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ABSTRACT

A degenerate PCR screen was carried out on newborn mouse sciatic nerve in an
attempt to identify basic helix loop helix (bHLH) transcription factors expressed in
Schwann cells. As a result of this screen we identified low levels of expression of the
bHLH factors eHAND and dHAND in Schwann cells.

Digoxygenin in situ hybridisation studies using probes for eHAND and dHAND
failed to detect these transcription factors in sciatic nerve, however expression was
detected in the satellite glial cells of the sympathetic ganglia both pre and postnatally. No
dHAND or eHAND expression was detected in dorsal root ganglia either by PCR or by
in situ hybridisation.

Overexpression studies and examination of dHAND and eHAND mutant mice
revealed functional roles for these two genes in the peripheral nervous system.

The role of the growth factor, hepatocyte growth factor (HGF) in the peripheral
nervous system was also investigated. In vitro studies revealed that HGF synergised
with B-neuregulin (BNRG) to increase the rate of division of both rat and mouse
Schwann cell precursors whereas no such synergy was observed with basic fibroblast
growth factor (bFGF). Little effect on survival of Schwann cell precursors was
observed with HGF alone or with HGF in the presence of a low dose of either B-NRG
or bFGF in vitro.

To investigate HGF function in vivo we examined wild-type and mutant embryos
in which the HGF receptor Met was replaced with a loss of function version of the
receptor, impaired in signal transduction. The Met receptor mutant met™ carries a
mutation in both of the phosphotyrosine residues present in the carboxy terminal tail that
act as multifunctional docking sites and activate an array of transduction pathways. This
mutation is severe and results in a phenotype identical to that of met null mutants. The
the rate of Schwann cell precursor division in mer®® mutant mice was examined and
these experiments confirmed the in vitro data already obtained.

During the course of this study, it was noted that ganglion glial cells and
Schwann cell precursors sometimes exhibited differences in gene expression and
behaviour. In an attempt to clarify these observations a comparative study was carried
out between these glial cell populations to establish whether these cells were inherently
different. Results indicate that these cells are likely to show extensive similarities in
molecular markers but, due to the influence of their particular environment may express
different genes. More interestingly, the timing of development of these two glial cell
populations differs, since satellite glial cells mature at an earlier time point than

Schwann cell precursors.
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CHAPTER 1

GENERAL INTRODUCTION



The Neural Crest

The neural crest is a transient population of multipotent precursor cells, so
called because of its site of origin at the crest of the neural folds in vertebrate
embryos. As the neural tube closes, the crest cells migrate away and populate many
different regions throughout the embryo, giving rise to a diverse array of cell types.
The ability of the neural crest to generate such diverse derivatives has provided
developmental biologists with an excellent model system for studying the
mechanisms of cell type specification during development (Le Douarin and
Kalcheim, 1999). The relative ease with which the neural crest can be experimentally
manipulated has made it possible to learn a great deal about the molecular
mechanisms responsible for the induction, migration, and differentiation of crest
cells. The neural crest 1s also of clinical interest because of the large number of
congenital defects, inherited diseases and malignancies that are of neural crest origin.
Among significant examples of this are, neurofibromatosis, melanomas,
Hirchsprung's disease and DiGeorge syndrome (Parisi and Kapur, 2000, Srivastava,
2000, Ruggieri and Huson, 1999, Goding 2000).

Vertebrate neural crest cells arise from regions at the edges of the dorsal neural
folds. When the neural tube closes they undergo an epithelial to mesenchymal
transition allowing them to detach from the neuroepithelium of the dorsal neural tube
and migrate along a number of defined routes (Le Douarin and Teillet, 1974, Loring
and Erickson, 1987, Bronner-Fraser, 1995, Garcia-Castro and Bronner-Fraser, 1999,
LaBonne and Bronner-Fraser, 1999) The cells arrive at various end points within the
embryo where they stop moving and differentiate into different cell types. It appears
that cells situated further ventrally within the neural tube can also become neural
crest cells. This was demonstrated by the observation that neural crest cells were
generated following the removal of the dorsal neural tube leving only the ventral part
present (bronner fraser). In both Xenopus and rodents,the epithelial to mesenchyme
transition appears to be mediated by a member of the zinc finger transcription factor
family known as slug (Nieto, et al., 1994, LaBonne and Bronner-Fraser, 2000). Slug

appears to control the process by which non-motile epithelial cells become migratory



cells and inhibition of slug inhibits the migration of neural crest cells. The paired box
gene family member Pax-3 seems to be important for neural tube closure and the
murine Pax-3 mutant, Splotch (Sp) is an established model for studying neural tube
closure defects (Copp, 1994). Folic acid is able to prevent 70% of all neural tube
defects and the addition of exogenous folic acid to Sp mice rescues the disturbance in
folate metabolism which exists in these mutants. The precise role of Pax-3 in neural
tube closure is unknown, but it appears that by rescuing the defect in folate
metabolism, some, though not all of the neural tube closure defects in Sp mice are
redeemed (Fleming and Copp, 1998).

Several molecules have been shown to be important in the generation of neural
crest cells including BMPs, rhoB and Noelin-1. It has been demonstrated that swirl is
a mutation in the zebrafish bmp2b gene, a loss of neural crest cells is observed in
swirl mutants suggesting that bmp2b may be involved in neural crest cell generation
(Nguyen et al., 1998). In the chick, another member of the BMP family, BMP4, has
been proposed to trigger the delamination of specified neural crest cells from the
neural primordium (Sela-Donenfeld and Kalcheim, 1999). BMP4 mRNA is
experessed throughout the dorsal neural tube, whereas its inhibitor, noggin, is
cxpressed in a gradient that decreases in a caudal to rostral direction. It appears that a
gradient of BMP4, which is brought about by an interplay between BMP4 and
noggin expression, is able to trigger the delamination of neural crest cells. In this
study it was also found that overexpression of noggin lead to a downregulation of
cuadherin-6B and rhoB, suggesting that these molecules may be part of a cascade that
is triggered by BMP4 and leads to the separation of crest cells from the neural tube
{Sela-Donenfeld and Kalcheim.). The function of Cadherin6B is unknown but work
carried out by Liu and Jessel (1998) has shown that inactivation of rhoB inhibits crest
cell delamination. The secreted glycoprotein Noelin-1 is involved in vertebrate crest
cell generation (Barembaum et al., 2000). Following neural tube closure, Noelin-1 is
expressed in dorsal neural folds and in migrating crest cells. Overexpression of
Noelin-1 resulted in the generation of excess neural crest cells and prelonged the time

during which the neural tube was able to generate crest cells.



A variety of methods have been employed to study the pathways of neural crest
cell migration. Initially, studies used donor tissue labelled with tritiated thymidine
(Weston, 1963). Le Douarin then developed a method based on the fact that quail
cells have a nuclear marker that distinguishes them from chick cells (Le Douarin,
1982). This and the general close similarities in early development between chick
and quail has enabled transplantation studies to be undertaken where a neural tube
from a quail embryo is transplanted into a chick embryo. The subsequent migration
pathways taken by the neural crest cells can then be easily studied (Le Douarin and
Teillet, 1974, Le Douarin and Smith 1988). Other experiments have followed neural
crest cells by labelling them with monoclonal antibodies HNK-1 and NC-1. These
antibodies recognise a glycosylated epitope that is present on a variety of cell types
including the surface of most chick neural crest cells and some of their derivatives
(Vincent, et al., 1983, Tucker et al., 1984). However, the epitope is only transiently
expressed on some neural crest cells, in particular those that generate melanocytes
(Bronner-Fraser, 1986, Loring and Erickson, 1987, Dupin et al., 1990, Heath et al,,
1992) and it is only present on a subset of rat neural crest cells (Erickson et.al., 1989,
Bannerman and Pleasure, 1993). Because of this, most of the work using HNK-1 has
been done in avians. More recently, the dye Dil has been used to label premigratory
crest cells in chick and mouse (Serbedija et al.,, 1989, 1990, 1991, 1992). The dye
labels all the cells that are in contact with the lumen of the neural tube and by altering
the time of injection, the order in which crest cells contribute to different derivatives
has been determined (reviewed Bronner-Fraser, 1995).

Melanocytes, peripheral neurons and glia, bone, smooth muscle and chromaffin
cells are among the cell types derived from multipotent neural crest cells. How crest
cells are able to generate such a diversity of cell types at precise positions in the
embryo continues to be a major area of study (reviewed in LaBonne and Bronner-
Fraser, 1998, Kalcheim, 2000, Sieber-Blum, 2000). In vivo experiments have shown
that the progeny of a single labelled cell can contribute cells to several lineages in the
embryo, thus verifying that crest cells are multipotent. This idea has been confirmed
from experiments on clonal cultures of neural crest cells (reviewed in Bronner-

Fraser, 1995, Bronner-Fraser and Fraser 1988, 1989, Frank and Sanes, 1991, Fraser



and Bronner-Fraser, 1991). It is clear that both the timing and the exact pathway of
migration are important influences in determining the eventual fate of these cells
(Bronner-Fraser, 1993a, Nakagawa and Takeichi, 1998, Wakamatsu, et al., 1998).
There is considerable diversity in the cell types that develop from neural crest cells
emerging from different levels along the rostro-caudal extent of the neural tube (Le
Douarin, 1980). For example, the enteric neurons of the gut are generated from crest
cells which emerge from the vagal and sacral regions of the neural tube (Peters-van
der Sanden, 1993, Burns and Le Douarin, 1998), whereas the bone and cartilage cells
of the face arise from the cranial region of the neural tube located at the rostral end of
the embryo (Le Douarin, 1999, Epperlein et al., 2000) .

At the start of migration, many neural crest cells are multipotent, and it has been
shown that the fate of individual cells can be changed by transplanting them to
different locations along the neural tube or by exposing them to different factors in
vitro (reviewed in Le Douarin and Dupin, 1993, Le Douarin et al., 1993) However, if
post-migratory crest cells are transplanted back into the neural crest of younger host
embryos, they can no longer give rise to the full array of derivatives (Le Douarin,
1986). This implies that as development proceeds, neural crest cells gradually
undergo restrictions in their potential or that they no longer respond to the same array
of signals. It has been suggested that neural crest cells are derived from a stem cell-
like population similar to that in the hematopoetic system (Stemple and Anderson,
1992, LaBonne and Bronner-Fraser, 1998) and that as in the hematopoetic system, a
proportion of stem cells are maintained to serve as a scource for replacement of cells
throughout the life of the organism (Morrison et al., 1999). Certainly, multipotent
neural crest cells can be isolated from certain target sites following cessation of
migration (Sieber-Blum et al., 1993, Ito and Sieber-Blum 1993, Lo and Anderson,
1995, Lo et al., 1997). It has been demonstrated that neural crest cells are capable of
some self-renewal in culture (Stemple and Anderson, 1992) and Morrison and
collegues (1999) have recently identified a population of neural crest stem cells in
fetal peripheral nerve. These cells make up around 10% of the total cell population of
E 14 peripheral nerves and appear to be both multipotent and capable of self-renewal

in vivo (Morrison et al., 1999, and 2000). Another multipotent cell that is neural

11



crest-derived has been isolated from E14 rat DRG (Hagedorn et al., 1999). It has
been suggested that this cell, which is identified by immunolaballing with antibodies
to the myelin proteins PO and PMP22, is a precursor cell that is capable of
differentiating into glia, neurons or smooth muscle-like cells depending on the
extracellular instructive cues it receives. These studies do not consider the possibility
that even after lineage entry, cells may still be capable of reverting to a more
multipotent state provided that they are supplied with the appropriate signals. If this
is the case then the cells isolated by Hagedorn et al.,, may not be multipotent
precursors and instead, could be cells which have already entered a particular lineage
but remain plastic and thus are able to be diverted to adopt different cell fates when
exposed to instructive signals.

In contrast to observations in other organisms, it has been observed that in the
zebrafish, most neural crest cells give rise to only one cell type (Schilling and
Kimmel, 1994, Raible and Eisen, 1994). This may be explained by the fact that
relatively few crest cells are produced in zebrafish and these cells undergo very few
divisions prior to their terminal differentation. However, when challenged, zebrafish
neural crest cells have been shown to posess greater potential than was thought
(Raible and Eisen, 1996). Most recently, one study using the zebrafish mutant
colourless has suggested that neural crest stem cells give rise to two separate
precursors, ectomesenchymal or non-ectomesenchymal. It is thought that restricted
neural crest cell derivatives such as glia and fin mesenchyme emerge from these
precursors (Kelsh and Eisen, 2000). The vast array of data that has emerged in the
past few years from work done in the chick, zebrafish, mouse and rat has made it
possible to answer many questions regarding the mechanisms which underlie the
development of neural crest cells into their terminal derivatives. Although many
questions remain unanswered, it seems clear that the fate of neural crest cells is
determined by a mixture of the environments encountered by the cells at different
positions within the embryo and lineage restrictions.

Pathways of Trunk Neural Crest Cell Migration
In the trunk region of the vertebrate neural tube the neural crest cells follow

two main paths: dorso-lateral, under the ectoderm and over the somites and ventrally



through the rostral portion of the somites (reviewed in Bronner-Fraser, 1993b,
Bronner-Fraser, 1986, Erickson et.al., 1989, Serbedzija et.al., 1989, 1990). Cells that
migrate laterally, do so over the entire dorso-lateral surface of the somite and mainly
give rise to to melanocytes, the pigment cells of the skin and of the fur in mammals
or feathers in avians (Erickson et.al., 1992, Erickson and Perris, 1993, Erickson and
Goins 1995). It appears that temporally expressed prohibitory signalls control the
migration of crest cells entering the dosolateral pathway and work has suggested that
the cells must already be specified as melanocytes before they can migrate along this
pathway (Erickson and Goins 1995). However other studies in vitro suggest that cells
that migrate along the dorsolateral pathway do not necessarily adopt a melanocytic
phenotype (Richardson and Sieber-Blum, 1993). In the ventral pathway, the crest
cells migrate along a more restricted pathway, exclusively entering the rostral
(anterior) and not the caudal (posterior) half of each somite (Keynes and Stern, 1984,
Rickman et.al., 1995, Bronner-Fraser, 1986, Loring and Erickson, 1987, Kalchiem
and Teillet, 1989, Tannahill et.al, 1997). Thus, even when they originate adjacent to
the caudal half of the somite, the cells migrate into rostral domains. Concomitant
with early neural crest migration, somitic cells segregate into the two compartments:
the dorso-lateral portion gives rise to the dermomyotome; whereas the ventro-medial
portion transforms from epithelium into mesenchyme to become the sclerotome
(Keynes and Stern, 1988, Ordahl, 1993). The neural crest cells migrate through the
rostral somitic sclerotome (Bronner-Fraser, 2000). This migration pathway is
responsible for the segmental arrangment of the spinal ganglia in vertebrates where
one pair of ganglia corresponds to one pair of somites (Keynes and Stern, 1984,
Tiellet et.al., 1987). It now appears that neural crest cells and spinal motor axons
require different molecular guides for migration through the rostral portion of the
somites (Koblar, et al., 2000). The pattern of migration of neural crest cells is largely
mediated by inhibitory signals that actively exclude cells from the caudal halves of
the somites. Following rotation of the somites through 180° so that their anterio-
posterior axis is reversed, neural crest cells will still only migrate through what was

originally the anterior portion of the somites (Bronner-Fraser and Stern, 1991).



Several molecules have been identified in the portions of the somites that are avoided
by the neural crest cells and have been implicated as inhibitory molecules.

Molecules that have been proposed to be involved in this inhibition include
extracellular matrix molecules (ECM) such as chondroitin sulphate proteoglycans,
veriscan, and collagen IX (Newgreen et.al., 1986, Oakley and Tosney, 1991, Perris
et.al., 1991, Landholt, et.al., 1995, Pettway, et.al., 1996, Ring, et.al., 1996,
Henderson and Copp, 1997, Kerr and Newgreen, 1997). In contrast, the pathways
which are followed by the neural crest cells provide other ECM molecules such as
fibronectin, laminin and collagen, which have been shown to be favourable to crest
cell motility (Boisseau and Simonneau, 1989,Erickson and Perris, 1993). Peanut
agglutinin-binding glycoproteins have also been shown to have repulsive effect on
neural crest cells both in vivo and in vitro (Davies et.al., 1990, Oakley and Tosney,
1991, Krull et.al., 1995). Other proteins, including T-cadherin, are thought to act via
contact-mediated repulsion (Ranscht and Bronner-Fraser, 1991). The mouse dIl 1|
gene has been implicated in specifying rostrocaudal identity of somites and in null
mutations, the caudal somitic sclerotomes fail to condense and segmentation of
nerves and ganglia is peturbed (Hrabe de Angelis et.al., 1997). Most recent studies
have shown that members of the ephrin family of molecules and the ECM protein F-
spondin are expressed in somites and have a repulsive effect on neural crest cells
(Krull et al., 1997, Wang and Anderson, 1997, Debby-Brafman et.al., 1999). It also
appears that ventral migration of the neural crest is affected by the notochord, as crest
cells have been shown to avoid the region around the notochord both in vive and in
vitro (Newgreen et.al., 1986, Pettway, 1990)

Derivatives of the Trunk Neural Crest

The exact mechanisms responsible for a neural crest cell adopting a particular
cell fate are still not entirely understood. Recent studies have identified many of the
factors that are present along the migratory pathways and at the target sites of the
crest cells which act specifically in the determination or differentiation of a particular
neural crest derivative. For example BMP-2 and 4 seem to be important in the
determination of autonomic neurons (Shah et al., 1996) whereas exposure of rat

neural crest cells to neuregulin (NRG) appears to promote the differentiation of glial
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cells. It is important to remember that whilst neural crest cells clearly differentiate
and adopt different cell fates within the embryo, this does not mean that the cells are
irreversibly determined. This concept has been very elegantly demonstrated with the
cloning of Dolly the sheep, where live lambs were born following the fusion of an
enucleated oocyte with a diploid cell obtained from the mammary gland of an adult
ewe (Wilmut et al., 1997). Controversy still surrounds the issue of whether the
mammary gland cell used to produce Dolly was truly an adult differentiated cell and
not a multipotent stem cell present in the mammary gland. However, reports of the
cloning of other animals such as cows and mice from fully differentiated adult cells
supports the idea that Dolly was cloned from an adult cell and that these
differentiated cells are not irreversibly determined (Science, Apr 28 cow, Wakayama
et al., 1998). Other experiments have shown that even seemingly determined crest
cells can retain plasticity. For instance neural crest cells isolated from skin can give
rise to neurons in culture (Richardson and Sieber-Blum, 1993) and when grafted into
younger hosts, late migrating neural crest cells which tend to migrate dorsolaterally
can adopt cell fates usually associated ventrally migrating neural crest cells (Weston
and Butler, 1996, Baker et al., 1997).

As mentioned above, different crest derivatives arise from different levels
along the neural tube. For example, a large body of work exists on the cranial neural
crest and its derivatives. For the purpose of this review, I will only discuss the
development of cell lineages derived from the trunk neural crest.

Trunk neural crest derivatives are formed in a ventral to dorsal pattern. Thus
earlier migrating neural crest cells give rise to more ventral derivatives such as
sympathetic ganglia (SG) whereas later migrating cells give rise to more dorsal
derivatives such as dorsal root ganglia (DRG) and melanocytes.

The neural crest cells at the level of any one somite contribute to the formation
of two pairs of DRG. One DRG is composed of crest cells from the same segmental
level plus neural crest cells contributed by the neural crest just anterior to it.

The majority of evidence suggests that neural crest cells become more
restricted in their developmental capacities during the course of cell divisions that

occur while they are migrating and finally become determined i.e. adopt a particular



cell fate. This implies that the cells that accumulate in the peripheral ganglia will
include various types of precursor that have distinct requirements for survival growth
and/or differentiation.

However, it appears that some crest cells may become determined at a very
carly time point. A population of dividing cells that appear to be already determined
as sensory neuron precursors have been identified recently in rat neural crest cell
cultures (Greenwood et al., 1999). Sensory neurons developed from the dividing
precursors within 2 days after emigration from the neural tube, and were identified in
crest cultures using an antibody to the POU-domain transcription factor Brn-3.0
which is expressed in sensory neurons and not in autonomic neurons. This population
of mitotically active precursors were able to generate sensory neurons even in the
presence of BMP2 which is a strong autonomic-inducing growth factor. Furthermore,
the presence of BMP2 in the cultuires did not prevent expression of the sensory
neuron specific transcription factors neurogeninl, neurogenin2 and the downstream
factor neuroD.

Melanocytes

Melanocytes are responsible for skin, hair and eye colour. A large body of
work has been published about the factors responsible for the development of these
cells, as their absence does not affect viability and the consequences of mutations in
these cells are easily visible. Many different genes have been implicated in
melanocyte development and to date 30 or so have been cloned. These include
growth factors, transcription factors and cell signalling molecules. The cells originate
as non-pigmented precursors called melanoblasts which migrate and proliferate,
cventually entering the skin epidermis. In the mouse this process is completed by
embryonic day 13/14 (E13/14) (Mayer 1973). Mature melanocytes are found in the
skin and hair folicles as mature pigment cells and in addition are also found at several
other sites within the embryo where their role as pigment cells is not fully
understood. These sites include the anal canal and the stria vascularis of the inner ear
where they play a crucial role in hearing (Steel and Barkway, 1989, Tachibana,

1999).



The Micropthalmia-associated transcription factor (Mitf) lies at the heart of
melanocyte development. Analysis of the melanocyte-specific melanogenic enzymes
tyrosinase and tyrosinase-related protein-1(Tyrp-1) revealed the presence of E-box
DNA binding domains in the promotors of both these enzymes (Lowings et al.,
1992). This finding was complemented by the isolation of the Mitf gene, a member
of the basic helix-loop-helix leucine zipper (b HLH-LZ) transcription factor family.
that are known to bind E-boxes (Hodgkinson et al., 1993, Hughes er al., 1993). Mitf
null mice tack neural crest-derived melanocytes and have associated deafness along
with a failure of retinal pigment epithelium (RPE) differentiation (Moore 1995). In
zebrafish, a null mutation in the Mitf orthologue nacre results in a loss of
melanophores whilst RPE i1s not affected (Lister et al., 1999). Moreover
misexpression of zebrafish Mitf results in ectopic pigmented cells (Lister et al.,
1999) suggesting that Mitf is sufficient to establish melanocyte specific gene
expression. Interestingly, for 48 hr following the onset of Mitf mRNA expression in
melanocytes, the cells lack a functional Mitf protein suggesting that during this
period they are not dependent on Mitf for their survival (Opdecamp et al., 1997).
Mitf expression levels are regulated at different stages in melanocyte development
but melanoblasts depend on Mitf for their survival once protein expression has been
established.

The onset of Mitf expression may be directed by an array of other transcription
factors that coordinate to raise the expression levels of Mitf above a critical level.
[dentification of the transcription factors involved in co-ordinating Mitf expression
has been facilitated by linking mutations in certain genes with a loss of melanoblasts
and in some cases by linking mutations in certain genes with syndromes that are
characterised by pigment defects. The transcription factors Pax3, Sox10 and Lefl
have all been implicated in regulation of the Mitf promotor (Pax3 and Sox10 are
discussed in more detail later in this chapter). Lef/Tcf and Sox transcription factors
are related to the sex-determining factor SRY and these factors are known for their
ability to bend DNA (Giese et al,, 1992). Lefl becomes a potent transcriptional
activator by forming a complex with -catenin. The promotor for the zebrafish Mitf

gene nacre contains binding sites for functional Lef/Tcf factors that are required for



nacre experession in the embryo (Dorsky et al., 2000). A functional Lefl binding site
has also been identified in the promotors of the human and mouse Mitf genes
(Takeda et al., 2000).

Several growth factors have been shown to be important in melanocyte
development, and both bFGF and PDGF can act as mitogens for developing
melanocytes (Hirobe, 1992, Marusich and Weston, 1991). Results obtained from
many different studies using a variety of approaches have shown an absolute
requirement of Kit signalling for the survival and proliferation of neural crest derived
melanoblasts, though Kit signalling is not essential for the initial generation of
melanoblasts. Mutations affecting the Kit receptor tyrosine kinase or its ligand Stem
cell factor (also known as steel factor and mast cell growth factor) result in either
partial or complete loss of neural crest-derived melanocytes depending on the
severity of the mutation (for reviews see Jackson et al., 1994, Lev et al., 1994). Other
experiments, where anti-Kit antibodies were injected intradermally into pregnant
mice revealed a requirement for Kit signalling in melanocyte development at around
E14.5 and postnatally (Nishikawa et al., 1991). Experiments in zebrafish have shown
that the Kit orthologue sparse is required for migration and survival of embryonic
melanocytes, sparse appears to mediate survival by delivering an anti-apoptotic
signal as melanocytes undergo apoptosis in the absence of Kit signalling (Parichy et
al., 1999).

Another growth factor that has been implicated in melanocyte development is
Endothelin 3 (ET3). Mutations in murine ET3 and one of its receptors, ETRB lead to
abnormal development of both neural crest derived melanocytes and enteric ganglia
(Hosoda, 1994, Puffenberger, et al., 1994, Baynash, et al., 1994). Whilst in
mammals, there is only one endothelin B receptor type (ETRB), two different
cndothelin B receptors have been identified in avians, ETRB and ETRB2 and these
are expressed in different populations of avian neural crest cells during migration.
Avian ETRB is first expressed prior to neural crest emigration at the dorsal tip of the
neural tube, and is later expressed by crest cells migrating along the ventral pathway.
Avian ETRB is not expressed by mesectodermal or melanogenic lineages (Nataf,

1996). In contrast, expression of avian ETRB2 is almost completely restricted to



melanocytes and their precursors, apart from faint expression in dorsal root ganglia
(DRG) and nerves (Lecoin, 1998). In vitro, ET3 promotes the survival and division
of mouse melanocyte progenitors (Reid er al., 1996). Work by Lahav et al. (1998)
showed that ET3 selectively promotes the survival and proliferation of those avian
neural crest progenitors that give rise to melanocytes and glia and at high cell
density, ET-3 has an additive effect on the proliferation of enteric neuroblasts in
response to glial derived neurotrophic factor (GDNF) in the presence of serum
(Hearn, 1998). However, in the absence of serum, or at low cell density, ET-3 acts
differently and now reduces proliferative effects of GDNF and reduces melanoblast
proliferation (Hearn, 1998). More recently Dupin et al. (2000) have shown that ET3
is strongly mitogenic for avian embryonic pigment cells and is able to direct
melanocytes to re-attain their bipotential precursor phenotype, that of the glial-
melanocyte precursor.

Various different disorders have been linked to mutations in one or other of the
genes involved in melanogenesis. For example, mutations in Pax3 and Mitf are
associated with the Waardenberg syndromes and disruption of ETRB and cKIT
receptors results in Hirschsprung syndrome and piebaldism respectively. Whilst loss
of pigment cells is not usually life threatening, many of these disorders that affect
pigmentation also result in other more serious defects including bowel problems.
Thus, understanding the mechanisms involved in melanocyte development has
enabled a greater understanding of the mechanisms responsible for the more serious
defects observed in some of these syndromes.

Smooth Muscle

Smooth muscle cells are generated from the vagal level of the neural tube just
above the trunk axial level. It remains unclear whether smooth muscle cells are also
generated from the trunk axial level, though past experimental evidence had
suggested that this may be the case. In clonal cultures derived from neural crest stem
cells, some clones developed as smooth muscle cells in response to bone
morphogenetic proteins (BMP) 2/4 (Shah et al., 1996). Recent studies from the same
laboratory have shown that although neural crest stem cells, similar to those used in

the studies by Shah et al., can be induced by instructive signals such as BPM2/4 and



TGFs to express some smooth muscle cell characteristics, such as smooth muscle
actin, these cells do not express the muscle markers desmin or myosin light chain
kinase. Therefore these trunk neural crest cells do not become true smooth muscle
cells and are referred to as myofibroblasts (Morrison et al., 1999).

Treatment of clonal cultures with BMP family members transforming growth
factor-f (TGFP) 1,2,0r 3 induced the majority of cells to adopt a smooth muscle cell
fate (Shah et al., 1996). Furthermore the influence of TGF-f3 on these clonal cultures,
suggests that this growth factor acts as an instructive signal for neural cells causing
them to adopt a smooth muscle cell fate. This is in contrast to the roles of many other
growth factors in neural crest cell development which act as selective signals to
induce survival or proliferation of a particular crest cell lineage. TGFf is expressed
in the major vessels of the heart during embryogenesis and this expression pattern is
consistent with a role for TGFE in smooth muscle cell development (Ackhurst et al.,
1990, Millan et al., 1991, Dickson et al., 1993). Interestingly, Hagedorn and
collegues (1999) have recently shown that although individual crest cell progenitors
generate smooth muscle cells in response to TGF-, clusters of crest cell progenitors
will adopt a neuronal cell fate in the presence of TGF-f3. Moreover the promotion of
ncurogenesis by TGF-f is limited to a narrow concentration range of this factor
(Hagedorn et «l., 2000a). These experiments hint at the complexity of the total
signalling environment within the embryo that enables the differentiation of so many
ccll types from a single progenitor.

The basic helix-loop-helix transcription factors dHAND (HAND2) and
cHAND (HAND) are expressed in neural crest derived smooth muscle cells in the
major outflow tracts of the heart (Cerjesi, et al., 1995, Hollenberg et al., 1995,
Srivastava, et al., 1995) (for a more general introduction to bHLH transcription
factors see Indroduction, chapter 3). However the portion of the neural crest which
contributes to these tissues is referred to as the cardiac neural crest and is derived
from the cranial neural crest and not from the trunk neural crest. HAND stands for
heart, autonomic nervous system and neural crest derivatives as these are the major
areas of expression of these genes and they appear to have fundamental roles in the

development of the heart, and autonomic neurons (see section on sympathetic
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neurons, this chapter). Evidence presented in this thesis also suggests that these genes
may be important in sensory neuron and satellite cell development (see chapter 4).
Studies of both dHAND and eHAND mutant mice have shown that these animals die
during development from heart defects, though death of eHAND embryos occurs
earlier than that of dHAND mutants due to additional defects in extraembryonic
membranes (Srivastava et al., 1997, Riley et al., 1998, Firulli et al., 1998). These
genes are clearly extremely important for normal heart development, since deletion
of dHAND in mouse embryos results in failure of neural crest derived aortic arch
artery formation (Srivastava, et al., 1997). What is not yet understood is whether the
role of the HANDs is in determination or differentiation of neural crest derived
smooth muscle cells. It must also be remembered that although in vitro, trunk neural
crest cells can give rise to smooth muscle-like cells, this has yet to be demonstrated
in vivo.
Sensory neurons

A screen for novel bHLH genes expressed in sensory and not autonomic
neurons identified a novel gene, neurogenin (ngn) (Ma et al. 1996). Following the
subsequent identification of two other related genes designated ngn2 (also known as
Math4 A, Gradwohl et al., 1996) and ngn3 (Sommer et al., 1996), neurogenin became
known as ngnl. These three genes represent a novel subfamily of bHLH transcription
factors. Whilst ngn3 is not expressed in the trunk neural crest or its derivatives, ngn|l
and ngn2 are expressed in these cells where they are involved in sensory neuron
determination (Sommer et al., 1996). At E8.5, ngn2 is detectable in cells dorso-
lateral to the neural tube in the mouse and in situ hybridisation experiments suggest
that ngn2 is expressed in migrating neural crest cells (Sommer et al., 1996). Weak
expression of ngn2 is observed in subsets of cells in the DRG at E10.5. It has been
suggested that because of the position of these ngn2 expressing cells in the DRG,
they may be neuronal precursors, or satellite cells (Sommer et al., 1996). It is also
posssible that the ngn2 expressing cells could be bi-potential precursor cells. Since
ngn2 expression rapidly disappears after E10.5 and is not detectable by E12.5 it
seems likely that the ngn2 expressing cells observed in the DRG are some type of

progenitor cell. Initial expression of ngnl is observed later in development than that
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of ngn2 and is not seen in neural crest cells, instead ngnl is present in a large
proportion of cells within the DRG at E10.5. Ngn! expression then persists until E14
after which it is no longer detected in the DRG (Sommer et al., 1996). Analysis of
ngnl and ngn2 single mutants revealed a block at a very early stage of neurogenesis
in complementary sets of cranial sensory ganglia (Fode et al., 1998, Ma et al., 1998)
revealing that these genes act as determination factors for certain sensory ganglia.
Previous studies in Xenopus also showed that ngnl and the Xenopus homologue X-
ngnr-1 both function as neuronal determination factors that activate other
downstream bHLH genes (Ma et al., 1996). Work by Ma et al. (1999) examined the
roles of the ngns in the development of trunk DRG and found that these two factors
may be required for distinct neuronal precursor populations which in turn generate
different classes of sensory neurons. It appears that in the mouse ngn2 is required by
an carly differentiating lineage that gives rise to trkC neurotrophin receptor positive
neurons (proprioceptive) and trkB positive neurons (mechanoreceptive). In contrast,
ngnl is required by later differentiating cells which give rise to the trkA positive
neurons (nociceptive) in addition to a subset of trkB and trkC positive neurons (Ma et
al., 1999). In double mutant mice which lacked both ngnl and ngn2, DRG were
completely absent indicating that all DRG neurons require ngnl and /or ngn2 (Ma et
al.. 1999). The requirement for separate determination factors for different subsets of
neurons may explain why such highly related and sometimes functionally redundant
bHLH factors operate within the mammalian nervous system. The requirement of
different ngns for different sensory neuron precursor subsets is analagous to the
situation observed in muscle development where different members of the myogenic
bHLH family are required for different subsets of myoblast precursors (Yun and
Wold, 1996, Molkentin and Olson, 1996).

Apart from the bHLH factors, a number of other transcription factors belonging
to different families have been implicated in sensory neuron development. The POU
homeodomain transcription factor Brn-3/3a is expressed by sensory neuron
precursors and by sensory neurons (Fedtsova and Turner, 1995, Xiang, et al., 1995).
POU homeodomain proteins have been implicated in the control of sensory

neurogenesis in invertebrates, for example, UNC-86 in C.elegans (Duggan et al.,
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1998) and Acj6 in Drosophila (Clyne et al,, 1999). Knockout studies have shown
that Brn-3.0/3a is necessary for the development of at least a subset of primary
sensory neurons (Xiang et al.,, 1996, McEvilly et al,, 1996). Other studies have
shown that Brn-3.0/3a is downstream of the ngns and that forced expression of ngns
is able to induce Brn-3.0/3a both in vive and in vitro (Perez, Lo, and Anderson,
unpublished data, Anderson, 1999). The exact functions of Brn-3.0/3a in sensory
neuron development is not fully understood but it has been shown to promote neurite
outgrowth and expression of neurofilament and synaptic vesicle protein genes
following forced expression in a neuronal cell line (Smith et al., 1997a, Smith et al,,
1997b). Evidence also suggests that Brn3.0/3a can regulate expression of
neurotrophin receptors either directly or indirectly (McEvilly, et al., 1996, Huang et
al., 1999).

Pax3 is a member of the paired box gene family and contains both a paired
domain and a paired-type homeodomain (Goulding et al., 1991). Pax genes play
important roles in organogenesis, cell proliferation and differentiation (for a review
see Mansourt et al., 1996). Pax 3 is initially expressed in neural crest cells but later
becomes restricted to neurons and Schwann cells. Splotch mutant mice have a
deletion in the Pax3 homeodomain and have been used to analyse the roles of Pax3 in
the embryo. The deletion affects the DNA binding properties of Pax3 though the
mRNA is still produced. Pax3 appears to affect neural crest cell migration,
particularly in more rostral regions of the embryo, and in addition subsequent sensory
ganglion defects are observed (Moase and Trasler, 1990, Franz and Kothary, 1993).
It has been postulated that the sensory neuron defects observed in Splotch mice arise
because of the delay in neural crest emigration (Serbedzija and McMahon, 1997) but
a more recent study suggests that Pax3 does have a role in sensory neuron
differentiation (Koblar et al., 1999). Five fold less sensory-like neurons were
generated from neural crest cultures obtained from splotch homozygous mice
compared with wild-type litter mates, and in dorsal root ganglion cultures treated
with Pax3 antisense oligonucleotides differentiation of 80-90% of newly generated

sensory neurons was affected (Koblar ef al., 1999).
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Other transcription factors that are expressed in sensory neurons and may play
a role in their development are Isl-1 and Isl-2 LIM homeodomain proteins (Tsuchida
et al., 1994, Ericson et al., 1992) ; PEA and ER81 ETS-domain proteins (Lin et al.,
[998); and the paired homeodomain protein DRG1[(Saito et al., 1995).

Various different growth factors are involved in sensory neuron development.
However, to date the growth factors that have been shown to influence sensory
ncuron development act at a later stage than the transcription factors mentioned
above, and affect the survival or proliferation of neurons rather than acting as
determination factors. For example in clonal cultures of quail trunk neural crest, the
neurotrophin BDNF promotes the differentiation of sensory neurons whereas another
neurotrophin, NGF does not (Sieber-Blum, 1991, Sieber-Blum et al., 1993). A third
neurotrophin NT-3 promotes the survival of both sensory neuron precursors
(Buchman and Davies, 1993, Elshamy and Enfors, 1996) and sensory neurons
(reviewed in Snider, 1994 and Henderson, 1996). Increased proliferation of these
neurons is also observed upon addition of NT-3 to neural crest cultures (Kalchiem et
al., 1992, Kalcheim, 1996). One growth factor which does appear to stimulate the
generation of sensory neurons from the neural crest is the neurokine leukemia
inhibitory factor (LIF). In mouse neural crest cultures the addition of LIF was found
to stimulate the generation of neurons, which exhibited the expected morphology and
contained neuropeptides usually found in sensory neurons (Murphy et al., 1991).

The Sympathoadrenal progenitor

Studies have suggested that the catecholaminaegic neural crest derivatives,
adrenal chromaffin cells and sympathetic neurons arise from a common
sympathoadrenal (SA) progenitor (Anderson, 1993). More recently it has also been
suggested that a similar precursor cell gives rise to a subset of enteric presursors of
the gut and that both sympathetic and enteric precursors may share a common
progenitor. In the mouse neural crest, the sites of origin of the enteric and
sympathetic neurons overlap (Durbec et al., 1996) suggesting the possibility of a
common sympathoenteric (SE) progenitor irn vivo. This SE progenitor may be the
precursor of sympathetic neurons, adrenal chromaffin cells, thyroid C cells and some

enteric neurons. Mice deficient in the glial derived neurotrophic factor (GDNF)



receptor c-Ret Jack most enteric neurons and the superior cervical ganglion (SCG) is
absent (Durbec, et al., 1996). Since the majority of cells of the enteric nervous
system are derived from the vagal and sacral neural crest, their development will not
be discussed in detail in this review. However, it should be noted that shared SE
progenitors may also exist in the trunk neural crest. Labelled trunk neural crest cells
have been shown to contribute to both the sympathetic ganglia and the gut (Durbec et
al., 1996).

Sympathetic Neurons

In the last few years there has been an explosion of knowledge about the
factors responsible for the determination and development of sympathetic neurons
[rom the neural crest. The bHLH transcription factors Mash!, eHAND, dHAND and
the paired homeodomain factors, Phox2a and Phox2b have all been shown to regulate
sympathetic neuron development.

Mash| is expressed in SE progenitors in sympathetic ganglia, adrenal glands
and the gut at the time when neuronal specification and differentiation are occurring.
Evidence suggests that Mashl is required for the differentiation of committed SE
precursors into neurons rather that for their initial commitmant to the SE lineage
(Sommer et al., 1995, Lo et al., 1998) see chater 3 introduction for more details on
Mash .

The Phox2 homeodomain proteins are sufficient to promote the development of
sympathetic neurons. Hirsch and collegues (1998) reported that in Mashl
homozygous mutant mice, expression of Phox2a is almost completely abolished in
peripheral autonomic ganglia and in the absence of Mashl, neurons fail to express
the noradrenaline biosynthetic enzyme dopamine B-hydroxylase (DBH). These
results suggested that Mash! controls noradrenergic differentiation partly by
controlling the expression of Phox2a. Studies in the chick showed that
overexpression of either Phox2a or Phox2b promoted the generation of additional
neurons expressing the noradrenergic marker genes DBH and tyrosine hydroxylase
(TH) as well as the pan-neuronal markers SCG10 and NF160 and the cholinergic
genes ChAT and VACht (Stanke et al., 1999). Phox2 genes appear to directly

regulate the expression of DBH as they bind to the DBH promotor and transactivate a



DBH reporter gene (Zellmar et al., 1995, Yang et al., 1998, Kim et al., 1998).
Targeted mutation of the Phox2b gene in mice has revelaed that Phox2b is needed for
the expression of the GDNF-receptor ret and for maintaining Mash1 expression as
well as for the biosynthesis of noradrenaline and DBH and TH (Pattyn et al., 1999).
Furthermore, the sympathetic ganglia were missing from these mutants suggesting
that Phox2b functions upstream of Mash! and Phox2a to direct the development of
sympathetic neurons.

Earlier in this chapter, the role of dHAND and eHAND in smooth muscle
development was discussed (see section on smooth muscle). These same
transcription factors are also extremely important in sympathetic neuron
development. They are expressed in sympathetic neurons during embryogenesis in
the chick (Howard et al., 1999), and in the mouse sympathetic chain during
embryonic development (Cserjesi et al., 1995). The HAND gene products have been
proposed to be determination factors for sympathetic neurons from the avian neural
crest (Howard er al., 1999). More recently, dHAND has been shown to be sufficient
to induce ectopic sympathetic neurons in vivo. dHAND is induced in response to the
bone morphogenetic proteins (BMPs) and the timing of dHAND expression in the
sympathetic ganglia in vivo suggests that this factor is involved in sympathetic
neuron development downstream of Phox2b (Howard et al., 2000).

The sympathetic nervous system forms in a much more ventral position within
the vertebrate embryo than most other neural crest derivatives. Because of this, it is
thought that crest cells may be directed to the SE lineage by a combination of growth
factors secreted from the dorsal aorta and the notochord (Ernsberger and Robhrer,
1996, Groves et al., 1995, Stern et al., 1991). Whilst the notochord derived factor has
not yet been identified, Sonic hedgehog might be a candidate molecule since it is
produced by the notochord and induces ventral cell types in the neural tube
(Ernsberger and Rohrer, 1996). The dorsal aorta derived factor appears to be one or
more members of the BMP family, which have various effects in the developing
nervous system (reviewed in Mehler et al., 1997). mRNAs encoding BMP4 and -7 in
chick and BMP2 and -4 in mammals are detected in the dorsal aorta at the same time

or before TH positive cells appear (Reissmann et al., 1996, Shah et al., 1996) which
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is consistent with a role for these proteins in regulating catecholaminergic properties.
Further evidence for this idea comes from experiments where BMP-4 producing
fibroblasts were implanted into a restricted region of the chicken neural crest
migratory pathway, which results in ectopic expression of TH. In addition when
BMP-4 was overexpressed in sympathetic ganglia, the ganglia became enlarged
(Reissmann et al., 1996). Strangely, in contrast to avian neural crest cultures, the
addition of BMPs to rat crest cultures did not induce expression of the
catecholaminergic enzymes DBH or TH, but did increase the number or c-ret and
Mash1 positive cells (Shah et al.,, 1996). This suggested that additional signals may
be required for expression of adrenergic traits and more recently, Bilodeau and
collegues (2000) have shown that the addition of BMP2/4 along with the cAMP
analogue forskolin to rat crest cultures is sufficient induce TH expression.

The generation of sympathetic neurons does not require neurotrophins. Later in
embryogenesis, however, when axons are growing to their targets, sympathetic
neuron survival depends on NGF and NT-3 (Smeyne et al., 1994, Bellliveau, et al.,
1997, Farinas, et al., 1994, Wyatt, et al,, 1997). In the SCG, the development of
sympathetic neuroblasts requires GDNF and its receptor c-ret as well as hepatocyte
growth factor (HGF) in addition to the neurotrophins (Moore, et al., 1996, Durbec, et
al., 1996, Maina, et al., 1998).

Glial cells

Glial cells surround the neurons and their axons and provide them with support,
both mechanical and trophic. There are four major types of glial cells in the
peripheral nervous system: enteric glia, teloglia, satellite cells and Schwann cells,
which may be of the myelin-forming or non-myelin forming phenotype.

The enteric nervous system is unlike any other division of the peripheral
nervous system in both its structure and functions. Enteric glia more closely resemble
the central nervous sytem glial cells, astrocytes. They exhibit extensive branching
and processes which intermingle with the neuronal processes, form a dense neuropil
and express high levels of GFAP (Gabella, 1981, Jessen and Mirsky, 1980). As
mentioned previously, the neurons and glia of the enteric nervous system

predominantly arise from the vagal and sacral axial levels of the neural tube and
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therefore will not be discusssed further in this introduction (for reviews see Gershon,
1997, Gershon, 1998). Teloglia are a type of specialised Schwann cell which
associate with the axon-terminal at the neuromuscular junctions (NMJ) and are
important for the maintenance and regeneration of NMJs (Son ef al., 1996). Teloglia
function during synaptic transmission to increase intracellular Ca2+ levels in
response to neurotransmitter secretion (Jahromi et al., 1992) and both muscarinic and
purinergic receptors are present on these cells (Georgiou et al., 1994, Robitaille,
[1995). Unlike other non-myelin forming Schwann cells, teloglia do not express glial
fibrillary acidic protein (GFAP) or the growth associated protein GAP-43, however if
the motor end plate is denervated, expression of both of these proteins is upregulated
and the teloglia migrate extensively, providing guidance for axon sprouts (Woolf et
al., 1992, Georgiou et al., 1994, Son and Thompson, 1995). It has been suggested
that the function of the increase in Ca2+ in these cells is in part to inhibit GFAP
expression (Georgiou et al., 1994).
Schwann cells

The Schwann cells ensheath the axons of the peripheral nerves, and comprise
the majority of the glial cells in the peripheral nervous system. These cells pass
through several distinct phases during their development from the neural crest into
their adult phenotypes, and each of these phases can be distinguished by a series of
antigenic markers (see tablel). The multipotent neural crest cells initially give rise to
the Schwann cell precursor and will then adopt an immature Schwann cell phenotype
before finally developing into their mature myelin-forming and non-myelin-forming
phenotypes. Myelin-forming Schwann cells associate with a single large diameter
axon whereas non-myelin-forming Schwann cells associate with several small
diameter axons (for reviews see Jessen and Mirsky, 1992, Mirsky and Jessen, 1996).

As well as adopting a Schwann cell fate, prospective Schwann cells have to
associate with neurites and become incorporated into the peripheral nerves. Axons
and crest cells have been shown to be directed to the same anterior parts of the
somites at the same time (Loring and Erickson, 1987, Rickman et al., 1985). Whilst
this contact is necessary for formation of intact peripheral nerves it raises the

question of how two different cell types arise from the same region at the same time.
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There are several possible explanations. Among them is the idea that the crest cells
are not committed to a lineage when they first encounter axons but that the axons
themselves secrete factors which direct cells towards a glial fate. Indeed it has been
proposed that the axon derived growth factor B-neuregulin (BNRG) is capable of just
such an action (Shah er al.,, 1994). An alternative possibility is that some crest cells
are already comitted to a glial fate prior to encountering axons. In support of this
idea, studies in the chick and in the rat have shown that basal levels of the Schwann
cell myelin protein PO are expressed in a population of late migrating neural crest
cells (Bhattacharya et al., 1991, Lee et al., 1997). It is possible that PO expression in
crest cells marks the entry of these cells to the glial lineage since glial cells appear to
be the only neural crest derived cell type to express this protein (Lee et al., 1997).
However, others have suggested that PO expression marks a bi-potential neuronal-
glial progenitor cell (Morrison et al., 1999, Hagedorn et al., 1999).

The recent identification of several different transcription factors that function
at different stages of Schwann cell development has helped to shed light on the
mechanisms that enable neural crest cells to enter the Schwann cell lineage and
eventually give rise to their mature adult pheontypes.

Sox 10 is the earliest transcriptional modulator identified in the Schwann cell
lineage. The Sox proteins contain a DNA binding domain consisting of a divergent
form of the high mobility group (HMG), first identified in the sex determining factor
SRY (Gubbay et al., 1990). Sox10 first appears in the forming neural crest and
continues to be expressed in migrating crest cells. Later in development, Sox10
expression becomes restricted to peripheral glial cells and in the adult is seen in
Schwann cells and the myelinating cells of the CNS, oligodendrocytes (Bondurand et
al., 1998, Kuhlbrodt, et al., 1998, Pusch, et al., 1998, Southard-Smith, ef al., 1998).
Mutation of Sox10 leads to pigmentation defects, deafness and colonic
agangliogenosis, as observed in patients with Waardenberg-Hirschsprung disease
(Herbarth, et al., 1998 Pingault, et al,, 1998). In the mouse model of this disease,
named the Dom Hirschsprung mouse, similar defects are observed in the
heterozygotes whereas the homozygotes are embryonic lethal (Southard-Smith,

1998). The Schwann cell lineage also appears to be affected in Sox 10 homozygous
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mice (Herbarth et al., 1998) and a recent report described a patient with a mutated
Sox10 gene that exhibited dysmyelinating features in addition to hypopigmentation
and agangliogenosis (Inoue et al., 1999). Because of their ability to bend DNA, Sox
factors frequently act in concert with other transcription factors (Kamachi et al.,
1995, Yuan et al., 1995). This appears to be the case in Schwann cell development
where Sox 10 has no autonomous transcriptional activity but functions synergistically
with the POU homeodomain transcription factor, Oct6, as well as modulating the
function of Pax3 and Krox-20, other transcription factors involved in Schwann cell
development (Kuhlbrodt et al., 1998). Peirano and collegues (2000) have now shown
that expression of the Schwann cell myelin gene, PO, depends on Sox10 in vivo and
in vitro, providing the first definite evidence of a direct link between a transcription
factor and myelin gene expression in Schwann cells. Another member of this family,
Sox2, has now been identified in Schwann cells and satellite cells of the PNS and in
the CNS, oligodendrocytes also express Sox2. The function of Sox2 in glial cells has
not yet been examined but its expression in the CNS and PNS suggests it may have a
role in glial cell development (Wakamatsu ez al., 2000).

As discussed earlier in this chapter, the bHLH genes have been implicated in
the development of several neural crest lineages (for a review, see Anderson 1997).
HLH proteins have traditionally been divided into two groups which form
heterodimers in order to function; class A proteins which are ubiquitously expressed
and Class B proteins which have more restricted expression patterns (Murre et al.,
1994). Other classes of HLH proteins act as negative regulators of development. One
such class is the inhibitors of development or Id proteins which act as dominant
negative regulators of development by preferentially sequestering class B factors.
Class B/ld heterodimers are unable to bind DNA as due to the lack of a basic domain
in the Id proteins. To date, all four known members of the Id family have been
identified in Schwann cells and appear to be regulated during development,
indicating that they may be functionally active (Stewart et al., 1997). The class A
proteins Reb and E12/E47 have also been identified in Schwann cells during
development (Stewart et al., 1997) and in this study we present evidence that

Schwann cells also express the class B basic HLH (bHLH) transcription factors
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dHAND and eHAND (for references and more detailed discussion see chapters 3 and
4). Thatikunta et al., (1999) have shown that the Id genes appear to regulate myelin
gene expression in oligodendrocytes and other studies have shown the existence of
the HLH DNA binding recognition sequence known as the E-box in the promoters of
several genes important in Schwann cell development (Chiramello et al., 1995,
1996). From the experimental evidence obtained to date, it seems likely that HLH
transcription factors will emerge as regulators of Schwann cell development.
Transcription factors involved in myelin formation

Myelin-forming Schwann cells play a crucial role in the peripheral nervous
system (reviewed in Jessen and Mirsky, 1992, Mirsky and Jessen, 1996, Garbay, et
al., 2000). These highly specialised cells synthesise myelin which forms a lipid rich
sheath around axons that acts as a kind of insulation. The function of this insulating
sheath is to enable faster transmission of nerve impulses along the axons which it
surrounds. The essential role of the myelin sheath for the correct functioning of the
PNS is evident in diseases caused by the loss of the PNS myelin sheath such as
Charcot-Marie-Tooth disease and Guillan-Barré syndrome. Unsurprisingly, myelin-
forming Schwann cells specifically express varoius proteins such as myelin basic
protein (MBP), periaxin, PMP22 myelin associated glycoprotein (MAG) and the
major myelin protein PO (Scherer et al., 1995, reviewed in Garbay et al., 2000). With
the exception of PO and PMP22 (Lee et al., 1997, Notterpek et al., 1999), these
myelin specific proteins are not expressed by non-myelin forming cells. Intense
research over the past few years has lead to the identification of several growth and
transcription factors able to reguate the phenotype of myelin-forming Schwann cells
In vivo, the myelin inducing signals appear to be axon derived and in vitro, can be
mimicked in part by elevation of cAMP (Morgan et al., 1991). It has been shown in
vitro that in the absence of axon derived signals, myelin-forming Schwann cells will
revert to the phenotype of a non-myelin forming Schwann cell. Cell culture studies
have identified several growth factors that have a function in myelin formation, in
particular the Insulin-like growth factors are able to promote high levels of the major

myelin protein PO (Stewart et al., 1996) and members of the TGF- family and
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neuregulins negatively regulate myelin differentiation (Guenard et al., 1995,
Einheber et al., 1995, Stewart et al., 1995, Cheng and Mudge, 1996)

Two transcription factors, the zinc finger protein Krox-20 and the POU domain
protein Oct-6/SCIP/Tst-1, are involved in the transition of immature Schwann cells
into myelin-forming Schwann cells (Topilko et al, 1994, Weinstein et al., 1995,
Bermingham et al., 1996, Jaegle et al., 1996, Jaegle and Meier 1998). Analysis of
Oct-6 null mice revealed that this factor is required for the transition of promyelin
cells to myelinating ones. However, once cells progress past this point myelination
occurs normally (Jaegle et al., 1996). Oct-6 may play a different role later in
development as non-myelin forming Schwann cells continue to express Oct-6, albeit
at low levels, in the adult nerve (Blanchard et al., 1996). Analysis of homozygous
Krox-20 null mutants revealed that immature Schwann cells are blocked at a very
early step of their differentiation into myelin-forming Schwann cells (Topilko et al.,
1994). This results in expression of the earliest myelin protein, myelin associated
glycoprotein (MAG) but little or no expression of later myelin gene products.
Intriguingly, the Krox-20 mutant Schwann cells are blocked at the same stage as
those from the Oct-6 null mice, supporting the idea that Oct-6 is required for Krox-20
expression at this stage and that later in developmnt, either Oct-6 is no longer
required or more likely that another POU domain protein, is able to compensate for
Oct-6 and switch on Krox-20 thus allowing myelination to proceed..

Finally the transcription factors Pax-3 and Krox-24 have been proposed to be
involved in regulating the phenotype of non-myelin-forming Schwann cells. A point
mutation in the paired box gene family member Pax3 results in the phenotype
observed in the splotch delayed (spd) mutant mouse (Moase and Tressler 1990). In
homozygous spd mice which survive until E18.5, a small number of S100 positive
carly Schwann cells are occasionally observed but at E15.5 no S100 positive cells are
observed, suggesting that immature Schwann cells are absent from these mutants
(Franz, 1990). A study by Kioussi et al. (1995) indicates that there may be an inverse
relationship between myelin basic protein (MBP) and Pax-3 suggesting that this
transcription factor may regulate the phenotype of non-myelin-forming Schwann

cclls. Stimulation of MBP expression by forskolin in culture is reversed by the
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addition of Pax-3 expression vectors and co-transfection of Pax-3 and MBP-lacZ
demonstrates downregulation of MBP promotor by Pax-3 (Kioussi et al., 1995).
These results do not yet provide definitive proof of Pax-3 being involved in
maturation of non-myelin-forming Schwann cells. Much less is known about the
function of the zinc finger transcripton factor Krox-24 in Schwann cells but one
study has suggested that Krox-20 and Krox-24 may have antagonistic roles in
Schwann cell development with Krox-20 regulating myelin formation and Krox-24
involved in the development of non-myelin-forming Schwann cells (Topilko et al.,
1997).

Evidence shows that the axon derived growth factor, BNRG, promotes the
survival of Schwann cell precursors and drives the development of these cells to
immature Schwann cells (Jessen et al., 1994, Dong et al., 1995, Brennan et al., 2000,
reviewed in Garratt et al., 2000). Neuregulins regulate the growth and differentiation
of several different cell types in vitro (Ben-Baruch and Yarden, 1994, Gassman and
Lemke, 1997) and they have been proposed to promote glial cell differentiation from
rat neural crest cells (Shah et al., 1994, Shah and Anderson, 1997). Neuregulins and
their receptors are present in mammalian embryos at the apropriate times and places
during development to be able to direct Schwann cell development (Marchioni et al.,
1993, Meyer and Birchmeier, 1994, Dong et al., 1995). The addition of NRG to rat
neural crest cell cultures promoted the differentiation of GFAP positive glial cells
whilst suppressing the expression of the early marker of autonomic neurogenesis
Mash ! (Shah et al., 1994). This suggests that NRG biases cells against a neural fate.
In a more recent study, where FACS sorting has been used to isolate neural crest
stem cells (NCSC) from mammalian fetal peripheral nerve, NRG has been shown to
act instructively to promote glial differentiation (Morrison et al., 1999). Analysis of
NRG deficient mice has revealed very few Schwann cell precursors are present in the
nerve roots at E10.5 (Meyer and Birchmeier, 1995). The premature death of NRG
homozygous embryos from heart defects, precludes the analysis of the peripheral
nervous system later in development. Mice deficient in the NRG receptor ErbB3 are
deficient in Schwann cell precursors in early nerve development and Schwann cells

fail to develop in the peripheral nerves of these mutants (Reithmacher et al., 1997).
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Whilst the analysis of these mutant mice has shown an important role for NRG and
the receptor ErbB3 in Schwann cell precursor survival and development, these
experiments have not yet determined whether this growth factor instructs the
development of Schwann cell precursors from neural crest cells in vivo.

Another growth factor, Endothelin (ET), also acts as a short term survival
factor for Schwann cell precursors but unlike NRG, delays Schwann cell generation
from precursors both in vivo and in vitro (Brennan et al., 2000). It seems likely that
in vivo, a mixture of survival signals that can positively and negatively regulate
Schwann cell development and act to promote the generation of immature Schwann
cells from their precursors. Interestingly, one of the ET isoforms, ET-3 plays a
similar role in the development of another neural crest derivative, the enteric nervous
system. In this instance, ET3 appears to prevent premature neuronal differentiation,
thus ensuring that cells are able to migrate enough to complete colonisation of the
bowel (Gershon, 1999b).

Sateilite Cells

Satellite cells are glial cells found within the ganglia of the peripheral nervous
system. Often in the literature, all of the glial cells within the ganglia are referred to
as satellite cells but this is not strictly correct There are actually two types of glia in
the ganglia, Schwann cells which are thought to be identical to those found elsewhere
in the PNS and satellite cells which form close contacts with the neuronal cell bodies
and wrap around them. Historically, satellite cells have been thought to be inherently
the same as Schwann cells and indeed Schwann cells within the ganglia are thought
to be identical to those in the peripheral nerves. For the most part, these glial cell
populations appear to express the same antigenic markers. However, it seems
reasonable to expect that due to the different environments present in sensory and
sympathetic ganglia and in peripheral nerves, some proteins may be differentially
regulated in these different environments. Examples of this do exist. In avian
embryos, the Schwann cell myelin protein (SMP) is expressed by Schwann cells but
not by satellite cells in vivo (Dulac et al., 1988) and in mouse embryos, the
transcription factor Krox-20 is seen in Schwann cells and not in glial cells of the

sensory or sympathetic ganglia (Topilko et al., 1994). However the expression of



these proteins is reversible as glial cells can be induced to express them once
removed from the ganglionic environment (Cameron-Curry et al., 1993, Murphy et
al., 1996). The Ets family transcription factor Erm (Monté et al., 1994) appears to be
a marker of ganglion glial cells in early development. It is expressed in glial cells and
neurons of the sensory ganglia but it is never seen in Schwann cells outside the
ganglia (Hagedorn et al., 2000). However Erm is downregulated in DRG-derived glia
in culture. Other examples of differential expression between ganglion glal cells and
Schwann cells include the signalling protein desert hedgehog (Dhh) (E. Parmentier,
K.R. Jessen and R.Mirsky, unpublished observations) which is expressed in Schwann
cells and not in DRG glial cells and the transcription factors dHAND and eHAND
(see chapter 3), which is found in sympathetic satellite cells and at a very low level in
Schwann cells in the peripheral nerves, but not in sensory ganglion glia. It remains to
be seen whether removal of cells from the ganglion environment alters the expression
of these factors or whether they are only expressed by some types of glia, suggesting
the presence of different sub-types of glia in the PNS. In the chick, a series of four
monoclonal antibodies have been raised, G1, G2, GLI 1 and GLI 2 against glial cells
of the DRG (Rudel and Rohrer, 1992). Interestingly three of these antigens, G1, G2
and GLII are not detected in sympathetic ganglia and GLI2 is only expressed by a
small sub-population of cells. The question of whether there are different sub-types
of glia in the PNS is addressed further in chapter 5 of this study. To make it clear
which populations of glia I am referring to in this study, where I use the term satellite
cells, this refers to the satellite cells which contact with neuronal cell bodies in the
ganglia. Whereas the term ganglion glial cells, refers to the entire population of glial

cells within the ganglia i.e Schwann cells and satellite cells.
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Table 1.1 The Schwann cell lineage in mouse and rat.
Table shows the different stages of Schwann cell development and the timing of

appearance of the antingenic markers used in this study.
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CHAPTER 2

MATERIALS AND METHODS
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METHODS

Animals

ICR mice were used throughout this study, and the day of the maternal vaginal plug
was taken to be day 0.5. The age of the animals was confirmed by comparison with
The atlas of mouse development (Kaufman, 1995). For transgenic mice, see chapter 4
for eHAND and dHAND mice and chapter 5 for mes" mice. Where rats were used,
these were Sprague Dawley albino rats, bred by the Joint Animal House at University

College London. The day of the vaginal plug was taken to be day O.

Substratum coating of coverslips, wells and dishes

Poly-L-lysine

13mm glass coverslips (BDH,Lutterworth, England) were baked in the oven for 4 hr at
140° C for sterilization. They were coated with a solution of 1mg/ml poly-L-lysine
(PLL; > 300,000 MW, Sigma) in deionised water for 24 hr at room temperature (RT).
The coverslips were then washed with 6 changes of water over three days before being
left to air dry thoroughly. They were stored desiccated at room temperature and left for

at least two weeks before use.

35 mm petri dishes (NUNC, Gibco Life Technologies) were coated with a 20pug/ml

solution of PLL for 2hr at RT. The solution was removed and the petri dishes were left

to dry without washing. Dishes were stored as described for the coverslips.
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Poly-L-Ornithine

I3mm coverslips and 35mm petri dishes were coated with 1.51g/ml of poly-L-

ornithine (PLO, Sigma) in deionised water for 15min at RT followed by 1.5hr at 37°C.
Coverslips and dishes were then washed three times in water, air dried and stored as

above.

Laminin

After PLL coating laminin (Sigma) was diluted in DMEM to a final concentration of

20ug/ml in the case of coverslips and wells and 10pg/ml for petri dishes. The solution

was left on for at least lhr and removed immediately prior to plating cells. The volume

of laminin used depended on the experiment.

Following PLO coating, laminin was diluted in PBS to a final concentration of

[Oug/ml and left on coverslips, wells or dishes for 2-3 hr at RT. The laminin was

removed and the dishes washed three times with PBS before incubation with defined

media required for the particular experiment for at least 5 hours prior to plating.

Fibronectin

For neural crest culture experiments, PLL coated coverslips were incubated for 30min

at RT in a 25ug/ml solution of fibronectin in DMEM. Each coverslip was coated with

50l of fibronectin and this was spread around to cover almost the entire coverslip,

providing a large surface area over which the crest cells could migrate.
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Cell Culture

Growth factors

Growth factors used throughout this study were obtained from the following sources:
Insulin-like growth factor,IGF and basic fibroblast growth factor, bFGF (PeproTech

EC Ltd., London, UK) hepatocyte growth factor, HGF (R&D systems, Oxford, UK),
beta neuregulin, BNRG (a gift from Amgen), nerve growth factor, NGF (Promega,

WI, USA).

Defined medium

Unless otherwise stated, cells were cultured in an equal volume of DMEM and Hams

F12 media supplimented with the following: transferrin (100 pg/ml), progesterone (60
png/ml), putrescine (1.6pg/ml), selenium (160ng/ml), triiodothyronine (10ng/ml),
thyroxine (0.4 pg/ml), bovine serum albumin (0.3 mg/ml), penicillin (100 IU/ml),

glutamine (2mM), streptomycin (100 pg/ml), insulin (1nM), dexamethasone (38

ng/ml). All reagewnts for medium were obtained from Sigma, Poole, Dorset except for
DMEM, Hams F12 and penicillin and straptomycin which were obtained from Gibco
life technologies, Paisley, Scotland.

Schwann cell culture

Sciatic nerves were taken from mice aged from embryonic day 12.5 (E12.5) to adult.
Animals up to postnatal day 6 were killed by decapitation, older mice were killed by
asphyxiation in CO,. The sciatic nerves were dissected out and pooled in either L15
medium buffered to pH 7.4 for embryonic nerves or modified Eagle’s medium (MEM;
Gibco Life Technologies, Paisley, Scotland) containing 15mM Hepes (N-2-
hydroxyethylpiperazine-N' -2-ethanesulphonic acid, Sigma, Poole, Dorset) (MEM-H)
buffered to pH 7.4 for postnatal nerves. The nerves were stored on ice, and the

epineurial sheath was removed if mice were older than E16.5. Following removal of
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the epineurial sheath, nerves were moved to enzymes in Ca* and Mg* free MEM and
chopped finely with scissors before placing in an incubator at 37°C in 5/95% CO, /air

for the times indicated below.

Trypsin_containing enzyme mixture (used for postnatal nerves or when surface

antigens to be examined were insensitive to trypsin)

3mg/ml collagenase (Worthington Biochemical Co., Freehold, NJ, USA), 2.5mg/ml
trypsin (Gibco Life Technologies) in Kreb’s solution without calcium and magnesium
(12mM NaCl, 4.7mM KClI, 1.2mM KH,PO,, I ImM glucose, 1:50 amino acid solution

buffered with NaHCO, Gibco Life Technologies). Nerves were digested for 35 min.

Enzyme cocktail (used for embryonic nerves or to preserve trypsin sensitive surface
antigens)

3mg/ml collagenase (Worthington enzymes), |1.2mg/m] hyaluronidase (Sigma),
0.5mg/ml trypsin inhibitor from soyabean (Sigma). Nerves were digested for lhr-

Thrl5min.

Neural crest culture

Neural crest cultures were prepared from E9.5 mouse embryos (or E8.5 eHAND
embryos) using a method adapted from Smith-Thomas and Fawcett (1989) and
Bannerman and Pleasure (1993). The most caudal 6 somites and 2 somites worth of
continuous non-segmented plate region were removed from the rest of the embryo and
incubated in 0.1% collagenase in L15 medium for 20 minutes on ice followed by 40

minutes at 37°C. The tissue was then transferred to L15 medium containing 3ng/ml

bFGF [0ng/ml ( BNRG and 100ng/ml IGF-1. The ectoderm was removed and neural
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tubes were cleaned of surrounding somites and other tissues by teasing with fine
forceps and needles. The tubes were then transferred to a defined medium made up of
50% DMEM (Gibco Life Technologies) and 50% Ham’s FI12 (Gibco Life

Technologies) containing 1xB27 supplement (Gibco Life Technologies), 3ng/ml

bFGF, 10ng/m] NDFf3 and 100ng/ml IGF-1. Tubes were plated in 4-well plates, each

well contained a glass coverslip coated with PLL and fibronectin, in a minimal amount

of the above defined medium. After | hour of incubation at 37°C and 5% CO,, 400l

of the same medium was added to each well and the tubes were returned to the

incubator.

Dissociated Dorsal Root Ganglia and Superior Cervical Ganglia Cultures

Ganglia were removed from adult or perinatal mice or rats, trimmed and incubated in
2.5 mg/ml trypsin in Kreb’s solution without calcium and magnesium, for 20 min at
room temperature. An equal volume of DMEM containing 10% donor calf serum
(Sigma) was added and the ganglia dissociated by drawing the tissue 4-5 times through
decreasing diameter needles (0.8mm, 0.6mm and 0.5mm) Leaving the larger pieces of
tissue behind, the cell suspension was centrifuged at 1000rpm for 10 min, cells were
then re-suspended in DMEM with 10% volume donor calf serum and plated on PLL
and laminin coated coverslips for immunostaining and on 35mm dishes for use in
antibody absorption experiments. After 1 hr the cells were topped up in the same
medium and NGF and NT-3 were added at final concentrations of 50ng/ml and

10ng/ml respectively.

Schwann Cell Precursor Cultures

Schwann cell precursors were prepared according to the method described in Dong

et.al. (1998) and Jessen et.al. (1990). Sciatic nerves were dissected from E12.5 mouse
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embryos, or from E14 rat embryos (all precursor dissections were performed by

K.R.Jessen). The nerves were cut into small pieces and incubated with 600Ul enzyme

cocktail solution, for 1hr before being triturated through a 1ml pipette and then through

a 200ul pipette. They were then re-incubated for a further 10-15 min before being

triturated once more. The cell suspension was transferred to a centrifuge tube and the
volume made up to 10ml with defined medium, in order to dilute out the enzyme. This

was then centrifuged for 10min at 1000rpm and cells were counted and resuspended in

DM at a concentration of 2000 cells in 10ul in the relevant growth factors. These were

plated on PLL and laminin coated glass coverslips, after 2.5 hr, the cells were topped

up in DM containing the required growth factors.

Polymerase Chain Reaction (PCR)

Where specific primers were used, primers were chosen using the computer
programme Macvector and the annealing temperature was calculated for each pair of
primers according to their G-C content. For degenerate PCR strategy, see chapter 3

methods.

In general, conditions were optimised for each set of primer pairs, the conditions used
in specific PCR reactions are listed in table 2. The reaction products were visualised by
agarose gel electrophoresis with ethidium bromide, on occasion. The cDNA used in the
PCR experiments was synthesised using random hexamer primers in order to generate
as many variable cDNA products as possible from the RNA. In each PCR a positive
control was used, this involved carrying out a PCR reaction on cDNA which was

derived from a tissue where at least one of the sub-family members which we were
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screening for with those particular primers, was present in abundance. In addition, a

negative water control was used on each occasion which contained no cDNA.

Isolation of RNA and First Strand cDNA Synthesis

To obtain cDNA for PCR reactions, total RNA was isolated from freshly dissected
ICR mice or Sprague Dawley rats using Ultraspec reagent (Biotecx Lab. Inc.,
Houston, Texas), according to manufacturer's instructions. The RNA was quantified

using a spectrophotometer and analysed for integrity on a 1% agarose gel under
denaturing conditions. 500ng of total RNA was reverse transcribed in a 50l reaction
mixture containing S0mM Tris-HCI, pH 8.3 (RT), 75 mMKCI, 3mM MgCl,, 10mM
DTT, 0.5mM dNTPs, 20ng random hexamer primers, and 200U RNAse H Reverse

Transcriptase (Superscript II, Gibco Life Technologies). After incubation for 90 min at

42°C, the mixture was heated to 70°C for 15 min to inactivate the transcriptase enzyme,

and any remaining RNA was removed by digestion with 0.1 pg/ul RNAse A for 30

min at 37°C.

In Situ Hybridisation

Plasmid preparation

dHAND and eHAND plasmids were a kind gift from D.Srivastava (Dallas, Texas,
USA, Srivastava, et al., 1997). The dHAND plasmid was linearised with EcoR1 and
transcribed into cRNA using Sp6 polymerase for the antisense probe and linearised

with Notl and transcribed with T7 for the sense probe. The eHAND plasmid was
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linearised with Notl for antisense and Sall for sense and probes were transcribed with
T7 and T3 respectively. The dHAND probe was approximately 1.1Kb and eHAND
1.9Kb. Maxipreps were performed using a Qiagen maxiprep (Qiagen Ltd, Crawley,
W.Sussex) kit according to manufacturers directions in order to obtain more DNA.
This was then linearized using the relevant restriction enzymes which would enable
transcription of either a sense or an antisense probe with a particular polymerase
enzyme (see table for more details). Following the restriction digest, the cDNA was
purified either by phenol chloroform extraction or by using a Wizard purification

column (Promega, Southampton, U.K.).

Transcription of DIG-riboprobes

To transcribe cDNA into cRNA, Ipg of linearised plasmid DNA was added to a 20l
reaction containing 21l NTP mix (Roche Molecular Biochemicals, prepared according
to manufacturer's instructions), 4pl 5x transcription buffer Il RNAse inhibitor, and
Il of the required polymerase (all from Promega). The reaction mix was made up to
20ul using DEPC treated water to ensure that no RNAse was present. This was then

incubated at 37°C for 1 hour before adding another 1l of polymerase and incubating
for a further 1hour. The cRNA was then precipitated for 30 min at -20°C with 2.5
volumes of ethanol and 1.6ul of 5M Lithium chloride, centrifuged for 15 min at 4°C
and then washed twice with 70% ethanol before being briefly air dried and
resuspended in 100ul DEPC water. A further 1l of RNAse inhibitor was added to the

probe which was then passed through a Microspin column (Amersham Pharmacia
Biotech, Bucks, U.K) in order to remove any unbound nucleotides. DIG-probes were
stored at -20°C until required.

In Situ Hybridisation on Sections
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Embryos or tissues were fixed in 4% paraformaldehyde overnight at 4°C, then washed
three times for Smin in PBS. They were then dehydrated in a series of alcohols:
30%ETOH/H,0, 50%ETOH/H,0, 70%ETOH/H,0O for 1 hour each and then two times
[ hour in 100% ethanol followed by an overnight incubation in 100% ethanol. The
tissue was placed in a glass vial, in a solution of 50% polyester wax (BDH) and 50%
ethanol at 40°C and left for at least 1 hour or until the tissue sank to the bottom of the
glass vial. The concentration of wax was then gradually increased by replacing half the
volume in the glass vial with fresh melted wax every hour until a concentration of
100% wax was reached. Overnight incubation in 100% wax was used to ensure
complete equilibration of the tissue. The tissue was then embedded in melted 100%

wax in a suitably sized mould and left to set at room temperature, before being stored at

4°C until sectioning. 7-10uM sections were cut on a thermoelectric microtome and

floated on ultrapure Elga water to ensure there were no wrinkles or bubbles in the
scctions prior to mounting on Superfrost Plus adhesive slides (BDH) and drying.

Prehybridisation treatment- Sections were dewaxed for 1 to 2 hours with at least
three changes of 100%ethanol and then air dried for Thour. They were then rehydrated
through a series of graded alcohols: 100%, 95%, 80%, 70% 50% and 30% for two
minutes each and washed for Smins in PBT (PBS containing 0.1% Tween-20) at room

temperature. This was followed by treatment in proteinase K (Fluka, Gillingham,

Kent), 10ug/ml in TE buffer (10mM Tris-HCI pH7.5 plus ImM EDTA) for 5-7.5 min

depending on the thickness of the tissue and then three | min washes in PBT. The
tissue was refixed for 20mins in 4% paraformaldehyde, washed briefly and then
further treated with acetic anhydride (0.25% in 0.1M triethanolamine-HCI, pH8) for 10
minutes to reduce the non-specific electrostatic binding of the probe to amino groups

and again washed twice in PBT. Sections were then dehydrated through graded
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alcohols from 30% to 100% as described for the rehydration and air dried for at least 1
hour.
Hybridisation- Probes were diluted to between 1:100 and 1:300 in hybridization

butfer containing 50%deionised formamide (Fluka), 5x sodium saline citrate (SSC) pH

4.5, 1% sodium dodecy! sulphate (SDS) (BDH), 50ug/ml yeast tRNA (Gibco Life
Technologies) and 50pg/ml heparin and heated to 65°C. The sections were covered

with 200ul of hybridisation mixture per slide and then with a piece of clean plastic cut

from a bag to reduce evaporation. Slides were placed in a preheated perspex box which
was kept humid with water and sealed to prevent any possible evaporation of the
hybridisation mix from the slides. Hybridisation was carried out at 65°C overnight.

Post-hybridisation- Slides were washed twice for 30 minutes in solution 1 (50%
formamide, 5xSSC pH 4.5, 1% SDS) at 65°C, then 3 times 30 min in solution 2 (50%
formamide, 2x SSC pH 4.5) at 60°C and three times 30 minutes in TBST ( 140mM
NaCl, 25mM Tris-HCI] pH7.5, SmM levamisol, 0.1% Tween-20) at room temperature.
To reduce the development of background, non-specific labelling, the sections were
hlocked for at least 90 minutes in TBST containing 10% goat serum (Sigma, heat
mactivated at 56°C for 30 min) before overnight incubation at 4°C in alkaline
phosphatase conjugated sheep anti-DIG antibody diluted 1:2500 in TBST containing
10% goat serum. Prior to application of the colour developing solution, sections
underwent two 20 minute washes in PBT followed by two 20 minute washes in
NTMT (100mM Tris-HCL pH9.5, 50mM MgCl,, 100mMNacCl, 0.1% Tween-20 and
2mM levamisole). They were then incubated in colour developing solution (AP purple
precipitating substrate, Roche Molecular Biochemicals) in the dark at room temperature
until the optimal colour developed (3 hr-2days). To stop the reaction, slides were

washed in TE buffer (10mM Tris-HCI pH 7.5, ImM EDTA) and postfixed in 4%
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paraformaldehyde. Sections were mounted in aqueous mountant (BDH Gurr) and

photographed.

Immunostaining

For sources of antibodies used, see table at end of chapter.

Washes

Where cells were fixed for 20 min in 4% paraformaldehyde (PF), or for 10 min in 2M
HCI, 6 washes in PBS were carried out after each step. Where only a light fixation of 5
min in 2% PF was performed or if there was no fixation at all, 4 washes in MEM-
Hepes were carried out at the end of each step.

Temperature

All steps were carried out at room temperature unless otherwise indicated.

Mounting

Unless otherwise stated, cells were mounted onto glass slides in Citifluor anti-fade
mounting medium and viewed for immunofluorescence with a Zeiss microscope using
a x63 oil immersion lens or a x40 dry lens and fluorescein and rhodamine optics.
¢HAND

After a 20 min fixation on 4% PF, a blocking solution (that contained 1% BSA and

0.2% Triton to permeablise the cells) was applied for 1 hr. eHAND antibody was
diluted 1:1000 in the blocking solution and applied to cells overnight at 4°C. The next
day, anti-rabbit biotin was applied at a dilution of 1:100 in blocking solution for 1 hr,

followed by streptavidin. fluorescein diluted as for the biotin layer, for 15 min.

L1 rat monoclonal antibody(324)

Cells were fixed for 5 min in 2% PF, and then incubated in anti-mouse L1 324
hybridoma supernatant diluted 1:1 in MEM-Hepes with 10% donor calf serum (DCS)

for | hour, followed by anti-rat Ig conjugated to Cy3 diluted 1:500 in MEM-Hepes
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with 10% foetal calf serum (FCS) for 30 min. Post fixation in 4% PF for 20 min was
carried out before mounting.

L | mouse monoclonal antibody (ASCS4)

Rat cells were fixed for 5 min in 2% PF followed by a lhr incubation in ASCS4
hybridoma supernatant diluted 1:1 with MEM-H and 10% DCS. This was followed by
anti-mouse Ig biotin 1:100 for 1 hr and then streptavidin—fluorescein 1:100 for 15 min,
both diluted as for the primary antibody.

PO

This antibody was raised in rabbit in our laboratory (Morgan, et al.,), extensive
purification procedures were undertaken and are described elsewhere (Morgan, L.,
et.al.. , Lee, et.al., 1997)

The PO antibody was preabsorbed against perineurial fibroblasts for two days at 4°C
(on some occasions PO antibody was used that had not been absorbed over fibroblasts,
in these instances, the antibody was diluted [:100). A 10 min fixation in 2M
hydrochloric acid (HCI) was followed by neutralisation for 10 min in sodium borate
before a two hour block in antibody diluting solution (10%DCS, 0.IM Lysine, 0.02%
sodium azide in PBS) to reveal basal PO levels (Lee et al., 1997). Cells were incubated
overnight at 4°C in rabbit anti-mouse PO, diluted 1:200 in antibody diluting solution
(ADS), to reveal basal levels of PO, followed by anti-rabbit Ig fluorescein which had
been pre-absorbed against sciatic nerve, 1:500 for 30 min and post-fixed for 20 min in

49 PF.

1d

[§)

The Id2 antibody was preabsorbed against perinatal nerve for 24 hours at 4°C, to
remove reactivity against collagenous components of the nerve. Following fixation for
20 min in 4% PF, cells were incubated for | hour with rabbit anti- Id2 diluted 1:200 in

a solution of PBS containing 0.1% Triton X-100 and 5% fat-free milk. This was
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followed by a 30 min incubation in anti-rabbit Ig fluorescein (preabsorbed against
perinatal nerve) diluted 1:200 as for the primary antibody.

GAP-43

Cells were fixed for 20 min in 4% PF and then permeabilised for 10 min in methanol at
-20°C, prior to incubation in rabbit anti-GAP-43 diluted 3:100 in ADS for 1 hour,
followed by incubation in anti-rabbit Ig fluorescein (preabsorbed against perinatal
nerve) diluted 1:200 as above for 30 mins.

Tyrosine hydroxylase

After fixation with 4% PF for 20 min, a blocking solution contiaing 1% BSA and
0.2% Triton X-100 in PBS was applied for 30 min. Cells were incubated overnight at
4°C with rabbit anti-tyrosine hydroxylase diluted 1:1000 in the blocking solution,
[ollowed by a | hour incubation in anti-rabbit biotin and a 15 min incubation in FITC

conjugated streptavidin, both diluted 1:100 in blocking solution.
3—11I Tubulin
Monoclonal TuJ1 anti-B-IIT tubulin antibody was diluted 1:5000 in PBS with 0.1%

triton X-100 and applied to cells for | hour following a 20 min fixation in 4% PF. The
antibody was revealed using a rhodamine conjugated anti-mouse Ig second layer

diluted 1:100 in PBS with 0.1% Triton X-100.

B-galactosidase monoclonal antibody

Cells were fixed for 10 min in 4% PF and then permeablised with 0.3 % Triton X-100

in PBS for 15 min before incubation with monoclonal B-galactosidase antibody diluted

[:1000 in 0.1% triton X-100in PBS overnight at 4°C for | hour followed by anti-

mouse rhodamine diluted 1:100 in the same buffer used for the first layer for 30 min.
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-calactosidase polyclonal antibody

A 4% PF fix was applied to cells for 20 min, followed by permeablisation in PBS and

0.1% Triton X-100 for 15 min and incubation with polyclonal [B-galactosidase

antibody diluted 1:500 in ADS for 1| hour. The cells were visualised using anti-rabbit
Ig fluorescein conjugate diluted 1:600 in ADS for 30 min.

Neurofilament

Following fixation of cells in 4% PF for 20 min, and permeabilisation with methanol at
-20°C for 10 min, mouse monoclonal neurofilament antibody was diluted 1:400 in
ADS and applied for | hour followed by anti-mouse Ig rhodamine diluted 1:200 in
PBS and 0.1% Triton X-100 for 30 min.

GEAP

Cells were fixed for 10 min in 4% PF and then permeablised with 0.3% triton X-100
in PBS for 15 min. Monoclonal GFAP antibody was applied for | hr diluted 1:100 in
PBS and 0.1% Triton X-100, followed by a fluorescein conjugated anti-mouse second
layer diluted 1:100 as for the primary antibody.

S 100 monoclonal antibody

Fixation of cells in 4% PF for 20 min, was followed by permeabilisation with
methanol at -20°C for 10 min, then preceded incubation for 1 hour with mouse anti-
S 100 antibody diluted in ADS followed by anti-mouse biotin diluted 1:100 in ADS for
[ hour and lastly fluorescein conjugated streptavidin for 15 min diluted as for the biotin

layer.

S 100 polyclonal antibody

After fixation in 4% PF, cells were permeabilised for 10 min in methanol at -20°C.

They were then incubated in rabbit anti-S 100 diluted 1:100 in ADS and visualised
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using either fluorescein or rhodamine conjugated anti-rabbit Ig second layer, diluted
[:100 in ADS.

Mouse monoclonal P75 low affinity nerve growth factor receptor (L-NGF R)

Cells were briefly fixed for Smin in 2% PF and then incubated in mouse monoclonal
anti- L-NGF-R diluted 1:100 in MEM-H with 10% calf serum. This was followed by a
30 min incubation in fluorescein conjugated anti-mouse second layer, diluted 1:100 as
[or the first layer.

Rat monoclonal P75 L-NGF-R

Where mouse cells were stained for NGF-R, the same method used for rat cells was
employed, however a different monoclonal antibody was used (raised in rat) which
recognised mouse cells.

Ceclls were fixed and permeablised as for S100. Mouse monoclonal anti-nestin
antibody was diluted 1:1000 in ADS and applied to cells for 1 hr, followed by a 30 min
incubation in anti-mouse Ig fluorescein conjugated second layer.

BrdU incorporation and visualisation

Cells were first labelled as indicated previously with either L1 or NGF-R to distinguish

glial cells from other contaminating cells within the cultures. They were then fixed with

methanol at -20°C for 10 min and then 2M HCI was applied for 15 min to unwind the

DNA and allow the antibody access to it. 0.1M Sodium borate was then applied for 7
min to neutralise the HCI, before applying mouse anti-BrdU antibody diluted 1:100 in
PBS and 0.1% Triton X-100 for 1 hr. For some experiments where it was more
convenient, the antibody was diluted 1:700 and applied overnight. The antibody was
usually revealed by using anti-mouse fluorescein diluted 1:100 in PBS and 0.1%

Triton X-100 for 30 min.
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Sources of antibodies

Conjugated antibodies

Tetramethyl rhodamine-conjugated and Fluorescein-conjugated goat anti-mouse and
goat anti-rabbit Igs (Cappel, Organon Technika, Durham, USA) were preabsorbed to
remove any cross-reacting antibodies. These second layers were preabsorbed against
immobilised sepharose-linked rabbit and mouse Igs that were packed into two columns
on nylon wool. The relevant conjugated antibody was run through the columns in
succession using a small volume of phosphate buffered saline (PBS) to elute last of the
unbound antibody. The titre of each batch of antibody was tested before use and
adjusted as necessary. Biotin-conjugated sheep anti-mouse and sheep anti-rabbit
antibodies and streptavidin-fluorecein were from Amersham Life Sciences (Amersham,

Bucks, UK).
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Table2.1

ANTIBODY REFERENCE
L1(324) A gift from Dr. R. Martini
(Martini et al., 1994)
LI1(ASCS4) Hybridoma cells were a gift from
Dr.A Furley(Sweadner, 1983)
PO Generated in the laboratory
(Morgan et.al., 1994)
Id2 Santa Cruz Biotechnology,
CA, USA
GAP-43 Gift from Dr.R.Curtis

(Curtis et.al., 1991)

Tyrosine Hydroxylase

Protos Biotech Corporation
New York, USA

B-III-Tubulin

TUIJ1, neuronal specific andtibody, gift
from Dr. Frankfurter

-galactosidase(monoclonal)
(3-galactosidase(polyclonal)

Clone GAL-13,Sigma, Mo, USA
Chemicon, Harrow, UK

Neurofilament

2H3 ascites, Developmental Studies
Hybridoma Bank, IA, USA

GFAP(monoclonal)
GFAP(polyclonal)

Neomarkers, CA, USA
Dakopatts, Copenhagen, Denmark

S 100(monoclonal)
S100(polyclonal)

Sigma, Mo, USA
Dakopatts, Copenhagen, Denmark

P75L-NGF-R (MAB357)
Raised in rat

Chemicon, Harrow, UK

P75L-NGF-R(192-IgG)Raised in

Gift from Dr.E.Johnson Jr.

mouse (Tantuchi et.al., 1986)
G3G4 ascites, obtained from
BrdU Developmental Studies Hybridoma

Bank, IA, USA.

Hybridoma cells secreting O4 were a gift
from Dr.J.Sommer (Sommer and
Schachner, 1981)
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CHAPTER 3

ISOLATION OF BASIC HELIX-LOOP-HELIX
TRANSCRIPTION FACTORS FROM SCHWANN CELLS
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INTRODUCTION

As described previously, the vertebrate peripheral nervous system (PNS) is
derived from the neural crest. During development, these initially unrestricted cells
enter into a specific cell lineage and acquire a particular cell fate e.g. a Schwann cell,
or a sympathetic neuron. The mechanisms responsible for specifying these different
cell lineages are still not fully understood although it is clear that transcriptional
regulators (transcription factors), proteins that are able to alter the genetic
programme of cells by repressing or activating specific genes are extremely
important in imposing the strict control of growth and differentiation necessary
during development.

These DNA binding transcription factors fall into groups, each of which is
defined by shared sequence homology and the presence of a common structural motif
or motifs, for example, a zinc finger motif or a POU domain. Members of several
different transcription factor families have been shown to be important for peripheral
neurogenesis, including POU domain, zinc finger and the helix-loop-helix
transcription factor families (see chapter! Introduction). The basic helix-loop-helix
class of transcription factors was first defined in 1989 when a diverse group of genes
was found to encode proteins with a shared structural motif (Murre et al., 1989a,
Murre et al., 1989b). This group of genes includes the oncogene Myc, the muscle
determination factor MyoD and the drosophila proneural genes of the achaete-scute
complex (as-c). Although these genes appeared to be expressed in a diverse array of
tissues, the presence of both MyoD and as-c genes among the founding members
suggested that these genes were involved in cell-type specification.

More recently it has been shown that these genes are involved in both the
determination and differentiation of neuronal cell types. Early studies focused on

bHLH genes involved in neural development in drosophila, which is a multistage
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process involving a number of sequential fate decisions (Jan and Jan 1994). The
process is initiated by the bHLH genes as-c and atonal which are able to confer
neural competence on ectodermal cells. The bHLH genes involved in drosophila
neurogenesis can be grouped in to two main categories according to their functions;
pan-neuronal precursor genes, which are expressed in all neurons and appear to
regulate general aspects of differentiation and, neuronal-type selector genes, that are
only expressed in sub-sets of neuronal precursors and are involved in specificaton.
Several mammalian bHLH genes related to the drosophila proneural genes have since
been identified; one of the best known of these is Mash1.

Mash1 was isolated along with Mash2 from a sympathoadrenal progenitor cell
line using a degenerate PCR strategy (Johnson et al., 1990). The primers used for the
PCR were based on the amino acid sequence of the proteins encoded by the as-c
complex. Mash1, like its drosophila homologue, is specifically expressed in neuronal
precursors and appears to function as a determination factor. Mashl is expressed in
several areas of the central and peripheral nervous system, and analysis of Mash|
mutants revealed a lack of progenitor populations in the olfactory epithelium and the
ventral forebrain (Cau et al., 1997, Casarosa et al., 1999, Torii et al., 1999). A less
severe phenotype is observed in sympathetic ganglia, where sympathetic neuron
precursors are able to develop but then become arrested before terminal
differentiation occurs (Sommer et al., 1995). It is possible that the precursors are able
to develop due to the presence of another as yet unidentified proneural gene. The
basic function of Mashl as a proneural gene appears to have been conserved from
drosophila to mammals. Furthermore the sequence of the minimal functional unit of
this protein comprising the putative DNA binding and dimerisation domains has been
conserved almost completely between species suggesting that this sequence
conservation reflects the conserved function of these proteins.

Another group of bHLH genes, the neurogenins, comprised of neurogeninl, 2
and 3, define distinct neuronal progenitor populations in the PNS and central nervous
system (CNS) (Sommer et al., 1996, Fode et al., 1998, Ma et al., 1998, Ma et al.,
1999) see Chapter 1, Introduction. A striking feature of bHLH genes is that they

often work in cascades, with one factor activating additional bHLH genes, which
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may then function in a more restricted group of cells or perform a different function
(Jan and Jan, 1993). In this way an initially multipotent cell population can develop
into distinct cell types with more restricted phenotypes. Both Mashl and the
neurogenins are able to induce differentiation of the relevant neurons by initiating
expression of other downstream bHLH genes. In sensory neurons the bHLH factors
EBF-1/0If-1, NeuroD, NeuroM/Math-3, and NSCL-1 and -2 are all expressed in
sensory neurons following neurogenin expression (Davies and Reed, 1996, Dubois et
al., 1998, Lee et al., 1995, Roztocil et al., 1997, Takebayashi et al., 1997, Begley et
al., 1992, Gobel et al., 1992). It has been shown that neurogenin function is essential
for expression of most of these factors (Ma et al., 1998, Fode et al., 1998).
Missexpression of neurogenins in chick is sufficient to induce expression of several
of these factors (Perez et al., 1999). It is not yet known whether any of these genes
are direct targets of the neurogenins or whether there are cascades of bHLH which
regulate the development of different classes of sensory neurons. One piece of
evidence which does support this theory is that the expression of EBF-1/0If-1
appears to be restricted to small diameter sensory neurons (Davis and Reed 1996)
suggesting that it could be a direct target of neurogeninl which has been shown to be
required for small diameter trkA positive neurons (Ma et al., 1999).

Less is known about those genes which are downstream of Mashl, although
NeuroD is induced in the olfactory epithelium and the bHLH genes eHAND and
dHAND are downstream of Mash1 in sympathetic neurons (Cau et al., 1997, Ma et
al., 1997).

Although a large volume of data exists about the functions of bHLH genes in
neuronal development, until recently, no bHLH genes had been identified in glial
cells in either the central of peripheral nervous system. Recently, two separate
laboratories identified a group of cell type specific bHLH genes expressed in
oligodendrocytes. These are Olgl and Olg2 (Lu Q.R., et.al., 2000, Zhou Q., et.al.,
2000). Given the importance of bHLH transcription factors in many different cell
lineages derived from the neural crest (see Anderson, 1997), it seemed reasonable to
assume that cell-type specific members of this gene family would also be involved in

controlling peripheral gliogenesis. Two other pieces of evidence that supported this
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idea, were firstly, that Schwann cells express the class A HLH factors Reb and
E12/E47 (Stewart, et al. 1997) and secondly, that Schwann cells express all four
members of the dominant negative Id HLH proteins (Stewart ef al. 1997).

A variety of different techniques have been employed to identify novel HLH
genes. These include library screening, yeast two hybrid screening and degenerate
PCR. However the most simple method and one of the most frequently used is that of
degenerate PCR using primers directed against the basic helix-loop-helix functional
motif (Johnson et al., 1990, Bartholoma and Nave, 1994, Bush et al., 1996). To
identify either novel or known bHLH factors in Schwann cells, a degenerate PCR
screen was undertaken.

No novel bHLH genes were identified from the degenerate PCR screen.
However, one set of degenerate primers pointed to two known bHLH genes being
present in Schwann cells, namely dHAND and eHAND. We confirmed that Schwann
cells express both dHAND (Hed, Thing2, HAND2) and eHAND (Hxt, Thingl,
HANDI) by RT-PCR using specific primers. eHAND was originally identified from
a yeast-two-hybrid screen using the class A bHLH factors E12 (Cserjesi et al.,1995)
or E47 (Hollenberg et al., 1995, Cross et al., 1995) as bait. dHAND was identified by
the same three groups due to the high level of homology within the bHLH region of
cHAND and dHAND. The expression of dHAND and eHAND in Schwann cells and
satellite glial cells at different developmental stages was examined in detail, using
PCR, immunocytochemistry, in situ hybridisation and LacZ staining of [-

galactosidase activity.
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METHODS

Primer design for degenerate PCR

To design degenerate primers, known HLH proteins were aligned and placed into
subgroups by virtue of their amino acid sequence similarities (Fig 3.1). Using these
sub-groups, degenerate PCR primers were designed which took into account any
differences at the nucleotide level between sub-group members and between different
species i.e. rat, mouse, and human. PCR was then carried out using non-stringent
conditions in order to ensure that primers would anneal to any regions of homology
(see results for specific conditions).

DNA extraction from agarose gel

Following agarose gel electrophoresis, DNA was extracted using a Quiex II kit
(Quiagen). The required bands were excised from the gel using a scalpel blade and
placed in a 1.5 ml] tube. The gel pieces were then weighed and 3 volumes of solution
I per 100mg of gel were added. 10ul of solution II was then added, which contained
small glass beads to which the DNA adhered. The procedure was then carried out
according to the manufacturers instructions. Finally the DNA was eluted from the
glass beads by incubating for Smin in 100l ultra pure water pre-heated to 50°C and
then spinning at 13000 rpm for Smin at RT. The supernatant containing the DNA was
carefully removed and placed in a clean 1.5 ml tube, to which 2.5 volumes of 100%
ethanol (-20°C) and 1/10 of this total volume of sodium acetate (3M pHS) were
added to precipitate the DNA. Il of glycogen was also added as a carrier for the
DNA. After Smin on ice the tube was spun at 13000 rpm for 30 min at 4°C. The
pelleted DNA was washed twice with 70% ethanol (-20°C), spun for 5 min at 13000
rpm and then air dried following removal the ethanol. Finally the pellet was re-

suspended in 10yl of ultra pure water.

The DNA was ligated into PCR II vector (Invitrogen) as follows. 1yl PCR II vector,
S5ul of extracted DNA, 1.2l of 10X reaction buffer, 1ul T4 DNA ligase and 3.8l
ultra pure water were mixed together in a 1.5 ml tube. Ligations were carried out

overnight at 14°C.
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Transformation

150u] XL1 blue competent cells were thawed and put into a chilled polypropylene
tube on ice. 5ul of the ligation reaction were gently added to the competent cells that
were then left on ice for 30 min. The cells were then heat shocked for 90sec at 42°C
to allow the DNA to enter the cells, and immediately chilled on ice for 1-2 min.
800ul of SOC medium (20g bacto-tryptone, 5g bacto-yeast, 0.5g sodium chloride,
20mM glucose in | litre of ultra pure water) pre-warmed to 37°C was added to the
tube which was then transferred to a shaker at 225 rpm for 1 hr. LB agar plates (10g
bacto-tryptone, 10g bacto-yeast, 5g sodium chloride, 15g bacto-agar in 1 litre of ultra
pure water) containing S0pg/ml ampicillin were pre-prepared for blue/white selection
by spreading 30ul IPTG and 30ul x-gal over the surface of each plate and then air-
drying them in a sterile environment. This process of coating the plates with X-gal
and IPTG to activate it, enabled selection of only white colonies and not blue ones.
The blue colonies contain no inserts as the [3-galactosidase gene in the plasmid has
not been interupted by the insertion of any DNA. The tube was then removed from
the shaker and the culture was decanted into a 1.5 ml tube and spun for 30 sec at
13000 rpm. Most of the SOC medium was removed from the tube except for
approximately 200ul that was used to re-suspend the bacterial pellet. This 200ml was
then transferred onto the LB agar plate, spread over the surface and air dried before

being placed upside-down in an incubator at 37°C overnight.

Universal PCR

Following overnight incubation, 12-20 white colonies, which contained inserts, were
labelled before transferring a small amount of each colony to a separate 500l tube
containing 10l ultra pure water. The samples were then heated at 95°C for 5 min
and spun at 13000 rpm for 5 min, 2ul of each sample was used for the PCR reaction.
As a control, | or 2 blue colonies that did not contain inserts, were also labelled and
picked. Each colony was subjected to PCR using primers directed against the two
M 13 sites present in the PCR II plasmid. The M13 sites are situated on either side of

the site where the DNA is inserted during the ligation. By knowing the approximate
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size of the DNA insert and the number of base pairs between the two M13 sites in
each plasmid, it is possible to differentiate on an agarose gel between colonies which
contain DNA inserts of the expected size, and those which do not. PCR reactions
were set up as for standard PCR (see chapter 2 Materials and Methods), 1.5 mM
magnesium chloride, final concentration, was used. The following cycling conditions
were used: 94°C 2min (94°C Imin, 56°C Imin, 72°C 1min) for 25 cycles followed by
a final extension period of Smin. The PCR reactions were then run on a 2% agarose
gel, along with a 100 base pair (bp) ladder, to determine which samples contained
inserts of the right size.
X-gal staining

Following dissection, the tissue was fixed in 2% paraformaldehyde containing
2% glutaraldehyde in PBS for [ hr. After thorough washing in PBS (at least 5X 5
min), the tissue was transferred to a 1.5ml tube containing x-gal substrate (5SmM
K;Fe(CN),, K,Fe(CN),.3H20, 2mM MgCl2, 1% Tween, all diluted in PBS) with a
final concentration of 1 mg/ml X-gal. This was left at room temperature overnight,
and then washed 3X 5min in PBS , fixed once again as before and washed a further
3X5min in PBS before being dehydrated and embedded in polyester wax for closer

analysis.

Sequencing
Overnight cultures were grown up in LB (10g bacto-tryptone, 10g bacto-yeast,

5g sodium chloride in 1 litre of ultra pure water) from those colonies that contained
the correct sized inserts. Pure DNA preparations were prepared from overnight
cultures using the Qiaprep plasmid preparation kit (Qiagen), according to
manufacturers instructions. The DNA was eluted in 50 pl of ultra pure water.
Sequencing reactions were carried out with the DNA using the dideoxy chain
termination method (kit from Amersham, Bucks, U.K.) according to manufacturers
instructions. Samples were run on a 6% urea polyacrylamide gel, which was dried

and exposed overnight to x-ray film. The sequence of each clone was then read from
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the film and analysed for homology to other bHLH genes using the Blast search
programme.
In situ hybridisation

See Materials and Methods, Chapter 2
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RESULTS

Grouping Helix-Loop-Helix factors into sub-families

To decide which sub-groups of bHLH transcription factors should be screened
by degenerate PCR, the amino acid sequences of the many of the known bHLH
factors were compared and aligned. Factors were then put into sub-groups along with
other factors containing extensive amino acid homology within the bHLH region,
and according to what was known from the literature.

Choosing which sub-families to screen for

It was decided to screen for family members from three different subgroups;
Neurogenin, NSCL, and Thing/HAND. In addition, we used two other degenerate
primer pairs (Biparous, B-class) published in the literature, that had led to the
discovery of two novel bHLH factors. These particular groups were chosen because
of their known expression patterns (see table 3.1 for PCR primer sequences).

I. Neurogenin family members are expressed in early sensory neurons and are
determination factors for sensory neurons. Strong expression of these genes
is observed in dorsal root ganglia which also contain satellite glial cells,
making them good candidates for potential expression by Schwann cells.

2. The NSCL sub-family consists of several genes, including NSCL1 and 2,
both of which are expressed in the developing nervous system. The
Thing/HAND family has only two members, dHAND and eHAND.

3. These genes are expressed in sympathetic ganglia and other neural crest
derivatives. dHAND is a determination factor for catecholaminergic
neurons in the chick (Howard, et al., 1999).

4. Biparous was isolated from Drosophila by degenerate PCR (Bush, et al.,
1996). It is expressed in neuronal and glial precursors and expression
continues throughout neurogenesis until the end stages of neuronal and glial
development. This factor was also isolated by another group and named
Tap. The group found Tap/Biparous was expressed in the gustatory and

olfactory organs in drosophila.
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5. B-class primers were also used to isolate a novel class B bHLH called
BETA3 (Peyton, et al., 1996). BETA3 was isolated from hamster insulin
tumour cells using degenerate primers that were designed to be generally
applicable to isolating novel class B members of the bHLH superfamily.
BETA3 is also known by the name of its mouse homologue NeuroD3 and
is a member of the NeuroD sub-family of bHLH factors, which are

involved in neural development.

Neurogenin

The neurogenin primers were the first ones tested, as these primers had just
been published and had been used to isolate a novel bHLH protein in sensory
neurons (Ma et.al., 1996). Neurogenin 1 is a determination factor for DRG sensory
neurons. As there is a high level of expression in the DRG, it was thought that
neurogenin | or a similar bHLH might be expressed in glial cells within the ganglia
and therefore also in Schwann cells. The PCR was carried out according to the
published protocol (I min 94°C, 2min 45°C, 2min 65°C for 40 cycles). Following the
PCR, samples were run on a 6% polyacrylamide gel and then stained with SyBr
green. This method was used as it is more sensitive than ethidium bromide
containing agarose gels. PCR was carried out simultaneously with cDNAs obtained
from the following E12.5 mouse tissues: Brain, spinal cord, DRG, sciatic nerve and
no cDNA as a control. The brain, spinal cord, and DRG samples were positive
controls and as expected we obtained a band of approximately 130 base pairs (bp) on
the gel with these samples. A more faint band of 130 bp was also observed with the
sciatic nerve cDNA and no band was seen in the control lane (Fig 3.1 A). It should be
noted that the bands shown in Fig. 3.2 are faint because they represent DNA obtained
from degenerate PCR experiments. DNA was recovered from all bands of the
expected size shown in Fig 3.1. All the 130 bp bands were excised from the gel and
the DNA was subcloned into the PCR II vector. Following transformation and
universal PCR, colonies which contained 130 bp inserts were sequenced. A minimum
of 12 white colonies from each cDNA source were sequenced. DNA preparations

suitable for sequencing were then prepared and sequencing reactions were carried
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out. The sequences obtained were recorded and compared to other known bHLH
sequences using the BLAST search programme. Although we obtained sequences
which matched that of neurogenin from the brain, spinal cord and DRG samples no
matches with any other known bHLH sequences were obtained from the sciatic nerve
sample.
Biparous

The primers used were essentially those published, however, any differences in
nucleotide sequence that occur between drosophila and mouse were also taken into
account. Initially the published PCR protocol was used (94°C 1min, 45°C 1min,
72°C 1min) but this was subsequently changed to produce optimal results. cDNA
obtained from E12.5 mouse brain was used as a positive control and the optimal PCR
conditions were 2 min 94°C (94°C | min, 50°C 1 min, 72°C 30sec) for 45 cycles,
followed by 72°C for 10 min. A product of around 120 bp was expected and this was
observed using E12.5 brain cDNA, but no bands were observed using sciatic nerve
cDNA. This was not pursued any further.
B-Class and NSCL

The published primers for B-Class were used (see table 3.1) and cDNA was
amplified with a PCR profile of 95°C 30s, 50°C Imin, 72°C Imin for 30 cycles
followed by Smin at 72°C. ¢cDNA from E12.5 mouse brain was used as a control
along with cDNA from both E12.5 and PO mouse sciatic nerve cDNA. Bands of the
correct size (150bp) were visible on a metaphor agarose gel (Fig.3.1 B), which was
used instead of polyacrylamide as this special agarose is able to separate small bands
of DNA well enough to make it unnecessary to use polyacrylamide. Bands were
observed from brain and sciatic nerve samples but when the DNA was extracted and
then sub-cloned and sequenced, no matches were found to any other known bHLH
sequences. PCR on E12.5 mouse brain and newborn mouse sciatic nerve cDNA with
NSCL degenerate primers, using the same protocol as for B-class primers, produced
a clear band at around 120 bp (Fig. 3.1 C) with both these sources of cDNA. 2 out of
four brain samples sequenced showed highest homology to either NSCL1 or NSCL2.
| out of 6 sciatic nerve samples was most homologous to NSCL1 and a further 2 out

of these 6 samples showed a match to the sequence recognised by the NSCL primers,
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however there was no recognition outside these regions in these two samples. The
results with the degenerate NSCL primers suggested that either one or both of the
bHLH factors NSCL1 and NSCL2 might be expressed in Schwann cells. To
determine whether this was the case specific primers were designed which would
recognise only NSCL1 and NSCL2 and no other members of this sub-family. The
bHLH region of these two genes is so conserved that there was no reason to design
two separate sets of primers, however, the primers were slightly degenerate to
encompass the few differences in the two nucleotide sequences. No bands were
observed following PCR with specific primers on sciatic nerve cDNA, though a band
was observed with cDNA from the brain (Fig.3.2A). It was possible that the 120bp
band isolated using degenerate NSCL PCR primers, represented a novel HLH factor.
However the bHLH regions within each subfamily are highly conserved and
therefore when no bands were observed following PCR with NSCL1 and 2 specific
primers designed against the bHLH region, it was concluded that Schwann cells do
not express NSCL1 or NSCL2 and furthermore that no novel members of this
subfamily are present in Schwann cells.
Thing

Bands of the expected size (120 bp) were obtained from both E12.5 head and
newborn sciatic nerve cDNA (Fig. 3.1 B), using the following PCR protocol: were 2
min 94°C (94°C | min, 50°C 1 min, 72°C 30sec) for 45 cycles, followed by 72°C for
10 min. 11 head and 11 sciatic nerve DNA samples were sequenced and of these
three of the head samples showed at least 85% homology to dHAND or eHAND and
three sciatic nerve samples showed the same degree of homology to dHAND or
eHAND. The results strongly suggested that at least one of the HAND genes was
expressed in sciatic nerve. This was confirmed by carrying out PCR on sciatic nerve
cDNA using specific primers for dHAND and eHAND (Fig3.2B). Two sets of
primers were used for both eHAND and dHAND, one pair which recognised the
bHLH region and one pair which recognised a region outside the bHLH region.

Expression of dHAND and eHAND by PCR during development

Using a developmental time course of mouse cDNAs we carried out PCR for

both dHAND and eHAND (Fig 3.3). Both mRNAs were expressed throughout
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embryonic development, however, they were rapidly downregulated after birth and
almost no expression was observed postnatally.

Expression of dHAND and eHAND in Schwann cells

When sciatic nerves are dissected from early embryos, it is difficult to dissect
the tissue without also taking out some of the surrounding mesenchymal tissue. It
was possible that the mRNA signal detected by PCR was due to expression in the
mesenchyme and not the nerve. To rule out this possibility, PCR was carried out on
cDNA obtained from pure immunopanned cultures of Schwann cells (using the
method described in Meier, ef al., 1999) Both dHAND and eHAND mRNA were
detected in Schwann cell cDNA (Fig. 3.2B).

In Situ hybridisation studies

Having identified dHAND and eHAND in Schwann cells by PCR, in situ

hybridisation studies were carried out on different ages of pre- and postnatal sciatic
nerve to examine in detail the expression pattern of these two genes in Schwann cells
during development. No expression ot either HAND gene was observed in sciatic
nerve in sections of limb during embryonic development (Fig3.4,1I), though
expression was observed in the sympathetic ganglia as reported previously (Fig.3.4,1)
(Cserjesi, et al., 1995). Examination of post-natal sciatic nerve sections, also revealed
no expression of dHAND or eHAND (Fig 3.5 B). Sections of post-natal sympathetic
ganglia were examined at newborn (Fig.3.6), P14 (Fig 3.7) and adult (Fig 3.8). At
ncwborn and P14 we found expression of dHAND and eHAND in neurons within the
ganglia, whereas in the adult, only eHAND expression was observed and this was
only present in some of the neurons (Fig 3.7). In addition to the neuronal expression,
we observed both HAND mRNAs in the satellite glial cells at P14 (Fig. 3.6). No
expression was observed in adult satellite glial cells (Fig. 3.7). It is probable that the
satellite cells also express both mRNAs at newborn, as a strong signal was detected
with both cRNA probes in all the cells within the ganglia (Fig. 3.6). However, at this
age, the morphology of the cells within the ganglia is rather homogeneous and
therefore without immunolabelling the satellite cells with a specific marker such as
vimentin after in situ hybridisation (this was not done), it was not possible to

distinguish the glial cells from the neurons.
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dHAND and eHAND in the DRG

When in situ hybridisation was carried out on sections of perinatal DRG,
neither dHAND nor eHAND mRNA was detected (Fig. 3.5 A). Expression of these
genes was never observed in the DRG during pre or postnatal development.
Furthermore, unlike in the sciatic nerve, HAND mRNA could not be detected in the
DRG by PCR (data not shown).

Examination of B-galactosidase expression in eHAND transgenic mice

(Experiments carried out in collaboration with Eric Olson's laboratory, Dallas, Texas,
USA)

As no eHAND or dHAND mRNA was visible in sciatic nerve by in situ
hybridisation, we decided to see if it was possible to detect any B-galactosidase
expression in the sciatic nerve of eHAND transgenic mice. These experiments were
carried out using mice generated in Eric Olson's laboratory (Firulli, et al. 1998). The
eHAND transgenic mice were generated by replacing the first coding exon of the
eHAND gene with a B-galactosidase (B-gal) reporter gene. These mice die in early
embryogenesis at around E8.5-E9.5, (See chapter 4) however the heterozygotes
appear to be unaffected and therefore it was possible to stain these mice with X-gal
substrate to look for B-gal expression. The areas where B-gal was expressed
correspond to wild-type eHAND promoter activation. Sciatic nerves, brachial plexi
and superior cervical ganglia (SCG) were dissected from mice and cleaned before
being stained overnight with X-gal. The tissue was then fixed and processed for
paraffin wax embedding. After embedding 7uM sections were cut to enable
identification of the cell types expressing B-gal. No B-gal expression was detected in
sciatic nerve or brachial plexus in either newborn or adult mice (Fig.3.9). In contrast
strong staining was observed in the SCG at both newborn and adult stages (Fig.3.9).
[t was clear that the neurons within the SCG expressed B-gal and furthermore, it
appeared that there was expression in some satellite cells surrounding the neurons, as
observed by in situ. It was not possible to use this method to analyse dHAND

expression as this mutant was not generated by inserting a LacZ transgene.
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Analysis of eHAND protein expression

Currently there are no dHAND antibodies available. A kind gift of an eHAND
peptide antibody from D.Srivastava, enabled analysis of eHAND protein expression
in the peripheral nervous system to be carried out. Using dissociated SCG cultures
(see Materials and Methods Chapter 2) obtained from both newborn and adult mice,
we carried out double immunostaining with a polyclonal eHAND antibody and a
monoclonal antibody for B-III tubulin (TuJ1) which stains the neurons but not the
glial cells in these cultures. It appeared that eHAND protein was expressed in the
sympathetic neurons and a low level of eHAND protein was present in the satellite
glial cells (Fig.3.10). As a control, dissociated P3 DRG cultures were also
immunostained with eHAND antibody, and in some cases, the primary antibody was
omitted from the staining procedure, to ensure that there was no non-specific staining
from the biotin or streptavidin-fluorescein layers. No non-specific staining was
observed where the eHAND antibody was omitted, however we did observe staining
in the DRG neurons. This result was unexpected, as both this work and published
work had found no eHAND mRNA expression in the DRG. It was possible therefore
that the eHAND antibody was also recognising an additional protein present in
neurons and glial cells. In an attempt to purify the eHAND antibody, it was absorbed
over dissociated DRG. Dissociated DRG cultures were prepared in two 35mm petri
dishes, these were then fixed and blocked as for eHAND antibody
immunostaining(see materials and methods chapter 2) The eHAND antibody was
then diluted 1:10 in antibody diluting solution (ADS, see chapter 2) and placed on to
one of the dishes. The antibody was left on the dish overnight at 4°C and agitated.
The following day the antibody was transferred to the second dish which was
prepared in the same manner and again left overnight. The absorbed antibody was
then collected and spun at 13000 rpm for 30 min at 4°C Following this procedure,
new dissociated DRG cultures were immunostained with the absorbed eHAND
antibody (Fig. 3.11). Unfortunately these cultures were still strongly stained
suggesting that the absorption procedure had not been sufficient to purify the

antibody. Currently, there are still no antibodies available for dHAND or eHAND,
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and therefore it has not been possible to examine the expression of these proteins in
the peripheral nervous system.

Mashl and Mash?2 in Schwann cells

In addition to the other sets of specific bHLH primers used in PCR
experiments, Schwann cells were also screened for expression of the neural specific
bHLH mRNA Mashi and its sub-family member Mash2. Although no Mashl
expression was detected, we did find Mash2 mRNA in Schwann cells (data not
shown). It is interesting to note that Mash2 is co-expressed with eHAND in
trophoblast cells (Riley, et al., 1998) and Mashl is co-expressed with both HAND
genes in sympathetic neurons. The co-expression of Mash2 and the HANDs in
Schwann cells suggests that these two sub-families of bHLH genes may work closely

together.
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DISCUSSION

Degenerate PCR screen

The results of this screen were disappointing, as this method has been used
successfully on many occasions to identify novel bHLH genes (e.g. Johnson, et al.,
1990, Bartholoma and Nave et al., 1994). The fact that only partial sequences of
bHLH genes were identified suggests that the conditions used for the PCR reactions
were not optimal. Different conditions were tested for each set of primer pairs, such
as different annealing temperatures and different magnesium chloride concentrations,
but because so many pairs of primers were used, it was not feasible to test each pair
under every possible condition. Because of these limitations it may be that we failed
to detect bLHLH genes that are present in Schwann cells. It should be noted however,
that where degenerate primers led to the detection of bHLH genes in the sciatic
nerve, we then designed specific primers and carried out PCR for individual
members of these sub-families.

¢DNA sources

Many of the bHLH genes that have been identified to date are involved in either
determination or differentiation of particular cell types. Because of their function
they are often expressed very early in embryogenesis, and expression may be
transient. In most cases PCRs were carried out on both E12.5 and newborn sciatic
nerve cDNA as it was thought that these two ages would cover most of the different
stages of Schwann cell development. At E12.5 the cells will be Schwann cell
precursors. This stage will persist for a further 24 hours before the cells begin to
differentiate into immature Schwann cells. Although it is possible to isolate sciatic
nerves from EI 1.5 limbs, only a small amount of material can be recovered which
makes this age unsuitable for extracting RNA. We therefore chose E12.5 sciatic
nerve as an early stage in Schwann cell development when bHLH genes involved in
determination might be expressed. At PO when mice are born, Schwann cells already
express many of their terminal differentiation protein products, e.g. Oct-6, Krox 20,
04, PO (Zorick, et al., 1996, Dong, et al., 1999, Mirsky, et al., 1980). Indeed some

cells will have begun to exhibit a myelinating phenotype, and therefore this is a good
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stage to use to search for bHLH genes involved in later stages of Schwann cell
differentiation. Although these two time points were chosen to cover different stages
of Schwann cell development, it could be that there are bHLH genes in Schwann
cells that are only expressed before E12.5 or at late post-natal stages. These may
have remained undetected by the degenerate PCR screen.

In conclusion, although dHAND and eHAND were identified as being
expressed in satellite glial cells of the peripheral nervous system and were detected
by RT-PCR in developing nerve, it is likely that there are other bHLH genes
expressed by peripheral glial cells. As discussed above, there are reasons why this
screen might have failed to identify bHLH genes. As the results seem to indicate that
none of the other known bHLH genes tested seem to be expressed in these cells
(apart from MASH?2, see results) it is predicted that both Schwann cells and satellite
glial cells express specific bHLH proteins that remain unidentified to date.

It is interesting to note that despite intense investigation by several research
groups, it has taken until this year to identify any novel bHLH genes in glial cells.
The olig genes, oligl and olig2 are expressed in the oligodendrocytes of the central
nervous system (CNS). These genes were identified simultaneously by two separate
groups (Lu, et al., 2000, Zhou, et al., 2000) using two different methods. It is clear
from the work of these two groups that these oligodendrocyte specific bHLH genes
were not identified easily and unlike other genes such as neurogenin or Mashl1, they

could not be identified by simple degenerate PCR.

Expression of the HAND genes in Schwann cells

Although we only detected dHAND and eHAND mRNA by PCR in Schwann

cells, and not by in situ hybridisation, this expression persisted in the sciatic nerve
throughout embryogenesis. In contrast, we never detected any expression of these
mRNASs in sensory ganglion glial cells, and this suggests that the low level of
expression present in Schwann cells might be functional. Whilst it is possible that in
situ hybridisation studies carried out on embryonic tissue prior to E12.5, would have
detected stronger eHAND and dHAND mRNA expression in early Schwann cells, it

is more likely that these genes are only expressed in Schwann cells at very low

73



levels. Transcription factors are able to function even when they are present at very
low levels. It may also be that although the mRNA levels are low, the HAND protein
levels in Schwann cells could be higher. This is the case with the HGF growth factor
receptor Met. Met receptor mRNA levels are almost undetectable by in situ
hybridisation in both sensory and sympathetic neurons (Maina, et al., 1998, Maina, et
al., 1997) but Met protein is easily detected by immunostaining with an anti-met
antibody. Another transcription factor, Oct6, plays a pivotal role in Schwann cell
myelination but despite this, Oct6 mRNA is extremely difficult to detect in Schwann
cclls by in situ hybridisation (Blanchard, et al., 1996). The question of whether the
HAND genes have a functional role in Schwann cells is addressed in chapter 4.

Expression of HAND genes in satellite glial cells

Prior to this study, it was known that both the HAND genes are expressed in
sympathetic neurons pre-natally and are not expressed in sensory neurons. Given
what was known about expression in neurons, it was perhaps unsurprising that this
study should reveal eHAND and dHAND expression in sympathetic satellite glial
cells. However, until recently, it had been thought that sensory and sympathetic
satcllite glial cells were identical and furthermore that these cells were identical to
non-myelinating Schwann cells. Some studies have suggested that there are
molecular differences between satellite cells and Schwann cells but this has not been
shown conclusively. For example, experiments carried out in avians showed that,
Schwann cell myelin protein (SMP) was expressed by both myelinating and non-
myelinating Schwann cells but was not expressed by either satellite cells or enteric
glial cells (Dulac, et al., 1988). However, later experiments revealed that away from
the gut wall environment, enteric glial cells could express SMP, furthermore, in
dissociated DRG cultures, satellite cells that are still in contact with neuronal cell
bodies express SMP, even though these cells do not express SMP in vivo. This
suggests that enteric glial cells, satellite cells and Schwann cells are not inherently
different cell types but rather that they are regulated differently by their
microenvironments (Dulac and Le Dourin 1991). Another example where glial cell
phenotype is regulated by the local environment is the expression of the transcription

lfactor Krox-20. Krox-20 is expressed by Schwann cells in vivo but it is not seen in
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glial cells of the DRG. When glia are able to migrate away from the ganglion
environment in DRG explant cultures, they can be induced to express Krox-20 upon
addition of specific growth factors to the culture medium (Murphy, et al., 1996). The
restricted expression of dHAND and eHAND to sympathetic satellite cells alone
raised the possibility that there are separate sub-types of peripheral glial cells. The
question of whether there are sub-types of glial cells within the PNS is investigated
further in chapter 5. During embryogenesis it is difficult to distinguish neurons from
satellite cells since the morphology of the cells within the ganglia is rather
homogeneous and, because of this we examined post-natal ganglia where neurons
and glia are more easily distinguished. Both HAND genes are expressed in satellite
glial cells until P14. After this, expression appears to decline and they could not be
detected in adult satellite cells. The fact that these genes are expressed in both
neurons and satellite glial cells suggests that they have functional roles in the
development of both of these cell lineages.

HAND genes in sympathetic neurons

Studies by Howard, et al., (1999) showed that both dHAND and eHAND are

expressed in sympathetic neurons during embryogenesis in the chick, and an earlier
study showed these genes are expressed in the mouse sympathetic chain during
embryonic development (Cserjesi, et al., 1995). It has been suggested that the HAND
gene products are determination factors for sympathetic neurons from the avian
neural crest (Howard et al., 1999). In this study we found that both of these genes are
also expressed postnatally, at least until P14. The fact that both HAND genes
continue to be expressed postnatally suggests that they may have other functions later
on in PNS development. Furthermore, In situ hybridisation experiments revealed
eHAND continues to be expressed in at least some neurons in the adult mouse. This
points to the possibility that eHAND may have a function in the maintenance of
some sympathetic neurons. This idea is born out by the fact that LacZ appears to be
expressed in all neurons within the adult SCG of eHAND heterozygous mutant mice.
This method measures the activity of the eHAND promoter and in some cases is

more sensitive than in situ hybridisation.
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In summary, this chapter presents the results of a degenerate PCR screen for
bHLH transcription factors in Schwann cells are presented. Low levels of dHAND
and eHAND mRNA were identified in Schwann cells. These genes were also found
to be expressed in satellite cells of sympathetic ganglia both pre and postnatally,
however no expression was detected in glial cells of the sensory ganglia. The HAND
genes are present in sympathetic neurons throughout embryogenesis and expression
continues after birth at least until P14. eHAND continues to be expressed after this
time, and is present in adult sympathetic neurons. This suggests that eHAND may

play a role in the maintenance of sympathetic neurons.
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Table 3.1

PRIMER NAME

NUCLEOTIDE SEQUENCE

Biparous(d)

F-AA(AG)GC(ACTG)AA(CT)
GA(CT)(AC)G(ACTG)GA(AG)

R-(ATG)AT(CT)TC(ATG)AT
(CT)TT(ACTG)GT(ACTG)A(AG)
(CT)TT

B-Class(d)

F-CAGCATGC(AC)GGGAGC
GC(AC)AG)(CG)(AC)G

R-CCAAGCTTCAGG
(AC)(ATC)CG)T(CG)GATGTA

dHAND

F-AGGACTCAGAGCATCA
ACAGCG

R-GAGATCCATGAGGTAG
GCGATG

eHAND

F-CCCAAACGAAAGGCTGAGG

R-TCACCTGCTTGTGCATCC
TGG

Neurogenin(d)

N.B.These primers are a mixture of
degenerate primers based on Mashl
and NeuroD subfamilies

F-CGCGGATCC(AC)GNAA
(CT)GA(AG)(AC)G(GCT)
GA(AG)(AC)G
F'-CGCGGATCCGCNAA(CT)GC
(ACT)(AC)G(GCT)GA(AG)(AC)

R-CCGGAATTCGT(TC)TC
(AGC)A(TC)(TC)TT(AG)CT
(ACG) A(AGT)(TC)TT

R!- CCGGAATTCGT(TC)TC
(AGC)A(TC)(TC)TT(AGT)GA
(ACG)A(AGT)(TC)TT

NSCL(d)

F-GT(ACTG)GA(AG)GC(ACTG)
TT(CT)AA(CT)(CT)T(ACTG)GC

R-AG)TA(ACGT)(CG)(TA)(AGT)
AT(AG)CA(AGT)AT(ACGT)GC

NSCL

F-GCCAAGTACCG(AC)AT)C
GGC(AC)CACGCC

R-TA(CT)ATCTCCTA(CT)
CT(GC)AACCATGT(GC)

Thing(d)

F-AT(TC)AACAGCGC(GC)TTC
GC(GC)GAC

R-(GA)TCCAT(GC)A(GA)GTA
GGCGATGTA
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Fig.3.1 DNA products obtained from PCR experiments with degenerate bHLH
primers.

Products were run on either a 6% polyacrylamide gel (A) and visualised with SyBr
green, or on a 2% metaphor agarose gel and visualised with ethidium bromide (B and
C) and U.V. illumination.

Panel A- shows the 130bp band obtained with neurogenin primers from each of the
following tissues: Br-brain, S- spinal chord, D- DRG, Sn- sciatic nerve.

Panel B- Shows a feint band, lane B, just above 150bp, obtained from PCR with
B-class primers and a [20bp band,lane T, obtained with Thing primers.

Panel C- shows the 120bp band obtained with NSCL degenerate primers. In all three
panels, the lefthand lane, L, shows a 100 bp DNA ladder which was run on the gel to
enable estimation of the size of the PCR products.
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Fig3.2 DNA products obtained from PCR experiments with specific bPHLH
primers

Products were run on 2% agarose gels and visualised with ethidium bromide and
U.V. illumination.

Panel A- shows the DNA bands obtained with control cDNA from E12.5 brain using
specific primers to neurogenin | and NSCL[/2. The middle lane shows that no bands
were observed with sciatic nerve cDNA.

Panel B- The lefthand lane shows the bands obtained with positive control cDNA
from embryonic heart using specific primers to eHAND and dHAND. The next two
lanes show the same bands obtained with cDNA from newborn Sciatic nerve and
immunopanned Schwann cell cDNA. The righthand lane of both panels shows the
results of control PCR reactions which contained no cDNA, as expected, no DNA
bands are visible.
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Fig.3.3 dHAND and eHAND mRNAs are expressed in sciatic nerve throughout
embryonic development.

Semiquantitative RT-PCR was performed on samples of E12.5, E13.5, EI5.5, E17.5
and PO (newborn) mouse sciatic nerve. The synthesis of equal amounts of cDNA
from total RNA was verified by RT-PCR with 18S rRNA primers.
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Fig.3.4 The HAND genes are visible in sympathetic ganglia but not in sciatic
nerve during embryogenesis by in situ hybridisation.

1. In situ hybridisation on sections of E12.5 mouse shows dHAND is expressed in
embryonic sympathetic ganglia. The ganglion is indicated by a black arrow. Scale
bar represents 25UM.

II../n situ hybridisation on sections of E12.5 mouse limb reveals no dHAND or
eHAND expression in sciatic nerve. The white arrows in the upper panel point to an
area of mesenchyme where eHAND is expressed. The pictures were taken using
phase contrast optics to enable the nerve within the sections to be more easily

identified. In both pictures, the nerve has been outlined in white. Scale bar represents
SOuM.
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Fig3.5 dHAND and eHAND mRNAs are not detected in sections of perinatal
DRG or sciatic nerve by in situ hybridisation.

In situ hybridisation on sections of P35 sciatic nerve DRG revealed that neither of
these mRNAs are not expressed in post-natal DRG and sciatic nerve. A- in situ
hybridisation on PS DRG using a dHAND antisense probe. B- in situ hybridisation
on PS5 sciatic nerve using an eHAND antisense probe. Photographs were taken using
Nomarski optics. Scale bar represents SOUM.
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Fig.3.6 dHAND and eHAND mRNAs are expressed in newborn sympathetic
ganglia.

Superior cervical ganglia (SCG) were removed from newborn mice and whole mount
in situ hybridisation studies were performed on SCG using A.dHAND antisense, and
B.cHAND antisense riboprobes. Following in situ hybridisation, the ganglia were
embedded in polyester wax and cut into 7uM sections, revealing expression of both
HAND genes in newborn SCG. Although it appears that there is more expression
around the edges than in the middle of the sections in A and B, this is because the
whole mount in situ method was used. In whole mount in sifu, the probes can't access
the core of the tissue as easily as the outer layers, which can result in uneven
staining. C, shows a section of SCG following whole mount in situ with a control
sense probe. As expected, no staining was observed in sense controls. Photographs
were taken using bright field. Scale bar represents SOpUM.
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Fig.3.7 The HAND genes are expressed in neurons and glia in postnatal SCG.
In situ hybridisation on 7mM sections of P14 SCG with A.antisense dHAND and B.
eHAND riboprobes, revealed expression of both of these mMRNAs in both neurons
(stars) and satellite glia (arrows). Photographs were taken using bright field. Scale
bar represents |6pLM.

84






Fig.3.8 A sub-set of adult sympathetic neurons express eHAND but not dHAND
mRNA.

In situ hybridisation on 7mM sections of adult SCG revealed A.expression of
eHAND mRNA in some neurons, arrow indicates a positive neuron Photograph
taken using normal light. B.No dHAND mRNA expression was observed in adult
SCG. Photograph taken using Nomarski optics. Scale bar represents S0pM.

85



J J



Fig.3.9 B-galactosidase expression is detected in the SCG of adult heterozygous
eHAND transgenic mice but not in adult sciatic nerve.

SCG and Sciatic nerves were dissected from eHAND heterozygous mice and stained
with x-gal for the presence of -gal. The tissue was then embedded in wax and cut
into 7uM sections. A.No [3-gal expression was detected in sciatic nerve, B.but 3-gal
expression was detected in the SCG, Arrows indicate neurons. Scale bar represents
20uM.
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Fig.3.10 Newborn sympathetic neurons labelled with an eHAND antibody.
Dissociated P3 SCG cultures were double immunostained with antibodies against
¢HAND, A, and the neuronal marker TuJ I, B. As expected, SCG neurons expressed
Tull whereas glia did not. It also appeared that neurons and glia were
immunolabelled with eHAND antibody. Scale bar represents SOUM.
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Fig.3.11 Dissociated DRG cultures immunostained with eHAND antibody
following absorbtion.

A .P3 dissociated DRG cultures were immunolabelled with eHAND antibody that had
been absorbed over dissociated DRG cultures, Both the neurons and glia in these
cultures were immunolabelled following antibody absorbtion. B shows the same
picture in phase contrast. Scale bar represents 30UM.
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CHAPTER 4

THE FUNCTIONS OF dHAND AND eHAND IN THE PERIPHERAL
NERVOUS SYSTEM

89



INTRODUCTION

The HAND genes comprise a distinct sub-family of class B bHLH transcription factors.
Unlike most of the class B genes which have very restricted expression patterns, the
HANDs are expressed in several different tissues within the embryo. In the mouse,
eHAND is expressed in the early trophoblasts and the giant cells of the extraembryonic
tissues (Cross et al., 1995) whereas dHAND is absent from extraembryonic tissues but is
expressed in the maternally derived deciduum (Cross et al., 1995). Overlapping
expression of dHAND and eHAND is observed in the embryonic heart, gut, branchial
arches and autonomic ganglia (Cserjesi et al., 1995, Hollenberg et al., 1995, Cross et al.,
1995, Srivastava et al., 1995). Expression of dHAND has also been shown in the
developing vascular mesenchyme and in vascular smooth muscle cells (Yamagishi et al.,
1995).

Mouse and chick dHAND proteins share greater than 95% homology, but eHAND
is less conserved across the species (Srivastava et al., 1995). Although in mouse, cardiac
expression of dHAND and eHAND is complimentary, with dHAND being expressed in
the right pulmonic ventricles and eHAND expressed in the left systemic ventricles, in
chick, the HAND genes are co-expressed in the heart. Consistent with these different
expression patterns, loss-of-function studies in the chick suggested functional redundancy
whereas in dHAND-null mouse embryos, hypoplasia of the right ventricle is observed,
which points to a function for dHAND in the right ventricle (Srivastava et al., 1995). It
appears that during evolution there was initially only one HAND gene which evolved
firstly into two separate genes that were functionally redundant and finally into two genes
with at least some distinct functions. Zebrafish have only one atrium and one ventricle
that pump blood through the gills and systemic circulation. A screen of a 30-36hr post
fertilisation zebrafish library revealed only one HAND orthologue that most closely
resembles dHAND (Angelo et al., 2000). However, zdHAND contains a proline residue
in the basic domain of the bHLH region rather than the conserved glycine residue that is
usually seen in this position. It is notable that this proline residue is present in the basic
region of both chick and mouse eHAND. The presence of a proline in the basic DNA
binding domain is important as it can alter the DNA binding specificity of bHLH

proteins. Instead of binding the canonical E box DNA binding site, proteins containing a
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proline residue in this region often bind a slightly different N box instead and/or act as
transcriptional repressors (Oshako et al., 1994). In contrast to zebrafish, Xenopus has two
atrial and one ventricular chamber that results in a partially divided circulation. Screening
of a 28 stage Xenopus library resulted in the identification of two Xenopus orthologues,
Xenopus eHAND which had been previously reported (Sparrow et al., 1998), and
XdHAND which shows 94% homology to mouse and human dHAND (Angelo et al.,
2000). It seems that the divergence of a single HAND gene such as that seen in zebrafish
into two separate genes that are present in Xenopus, chick and mouse has resulted in
dHAND and eHAND gradually evolving to provide at least some separate functions.
More recent work has begun to focus on the functions of dHAND and eHAND.
Both eHAND and dHAND mutant mice have been examined in detail. Targeted deletion
of the dHAND gene in mice resulted in embryonic lethality at E10.5 from heart failure.
These embryos revealed a function for dHAND in the formation of the mesodermally
derived right ventricle and the neural crest derived aortic arches (Srivastava et al., 1997).
Mutations in the dHAND gene have been associated with DiGeorge syndrome
(Yamagishi et al., 1999). Congenital heart defects involving the outflow tract of the heart
and those vessels that arise from it are due to abnormal development of neural crest cell
that populate these regions and dHAND is required for the survival of crest derived cells
in these regions (Srivastava et al., 1995, Thomas et al., 1998a). Around 90% of
individuals with cardiac and craniofacial defects including those with DiGeorge
syndrome, have deletions of chromosome 22q11.2 (Wilson et al., 1993). A subtractive
hybridisation screen for mouse genes dependent on dHAND identified (ubiquitin fusion
degredation 1) ufd1 which maps to the DiGeorge critical region (DGCR) of human 22q1i1
(Yamagishi et al., 1999). Human UFDIL is deleted in the majority of people with
DiGeorge syndrome. It had been suggested that haploinsufficiency of UFDIL may
contribute to the phenotype seen in 22ql1 deletion syndrome but this has yet to be
proved. Gene targeting of eHAND in mice by two different groups revealed that e HAND
is essential for the differentiation of trophoblast cells and cardiomyocytes; these mice
exhibited yolk sac abnormalities and heart development was perturbed and did not
progress beyond the cardiac looping stage. The homozygous eHAND mice generated by
Riley et al. (1998) arrested at E7.5 whereas those generated by Firulli et al. (1998) died
between E8.5 and E9.5. Both HAND genes are expressed in the developing limbs and
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two recent papers have shown that dHAND is an upstream activator of sonic hedgehog
(Shh) expression and an important regulator of limb development (Fernandez-Teran et
al., 2000, Charité et al., 2000).

The mechanisms by which eHAND and dHAND exert their actions has been the
focus of recent studies (Bounpheng et al., 2000, Firulli et al., 2000). A complicated
pattern 1s now emerging which suggests that the HANDs can form hetero and homodimer
combinations with multiple bHLH partners. Bounpheng and collegues showed that in
transient transfection assays, eHAND is a potent inhibitor of activation by some but not
all bHLH proteins. Firulli et.al. (2000) demonstrated by competition gel shift analysis
that dHAND and eHAND can negatively regulate the DNA binding of MyoD/E12
heterodimers in a similar manner to the Id proteins, and this same inhibition by eHAND
was also observed with with a MyoD/ E47 tethered dimer (Bounpheng et al., 2000). It
has also been shown that eHAND can repress the activity of the natural p7SLNGFR
promoter (Bounpheng et al., 2000). p7SLNGFR is expressed by neural crest cells,
therefore the effect of eHAND on p75 suggests a possible mechanism by which eHAND
may influence neural crest development.

Having examined the expression patterns of dHAND and eHAND in the PNS, we
wanted to investigate the possible functions of these genes, which was done in two ways.
Firstly. in collaboration with Eric Olson's laboratory (Dallas, Texas, USA), an
examination of PNS development from both dHAND and eHAND homozygous mutants
was undertaken. The homozygous mutants die early in development (see above), prior to
the formation of the PNS. It was possible however, to obtain neural crest cultures from
E9.5 dHAND and E8.5 eHAND embryos. PNS development from homozygous mutant
neural crest cultures was compared with PNS development from wild-type sister neural
crest cultures. Secondly, the effects of dHAND and eHAND overexpression was
examined by carrying out transient transfection experiments on neural crest cells,
Schwann cell precursors, Schwann cells and NIH 3T3 fibroblasts. Finally we examined
the effect of overexpressing the dominant negative HLH transcription factor inhibitor of

differentiation 2 (Id2) in Schwann cell precursors.
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METHODS

I"or neural crest, Schwann cell precursor and Schwann cell culture methods, see
Materials and Methods chapter 2. For sources of plasmids see chapter 2.

Fibroblast cell culture

For transfection of fibroblasts, the NIH 3T3 fibroblast cell line was used as the
source of fibroblasts. The cells were grown in 25 cm flasks (Falcon, U.K.), in DMEM
with 10% volume donor calf serum (DCS, Sigma). One day prior to transfection the cells
were passaged onto coverslips, all the medium was removed from the flask and the cells
were washed briefly with versene (see chapter 2) and then incubated at 37°C for 5 min in
Iml versene and 100ul of 2.5% trypsin. The cells were removed from the flask and
placed in a 15ml centrifuge tube with 3 ml of DMEM and 10% FCS before being
centrifuged at 1000g for 10 min at 4°C. Fibroblasts were re-suspended in 1 ml of fresh
DMEM and 10% FCS and counted using a hemocytometer. Cells were diluted in DMEM
and 10% FCS to a final concentration of 3000 cells in 30ul and plated directly onto sterile
glass coverslips. These were left in the incubator for 24 hr before beginning the
transfection procedure.

Plating density

The density at which cells were plated onto coverslips was extremely important to
maximise the rate of transfection. The cells were plated at a density that encouraged
division but was not so dense that division was prevented due to overcrowding. The most
efficient plating densities were as follows: Schwann cells 5000 cells in 30pl, fibroblasts
3000 cells in 30ul, Schwann cell precursors 2000 cells in 10pl, neural crest 1 piece of
neural tube per coverslip, consisting of the neural tube lying in between the most caudal 6
pairs of somites.

Transfection

Cells were prepared and plated onto either PLL and laminin coated coverslips
(Schwann cells and Schwann cell precursors), PLL and fibronectin coated coverslips
(neural crest) or glass coverslips without coating (3T3 fibroblasts). The plating density
for each cell type is shown above. The cells were cultured on coverslips for 24 hr in the

following factors: Schwann cells DMEM +10% FCS, 3ng/ml basic fibroblast growth
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factor (bFGF), SuM forskolin; Schwann cell precursors DM (see chapter 2), 10ng/ml
BNRG:; neural crest DM for crest (see chapter 2), 3ng/ml bFGF, 10ng/ml BNRG,
[00ng/ml IGF, fibroblasts DMEM+ 10% DCS. Immediately prior to transfection of
Schwann cells or fibroblasts, the medium was removed and replaced with 400 ul of fresh
medium made as before but with no serum. 3ul of Fugene transfection reagent (Roche
Molecular Biochemicals) was added to 97ul of DMEM and left for 5Smins. In a separate
tube, 0.5ng of LacZ plasmid was mixed with 0.5ug of the desired plasmid DNA. The
Fugene/DMEM mixture was then gently added to the plasmid DNA, mixed and then left
for a further 15 mins. The mixture was dropped slowly onto the cells, which were then
left for 5-6 hours in the incubator. Neural crest cells were only left for 3 hr. The medium
was then removed and replaced with fresh medium. Cells were maintained in culture for
two days then fixed and double immunolabelled with anti-B-gal antibody and an antibody
to the relevant protein. For Schwann cell precursors and neural crest cells the medium
was changed every 24 hr.

¢HAND and dHAND genotyping

For each embryo, the yolk sac and embryonic tissue remaining after dissection of
the neural tubes was placed in a 1.5 ml tube containing 400u] digestion buffer and
0.5mg/ml proteinase K. The samples were digested overnight at 37°C, then vortexed for |
min. An equal volume of phenol/chloroform was added and the samples were mixed and
centrifuged for 5 min at 13000 rpm. The top layer was carefully removed and transferred
to a clean tube, to which an equal volume of chloroform (24:1 chloroform:isoamy]
alcohol) was added. The samples were centrifuged at 13000 rpm for 5 min and the top
layer was again removed and placed in a fresh tube. An equal volume of isopropanol was
then added and the samples were centrifuged for 10 min at 13000 rpm and 4°C. The
liguid was removed and the pellets washed with 300 pl of 70% ethanol. Following
removal of the ethanol, the pellets were air-dried and and resuspended in 50ul TE. Half
the volume of each DNA sample (25ul) was prepared for southern blotting by digesting
with BamH1 for dHAND and EcoR1 for eHAND embryos, at 37°C overnight. Samples
were run on an agarose gel at 120V for several hours. The gel was soaked in 0.25M HCI
for 10 min, and then soaked in 0.4M sodium hydroxide (NaOH) for 15-20 min. The

southern blot was set up by placing nylon membrane on top of the gel along with several
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layers of 3M blotting paper. Blotting paper soaked in NaOH was placed over the gel
leading into a chamber of NaOH, to allow the liquid to be drawn up through the blotting
paper. The blot was left for 12-16 hr. The nylon membrane was carefully removed from
the gel and briefly rinsed in Tris SSC, before being left to dry and then U.V. cross-linked
to fix the DNA on the membrane. The membrane was placed in hybridisation buffer
(0.25M sodium phosphate pH 7.2, 7% SDS) at 65°C for 30 min before adding the probe
and incubating at the same temperature overnight. The probes were labelled with
radioactive P** according to manufacturers instructions (Amersham). The dHAND probe
was from a 1.5 kb region 5’ of the region of homology used for targeting and the eHAND
probe was a HindIII-BssHIII probe from the region 3’ of the targeted mutation. The next
day, the membrane was washed twice in solutionl (20mM sodium phosphate pH 7.2,
0.1% SDS, 0.2%SSC) for 30 min. The membrane was then checked with a Geiger
counter and if it was still highly radioactive a further two washes in solution II (20mM
sodium phosphate pH 7.2, 1% SDS) were carried out at 60°C for 30 mins. The membrane

was placed in a cassette and left for 1-3 days before being analysed on a phosphoimager.
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RESULTS

Assay for monitoring Schwann cell development from the neural crest

Before analysing dHAND and eHAND mutant embryos I needed to establish an
assay to follow the development of mouse neural crest cells into early Schwann cells. To
do this [ first had to determine the culture conditions necessary to promote Schwann cell
development from the neural crest since this does not occur spontaneously. Once the
conditions were established, I needed to be able to monitor the development of crest cells
into Schwann cells using antigenic markers. The addition of a high concentration of
tritodothionine (T3) to the defined culture medium (1:1 DMEM:F12 plus B27
supplement) along with the growth factors IGF, bFGF, and BNRG promoted Schwann
cell generation from the neural crest after 5 days in culture. To visualise this
developmental change, two separate antigenic markers, PO and GAP-43, were used both
of which are expressed in Schwann cell precursors and not in neural crest cells (Jessen et
al., 1994, Lee et al., 1997). Neural crest cultures were immunolabelled for PO and GAP-
43 after 24 hr and 5 days in culture. Results showed that PO positive cells were present
after 5 days in culture but were absent after only 24 hr in culture (Fig 4.1). Although
GAP-43 labelling was present in crest cultures after 24 hr, this was only ever seen in the
neurites and never in the crest cells themselves (Jessen et.al., 1994). After 5 days in
culture the staining in the neurites was still present but there were also patches of GAP-43
positive Schwann cells (Fig. 4.1).

Schwann cell development from dHAND and eHAND mutant crest cultures

(This work was done on a visit to E. Olson's laboratory, Dallas, Texas, USA)
Heterozygous dHAND and eHAND females were mated with the corresponding
heterozygous males. At 9.5 d.p.c. for dHAND mice and 8.5 d.p.c. for eHAND mice, the
females were sacrificed and all the embryos removed. The litters were of mixed
phenotype so each embryo was processed separately throughout the experiment. Trunk
neural crest cultures were established from each embryo and the remaining embryonic
tissue and yolk sac were placed into digestion buffer for genotyping. After 5 days, the
cultures were immunolaballed for either PO or GAP-43. Unfortunately, no PO (data not
shown) or GAP-43 (Fig. 4.2) positive neural crest cells were visible in these cultures

despite the experiments being carried out in an identical manner and using the same
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