of 84 base pairs with wild-type, but not null m utant DNA.

neol GGAGAGGCTATTCGGCTATGA
neo2 CTTTCTCGGCAGGAGCAAGGT
LIMl CCAAGTGCAGCATAGGCTTCAG
LIM2 ACACAGCGGAAACATTCGATGTG
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Appendix 5.1. Relative positions of primers used for sequencing 7 kb of Sekl 
regulatory sequence upstream of the transcriptional start site. + sign marks

to 3 '. See appendix 5.2 for primer sequences.

iRev <- +
3 Rev <- +
10 Rev <- +
9 Rev <- +
llRevz + ->
11 Rev <- +
9Revz + ->
9Reva <- +
9Revb <- +
9 Re VC + ->
9Revd <- +
9Reve <- +
4Revz + ->
4 Rev <- +
4Revaz + ->
4 Re va <- +
4Revb <- +
lOBG + ->
llBGz <- +
IIBG + ->
3BGa + ->
3BGz <- +
3BG + ->
2Revz + ->
2 Rev <- +
2Reva <- +
5BG + ->
5BGa + ->
4BGa + ->
4BGaz <- +
4BG + ->
4BGz <- +
4BGy <- +
5 Rev + ->
6 Rev <- +
7 Rev <- +
6Revz + ->
7 Re va <- +
7Revb <- +
7BGa + ->
7BG + ■->
7BGz <- +
8 Rev <- +
IBG + ->
2BG + ->
6BG + ->
8BG + ->

8000 1 1 1 1 6400 4800 3200 1600
distance 3' from transcription initiation site/ base pairs
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A ppendix 5.2. Primers used for sequencing 7 kb of Sekl regulatory sequence 
upstream  of the transcriptional start site. All sequences are entered from 5' 
to 3'. See appendix 5.1 for their relative positions.

BG2 AAGCAATAGATGGCTCTGC
3BGa CACGGTCATACTATAGAGCG
3BGz CTAATAAGCATACTGAGAGG
4BGa TACAAAGTATCTGGTCTGAA
4BGaz TGCAGCCCAGAAGGATGGTG
4BGy GCATTCACTATGCTCTGAAC
4BGz TGAGCCACCATGTGCTTGCT
5BGa ACTCATACTTTTGGTGCTAC
7BGa TTGGCGCTTGCTTTCAACCT
7BGz CGTAAGATGGGCAGGCTTTA
8BGz TTCTGTACGCTAAGAGTCGA
llBGz TAATCATCTTTTCTGGCTAC
2 Re va CATGGAGAAATCACTAAGAC
2R0VZ GTGCTTCCATAGAATCAGAG
4 Re va TAAAGTCCTGTCTCAGCTTC
4Revaz TGCGGTGATGCTTGGATTTT
4Revb ACCTATTGGAATGTCACCCA
4 Re VC TCATGAATCACTGGCATCTG
4Revz GAGCACGGAAGGTGGATCTT
5 Re va TCTGTGTATCTGCTGCCTGA
6Revz CACTCATCCAGTTCCTGAAT
7Reva CTTTGCTCTGCACACAATAT
7Revb AGCTAGCAGGTGGAGGAATA
9 Re va ACCTTGTCTCGATCCTTGGG
9Revb TGTCCCCAATCTTCCTAACG
9 Re VC ACAGTGAGTTCCCGGTAGCT
9Revd CTACCGGGAACTCACTGTGC
9Reve TCCGGTCCTCCGATGCTCAG
9Revz TCCCCAAGGATCGAGACAAG
llRevz ACGTGGCGCTGGTTCTGCACT
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Appendix 5.3. Hum an CGRP regulatory sequences (5' - 3'). See results. 
Chapter 5 for nomenclature. (A) CGRP-prom-human; (B) CGRP-5UT- 
hum an; (C) CGRP-intron2-human. GenBank accession number: X15943.

(A) CGRP-prom-human sequence: 1.8 kb of hum an CGRP prom oter 
immediately upstream  of the transcriptional start site.

•1833
•1783
•1733
•1683
•1633
■1583
•1533
■1483
■1433
■1383
■1333
■1283
■1233
-1183
-1133
-1083
-1033
-983
-933
-883
-833
-783
-733
-683
-633
-583
-533
-483
-433
-383
-333
-283
-233
-183
-133
-83
-33

GATCAATTAA
GCACGGAGGC
GTGTCGTGCT
GGACACGACC
ACACCTAGGG
CCTTGCCTCC
GGCAGCGCCC
GAGATGGTGG
GGGCGGCAAG
CAGTGGAACT
GCGTAATTGG
ATGCAAGCAG
ACTCGGAGGC
TCTGGCCAGT
TGGGAGACAG
GAGTGTGAGC
TGCTCTTTAG
TAGAATGTCT
AGCTGTGCAA
AGGTCCAGAG
CCCTCAGGCC
TGAAGAGTAC
ATGGAGATCT
CCTGCCTATC
AAGATGAGAT
GAAGTTACTT
GAACTCCTGT
ACGAGCCCTG
TGGGCCCAGA
CAGGGTCTGG
GCCAAATCGT
CGGACTGAGA
GCTCACTTTA
TCCATCAATG
TCCAGGTTCT
TCCGCCCATT
CGGGAATAAG

GGGCATCTTA
CACCAACCCC
AAGAAATTTC
CCGGGGTACC
GCTAATTTCT
GCCCACAGCC
GGACCGGCTG
AGACGCTGAA
CGCCTTAGTC
GAAACCCGGT
GTGTGATGGA
GTCATCGTCG
AGGCTTGGGA
ATCTGTTTTT
TAATGGGTTT
TTGATCTAGG
TAGAGGACTG
CTGGGACATC
ACGGCTCAGG
GTCTGGATGG
CAGCAGGTCA
CCCGGGACAG
TACAGAATCC
TGAGGCCCAG
TGTGGTCCCC
GCCCATGATC
CTAACAAAGT
GCCCTCTGTG
ACCCACCCTT
ATCAGAGTTG
GAAACCAGGG
GGTGAAATTC
AGGGCGTTAC
ACCTCAATGC
GGAAGCATGA
GGTTGCTGTG
AGCAGTCGCT

GAAGTTAGGC
TAGGGGGAAG
GACGCTTCTG
TGGAGTTCCG
GCTCTGCCTC
CCGGGATGCC
CAGCAGATCG
AAGCTTCTTT
CCTACCTCTG
TCTGCGGGAT
GGGCGCCTGT
TGCGAGTGTG
CACGTTTGAG
TAGTGTCTGT
GGGTGTGTGT
CAGGGACCAC
AAGTGCGGGG
TTGGCAAACA
CAGGTGATGG
AGGCTTCCGC
TCGGCCCCCT
TCCGGGGAGA
CCTATGCGGA
GCGCTGGGCT
ATTTCAAAGA
ACACAACCAG
TCTTGCTCCC
GGTAATACCA
AGGGGCATTA
GAAGAGTCCC
GTGGAGTGGG
ACCATGACGT
TTGTTGGTGC
AAATACAAGT
GGGTGACGCA
CACTGGCGGA
GGCGCTGGGA

GTTCCCGCTG
AGATGTAGCG
GGGACTGAGG
TGACTCGCGC
AAAGAACCTC
GCTGCTGCGC
CGCGCTGCGC
CTTGCCACTC
CTGAGCTGAA
GTGAGAGCTG
TCGTGATGTG
TGGATGCGAC
TGAACACCTC
GATTCAGAGT
AAATGAGTGT
ACAGCACTGT
GTGGGGGTAC
GCAGCCGGAA
ATGGCAGGGT
ATCTGTACCT
CCTCACACAT
TGGAGATTCG
CCAGGAAACT
GTTTCTCACA
TGAGTACACT
GAATTGGGCC
AGCTCCGTCT
GCTACTGGAG
ACCTTTAAAA
TACAATCCTG
GCGAGGGTTC
CAAACTGCCC
CCCCACCATC
GGGACGGTCC
ACCCAGGGGC
ACTTTCCCGA
GGC

CCTCCTTTGA
CGAGGCAGGG
ACAAAGGTGC
CACGGACGGC
AAGCTAGAGT
TCACCGCACA
GTTCCACCGG
TGGACGCTGT
CGCTCAGGCA
TTGAGGTCAC
TGCAGGTTTG
CGCCCGAGAG
AGGATACTCT
GGGCACATGT
GACCGGAAGC
CACACCTGCC
GGGGCCGGAA
GCAAAGGGGC
AGGAAGGGGG
TGCAACTCAC
GTAATGGATC
GAAAGTATCC
CTTGTAGATC
ATATTCCTTC
GAGCCTCTGT
AACTGTAATT
CTTGTTTCCC
TCAGATTTCT
TCTCACTTGG
GACCCTTTCC
AAAACCAGGC
TCAAATTCCC
CCCCACCATT
TGCTGGATCC
AAAGGACCCC
CCCACAGCGG

(B) CGRP-5UT-human sequence: Complete 5' untranslated region of the 
hum an CGRP gene. First intron lies within this sequence (109 to 1149).

1
51

101
151
201
251
301
351
401

ATCAGAGACA
GGCTGGACGC
CCGCCAGGTG
TCTCCCTCCA
TCCGTTAGTC
GCTCGTGCCC
CCTGCTCGGC
TAGGCCAGTC
GAGGCAAGAG

CTGCCCAGCC
CGCCGCCGCC
AGCCCCGAGA
TTCGTCATTT
TCTTCATCAG
TAGGTTGGAT
TGCGGACTCC
TCGGGACACT
AAACTTTCCG

CAAGTGTCGC
GCTGCCACCG
TTCTGGCTCA
TCTCACTCCC
ATAGTCTCTG
CGGACAGTCT
AGTCTTACTC
CAGGCTCCCC
CAGACGGTGC

CGCCGCTTCC
CCTCTGATCC
GGTATATGTC
TTTCCTCCTC
TTAGTCCGCG
CAATCCCCCG
TCTCGCACTG
AGGGACCGCG
GATCAGGGAC

ACAGGGCTCT
AAGCCACCTC
TCTCCCTCCC
TCCCTCTCTC
ATTTATACCA
GCTCGCTCTT
CACACAGGCT
CACAGAGCCT
GGCGTCTGGA
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451 GCCCAGCAGT CCCAGGGAAA TTGGTTCAGA ACCTGGAACA GAGCGGATGG
501 GTGGCAAATA GGCACGACGA CTGAGGGACA AGCAGCCCTA AACTGCAAGC
551 CCCAGTCACA GGCTCTGGGA GCAAAGAGAG AAAGTCTTGG GTCCCAATTT
601 AAGAGTAAAA CTTGGTTCCT GCAGGGGACT GAGGTGCCAG CAGGCGGAGC
651 TTAGGCTGAG CACTAAAATT GATTCTTTTA TTTCTCAGAT TCCAATTGCA
701 GAGATAATCT CTGTGGATAG ATCCCACCCC TCCCACCAAG GTGTATGCAA
751 AAGCCCCAGA AGAGGAGGAC AGCTCTGGGT TTCCTTATGG GATCAGCTTC
801 TGTGACAGGG GCCTGGGAGC ATGTCCTCCA CAGAGACCTG GCTAACAGGT
851 TTATATGTAT CTGTGTGGCT TTGGGGAGAA GGGTAGGACT GAGACCTCCC
901 CCACTCAGCT CTCCCTCTAG GATCGCTCCT CCAGCTCTAT CAGACTGTGC
951 ATGCTACAGG CCCACTGAAC CTCCCAGAAG TCCACTGTGC TGATGAGGAA

1001 ACAAAAAAGA AGAGAAATAT AATGACCAGT CTGAAGCCAC AAAGCCAGAG
1051 CGTTAGAAGC AAGACAGAAA ACCAGGATAG GAGCCAAGGT CTGTGGGCTC
1101 CTAGAACTTC GAACTGGCGC AGGTGGTTTA TCTCATTCTT CCCTTGCAGA
1151 GAGGTGTC

(C) CGRP-intron2-human sequence: Complete second intron of the hum an 
CGRP gene.

1 GTAAGACAGC CTGAAGCCAG AAGGACACTG GTATCAGACA ATTCCATGCC
51 TCTTAAGTGT GGTGTACTGA ATGCTTAAAA ACCGACAGGG GGCCGGGGTA

101 AGGTATGTAC TCATGCACAT ATATAATTTT TTGATATAAA AATGTGTGGT
151 ACACAATTTA TAAGTAGTGA TAAATATTTA GACAATATTC TTCATTATAA
201 TTTTTTTGAG ACAGAGTCTC ACTCTGTCAT CCATGCTGGA GTGCAATGGC
251 ACCGTGTCGG CTCACTGCAA CTTCCATCTC CTGGGTTCAA GCAATTCTCC
3 01 TGCCTCAGCC TCCCAAGTAG CCGGGATTAC AGGCGCCCAC CACCATGCCC
351 GGCTAATTTT TGTATTTTTA GTAGAGATAG GGTTTCACCA TGTTGGCCAG
401 GCTGGTCTCA AACTCCTGAC CTCAGGTGAT CCACCTGCCT CAGCCTCCCA
451 AAGTGCTGAG ATTACAGCCG TGAGCCACCG CGCCCGGCCT ATTATAAATT
5 01 TTATATAGCC CACTGAGTCT CACAAAATGC TTTTGTTGCT TTTAGCCAAA
551 CTTTTGTATG TGTAGCCATC CTATTTATCC TATTCAGCCA TGATTTGAAA
601 AATGAATTGC ATCCTATTCT GTTAAATAGT TTGCCACTAA ATTTGTTATT
651 GTTAAATCTG GTATTTTACC TGTTGATCTA TTCTCACCCA CATATAAATC
7 01 TATTAAACTG AAACTATTTT CAGGTTCAGC ACTAACTGTA AGTTTTTGCA
751 TTTAATTTTT AATAATGGCT GCACTCAGCT TGCAAAATTC TTGAAAATTT
801 AACCATTAGC TTTCACAAGC CTATACAAAC TGGCTCCAGC ACAGCACTGT
851 TTAGAGGCCA CACCAGTGCC TGGGTCCTGA GGAGGACACT GGCCTTGTGC
901 CCTGTCCCCT AGGACTCCCG CTGGCCACAT CCTCAGGGGA AGAAGCAAAG
951 ACCAGGAAGC CTGGCTGCTT ATCCTGGGGA GGGGCAGGCA GGGGCTCACA

1001 GCCTGCACTG AGTTTGCTTC CCCTCCACAG

Appendix 5.4. Rat CGRP regulatory sequence (5' - 3'). See results. Chapter 5 
for nomenclature. GenBank accession number: M34090. 

CGRP-prom-rat sequence: 1.3kb of rat CGRP promoter immediately 
upstream  of the transcriptional start site.

-13 65 CTGCAGGAGG GACTTGAAGG CAGGCTTGGG ACAATTTGAG AATGAACCCC
-1315 TAAGGATGCT TCTGTGGGCC ACAGAGACTG CTGAGTGGCT GTGCTTTCTG
-12 65 GATACGGTAC CATTTTGGAA AGAGAGGAGA GTCTCTGTGC CAGGAGAAGT
-1215 GTGACTGGTA GTGAATGTGA GGTTTAGTAC GGGGCAACAT CTCCACAGCG
-1165 CTGTCAAGCC TGCCTGCCTG CTCTTCAGCT CTTTAGCTCG GAGATCTAAG
-1115 GGTGGGGGTA GGAGGGGAGC CACCGGACCA AATACAACTG GGACATCTTG
-10 65 GCAAACAGCA GCGGGAAGCA AAGGGGCAGC TGTGCAAATC CTTAGGCAGG
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-1015 CGGGCGGGCG GGCAGGCGGG CGGGCGGGCG GGCAGGCGGG CAGGCGGGCG
-965 GGCAGGCGGG CGGATGAGTA GTGATGGATA GCCAGGCAGG AGGTGGAGAG
-915 ATCTACACTG GAGACTTTAG AGGCATCTGG TCCTTCCTCA CACTGTCCCC
-865 ACTACCCCGT ACCCCTACTC CCTACCCCAA GCAGGACCCA GCTGAATACA
-815 ACCCCTTCTC ACACATGTGA GTGAGTGAGT TATCCAGCAC ATAAGAATGC
-7 65 CAAGCTGAAG ACGGATGATT CACTTTGGGG AAGGAGAGAT TTTATAGCTC
-715 AGGAAACACC AAGGTTTCTG CCTACTAGCC AGGCCCTTCA AAAGGGGACC
-665 AGGATACCCA CTGAAAAGTT TAATATGTTG AGCTTTCGTG CAGGCCTTTG
-615 GGGGTTTGGG GGGGGGGGAA TTTTGAATTT TTTTTTTCGT TTTGTTTTTA
-565 CCTGTGGTCA CATAACCAGC ACGAGGCAGC TACAAGGTTC AGGTCTGACA
-515 GAGCCCCTGT GTCCAGCACC AACACCTTTG GCTATCAGCC TAAACCTGTG
-465 CCACCCTGCC AAAGCCAGCC TTGCAGACCA AGAGTCCACC CCTACGGTGC
-415 ACTAAAGTCT TCCGGATTAG GCACGGACTA GGGTCGGGGC ACGATTAGAA
-3 65 TCAGACATGC AGCAAGGAGT ACTTGAGATA CTGGACTCTA CTCTCCAAGG
-315 TCCAGAGATT GGAGTCGGGG ATGTTCAAAG TCAGGAGGGA AGAAGAGATA
-265 AAATTTACCT TGACGTCAAA AGGCCCTCCA AATTCCCGCT AATTTTAAGG
-215 GTGGTTCTCA CTGCTCCCCA CCATCCTCCC ACTTCCATCA ATGACCTCAA
-165 TTTAAATTCA AATGGTGTCA TCTTGCTAGA TGCTCGGAGT TCTGGAAGCA
-115 CCGAGGTGAC GCAATCTGTC TGGGGCACGG GGCCCTTCCA CCTATTGGCT
-65 GCCTGGCGCC CCGGGACCCC TCCCAACTAC CGCGGCGGGA ATAAGAGCAG
-15 CTGCAGGCGC TTGGA

Appendix 5.5. Human PF regulatory sequences (5' - 3'). See results. Chapter 5 
for nomenclature. Numbering given is relative to the initiation site 
established for the rat gene. (A) PF-prom-human; (B) PF-5UT-human; (C) 
PF-intronl-hum an; (D) PF-intron2-human. GenBank accession number: 
L14565.

(A) PF-prom-human sequence: 0.7 kb of human PF prom oter immediately 
upstream  of the transcriptional start site.

-742 GGATCCAGAG CTGGGTCCAG CCACCCTCAG CCCCCTATGA TGTACCCACC
-692 TCATTGGGGC TTGTTGCGGG GTAGGTCTAG GTTTGGGGGC TGTGTCTTTA
-642 AGGCTGAAAC ATCAGCAGAC AACCTCTGCT GGGCCGTCTT CAGGGGAGGG
-592 GGAGGGGGGC TGGTCAGCCC ATTAGCAGCA GAGCTGGCGC CAGGCACCAG
-542 CCCTTCACAG GGCCCTGGGG ATTAGGGAGA GTAGCTCTTC CCCAGCCCGA
-492 TCTGCCTCTG CGCCCCTGTC TCCTATTCCT CTCTGGGTGT GGTGAAGGAG
-442 GGGTAGCTGA CAGCAGGTGA AAATAGAGCC TGGCCTTCAG GGGGCAAGTC
-392 AAGGCACTAG CTATGGGGCC TAAGCCAGGT CAACTCTCCC TCCAGCTGGC
-342 CTCCTCCCTA CTCCTGTGCC AGAAGCCTGC CCTTTAACTT CAGGTCCTTC
-292 TACCTCGCAA TTTTCAGGGA CTCTAGTTCA AGTCAGGCCT TCCTACCCTA
-242 GGTTCTAGCT TTGGGTGCTT GTTGGGAGGA AGTGACCCCC ACCCCAGCGG
-192 CAACAGGGGG CAATCAAGTG GGTAGAGGCC TGCAACCAGG GAAGGGAGGG
-142 GAAGGCGCTC CTGCTGTTCC GCAGGGGTGG GGCATCCCCC TCCCCATACA
-92 ACCCCCCTCC AGCGGCCATC AGGCCAGTGG GAGGAGCTGC CCGTGCCCCC
-42 CCTGAGACCG CAGGGCTATA AAGCGCCTCG CAGCGGTCTG CG

(B) PF-5UT-human sequence.
Complete 5' untranslated region of the human PF gene.

1 GCTCCTTCCC AGCCCCCGGC CTAGCTCTGC GAACGGTGAC TGCCCATCCT 
51 TGGCCGCA
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(C) PF-intronl-hum an sequence: Complete first intron of the hum an P F
gene.

1 GTCAGGGGGC AGGGCTGGGC CGCTGCCGTC GAGGCGAGGT CGAAGCGGCG
51 TCGAGGCGGC TGCTCTTGCC TCCCCTCGCT TCCCCTCTCC ATCAGCAGCC

101 CAAGGGTGTG GCTCCCCTTA CCAACCCAGG TGTGTGCGGG CAGCATCCCT
151 CGCCCACGGG CTCCAAGTGC CCCCCGCTAC CCCTTTGCTC TGAGTGTTTG
2 01 GGGAGGTGGG AGAAGTGGGT ATCTGTGCCT CCCCTGAGTA ATGAGGAAAC
251 CCCCTTTTCA GCTCCCAGTC CGTTAGAGAC AATGCGGGGC AATTCCATTA
3 01 GACAGCCTCA GCCCTCCATT TAGAGTCCTG GGCAGCAGAA CAGCCTCTAA
351 CCGGATCCTG GGGGGCGTGC GGTCTGGGGT GGGAGGTGGG GGGGAGGGGG
401 GAGTTGAGGG TGTGGAGGGT GTTGGGGTGA GG

(D) PF-intron2-human sequence: Complete second intron of the hum an PF 
gene.

1 GTGAGTGGGA GGGGGTGTGG GAGTTGAGGG TGGGGAGGGG TAGGGGGGAT
51 GTGAGTATGG AGAGGTGGGA TGGGTGGGGG GGGGGAGAAG GGGGTAAGGG

101 AGATGGGTGG TGAGGGAGAG AGGGAAGGGG TGGTGGTTGG TTGGTGTGGG
151 GAGGGGGTAA GTTATGTTGA AGGTGGAGTG GGAGGGGTGG AAG

Appendix 5.6. Mouse PF regulatory sequences (S' - 3'). See results. Chapter 5 
for nomenclature. Numbering given is relative to the initiation site 
established for the rat gene. The initiation site for the moue gene lies 4 bases 
downstream of the rat initiation site (Desmarais et al., 1992). (A) PF-prom- 
mouse; (B) PF-5UT-mouse; (C) PF-intronl-mouse; (D) PF-intron2-mouse. 
GenBank accession number: X59840.

(A) PF-prom-mou sequence: 1.0 kb of mouse PF prom oter immediately 
upstream  of the transcriptional start site.

-1018 ATGTGATGTG GGTTTATGTG GAGGATGTGT GGGTAGGTGG ATGTGGTGTG
-968 GAGTGGAGAG TGGTGGGTAG TAGTGTATAT GTGTTTGAGG GGTGGGAGGT
-918 GGTATGGGGG AGGGGGGTGG GGTTGGTAGT TGAGGAATTG GTGTGGTTGG
-868 GGTAAGGGGG GTGAGTGGGG AGGAGATGGT GTGGAGGGGG GAGGAATGGA
-818 GTAAAGGGTG AAAGTGTAGG AGAGGGGGAG TGAGGTTAGG TGGGGGGGTT
-768 TGATGGGAGA GAGGGTTGGA AGGGGGAGAT GGTGAGGAGG GTGTGAGGTG
-718 GGGAGTGTTG TTGGGGTGGG TGTTAGGTGG GAGTTTGGGG GGTGTGTGTT
-668 TAAGATGGAA AGATGAGGAT GGAAGTTGTG GTGGTGGAAG GGGGGGGGTG
-618 GGGGTGGGAG AGGTGGTGAG TGGATTAGGT GGAGAGGTGG GGGGAATGAG
-568 GAGGGGTTTA GGGTGGGGTG GGGAGTAGGG AGAGATAAGG TGTTGGGGAG
-518 GTGGGTGTGG GTGAGGGGTG GGTTGTGGGG AATGATGGGG GGGAGTTGAG
-468 AAGAGGTGAA AGGAGAAGGG GAGTTTGAGG AGAGAGGAGG AGGGAGGAAT
-418 TGGGTGGGTT AGGGGAGGTT AGGTGTGGGT GGAGGTAGGG GAGTTGTGAT
-3 68 TGGTGAAAAG TTGGGGTTTT GGTGAGGTGG TGATATTGGG TAATTTTTAG
-318 GGGGTGTTGT GAGAGGGGAG GGGAGGTGAA GGGATGTGGT GGGATTGTAG
-2 68 GGTGGAGGGT TGGATGGATG GTGTAAGGTA GAGGTTAGGG GAGGTGGATG
-218 AGATGGGGGA TGTGAGGGAG GAAGAAGGGG GAATGAAGGA GGGAGGGTGG
-168 GAGGAAGGAG GAGAGGGAAG GGGTGGTGTG GTGTGTGTGG AGGGTGGGGG
-118 ATGGGGGTGG GGAGAGAGGG GAAGGGTGAA GTGAGGGGAG TGGGAGGAGG
-68 TGTGGTGGGG GGGGAGGGGG GGTGGGGGGA GAGGGGAGGG GTATAAAGGG
-18 GGGGGGGATG GGTGTGGA
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(B) PF-5UT-mou sequence.
Complete 5' untranslated region of the mouse PF gene.

1 GCTCCTTGCC ACCCGGCCTA GTTCTGCCAA GCGCTGA

(C) PF-intronl-mou sequence: Complete first intron of the mouse PF gene 
(intron/exon boundaries according to database).

1 GTCAGAGGGC AGGACCGGGC CTGCCAGACG CTCCCTTCGC TCCCCCTGCC
51 TTCCCCTCCA GATCCAACAG CCCTAGGGCG TGGCCGGGCT GGCCAACCCC

101 AGGGCGAGCC TGCAGCATCC AAGCCAGCCC CCTCCCTGCA CTTTGCTCCG
151 AGAGCTAGCG GAAGTGACCA GACATTAAGG GGACTCCCTT CTCTGTTCCT
201 AGTCCGTTAG ACGGGCAGAC TGAATCCCTC CTTTTAGATC CAGGACAGCT
251 GCATAAGCAG ATGGGGGCGG GGTGCTGGAT GTGGCACGAG ATCTGGGAGG
3 01 TCACCCCGCA GTTCAGCATC TTCCCACTCT GCCTGTCAG

(D) PF-intron2-mou sequence: Complete second intron of the mouse PF 
gene, (intron/exon boundaries according to database).

1 GTGAGTGAGG GGTCACGTTG AGTCCCAACA CCCCAGCTGC ACCCCCAGCT
51 GCGTCTCCAG GGTGGCATCG GTGGGTTAAG GGAGGCCACT CCGTGCTTCC

101 GAGACAGACA GGGAAGACCT GGCCCTTCCC TGGCCTGAGG AGCCCTCCTA
151 TTGATCCCCT ATTCCCGTTC GCGAAG

Appendix 5.7. Rat PF regulatory sequences (5' - 3'). See results. Chapter 5 for 
nomenclature. (A) PF-prom-rat; (B) PF-5UT-rat; (C) PF-intronl-rat; (D) PF- 
intron2-rat. GenBank accession number: M26232. 

(A) PF-prom-rat sequence: 0.8 kb of rat PF promoter immediately upstream  
of the transcriptional start site.

-821 CCAATAAAAG CCAAAAGTGT ACCACAGGCC CACTCTGTTT AGCCTCTGGC
-771 ATGGCACAGA CCCTCAGAGC CCCGGACACC CTCACTCCCC CCCACCAAGA
-721 GGTGCCCACT CTTGTTGGAG CATTTGTTAA ATCCAAGTTT GAGGGTGGGG
-671 GCTGTGCCTT TAAGGTGGAA ACATCTGCAT GCAACTTCTG CTAGGCCAAG
-621 GGCAGGGGGA GGGGAGCTGG TCAGTCAGTC CATTAGCCGC AGAGCCGGCG
-571 CCAATCACCA GCCCTTTACT GTGCCCTGGG GAGTAGCCAG AGATAAGCCC
-521 TTTCCCAGCC CCCTCTGCTT CAGCCCTCGG TTATGGCCAG TGATGGGGGG
-471 GGGCAGCTGA CAACAGGTGA ATGAAGAACC CCAGTTTCAG GAGACAGGAG
-421 GGGGCGCAAA TACCCTGGCT TAGGCCAGGT TAGCTCTCCC TCCACCTACC
-371 CCATTTCTCA TTGCCCAAAG GTTCTTCTAT TCCCTAATTT TTACCTCCTT
-321 TTCTGAGGGG GCACCCCAGG TCAAGCCATG TCCTCCCGCC CTAGGCTCCC
-271 GCGTTGGGTT CATGCTCAAA GGCTAGGATC CTTAGCCCAT CTCCATCCTG
-221 CCATTTACAT CCCGGATCTC AGCCAACAAG GGGGAATCAA GCAGGCAGGG
-171 CGCCAGCAAC CAGGAGAGGG AAGGGGTGGT GTCGCCGCTC TGCAGGGTGG
-121 GGCATCCCCC TCCCCACACA GCCCAAGGCT GAAGTCAGGC CAGTGGGAGG
-71 AGCTGTCGTG CCCCCCCAGT AAGCCCCCCC CCATACCGCA GGGCTATAAA
-21 GCCGCCCCGC ATCGGTCTGC A
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(B) PF-5UT-rat sequence: Complete 5' untranslated region of the rat P F  gene.

1 GCTCCTTCCC GCCCGGCCTA GTTCTGCCAA GCGCTGAATG CCATCTTCCG 
51 CCAGC

(C) PF-intronl-rat sequence: Complete first intron of the rat PF gene.

1 GTCAGAGGGC AGGACCGGGC CTGCCAGACA CTCCCTCTGC TCCCCCTGTC
51 TTTCCCCTCG GATCTAACAA CCATAGGGCG TGGTCGGGCT GGCCAACCCC

101 AGCCCGGAGC CTGCAGCATC CTAGCGGGCC CTCTGCCAGC ACTTTGCTCC
151 GAGAGCCTAG GGGAAGTGAC CAGACATTAA GGGGACTGAC ACCCTTCTCT
201 GTCCCAATCC GTTAGACGGG AAGGCCGAAT CCCTCGCTTT AGATCCACGA
251 CAGCTGCAGA AGTAGATGGG GGCGGGGTGC TGGATGTAGC ACGAGGTCTG
301 GGAGGTCACC CGGCAGCTCA GTGTCTTCCC ACTCTGCCTA TCAG

(D) PF-intron2-rat sequence: Complete second intron of the rat PF gene.

1 GTGAGTGAGG GGTCACGTCG TCGAGTCCCA GCACCCTAGC TGCACCCCAG
51 CTGCATCTCC AGGTGGCATC GGTGGGTTGG GGGGTCACTT CTGTGCTTCT

101 GAGGCAGACA GGGAAGACCT GGCCCTTCCT TTGCCTGAAG AGCCCTCCTT
151 TCTCTTGAAC TCCCCATTCC CACTCACGAA G

Appendix 5.8. Bovine PPT regulatory sequences (5' - 3'). See results. Chapter 
5 for nomenclature. (A) PPT-prom-bovine; (B) PPT-5UT-bovine. GenBank 
accession number: S69719.

(A) PPT-prom-bovine sequence: 1.7 kb of bovine PPT  prom oter immediately 
upstream  of the transcriptional start site.

■1736
■1686
•1636
■1586
1536
■1486
■1436
-1386
-1336
-1286
-1236
-1186
-1136
-1086
-1036
-986
-936
- 8 8 6
-836
-786
-736
- 6 8 6

TCTAGATACA
AAGAAACCAT
CAGAGCAGTT
AGATTTAAGA
TCTGAAATCA
GGACTGTTTG
TGCTTTTAGG
ATAGACATGA
GAAATAATCT
CAAGTGGATC
AAATTATAAA
AAGAAATGAG
AACAAAAAAT
ATATTTCCTT
TAGTGTTTAC
CAATTAGTTT
TACAGAAGCT
AACATCTTCA
AAGAGACCTT
TTCTTGAAGG
CACTGATATG
CCAAAACGTA

AATACCAATT
TAGGAGGCAA
CTTATCTATA
GATAGGTGAA
ACTAGTAAAG
AACACTGGAC
TGGAATAATA
CAAAATATTT
GAGTTGTGGG
ATTCTCTACT
GAGAAAGAAT
ATAGACACAC
AATAGAGAAA
TATGCACTAT
TAAGGAAAGG
ACAAGGCAAA
ATTTGCCTAA
CTACATTTAT
TAGTGACAAA
TAACTATAGC
AAAGTTCTTC
AAATAAATCT

AACTGGAAAT
TCAGCAAACT
AAATAGAGAG
CTAATTGCAA
TGTATGGGGG
ATTAATATAA
GCATAGTTCT
AGAGTTGAAA
GAAATACAAA
TTTGTACAAG
AGAATGCCTC
AAAAATTCAA
AAAATCTTGG
ACTAAGAACA
GGAGACACAC
CCATGGGCTC
TAGCCTTGTA
TACACACACG
CAGGAATGAG
TAGCTTGGAA
GTTCAATGCT
TTCATCCTTT

AGAACAGAGG
CCCAAACGCA
AGAGGACTAT
TTTATAAACT
AGGGACCCAC
AGAATTATTT
TTTATTTTTT
TTATGTCTGA
GTGAAACTTG
TTTATAATTT
CTGGTGTGAG
ACATCAGGGT
CTCTAAGTCA
TCAGAATCAA
ACCAACCCAG
ATGAAAACCT
TTGATAATGA
AGAAATCTAT
CCTATACATA
CAAAAGATAT
ACGTTTAAAT
GAAATCCTAT

AACAAGTTAA
GGACACTATA
AGATTAGGGA
TTGTTACAAT
AAAACAATGA
TATTTTATGT
TATCCTTTGT
GATTTGCTTT
CAAATTGTTT
TCCATATAAA
GCTAGGCATA
CACTTAAGAA
GTTGCAATAA
CTGGAAAACA
ATACAACAGT
GTGATATCTG
CTGTCCAATT
GAAGGATCTT
TCTTAGGGGT
CCTAAAATGG
GCCCGCGTCT
GGGACTGGAA
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- 6 3 6
■586
■536
■486
■436
■386
■336
- 2 8 6
-236
■186
■136
- 8 6
-36

AGTCTTTTTG
AAAAACCGCC
GAAAGATGTT
GGGGGGAATG
CCGACAATAT
CGTATCCTCT
CTTTGCTTTG
AGAGGGGAGG
TTATTGGATG
CAATTGGGTC
CTCAATCAGA
CAGAAAGTCG
CTGGGATAAA

TATTACTGAA
AGTATTCTAG
GTATCTCAGA
CCCCCCCCCC
TTTAATATCT
CATGGCACGA
ATGAGTAATC
GGGCGTCAGA
GCGAGAACTC
CAGATGTTAT
CGCAAGCGAA
CGTGGGGAGC
TACCGCGCGG

AAAAAACAAA
TTGGTTTGAG
AACACTTAAG
ATTTGGAGTT
GAAGTTATTT
AAAAGTTGCC
TTAGGTGTCA
TATGCCTACG
GATATTCCTA
GCGCACCGAC
AGGAGAGGAG
GCGTCACGTG
CAGCCAGCAG

AACAAAAAAA
AGAAGGTTGT
ATACTCTGCA
CTCCTTTCTT
GGCCATCCTT
TAAGTCCGAG
TGGAACCTCG
GAAGAAGACA
TAATTGCGTC
GGATTACCGT
GCGGTTAATT
GGTCCCGAGA
GCAAAA

ACAAAAACAA
TCTGCTCACA
GACGGAAATA
AGCCTGATTT
AGAAGTGCAA
GAATGAGTCA
TTCCGAAGAA
GGCCGCTGGG
ATTTCGAACC
CTCGGAAACT
AAATATTGAG
CTCGGCGAGC

(B) PPT-5UT-bovine sequence: First 154 bases of 5' untranslated region of the 
bovine PPT  gene. There are a further 462 bases before translation initiation. 
The first 50 bases of intron 1 lies within this region.

1 GAGCGCGCTG CTGACCTCCT CCATCCTTGC TGCGACCGAG AGAGTGCGCA
51 GCGCCCCGCG AGTGCTCAGA CCAGCAGAGG AACCTCCCGG GCGGGTCAGC

101 TGCGGTAAGT GCCCGCGCGC TGTAGTGCGC GCTTTCCGCA CCGCGCACCG
151 CTCG

A ppendix 5.9. Rat PPT regulatory sequences (5' - 3'). See results. Chapter 5 for 
nomenclature. (A) PPT-prom-rat; (B) PPT-5UT-rat. GenBank accession 
number: L07328.

(A) PPT-prom-rat sequence: 3.4 kb of rat PPT promoter immediately 
upstream  of the transcriptional start site.

■3355
■3305
■3255
■3205
■3155
■3105
■3055
■3005
■2955
■2905
■ 2 8 5 5
■2805
-2755
-2705
-2655
-2605
-2555
-2505
-2455
-2405
-2355
-2305
-2255
-2205

GGATCCTGCT
ACAATGTTTG
TGACTTTTTC
ATGTTCAGTC
TAAGGTATAT
TGTGTAGACC
GATCCCCTGG
TGGGAACTAA
GAGCTATCTG
CAAAAATGAA
AGTATGCATC
CTGAGGAAAT
TCAAGAAAAA
GAGTATTTAA
ATTGACTGAC
AGGACACATT
ACAACTCTGA
CTAAGCAGAA
CCTGATGACT
ACTTATCAAC
GGGGAAACAA
AGGAAGAGAA
ATTATTAAAG
GTTCATATTA

CTCCCTGGGA
GTTTTTCACT
TCTAAAGTTG
ACATGAAAAT
GTTTTTTATT
TTGTTCATGA
ATTATAGATT
ACCCTCATCT
CCCAGTCCCT
AATATGATAC
AGGAACACTT
GCATTAATTA
CATGAGTCAG
TGATGGTCCT
CTTTGGTTAA
CAAGAGGAAA
GTGAGAGCCT
GTCCCACAAA
GCTATACCAA
ATGGCCACAT
ACCACATTCA
GGAAAAACGA
ATTAACATAT
TATAACTGTA

GTAATTTCTC
TTTGTAGAGT
TAAGCAGTAT
GGACAATAAC
ATTCATGTAT
AGCTCTCAAA
ACGAATGGTT
TTAGCAAGAG
CTTTATAATT
TTTGTTCACC
GTATTTTATT
GTAATACAAA
AAAGTATATG
GGGCAAGTGG
GATCTCTAAG
GAGGAAGTGA
GCTGCTTTGC
AACTATGCCA
CACTAGAATG
TGATGACTAA
ATCTCCAGCA
GGCCTGAAGC
ATATATGATT
AGATTAAATT

AAAGCAAACT
ACTGTAGAAA
AAAAAGCTTT
ATCAGTTTAG
AAATGTTTTG
AAGGACAAAA
GCCAGCTACT
CAACAAGTAC
TTCTACGGAT
ACTCTTGTTC
AAGATTTGTA
TATCTTCAGT
AAATTACTAA
GAAGTTAGTT
CAGACAGCAT
TTGCATCAAA
AAAACAACCT
ACATCTTCCA
TCTCCATTAG
GTGTGCAGTC
AAAGGAAAAT
TATGGTCCTT
AAAGATTGCC
AAAAACAATT

ATTTTGTTCT
AATGATCTGA
AAAGTGACTT
TTTTCTTTTT
CATGTGTTTA
GAGGGCAGCA
AGATGGGTGG
TTTAAGGGGT
AATTAATTGG
GAATGAAGTT
TTTTAAAGAT
GGTGGTATGT
GAAAATTAAG
GGGTAGTAAG
GAGAAGTATT
GGAGGAGAAA
GTGGGAAGAA
AAGGGTGGAG
ATGTGTGGGA
GATGAAGTGA
GTTTAGGAGA
TTAATATATT
TTTTAGAGTT
TATAAATTTA
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■2155
■2105
■2055
■2005
■1955
■1905
■1855
-1805
-1755
-1705
-1655
-1605
-1555
-1505
-1455
-1405
-1355
-1305
-1255
-1205
-1155
-1105
-1055
-1005
-955
-905
-855
-805
-755
-705
-655
-605
-555
-505
-455
-405
-355
-305
-255
-205
-155
-105

-55
-5

AAAGGAAAAT
TTAAAAATAA
TGTTATGCCC
TAATTCCAAC
GTGAATGATA
AATATACTAG
TCCACATGTT
TACTTATTCG
CTCTCTCTCT
TACCTTGAAG
ACATCAAAAC
CTTCTGATAG
TCCTTGCACT
GTCATACTTA
AGAAATCAGG
ACACAGTGCA
CAAATTGTTT
TTAATGGTTT
TGAATGTCTA
AGTTTGGCTC
GGGAAACTAT
ACTCGATGTG
CAGGAGGATA
AATAATAATA
CTTCATCAAA
TAAAACCATG
CCAAAGGTAA
GAGAGGCACA
GGGAAGAAGC
AGTTCTACAT
ACAAAGGTGC
TGGTAGAGAA
GGGGGTGTGT
TAAAGTAGAA
TTGGTGGTGT
GGTGTGGTGA
GTAAGTGGGA
GTGTGAGTGA
GAGAGGGAAG
GGGTAAAATT
GGGAGGGGTT
GGGGGGTAAT
GGGTGTGGAG
GGAGT

GATGAAATAA
TTTTTAAGAA
GTAAAGTGAG
ATGAATTGTT
TGAGTGGGAA
GTTAAATAAA
TGTGATTTTA
TAGAGAGAGA
GTGTGTGTGT
GAATGAAAAT
GAAGAGAAGG
GGAGGAATGG
GAAATGTTAA
AAAAGTGGTA
GATTTAGGTG
TGAGAAAATA
TAGGGGAATG
TGAAAATTAA
GATTGAGAAA
AGAAAGAGTT
GATTGGGGAA
GTGGTGGAGA
GGGAGTTTGA
ATAATAATAA
AGATGGAAAA
GTTTGTAAAT
GGATGGAGGG
ATTATGGTGT
TGTAGGGGAA
GAGAAAGGAG
GTTGATGGTG
ATGAGAATAT
TGGAGGGGTA
ATGAAAGGAA
GTTAGTATTA
AAGGGGAATA
AGGATGAGTG
AGGTTGTTGG
AAAAGAGGTG
GGGTGATTTG
ACCGTGTCGG
TAAATATTGA
GGTGATGAGG

GGTTTGGGAG
GTGAGGTAGG
AAAAAATGGA
GAGGATGTTG
GTGGGAATTT
AGGGATGATA
TATAGTAGAG
GATTGTGTGT
GTGTGTGTGT
GAAAATGAGT
ATGAATTGGT
GATAAGTTGA
ATGTGTGAGG
AATTAGTGAT
ATATTTGGTG
TTTTGTATGT
AGTGTAGATT
AAATAGAATG
TAAAAAGAAT
GTTTGGTGTT
GGAAAAGAAG
GGTGTAGTTG
AGGGAGATAA
TAATAATAAT
GAATTATAGA
GAGTTGTGTG
TTTGTAGTGG
TGGGAGGGGT
GAAAAGATGG
GTTTAAATTG
TGAAGGGGGA
TGTGAGTGAT
GATATAAGAG
AAGGGGGGTT
TTGAGAAGGT
TTGGGTGATG
AGTTGGGTGA
GAAGAAGAGG
TGTGTGGATT
GAAGGGAATT
AAAGTGTATG
GGAGAAAGTG
GGTGAGATAA

GATAAGTAGT
TTAAGTGAAG
AAAAAAAAAA
AGAATTGAGT
TGGTATTGAA
TTGGGATTGT
AGAGAGAGAA
GTGTGTGTGT
GTGTGTGGAG
GGTGGAGTGT
GTGAAAGGGG
GGATGAGTTA
TTGTAGTGTT
TTTTAAAGTT
AATTATGTAT
AAGTGGAATG
TGTGTTGAGA
TTGAGATTAT
AAAGATTGGA
GAAATTATAG
TGTATGGAAA
GAGTGGTGAG
TGAGAGTTAG
AATAATAGGA
GTGGGGAGAG
TGTGAGAGAT
GGGAAGAAGG
TGTGGGTTGA
GTTAGAATGG
GTGTTTGGGG
GAGGGGAAAG
TTGGTGGGGA
GTGATAAAGG
GGTTGATGGG
TTTGGTGGTG
GGTGTTGAGA
GTTTTGATGA
GGAGGGGGGC
GGATGGGGAG
TGGTGGAGAT
AGGGAAGGAA
GGGTGGGGAG
ATAAGGGGAA

TAGAGAGATT
ATAGGTAGAG
GGGTATTATG
GAGTGGGGAT
AGTGTGATGA
TTAGAAAGTG
GATTAAGAGA
GTGTGTGTGT
GAGGATGGAT
TTGGTAGGAA
TTGGAAGAAT
AAGAGTATGT
AAAAAAGGAG
AGTAGAGGGA
GAGAATAAGT
GTGAAATTGA
ATTTGTTGTT
GAAATGGATG
GGGGAAGATG
TAAAGATAGT
TGAGAGGATG
TAGGGGGAGT
TAATAATAAT
AGATGAGTTA
AAGGGATGTG
GTGGAGAGGT
GTAAAGGGGA
GGGTGTGGGT
GTGATGGGTA
TAAATGTAAA
AGTTTTGGAG
GGGGGGTTGG
TTAAGAGAGA
TGTGAAGTGG
AAGTTATTTG
GAAAAGTTGG
GTAATGTGAG
GTGAGATTTG
AGGTGGAGTT
GTTATGGAGT
AAGGGGAGGG
AGTGTGAGGT
GGAGGAGGAG

(B) PPT-5UT-rat sequence.
Complete 5' untranslated region of the rat PPT gene.

1
51

101
151
201
251
301
351
401
451
501

AGAGGGGAGT
GGAGGGGGGA
GTGAGTAGGA
GTTGGTGAGA
GGGGGAGAGA
GGTTGGGAGT
GAGAGGAGGA
TTGGAGAAAT
TTAGGGAGAG
AAGGTGTTGG
GTTGTGTGTG

GGGAGGAGGT
GGAAGTGGGG
GTGGGGGGTG
GGTGGGGTGG
AAGTGTGGAA
GTGGGTGAGT
GTTGAGGGTG
GTTGGAGGTG
GTGTTGTTTG
GTGGGGGGGG
TGGTAGTGTG

GGAGTGGAGG
AGGTGGGGAG
GGATGTGGGG
GGGGGGGGTT
ATAGGAAGAG
GGGTAGGGGG
TTTGGGAGGT
GTGGGTTTTT
TTGGTTGTGG
GGGTAGATAT
TGGAGAAATG

AGGGGGGGGG
GATGAGGGGG
GTGGGTGGGG
TGAGGTGGAG
GTGTGTTTGT
GTGGGAGGTT
GAGTAGGGTT
GTTTTTGTTT
GATTGAAATT
GTATAAGGAT
GAAG

AGGAGAGGGA
TGGGAGGGGA
GGGGTGGTGG
GAGGGAGAGA
GTGGGTTGAG
GAGAGGGAAA
GTTAAAGGGT
TAATGTTGGT
GAGGTGGTGT
TGTTTGTGTG
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Appendix 5.10. Hum an c-ret regulatory sequence (5' - 3'). See results. Chapter 
5 for nomenclature. GenBank accession number: D00617. 

c-ret-prom-human sequence: 0.7 kb of mouse c-ret regulatory region 
including the prom oter and entire 5' untranslated region.

- 4 5 2  CCGCGGGGTC GCACCCCGAG CCAGTCGGCC AGACCTGCAT CCCGCGTAGC
- 4 0 2  ATCCCTGCCC TCTCTGTGCA GCGGAAAGGG CAAAAGGCAG GGACTGCAAG
-3  52 CGGGCGCGCA CCGGGTAGGA AGAGCGGCTC TGCGTAGGTG CGCGGACCCG
-3  02 GGCTCCTGGG TTCCATCCCC GCCGCGCACC TCGGGGTCCG CACCCGGCTC
-2  52 CTGCCGGGCC CTTTTCGGCC GCACCCCGCT CCCGCACCCC GCTCGTGCCC
-2  02 AAGCCCCACC CGGCCCAAGC CGCCGTCCCG CACTGAGCTC CTACACGCGC
- 1 5 2  CGGCCCCGGC CGCACCCCGC GCACGCAGAG CAAGCACTGG AGCCCCGCCC
- 1 0 2  CTTCCCGCAC CCCACCCGCC TCCGGCCCCG CCTGGCCCAC CCCTGGACCG

-5 2  CCCCCGCCCC GCCCCGCCCC TACCCGCTCC TCGGCGCAGC CGGCGCTTGC
-2  CTAGCTTCAG TCCCGCGACC GAAGCAGGGC GCGCAGCAGC GCTGAGTGCC
49 CCGGAACGTG CGTCGCGCCC CCAGTGTCCG TCGCGTCCGC CGCGCCCCGG

199 GCGGGGATGG GGCGGCCAGA CTGAGCGCCG CACCCGCCAT CCAGACCCGC
249 CGGCCCTAGC CGCAGTCCCT CCAGCCGTGG CCCCAGCGCG CACGGGCG

Appendix 5.11. Mouse c-ret regulatory sequence (5' - 3'). See results. Chapter 
5 for nomenclature. Sequence kindly donated by M. Sukumaran (University 
College London). 

c-ret-prom-mou sequence: 0.5 kb of mouse c-ret prom oter immediately 
upstream  of the transcriptional start site.

- 4 5 5  CTGCAGGCTC CAAACGCGCT TCTCACTCCC GCCCCCTTGA TAAATGGCGG
- 4 0 5  AGGATGCTCT TCGCGTCCAG ACTGGACATC ATTCTAGACT CTGGGTCTCT
- 3 5 5  GCGAGTATAG GTGACCAGTC GGCCCAGACG CCGAATCTTC TGTGTTGCTC
-3  05 TTTCTGGGCG GCGGGAAAGG ACTAACAGAA ACAGCAAGCG AGACGCACGG
-2  55 GGTGAGAAAG TGGCTATATG CCGGGGCAAA AATGATCATG GATCCAGGTT
-2  05 ACCTTTAGTA NACCAGCACC CNCACCACAA CCCACACGCA CCCAGCTCCG
- 1 5 5  ACCCGCGCTC ATCTAAAGAG GAAATAGAGG TTCCCCTAGC AGTCGGGTGC
- 1 0 5  CGCCCCACCT TGCCCCACAC AGTACCTGGA GCCCCGCCCC TCCACACACA

- 5 5  CCCGCACCCC TGGTCCCGCC CCTCTCGCTG CCACTCCCTC TGCGCCCTGC
-5  CCTGC

Appendix 5.12. Mouse P2 X3 regulatory sequences (5' - 3'). See results. 
Chapter 5 for nomenclature. (A) P2X3-prom-mouse; (B) P2X3-5UT+exonl- 
mouse; (C) P2X3-intronl-mouse. Sequence kindly donated by A. Akopian 
(University College London).

(A) P2X3-prom-mou sequence: 2.2 kb of mouse P2 X 3 promoter immediately 
upstream of the first transcriptional start site.

- 2 2 2 7  TCTAGACTGC AAGCTCGGCT CTGGGCATCA GAAACCCTGT AAGGGCGCCA 
- 2 1 7 7  GTTTCCTGGT TTTCTAATAC AACCTCAACA AACTCAACAT CTTGCAACTC
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•2127
•2077
•2027
•1977
•1927
-1877
-1827
-1777
-1727
-1677
-1627
-1577
-1527
-1477
-1427
-1377
-1327
-1277
-1227
-1177
-1127
-1077
-1027
-977
-927
-877
-827
-777
-727
-677
-627
-577
-527
-477
-427
-377
-327
-277
-227
-177
-127

-77
-27

TTTGAGACTT
TCCAAAAAAG
TCCCCCTGTC
TCACCTCCTG
TGCCCGTGGT
AACCCTTCTC
CCAGCAGGGT
AACGCCACCT
TGCTGCCTGC
GCCCAGGACC
ACCCGACACC
GGGAACCTGA
AGTGTCCTGA
GTTTCTCCCC
ACGCGGATCG
ACACCAGGGG
CGCGACGGCA
AGGGATGCGG
CCGCGTCCCG
GCTAGAACGG
TCGGCACTCC
CGCGGCTGAA
AAAGAGAGGA
AGAATAGCGA
CGCAGGAGGA
GCTGAGGCAG
ACAGAACTGT
GACAGACACT
AGAGTGGGCA
TGGGATAGAG
GCAGATGAAA
ATCTGGAGCC
AGTGGAGTGA
GTTGGCTTCT
CCTGGCTTAT
CTCCAGTTCT
GGCTGCATCC
ACTGTATATC
AAAAGCTGGA
CTCCTACTTT
GCTACCTGAT
AACCCTCTTC
ATTGGCCTCT

TGCTCACGTT
TAGTCAGAGT
TGCCTTTCTT
GAAGATGTCG
GGCCTGAGCA
TGGATGCTGT
GGGAATCTGA
TACTCCGCTC
GGATCTTACT
CTATGTGCAG
CTCTCGGTAC
GACCCGCTCA
TCGCAGAGAC
CTTCTTTTAA
ATCCATTCCG
CGCAGGGATC
CAATGAGGGC
GGGAAGGGAT
CCACCGGAAG
CATCATCCGG
CCCTGGTCGG
TTCNNNNNNA
GTCAGTATTT
CTTCGCTTGT
TTGTGATTGA
AGAGAGAGAT
CAAGACCCTT
CAAGAGTGGA
GTTACAAGGG
ATGCCGCGTA
CATAAGTCCC
CGGGATTGGA
AGATGAATAA
AGAGTGTCAA
AGGAACTGGC
TGATCTCTGT
ACAGCCTTTC
AGACTTCTTC
CCATTGGGAT
GTGGGGTGAG
GTCCTTCCCT
TCTGGGAAAC
GCCACTCCCA

TTCGCTTGGG
TAAGCTTTTC
TTGCCCAAGC
TTGAACTCCA
CACAGCCCTA
GCCCCAATTC
ATTCGGGAAG
AGCCATGTAC
GACCCGTTCT
AACCAGGCCT
GTTCCACGGA
GAGAGCGCAC
CCACCACCCC
AATGGATTCG
AATCGTCCCG
GCGACCACCC
GGTGGGCGCA
GCCGGGGAAG
TCGCGCACGG
GCCGACCAAC
CTAAAGCGAG
CCCTAACAAA
CTGTGCAACT
AGTATACAAT
ACATGCACAT
GGTAGAATGC
TCTCCCTATT
GTTCTTGGCT
GCTTTGGAGA
AGAGAACAGA
AGAGGGCCCT
GACCCCACCC
AAAGGTGGTC
GAGGAGAGAC
TCTTTTCCTC
CTCCCAGTCC
TGGGTGGCTG
ACCTACGAGA
CATCAACCGA
TCCATGGTCC
CCCTCTCCCA
ACTTTGATTT
TTCTAGA

GGACACACTG
GTTCATAGAT
CATTCTCACC
ATGTCTCTGC
GGCTGCACCA
CTGGTTAGTT
GAGACTGATA
CTGGTATGTC
GCAGGGCTCC
ATAGTGGCGC
CAGGCACGGC
CTCAACTCCG
GGGGCCCCGC
CCCATTGCCC
CGGGGGAGCG
ACTTATAAGA
GGGGACGCAG
CTTTTCCCGC
ACCATAGAGA
GGGTACATTC
AGGCTTGCTA
GATTTTATAC
GAGAGTGCAC
CTGTATCACA
ACAGTAGACA
GTGTCTTCCT
TGTGCTATTA
CAGGCAGATG
ATACAAAGCA
ATAGAAACAG
AGCCAGCTGC
CTGCTGTGAC
CACCGCCCTG
GAGGCACTGG
AAGCCCCATT
TGAAGTCTTT
TGAACACTTT
CTACCAAGTC
GCCGTTCAGC
TTCGGATGGT
AGGCTGCTCT
GTGGGAGCCA

ATACACTGTT
TCGAACTCTT
ATGGACCCTT
CATGTTCACC
GAGAAAACGA
GTGTAGATGT
AGCAAGAAAC
TCAAGTTCTT
TGATGCCAAG
TTACACCCCA
AACAATCCGC
CTCAGAAGGT
GTGAATCTAC
GCGAATTTGA
GGGCCCATGC
GCTGCAGCTT
GGGAGGGGGT
GTGCGCAGCC
GGAAGACTTG
GCGTAGAGCG
TGGAATCCCA
TCGGGGTTTA
CACTAGAGTT
CTCAAGACTG
CATATGAGAT
CCCAGGAGAC
GATAGAAATC
AGCTAACTCA
GCTGGTGAGC
TAGACAGAGT
ATCTCAGGCA
ATCACAGGGG
GCCCTGGACT
ACTACAGTTG
AAGCAGCCCA
TCTCTCCTTG
CTCAGTATGA
GGTGGTTGTG
TGCTGATTAT
GGGACAGAAG
GCAGCTCCTA
TGTCCTCATG

(B) P2X3-5UT+exonl-mou sequence: Complete 5' untranslated region of the 
mouse P2 X3 gene followed by the entire first exon. Transcription starts at any 
of the first 6  bases, translational start site unknown, but lies within first 
exon.

1
51

101
151
201
251
301

CTGGACTGTT
ACAGTTGCCT
CAGCCCACTC
CTCCTTGGGC
AGTATGAACT
GGTTGTGAAA
TGATTATCTC

GGCTTCTAGA 
GGCTTATAGG 
CAGTTCTTGA 
TGCATCCACA 
GTATATCAGA 
AGCTGGACCA 
CTACTTTGTG

GTGTCAAGAG
AACTGGCTCT
TCTCTGTCTC
GCCTTTCTGG
CTTCTTCACC
TTGGGATCAT
GG

GAGAGACGAG
TTTCCTCAAG
CCAGTCCTGA
GTGGCTGTGA
TACGAGACTA
CAACCGAGCC

GCACTGGACT
CCCCATTAAG
AGTCTTTTCT
ACACTTTCTC
CCAAGTCGGT
GTTCAGCTGC
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(C) P2X3-intronl-mou sequence: First 162 bases of the first intron of the 
mouse P2Xs gene

1 GTGAGTCCAT GGTCCTTCGG ATGGTGGGAC AGAAGGCTAC CTGATGTCCT
51 TCCCTCCCTC TCCCAAGGCT GCTCTGCAGC TCCTAAACCC TCTTCTCTGG

101 GAAACACTTT GATTTGTGGG AGCCATGTCC TCATGATTGG CCTCTGCCAC
151 TCCCATTCTA GA

A ppendix 5.13. Mouse Sekl regulatory sequence (5' - 3'). See results. Chapter 
5 for nomenclature. Sequence obtained through own sequencing. 

Sekl-prom  sequence: 7.2 kb of mouse Sek-1 promoter immediately upstream  
of the transcriptional start site.

■7210
-7160
■7110
-7060
■7010
-6960
-6910
-6860
-6810
-6760
-6710
-6660
-6610
-6560
-6510
-6460
-6410
-6360
-6310
-6260
-6210
-6160
-6110
-6 0 6 0
-6 0 1 0
-5 9 6 0
-5 9 1 0
- 5 8 6 0
- 5 8 1 0
- 5 7 6 0
- 5 7 1 0
- 5 6 6 0
-5 6 1 0
-5 5 6 0
-5 5 1 0
- 5 4 6 0
- 5 4 1 0
- 5 3 6 0
- 5 3 1 0
- 5 2 6 0
- 5 2 1 0
- 5 1 6 0
- 5 1 1 0

GTCGACTCTT
CTGGGATGCC
AGATGTTAGG
AGCTGTTTCT
CCACACCCAC
CCTTGTTTTC
TGGGCCTCAG
TGACTGACAG
CAAAGACAGA
TCTAAATCAG
AACCACATGG
GGCATCTTTA
ACACACAACA
GCTGCCAGTG
AGCTCTTGGC
GGGGGGGGGG
TTATCGGTGC
AACCATAAAC
AGCCCGCTTT
GATTAATTTC
TATAAATAGG
AGTGTACGTT
TCCTTGTAAT
GTTACATGTA
TGCATCTCAT
CAGAGCAAAG
AGACAGGTAA
TATACCATTC
GGCAGAAGCC
AAGAAAAACA
CAATGGCCCA
CATCCAGTTC
CAACTGTGAC
AAAATGGCAG
CTTTTAAGCA
AGCAATGCTG
TGGGGGTGCT
AATTCAAGTG
TTTGGAATCT
AGCTTGGTTT
GTGTAGTCCT
GAACTCACAG
CAAGATAGAA

AGCGTACAGA
TAACTTCCCA
GGCTGGTATA
GAAGAAGCTT
CCACCCACAC
CCTTCCCCCT
GAGGCCTTGG
CAGAAAGGTT
GCTGAGCAGA
AGGCCTCTGC
AGGACACATG
GAATAATAAG
GCATCATGTA
GGAAGACACA
GCTTGCTTTC
GGGGGGGGAA
ATATTTCTTT
GTTTCAGGTG
ACTGAGCTGC
CTGCCGCTGT
CAGGTTGAAG
AGAATCTCAC
TCGGAGTTTC
TATTCCTCCA
GCAGTAAACT
ATTTATCCCC
GGGAGTTCTT
TTTAAATTTC
GAGGCTGGCA
AGTGGTTGAG
TTACTAACGG
CTGAATTAAG
CCCACCTATC
GGCATATGCT
TGTGTCCAGC
ATAATTTGCC
TTTCCCCAAA
GCGTAGAATT
TAGTTGCATA
GTTTGTTTGT
GGCTGCCCTG
AGATCCACCT
GCTCTTCTTC

AGGCTGCTTT
CGGAGGTTTT
GATGCTTGAA
TGCACCAAAG
CCTCCCTCAA
CCCCCTCCCC
CACAAAAAGC
TCCGGAGATG
TTAAAGCAAG
AGATATAGAG
TGAAAGAGCT
GGCCCCAGTT
AAGTGACACG
ATGCAGCCTC
AACCTGGGCT
GGGTTTGGGG
TTTTTTTTAA
AAATTCTAAT
AGTAAACTGA
GCAATTACCT
CGGCAGTCAC
TTTCTCTCGC
AAGAAATGAA
CCTGCTAGCT
GCGTCCTTTA
CACAAGTCAA
TCTAAAATTA
CATACTTAAT
TGAATACATT
CTGATAACAC
TTTCTCTTTA
CCAATTTATT
CATGGGTAAG
GGTCCAAAGA
AAGCCTCTAA
TTCTTCATTA
TCATTAAGGC
CAAGAAAACA
TCTTTTGTTC
TTGTTTGTTG
GAATCCAACT
GCCTCTATCT
CTTACCAACT

ATCCTTTGCC
GCATTACATT
TTTTCTTGTG
CCCTCCCACG
ATCCTGGCCT
TTCCCATCTA
TTCTATAGGC
GACAGCTGTG
AGAGACAGTC
CCCGAAACTC
TTAAAGCCTG
TAGGAGCAGA
GAAGCGCATC
AATTTTCTCA
GCGCATTCAG
TTTTTGCTTC
ATCACCAAAA
GAGACACACG
CCATTTAGTG
CTGATAGGTG
CAAACCTTGC
CTGGGTGTGA
GAAGATAGAA
CTAAACACAG
TCGTAGATAA
ACAGCCTTCA
TGAATCAGAA
TTTAAACATC
TGAGGAGTTT
TTTAAATGTG
CCTCCCTACT
TGTGCGGACA
AAGGTTCTTG
CTTCTGTGAA
ACAACGCCAA
CTTCCAGAGA
CCTCATTAAT
AGGAACCCTA
TTTTGACAAG
TTTGGAGACA
TTGTAGACCA
CACAAGAAAC
AGCATACCTG

TCCATCAGCC
GGTGGGGTGG
TGTTTGAGAA
GGTAGTGTAG
TGGAAGAATG
AATATGGTGG
GTGTGTGAGT
TGTAGGTGGG
AAGGGAGGGG
TGTGATGATT
GGGATGTTAG
TGGATGTGAA
AGGAAAGAAA
TGGGGTGTGG
GAGTGGGGGG
AAGTAAGGTT
TGGAAGTGAG
GAGGAAATGA
GAAGGGAGTT
TGTAAGATAA
TGTTAAGTGG
TTGTTGAAAT
AGTGGGAATG
AAGTGAGGGG
ATATTGTGTG
ATAAAGTTAG
AATTGAGAAG
GTGAGGATGG
AAATAGAAAG
AGTTGGAGTG
TGAAATGAGT
GAGAGATGAT
AGAATAGGTT
TTGTTGAGTG
TTGGAAGGAG
GGAGTTGATT
TTTGAGTAGG
GAGGATGGTT
ATGATTTAGA
AGGTGTGTGT
GAGTGGGGTG
ATTGTGTTTG
GTTAGGGTGA
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-5060
-5010
-4960
-4910
-4860
-4810
-4760
-4710
-4660
-4610
-4560
-4510
-4460
-4410
-4360
-4310
-4260
-4210
-4160
-4110
-4060
-4010
-3960
-3910
-3860
-3810
-3760
-3710
-3660
-3610
-3560
-3510
-3460
-3410
-3360
-3310
-3260
-3210
-3160
-3110
-3060
-3010
-2960
-2910
-2860
-2810
-2760
-2710
-2660
-2610
-2560
-2510
-2460
-2410
-2360
-2310
-2260
- 2 2 1 0
-2160
- 2 1 1 0
-2060
- 2 0 1 0

AGAAACAAAA
ACACTCCACT
ACATAACAAG
AGAGACTCTT
TGCATGCTTT
AGCAGCATGA
TTTTCTAAAA
CTCATAAACT
TTATGTTTTT
AATTCCCAAA
ACATGGGGGT
GCTGCTGTTC
CACAACCAAC
TCTGGCATGC
ATAAATAAGT
TTGACTTTCA
TATGGAGAAT
TAAAGTAATT
TACAAAGTAT
TTAGCTGGAA
GTGTGGTTGG
TGAGGATTTG
TGGGAAGGTG
GATTGGGGGG
GGGGTTGGTT
TGAGATAGTA
GTGAGTGGAG
TTGTGATTGG
GAGGAAAAGT
GTTAGTGATT
GAGAGAAGAG
AATGAGAGTT
GGTGGTGGTG
GAGATGTGAA
TAGATGGTTT
ATAGAGAGAG
TTAAAAATAT
TTTGTAAGTT
TAATGTAAAT
TGTGTGTGAG
TTGGGGTAAA
ATGTATTGAT
GAGATGGGAG
GTAGTGGTGG
TGGTAGGTGG
TGTTATAAAG
TGGAGAGAGG
GATTTGTGGA
TTTAATGGGA
GGGAGGGTGG
AAAGGGTGTG
GAAGTGTATT
GTGTTTGGGG
GAAGAGAGGG
GGTGGGGTGG
GGAAGAGTGT
GGGAGAAAAG
TTTGGAAATG
AAGTATAGAA
GGTATTGTTT
AATGTGTGTG
GGTAAAAGGG

GGAGAAATAG
GATTGGATTA
AGATAAATTA
TGGAAAGTTG
AGGGTGATGG
TAGTGGTGAA
GGGAAGAGGT
AATATTGTAA
GAGATATGTG
AGTGTTTTAG
GGGGGAGGGG
TAGAGTGGTG
TATAATGAGA
AGGGATAGAT
AAATGATGTT
TGGTTTTGTA
AAAGAGGGTT
GTTATGTGAA
GTGGTGTGAA
GGGTTGAGAT
TGTGGTGAGG
TGTTGTGTGT
TAGAAGGAAG
AGGAGTGAAA
GGTTTTGGAA
GGAAGTGGAG
GGGAGAGAAG
AGGAAGTAAA
GTGAGTGGTG
TGTGGATGGA
ATGGGTGAGG
TGGTTGGGAG
GTGGGGGTGG
GGTTTTTTTT
AGAGAGAGAG
AGAGAGAGAG
TTTAAAATGT
GAAATGTTTG
TATGGGTGTG
TATTGGGAAA
GAAATGGAGG
AGAGGGTGAT
TGGGGTGGAA
GAGTAAAGGT
AAGTGTAAGG
AGGGGAAGAG
AGTTGTGGAT
GTAAAGAATT
GGAGTGGGGT
TGTAGAAAGT
TGAAAAGAGG
TGGTGGGGGT
GTGAGTGGAG
TTTGGGTGAG
GGTGAGGGGT
TTGTATGGTT
ATGATTAATA
TTGGTGGTTT
AATAGAGAGT
AAAAATGTTT
GGAAAGTATA
AGAAAGAGAG

AGGTGTGAGA
TGGAGAAGGG
TGGGGTTTTG
ATAATAAGTA
GGTGGGTGTA
GTTAGTTAGA
GAAAGGAGGG
AGAGATAATT
AGGGTTAGTT
TAAGGGTAGG
AGATAGGGAT
AGTTGAGTTG
TGGTAGGGGG
GGAAATAGAG
AAGGGGTATT
ATTGAGTGAG
TTAGGGTTGA
GGTGGGATTG
TTTTGTGGGT
GTGGAGTAGG
ATGGTTGTGG
GAGATTAGGA
TGATGAGGGG
TGTTGGTTTG
AGTATTGTTG
AATGTAAGAG
GGAAGAAAGT
GGAGTGAGGG
AGGTGGTTGG
AGGATAGGTA
GGTTGAGAGT
GGTGGTGGTG
TGAGATGTGA
TTGTTTGTGG
AGAGAGAGAG
AGAGAGATGG
AGGTTTAATT
TGGTAGGGAA
AGTATGGTTA
TTATAGAGGA
GATTTAAGTT
AGTATAGAGG
GTGAGAAGAG
GTATTTTATT
GTATGTTGTG
TAGAAAGGGG
TGATGGTGAG
GTATTTGGGG
GGGAGAGGGT
GAGTGGGAGG
AAAAGGAAAA
AGATGTGATG
AGATGGGGAG
TTAGGGTTTA
GAGAAGTGAA
GGTTGAGGTG
TTGAGTGTGG
GAGGGAGATG
AGTGAGTGGG
GGGAAGAATG
GGATGGTAGG
ATGAAAGAAT

GGAATATTTG
TGGAAGAAGA
AAGGTGTTGG
AATGTTGAGA
AAGTTATAGG
GAATTGGGAG
GAGGAGGTGG
ATTTGTGTAT
TATTATGAGA
TGTGGTATTA
GGTTATGAGT
GGAGGAAGGA
TGTTGTGTGT
GAGTGATATA
TAATAAGTGT
GGAAATGGTG
TTTGGGGATG
AGAGTGAAGG
GGTGGGGGAG
GTTGTTGAGA
GGTGGAGAGG
GATGGAAAGT
TTATGAAGAA
AAGTGAGTAG
TTGGAGGTAA
AGAAAGGGAA
GAAGGTGATT
GGTTGGGGTT
TGGAAAAGAA
GAGTTATTAG
TGGTGTGTGT
GTGGTGGTGT
GGTGGGTGAG
TGTGTGTGGG
AGAGAGAGAG
GGGGATTAAG
GAAGTGAGGA
AATAGGAAAA
TTAGGAGAAA
ATTGTTATGG
TATGTTTATT
GTGGGTAGAA
ATGTAGTGAG
TTAGGGGGAA
TTTATGTGAG
GAGGGTGTTA
GAGGGGGAGG
TGGGGGTGGT
GGGGGGTTTG
AGAGGGAGAG
GGAGAGAAAG
GGAGTGGGGA
TGATGTGAGT
GTTTGTTGGT
GGAAAGGGAA
TGGTTTTTGA
GGATGGGATG
GGGAGGTAGT
TTGGGGAGAG
GGGGTTGGTG
ATGTTTATGT
GGAGAGTTTT

GTGGGAAAGT
TTTAGATGAT
GAAGAGGGAG
GGATAGTGAA
TTGATTGTGA
TAGGGAGTGT
GAGTTGTATG
GAAAGTGGGT
AAAGAATGAT
GAGTATTAAG
TAAGGTGTTG
GATGGTGGGT
GAGATGGTGT
GATAAAATAT
GGGGTATAGA
TGATAGATGT
TTTAAAAAAA
GGAGAAGAGA
TAGGTGAAGG
GGTGGTGGGT
GAGAGATTTG
GATGTGAGTT
AGTGAGGGTG
AATGGAGGGA
GATGTGAGGG
GGATAGTGTG
GGGGGAGGGG
TGTGGTGTAG
GATTGAAGGT
TTTATATGGA
GGTTGGATAG
TGGTGTTGTT
AATGTGTGAG
TAGGTTGAAA
AGAGAGAAAG
ATTTTTAATG
TTGAGTGTAA
AGAGAAAAGG
TATTGTAAGA
GTAGGGTGGT
TAATGTTTGT
ATGAGGATAT
GTGTGGGTGT
GTGGTTTGGG
TGGAGTGGGT
GAGTATAGAA
GGTATGTTTT
GGGGGATGGG
TGAGTTGGAG
GTAGAGAGAT
AAAGAAAAAA
GGAGAGTGTT
GAGGAGGGTA
TGTGGTGAAA
GGTAGGGAAG
GGGATGTGTA
GGATGGGTGG
TTTGTATTTG
AGAAGTGGGA
TTTGGTTGTG
ATTTATTTTG
GTTAAGGGGA
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- I 9 6 0 GTTAGGGGGG
- 1 9 1 0 GGATAATGGG
- 1 8 6 0 TTGAATAAGG
- 1 8 1 0 TGGAAAGGGG
- 1 7 6 0 AGAAGGGAGT
- 1 7 1 0 TTGGTGGTGT
- 1 6 6 0 GGTGGAGGGG
- 1 6 1 0 GGAGGGAGGG
- 1 5 6 0 ATTTTTTTAA
- 1 5 1 0 GGTTTGGATG
- 1 4 6 0 TAGTGTAGGT
- 1 4 1 0 AGGAGGTGAG
- 1 3 6 0 GGGTGGGTGG
- 1 3 1 0 GGTGGGGGAT
- 1 2 6 0 GGGGGTGGTG
- 1 2 1 0 GGGAGAGTTG
- 1 1 6 0 GAGGTTGAGG
- 1 1 1 0 AAGGGGTGGG
- 1 0 6 0 GGTAGGTGAG
- 1 0 1 0 GATGGGAGGA

- 9 6 0 GGGAGAAGAA
- 9 1 0 ATTTTGGTGG
- 8 6 0 GTTGAGAGGG
- 8 1 0 GGTTGTGTGG
- 7 6 0 TAAGTGTGGA
- 7 1 0 GAGAGTGAGT
- 6 6 0 ATAGTGGGGT
- 6 1 0 ATGAGTTGGA
- 5 6 0 GTGGGGAGAT
- 5 1 0 TTATGAAGGT
- 4 6 0 GGGATAAAGA
- 4 1 0 GGGGGGGAGG
- 3 6 0 AAGGGGGAAG
- 3 1 0 GAGGAGTGTT
- 2 6 0 ATGGGAAGGT
- 2 1 0 TTGGGTGTGG
- 1 6 0 GGGGGTGTGG
- 1 1 0 GAGAGGTTGA
-6 0 GTGTGGAGGG
-1 0 TGAGGTGGAG

TTATTTTTAA
CCCTCCCCCC
GAAATCCACT
AGAGTCAAAA
CAGCTACTGC
GATTAGTCCG
AAACGCGATC
TCGGATTTCT
CTCCATATTC
TGAAGTTCCT
GGAGGAAGCT
CAAATCTGTA
CTGAGGTCTT
CTGGCCGGCA
TTTGCAAAGT
GAGGAGGAAA
CGAGCACGGA
GACCAGCCAC
CTGCGGTTGG
CCGGATGGTG
CGCGGGGTTG
CCTGGGAGAC
ACAGTAGCTG
AGCAGGTGCT
GGAATGGCTA
TCCCGGTAGC
AGTGGGCTCG
AACGTTAGGA
GACTGGGTCC
ACGAAAGTCC
CACAAAACCT
TTAGCTGGGG
AGCCAAGGTG
TTCTCCCTCG
TTTCTGGCCT
CGTCCAAGGG
TGGGGGCACA
GCCCTGCGGA
TGGGGGTGGG

TAATTTATGC
CGCGCGCTTC
TCCCCTGTGG
TGCCAGGAGC
CCACCGGCGC
GGTCTGAATT
GTTCTCCATG
ACCTGCTCCA
CCATTTTAGG
CCATGAAACG
GAGACAGGAG
AATAAATTAC
TGTCCGTTCT
GGTGGCGCGG
GCCTCCACTC
ATCTGGCCCG
AGGTGGATCT
CCAGTTTCAA
CGCTCAAATT
TCTGCGTCCC
TGGGACAAGT
TGTCCCCATC
CTCCAGGCAG
CGCATTCTTA
GAAGTGGTTC
TAGGGCTGTC
GTCGATGTGA
AGATTGGGGA
CCCTGGCTAG
CCCAGCCCAA
GGCAGTGAGG
TGGACAGTAC
CAGGTCAACT
CACACCTCCG
TCCCCACCGT
ATCGATCCCC
GACCCATCAC
GGCTGGAGGG
GACGTGGCGC

ACACACTTAT
ACTGATGTAA
GTGACATTCC
CTTAGCCGCT
ACTCTTGCCT
TGCAAGCACA
ACAACAACCA
CACCTTGCGG
GGACAAGCTA
TTTTCCGAGT
TTTACGTACC
TAGCCGGGCT
GCTTTGCTCC
TTGGTTCACG
AAACTCCACT
GGAGGGAGCC
TTTGGAATCC
GTGGGGGGGG
GGGTTGGGGG
TGGGAAGTGG
TTGTGGGGGT
AGTAGGGGGG
GTTGGGAGGG
GAAGGTTGGG
GAGGGAGAGT
GGGAGGTGAT
AGAGGGGGAG
GAAGTGAGGG
GTAAGTAAGA
AGGATTTGGG
GTGGGTGGGT
AGAGAGGGGA
TGAGAGTTAT
GAGTTGGGGG
GGTTTGGGAG
AAGGATGGAG
TGGTGGGAAG
GGGGGGAGGT
TGGTTGTGGA

ATTGGTGGGT
AATGAGTAGG
AATAGGTTTT
GTGGGTGTGG
TGTGGAAAAG
GTTGTGGAGG
GAAAGGGGGT
TGATGGTTGG
GTGATGAAAT
TGTTGTTTGG
GTAGTATGGG
TGGAGAAGGT
GGGTGGGGGG
TAGATAGTGT
GAGGGTGAGA
AAAGGAGGGG
GAGGGGTTGA
TGGGTTGGTA
GTGGGGTGAG
ATGGTTGGGA
AGAGGGTGTG
AGAGTTGGGA
TGTGTGTGTG
GTTGTAGAGG
GGGTGGAAAG
TTGTGGGTTG
GTGGGGAGGG
GGGTGTGGTG
AGGAAAGGAA
AGGGAGGAAG
GGAGGAGAGA
GGAGGTGGGG
TTGATGTGAA
GGGGGGGGGA
TGTGTGGAAG
AGAAGGTGTG
GGAGGGTGGG
GGGGGGTGGG
GTGGTATTGG
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Appendix 5.14. Sequences conserved between regulatory regions of the rat, 
m ouse and hum an PF genes which were used for comparison with the 
regulatory regions of other neuronally expressed genes. N indicates 
variation at that base. See text for nomenclature.

PF-5UT-12 CCCGGCCTAG NTCTGC

PF-intronl-75 AGGGNGTGGN

PF-intronl-93 CCAANCCCAG

PF-intronl-113 GCAGCATCC

PF-intronl-142 CTTTGCTCNG AGNG

PF-intronl-208 TCCGTTAG

PF-intron2-l GTGAGT

PF-intron2-105 CAGACAGGGA AGNCCTGGNC

PF-intron2-62 GGTGGCATCG GTGGG

PF-prom-37 ACCGCAGGGC TATAAAGNCG

PF-prom-817 TAAANGCNNA AAGTGTACCA

PF-prom-772 CATGGCACAG ACCCT

PF-prom-723 GANGTNCCCA C

PF-prom-676 TGGGGGCTGT GNCTTTAAGN

PF-prom-598 GTCAGNCCAT TAGCNGCAGA

PF-prom-549 GCCCTGGGGA NTAG

PF-prom-532 GAGANNAGCN CTTNCCCAGC

PF-prom-472 GGGGNAGNTG ACANCAGGTG

PF-prom-436 TTCAGGNGNC ANG

PF-prom-405 GGCNTANGCC AGGTNANCTC

PF-prom-336 AATTTT

PF-prom-312 GGNACNCNAG NTCAAGNCAN

PF-prom-198 CAACANGGGG GAATCAAG

PF-prom-170 GCCNGCAACC AGGNNAGGGA

PF-prom-127 NGGGTGGGGC ATCCCCCTCC

PF-prom-87 TCAGGCCAGT GGGAGGAGGT

271



Appendix 5.15. Complementary pairs of oligonucleotides used for EMSAs. 
The sequences are taken from the rat PF promoter and are written from 5' to 
3'. The conserved fragment of the PF promoter from which the sequence 
was chosen is also given. 

Number 1 (18 bases) from PF-intronl-142
sense CACTTTGCTCCGAGAGCC
anti-sense GGCTCTCGGAGCAAAGTG

Number 2 (28 bases) from PF-intron2-105
sense GCAGACAGGGAAGACCTGGCCCTTCCTT
anti-sense AAGGAAGGGCCAGGTCTTCCCTGTCTGC

Number 3 (19 bases) from PF-intron2-62
sense CAGGTGGCATCGGTGGGTT
anti-sense AACCCACCGATGCCACCTG

Number 4 (28 bases) from PF-prom-817
sense CAAAAGTGTACCACAGGCCCACTCTGTT
anti-sense AACAGAGTGGGCCTGTGGTACACTTTTG

Number 5 (19 bases) from PF-prom-772
sense GGCATGGCACAGACCCTCA
anti-sense TGAGGGTCTGTGCCATGCC

Number 6 (23 bases) from PF-prom-676
sense GGTGGGGGCTGTGCCTTTAAGGT
anti-sense ACCTTAAAGGCACAGCCCCCACC

Number 7 (41 bases) from PF-prom-598 
se n se

GTCCATTAGCCGCAGAGCCGGCGCCAATCACCAGCCCTTTA
anti-sense

TAAAGGGCTGGTGATTGGCGCCGGCTCTGCGGCTAATGGAC
Number 8 (28 bases) from PF-prom-532

sense AGCCCTTTCCCAGCCCCCTCTGCTTCAG
anti-sense CTGAAGCAGAGGGGGCTGGGAAAGGGCT

Number 9 (26 bases) from PF-prom-472
sense GGGGGGCAGCTGACAACAGGTGAATG
anti-sense CATTCACCTGTTGTCAGCTGCCCCCC

Number 10 (21 bases) from PF-prom-170
sense GCCAGCAACCAGGAGAGGGAA
anti-sense TTCCCTCTCCTGGTTGCTGGC
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