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Abstract

The main aim of this thesis was to clarity the significance of retinoic acid and

neurotrophic factors in sympathetic neuronal development. Retinoic acid had a marked effect
on neurotrophin receptor expression in sympathetic neuroblasts. It inhibited the developmental
increase in trkA mRNA expression and inhibited the developmental decrease in trkC mRNA

expression that normally occurs in these cells, but did not affect p75 mRNA expression.
Retinoic acid also increased the proliferation of sympathetic neuroblasts. Experiments using
retinoic acid receptor agonists and antagonists indicated that the effects of retinoic acid on

neurotrophin receptor expression were mediated mainly by a-retinoic acid receptors, a-

receptors antagonists increased trkA mRNA expression in intact sympathetic ganglion

explants suggesting that endogenous retinoic acid may be a physiological regulator of trkA

expression.

To clarity the significance of the GDNF family of neurotrophic factors in murine

sympathetic development, I studied the effects of GDNF, neurturin and artemin on

neuroblasts and neurons in vitro. Artemin promoted proliferation of sympathetic neuroblasts
and increased the generation and survival of new neurons. Confirming the physiological
relevance of these in vitro observations, there was a marked reduction in the rate of

neuroblast proliferation in the sympathetic ganglia of mice lacking the GFRa-3 subunit of the
artemin receptor. In the adult, shortly before sympathetic neurons acquired neurotrophic
factor independence, artemin transiently promoted the survival of these neurons and enhanced
the growth of their neuritic arbours. Neither GDNF nor neurturin affected neuronal survival.

To clarify the effects of neurotrophic factors in regulating the differentiated properties
of sympathetic neurons, I studied the expression of mRNAs encoding several differentiation

markers in animals lacking NGF, NT-3 or GFRa-1 or animals in which the HGF receptor

tyrosine kinase Met was replaced by a non-functional receptor, Met^. Animals lacking NGF
and NT-3 exhibited a significant reduction in the mRNA expression for TH, na7-AChR, np2-

AChR, VAChT and PACAP. Competitive RT-PCR revealed that the lack of NGF alone

caused a decrease in np2-AChR whereas lack of NT-3 alone caused a decrease in TH and

na7-AChR mRNA. Lack of GFRa-1 increased the mRNA expression for VAChT, na7-

AChR and NPY R2, and the presence of Met^ did not alter the expression levels of any

markers studied.
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CHAPTER 1

GENERAL INTRODUCTION

1.1. Origins of the vertebrate nervous system

During the earliest stages of vertebrate development, the mono layered
blastula is transformed into a three-layered structure through a process of

morphogenetic movements termed gastrulation. These three layers comprise the
ectoderm which later gives rise to the epidermis and nervous system, the mesoderm
which gives rise to connective tissue elements, muscles, vascular and urogenital

systems, and the endoderm from which the epithelial stuctures of the respiratory and

digestive systems and associate organs are derived. During gastrulation, a process

termed neural induction initiates the development of the nervous system. Dorsal
ectoderm is induced by the underlying notochord and adjacent mesoderm to thicken
and form the neural plate. A series of morphogenetic movements, termed

neurulation, causes the lateral edges of the neural plate to rear up, forming the neural
folds. As the midline of the neural plate sinks deeper, these folds come into

apposition and fuse forming the intact neural tube (Fig. 1.1 A). The neural tube then
sinks beneath the surface, leaving a covering layer of ectoderm. The neural tube

gives rise to the central nervous system (CNS), comprising the brain and spinal cord.

Along the line where the neural tube separates from the future epidermis, a

number of cells, termed neural crest cells, break loose from the ectoderm and

migrate through the mesoderm along well defined pathways to reach diverse regions
of the vertebrate embryo where they subsequently give rise to a number of
derivatives. Neural crest cells form almost all of the peripheral nervous system

(PNS), including the autonomic sympathetic and parasympathetic ganglia, most

sensory ganglia, Schwann cells and satellite cells. Moreover, they give rise to

1



chromaffin cells of the adrenal medulla, melanocytes of the skin and craniofacial
connective tissue elements.

Amniotic
Ectoderm

Dorsal aorta

Somite

Sclerotome

Somite

Notochord

SCG (primordium ganglia)

Dorsal aorta

Neural tube

crest

Neural groove

Endoderm
Dermatome

Neural crest cell

Figure 1.1 Formation of neural tube and neural crest. The ectoderm folds in at the most
dorsal point, forming an inner neural tube (blue). The neural crest cells (violet) pinch off
from the tube and migrate between the dermatome/myotome and the sclertome in the
anterior half of each somite to their final destinations.

1.2. Ganglia of the peripheral nervous system
The peripheral nervous system lies outside of the brain and spinal cord and is

composed of the sensory and autonomic ganglia and their associated peripheral
nerves. Sensory ganglia are anatomically segregated into dorsal root ganglia and
cranial ganglia. The dorsal root ganglia are located on the dorsal roots of the spinal
nerves and their neurons innervate the skin, muscles and joint of the limbs and trunk.
Cranial ganglia neurons innervate a number of targets predominantly in the head and
neck. These targets include mechanoreceptors, thermoreceptors, noci receptors, taste

buds and hair cells involved in hearing and balance. Table 1.1.
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Cranial ganglia Cranial nerve Innervation

Trigeminal ganglion V mechanoreceptors, thermoreceptors and

nociceptors in the face,

sensory innervation to the teeth.

Geniculate ganglion VII taste buds from anterior two-thirds of the

tongue.

Jugular and Nodose ganglion X pharynx, thorax and abdomen.

Petrosal ganglion IX taste buds from posterior third of the tongue.

Vestibulo-cochlear ganglion VIII hair cells of the organs of hearing and balance.

Table 1.1 Principal cranial ganglia of the peripheral nervous system

The autonomic nervous system has three principal divisions: the sympathetic

(including the prevertebral sympathetic ganglia and the paravertebral sympathetic

chain), the parasympathetic (including the cranial parasympathetic ganglia and
terminal parasympathetic ganglia) and the enteric nervous system. Table 1.2.
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Divisions Ganglia Innervation

Sympathetic
ganglia

Paravertebral:

Superior cervical ganglion (SCG) | Salivary, lacrimal and sweat
glands.
Vessels and hair folicles.

Middle cervical and Stellate ganglion Heart, lungs, bronchi.

Sympathetic chain ganglia Body wall.

Prevertebral:
Celiac ganglion Esophagus and stomach

Aorticorenal ganglion Kidneys

Superior mesenteric ganglion Small intestine

Inferior mesenteric ganglion Cecum, colon, pelvic organs

Cromaffin cells of adrenal medula (*)

Parasympathetic
ganglia

Ciliary ganglion Vessels in the choroid layer,
the pupillary constrictor and
ciliary muscle.

Pterygopalatine ganglion Lacrimal and mucous glands

Submandibular ganglion Submandibular and sublingual
glands and oral mucous glands.

Otic ganglion Parotids and oral mucous

glands

Terminal ganglion of the vagus nerve Viscera of thoracic and
abdominal cavity

Pelvic plexus Bladder, colon, rectum and
genitalia

Enteric

ganglia(*)
Submucous plexus (or Meissner) and Myenteric
plexus (or Auerbach)

Muscles of the gut wall,
vessels and glands of the
mucosa.

Table 1.2 Autonomic nervous system ganglia. (*) Cromaffin cells can be considered as a
prevertebral ganglion as these cells are developmentally and functionally related to
postganglionic sympathetic neurons. (♦) The enteric nervous system is composed of a
collection of autonomic ganglia, which contain sensory neurons, interneurons, motoneurons,
and astrocyte-like glia, and are arranged in interconnected plexus distributed in the wall of
the gastrointestinal tract.
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1.3. Origins of the peripheral nervous system
Neural crest cells differentiate into wide variety of cell types, ranging from

melanocytes and cranial cartilage to adrenal chromaffin cells and ganglia of the

peripheral nervous system (LeDouarin, 1982; Hall and Horstadius, 1988). During
vertebrate development, neural crest cells detach from the dorsal part of neural tube
and migrate along complex pathways within the embryo. The weight of evidence at

present suggests that the generation of neural crest cells results from local cell-cell
interaction between the epidermis and neural plate and the cells appear to segregate

around the time of neural tube closure (Selleck and Bronnerfraser, 1995). The factors
that promote the proliferation and survival of neural crest cells are still not clear but
members of the bone morphogenetic factor (BMP) family, secreted by neural tube

cells, and Sonic hedgehog, produced by the notochord, seem to be implicated. There

is, however, some evidence to suggest that neural crest cells are initially BMP-

independent (Selleck, et al., 1998; Ahlgren and Bronner-Fraser, 1999).
Detailed mapping experiments involving transplantation of neural crest cells

have determined the fate of neural crest cells that arise from different axial levels

(Fig. 1.2). In some cases, several different cell types may originate from the crest

cells of the same axial level same (e.g. Schwann cells, melanocytes, sensory and

sympathetic neurons derive from the trunk) whereas, on the other hand, some cell

types only originate from specific regions (e.g. enteric ganglia originate from vagal
and sacral regions) (LeDouarin, 1982). Table 1.3.

► Parasympathetic ganglia
Sensory ganglia

> Sympathetic ganglia

Rostal

Caudal

Prosencephalon

Mesencephalon

Anterior

Rhombencephalon
Posterior

Cervical

spinal cord
Thoracic

spinal cord
Lumbosacral

spinal cord

Figure 1.2 Fate map of the presumptive territories along avian neural crest yielding the
sensory, parasympathetic and sympathetic ganglia in normal development (adapted from
(Anderson, 1989))
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The Major Subclasses ofNeuronal Crest Derivatives

Axial Level Major Subclass Principal Cell Types

Rostral Parasympathetic Neurons (primarily cholinergic)

Mesencephalic Parasympathetic Ciliary neurons

Mesencephalic / Rhombencephalic Mesectodermal Facial bone
Connective tissue

Cephalic / Trunk Sensory Medio-dorsal sensory neurons
Latero-ventral sensory neurons

Trunk Sympathoadrenal Sympathetic neurons
SIF cells
Chromaffin cells

All Glial Schwann cells
Satellite cells

Melanogenic Melanophores
Secretory cells (Thyroid C-
cells)

Table 1.3 Different cells derived from neural crest grouped according to major subclasses
(adapted from (Anderson, 1989))

Similar experiments have determined the distinct migratory pathways that
neural crest cells use to arrive at their final destinations. Thus, in the cranial region,
neural crest cells migrate subjacent to the cranial ectoderm and some will enter the
branchial arches to form many of the cartilagenous elements of the facial skeleton,
whereas others, together with neurogenic placode cells, will contribute to the cranial

sensory ganglia (Noden, 1978; Le Douarin, 1986; D'amico-Martel, 1982; D'Amico-
Martel and Noden, 1983). Vagal neural crest cells migrate under the ectoderm to the

developing gut where they will form the enteric nervous system (LeDouarin and
Teillet, 1973). Finally, trunk neural crest cells, from which both neuronal and glial
cells of sympathetic and parasympathetic ganglia arise, follow three different

pathways. The first trunk neural crest cells to migrate move between adjacent
somites to reach the dorsal aorta. In a second wave of migration, a large number of
neural crest cells move within the anterior half of somites, between the

dermatome/myotone and the sclerotome. Finally, a few cells migrate along ventral
root fibers, through to the anterior region of somites (Vincent and Thiery, 1984;
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Rickmann, et al., 1985; Bronner-Fraser, 1986; Loring and Erickson, 1987) (Fig.

1.1B). Molecular differences between the cells of the rostral and caudal halves of
somites are likely to account for the selective migration pattern of neural crest cells

(Bronner-Fraser, 2000).

1.4. Neural crest cell lineages: the sympathoadrenal

progenitor
Cell lineage studies have shown that pre-migratory crest cells are multipotent

(Sieber-Blum and Cohen, 1980; Baroffio, et al., 1988; Bronner-Fraser and Fraser,

1988) and are able to give rise to most of the derivative cell types. Despite this early

multipotency, however, as development proceeds factors such as the
microenvironment of their migratory pathway and destination site restricts their
potential. One of these lineage restricted cells is the sympathoadrenal progenitor

(SA). This undifferentiated cell has been suggested to be the progenitor of adrenal
chromaffin cells, sympathetic neurons and small intensely fluorescent (SIF) cells,
cells with phenotype traits between chromaffin cells and sympathetic neurons

(Landis and Patterson, 1981; Carnahan and Patterson, 1991; Anderson, et al., 1991;

Anderson, 1993). Several lines of evidence support the existence of SA progenitors.
For example, individual precursors isolated using monoclonal antibodies, express

both neuronal and chromaffin markers depending on the culture conditions

(Anderson and Axel, 1985). In addition, chromaffin cells and SIF cells retain the

capacity to differentiate into sympathetic neurons when exposed to NGF (reviewed
in (Doupe, et al., 1985)).

Migration of the SA progenitors to the primordia of sympathetic ganglia

presumably exposes them to factors that promote differentiation. At this stage there
is evidence that they receive an adrenergic signal arising from interactions with
somitic mesenchyme, ventral neural tube and notochord (Stern, et al., 1991; Groves,
et al., 1995; Ernsberger and Rohrer, 1996). In avian embryos, noradrenaline release

appears in neural crest cells shortly after they have ceased their initial migration and
coalesced to form the primary sympathetic trunks near the aorta. Somatostatin-like

immunoreactivity has also been detected at this stage (Enemar, et al., 1965;

Rothman, et al., 1978; Garcia-Arraras, et al., 1984). The factors that induce this
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adrenergic phenotype are still not clear, but members of the BMP family produced

by the dorsal aorta are possible candidates (reviewed in (Ernsberger and Rohrer,

1996; Ernsberger, et al., 2000)). GDNF, NT-3 and FGF-2 can also promote the

appearance of TH positive cells in mouse neural crest cultures (Maxwell, et al.,

1996). Some SA progenitors migrate into the adrenal primordium generating the
chromaffin cells. Glucocorticoids secreted by the cortex are an important
environmental cue in the final fate of these progenitors.

Sympathoadrenal progenitors cells but not migratory neural crest cells

express different molecules that may be involved in the induction of the SA lineage.
The first one to be expressed is the basic helix-loop-helix transcriptional regulator
Cash-1 (chicken achaete-scute homologue) or Mash-1 the mammalian ho mo log.
Cash-1 expression is followed by co-ordinated expression of Phox-2, a paired
homeodomain protein, glial-derived neurotrophic factor common signalling receptor,

c-Ret, and the zinc finger protein GATA-2. SCG10, a pan-neuronal membrane

protein, is first detected one stage later, followed by the catecholaminergic

biosynthetic enzyme tyrosine hydroxylase (TH) and the low affinity neurotrophin

receptor, p75 (Ernsberger, et al., 1995; Lo and Anderson, 1995; Francis and Landis,

1999).

Mash-1, phox2 and c-Ret are critical for the differentiation of

sympathoadrenal progenitors including acquisition of neuronal morphology (Lo, et

al., 1994). Sympathetic neurons are virtually eliminated in mice homozygous for a

targeted mutation in the MASH-1 locus (Guillemot, et al., 1993). Similar results
have been found in animals lacking c-Ret or Phox2a (Durbec, et al., 1996, Morin, et

al., 1997). The addition of BMP-2 to low density neural crest cultures up-regulates
the expression of Mash-1 and c-Ret and accelerates their differentiation (Shah, et al.,

1996). The reduction in the expression of Cash-1 and Phox2 observed in noggin

(BMP antagonist)-treated animals has confirmed the implication of BMPs in the
induction of the SA phenotype (Schneider, et al., 1999)

Similarities in the expression of some markers (e.g. TH, D(3H, SA1, MASH-

1, Phox2a, c-Ret) between SA progenitors and Transient Catecholaminergic (TC)
cells (progenitors of the enteric nervous system) suggests the possibility of a putative
common precursor. This progenitor is referred as the sympathoenteric (SE)
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progenitor, from which sympathetic neurons, adrenal chromaffin cells, Thyroid C
cells and some enteric neurons may arise.

1.5. Sympathetic gangliogenesis
Although is clear that glucocorticoids play an important role in the final

differentiation of SA cells to chromaffin type cells, little is known about the factors
that regulate the differentiation of SA precursor cells to become sympathetic
neuroblasts. Sympathetic neuroblasts are precursor cells in nascent sympathetic

ganglia that express several properties characteristic of mature sympathetic neurons

but retain the ability to continue to divide in vivo and in vitro (Rohrer and Thoenen,

1987). Thus, proliferating neuroblasts express the neuron specific antigens SCG10,

B2, Q211, neurofilament protein, tetanus toxin receptor and tyrosine hydroxylase. In

addition, they have dense core vesicles and display high affinity noradrenaline

uptake (DiCicco-Bloom and Black, 1988; Rohrer and Thoenen, 1987; Anderson and

Axel, 1986; Rohrer and Thoenen, 1987; Rothman, et al., 1978; Rothman, et al.,

1980). During this stage sympathetic neuroblasts also start to acquire other mature

neuron properties, like neuropeptide Y expression, neurotrophin receptor expression
and start to develop short neuritic processes (Hall and MacPhedran, 1995; DiCicco-

Bloom, et al., 1990).
Several different neurotrophic factors have been implicated in promoting the

initial sympathetic neuronal differentiation of SA progenitors. For example, insulin¬
like growth factor (IGF-I) stimulates the proliferation and survival of immature

sympathetic neuroblasts (DiCicco-Bloom and Black, 1988; Zackenfels, et al., 1995)
and fibroblast growth factor (FGF) promotes neuronal differentiation and increases
cell proliferation in postnatal adrenal chromaffin cells, in addition to promoting the

acquisition of neurotrophin responsiveness in neuroblasts (Stemple, et al., 1988;

Vogel, 1993). From the data presented in this thesis (see chapter 3), another possible
candidate may be artemin, a member of the GDNF family. At early stages of mouse

sympathetic ganglion development, artemin promotes the proliferation and survival
of neuroblasts. Artemin signals through the GFRa3-cRet receptor complex. Studies

on the c-Ret null mutant have found that although the primordial SCG ganglion is
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ganglion is present at E10.5 it is absent by E12.5 (Durbec, et al., 1996) at which

stage the majority of cells in the ganglia are predominantly neuroblasts.
In the mouse, the formation of SCG primordia ganglia takes place around

Ell. Studies on rat SCG ganglia have suggested that at the equivalent stage of

development the ganglia are composed almost entirely of neuroblasts and glial cells,

suggesting a restriction of precursor cells to a neuronal or non-neuronal fate just
before or during ganglionesis (Hall and Landis, 1991). In rats, sympathetic precursor

cells first appear along the aorta in the thoracic region at El0.5 (Rubin, 1985). Some
cells migrate rostrally and populate the cervical levels. By El 1.5 the cells form a

uniform column at all vertebral levels. Thus, cells of the future SCG reach their

destination later than those that form the thoracic ganglia. Between El 1.5 and El4.5,

sympathetic neuroblasts migrate in dorsal direction to form the paravertebral

sympathetic chain. The mechanisms and environmental factors involved in this
second migration are still unknown but active movement and differential cell

proliferation may contribute. Once the cells have reached their final destination they
start to extend processes. The axon generally originates from a point on the ganglion
cell body that is oriented toward the route of subsequent axon extension. The first

postganglionic axons start to appear at E12 and by E15 they start to reach their

targets. Dendrites first appear at El4 and are elaborated by ganglion cells that have

already extended their axons (Rubin, 1985).

1.6. Anatomy and biochemistry of sympathetic ganglia
The paravertebral sympathetic chains are located at both sides of the

vertebrate column and the ganglia are connected with their respective spinal nerves

and targets via white and gray communicating rami respectively. The preganglionic
nerve cells lie within the spinal cord and send myelinated axons via white rami to

reach neurons within the ganglia. The transmitter across this synapse is

acetylcholine. Post-ganglionic axons leave through the gray rami to join the spinal
nerves and target organs. The sympathetic post-ganglionic axons are much longer
than the pre-ganglionic and they release noradrenaline as the primary transmitter.
Adult post-ganglionic neurons are multipolar cells, with synapses mainly located in
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their dendrites. The synapses between pre- and post-ganglionic neurons display
nicotinic acetylcholine receptors (Eckert and Randall, 1983).

Studies on the SCG of the guinea pig have shown that distinct populations of
neurons exists in the ganglia which are innervated from different preganglionic
fibres (Nja and Purves, 1977). Several lines of evidence also suggest that the

sympathetic ganglia may be subdivided into regions containing neurons that project
to specific peripheral targets (Bowers and Zigmond, 1981; Flett and Bell, 1991).

Although noradrenaline (NA) is the main transmitter of postganglionic
neurons in the adult sympathetic nervous system, there are also a few cells that are

not noradrenegic but cholinergic. Studies on lumbar sympathetic ganglia have
estimated that the cholinergic population comprises around 10-15% of the total
number cells (Buckley, et al., 1967). In addition to the classical neurotransmitters,

sympathetic neurons also express different kind of peptidergic molecules.
Differences in the type and expression of these neuropeptides have been found
between species as well as along the rostro-caudal axis of the sympathetic chain

(Elfvin, et al., 1993). (Table 1.4). The noradrenergic phenotype is in general
associated with the expression of neuropeptide Y, and vasointestinal peptide

expression normally coincides with the expression of cholinergic traits.

CAT GUINEA PIG

Ganglia Noradrenergic Cholinergic Noradrenergic Cholinergic

Superior cervical ganglion
Middle cervical ganglion
Stellate ganglion

NPY

Somatostatin

Enkephalin

VIP

CGRP

Substance P

Neurotensin

NPY

Dynorphin
Somatostatin

Enkephalin

Sympathetic thoracic

ganglia

NPY VIP NPY VIP

Sympathetic lumbar

ganglia

NPY

Galanin

Neurotensin

VIP

CGRP

Substance P

Neurotensin

NPY

Dynorphin

VIP

NPY

Table 1.4. Neuropeptides expressed in noradrenergic and cholinergic neurons in the
paravertebral ganglia of the sympathetic trunk in cat and guinea pig. Abbrevations: NPY,
neuropeptide y; VIP, vasointestinal peptide, CGRP, calcitonin gene-related peptide. (From
(Elfvin, et al., 1993)).
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1.7. Growth factors and the development of the peripheral
nervous system
1.7.1 The neurotrophic hypothesis

Neurons are initially generated in excess in the developing vertebrate nervous

system. Those that are superfluous to requirements or inappropriately connected die

shortly after their axons reach their targets during a period of naturally occurring

developmental cell death. Studies of the distribution of nerve growth factor (NGF),
the first neurotrophic factor to be identified (Levi-Montalcini and Angeletti, 1968),
and experimental manipulation of its availability to neurons during development has
led to the formulation of the neurotrophic hypothesis. This classic paradigm for

neurotrophic action proposes that the survival of developing neurons is dependent on

the supply of neurotrophic factor that is synthesised in limiting amounts in their

target fields.
In support of the neurotrophic hypothesis is the finding that certain

populations of developing sensory and sympathetic neurons are dependent on NGF
for survival in vitro and in vivo. Administration of anti-NGF antibodies during the

phase of target field innervation eliminates these neurons, whereas exogenous NGF
rescues neurons that would otherwise die (Levi-Montalcini and Angeletti, 1968;

Johnson, et al., 1980). These same neurons are also lost in mice that have targeted
null mutations in the NGF gene (Crowley, et al., 1994) or NGF receptor tyrosine
kinase (Trk A) gene (Smeyne, et al., 1994). Furthermore, studies of the site, timing
and level of expression of NGF in development provided additional support for the

neurotrophic hypothesis. NGF is synthesised in the peripheral target fields of these
neurons coinciding with the beginning of target field innervation (Davies, et al.,

1987; Korsching and Thoenen, 1988). Additionally, the level of NGF expression is

proportional to the final innervation density (Korsching and Thoenen, 1983; Harper
and Davies, 1990). Following uptake by sensory and sympathetic fibres in the target

field, NGF is conveyed by fast axonal transport to the cells bodies of the innervating
neurons where it exerts its survival-promoting effects (Hendry, et al., 1974;

Korsching and Thoenen, 1983). Since the discovery of NGF several other members
of the neurotrophin family have been identified and characterised.

Extensive in vitro and in vivo studies of the effects of these neurotrophins on

neurons and studies of mice with targeted null mutations in genes encoding these
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proteins or their receptors have revealed the generality of the neurotrophic

hypothesis with regard to the neurotrophin family members (reviewed in Davies,
1994a; Lewin and Barde, 1996). In addition, a number of other growth factors not

belonging to the neurotrophin family have also been shown to promote neuronal
survival in accordance with the neurotrophic hypothesis.

Despite the overhelming evidence for the neurotrophic hypothesis, recent

data suggests that this is not the only paradigm by which neurotrophic factors
influence neurons. Some neurons require trophic support, not just during and shortly
after the period of target field innervation, but at stages prior to and after this.

Indeed, neurotrophic factors have been shown to influence the proliferation and
differentiation of neuronal precursors, promote the maturation of newly generated

neurons, regulate process outgrowth and neurotransmitter and neuropeptide synthesis
and influence neuronal form and synaptic function throughout life (reviewed in

Davies, 1994a; Thoenen, 1995; Lewin and Barde, 1996; Maina, et al., 1998).

1.7.2 The effects of growth factors on the survival of developing

sympathetic neurons

Until recently it had been thought that sympathetic neuroblasts and newly

post-mitotic sympathetic neurons initially survive in culture in the absence of added

neurotrophic factors, although NT-3 had been claimed to promote neuroblast

proliferation and early post-mitotic neuron survival (Birren, et al., 1993). Recently,

hepatocyte growth factor (HGF) has been shown to support the survival of
neuroblasts and accelerate the differentiation of cultured sympathetic neurons via an

autrocrine mechanism (Maina, et all., 1998). Mice that have a non-signalling Met

receptor have significant cell lost in the SCG that is evident as early as E14.5. An

impaired rostral migration of SCG precursors has been reported from studies on the

GFRa-3 null mutant mice (Nishino, et all., 1999). The authors of this latter study

suggested that artemin-GFRa-3 signalling may either induce neuroblast proliferation
or may promote rostral migration of sympathetic progenitors at these early stages of

development (Nishino, et al., 1999). In addition, recent data available from our lab

suggest that macrophage-stimulating protein (MSP), promotes early sympathetic
neuron survival and axonal outgrowth (A. Forgie, personal comunication). With
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increasing embryonic age, an increasing proportion of sympathetic neurons become

dependent on NGF for survival. The first neurons start responding to NGF at El4 in
mice and almost all are dependent on NGF by El8 (Wyatt and Davies, 1995).
Between El6 and El8, the survival of a small percentage of sympathetic neurons

additionally becomes dependent on a supply of NT-3 in vivo (Wyatt, et al., 1997),
and the proportion of NT-3-dependent neurons increases in the postnatal period,

during which most neurons become dependent on both NT-3 and NGF for survival

(Levi-Montalcini, 1987; Zhou and Rush, 1995; Fagan, et al., 1996; Davies, 1997;

Wyatt, et al., 1997; Francis, et al., 1999). The onset of NGF responsiveness is
correlated with a marked increase in the expression of the NGF receptor tyrosine

kinase, TrkA, which also mediates the response of the neurons to NT-3 (Davies, et

al., 1995; Wyatt, et al., 1997). HGF has also been found to promote neuronal axonal

growth and survival of postnatal sympathetic neurons once they start to lose their
survival dependence on NGF with age (J. Thompson, personal communication).

Although, GDNF and neurturin support the survival of avian sympathetic
neurons in culture (Bujbello, et al., 1995; Kotzbauer, et al., 1996) and a reduction of
35% has been observed in the number of neurons in the postnatal SCG of mice that
lack GDNF (Moore, et al., 1996), no survival promoting effects of these factors have
been found on mouse sympathetic neurons in vitro (discussed in chapter 3).

1.7.3. The effects of growth factors on the phenotype of developing

sympathetic neurons

During development, some post-mitotic adrenergic sympathetic neurons are

able to change their transmitter phenotype, depending on the target they innervate,
and acquire cholinergic properties. The best studied example is the population of
sympathetic neurons that innervate sweat glands. During the first postnatal week, the
fibres that reach the sweat glands express adrenergic characteristics. During the
second and third postnatal week, expression of choline acetyltranferase (ChAT)

activity and VIP-immunoreactivity starts to appear while the noradrenergic traits
start to disappear. A similar noradrenergic-cholinergic switch has been observed in

sympathetic neurons that innervate vasculature skeletal muscle (Landis and Keefe,

1983; Leblanc and Landis, 1986; Matsukawa, et al., 1997). More recently, a co-
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localised expression of the adrenergic markers TH and NPY and the cholinergic
markers VIP and VAChT has been found in developing periosteal axons, supporting
the hypothesis of a neurotransmitter switch in these population of neurons (Asmus,
et al., 2000).

Several studies have provided compelling evidence for the essential role of
the target in inducing the neurotransmitter phenotype switch. When sympathetic
axons that normally innervate noradrenergic targets are made to innervate sweat

glands they start to express ChAT activity and VIP. On the other hand, in Tabby
mutant mice, which lack sweat glands, the neurons that would normally innervate
sweat glands do not acquire cholinergic expression but maintain noradrenergic

properties (Schotzinger, et al., 1994; Guidry and Landis, 1988).
The factors responsible for alterating the neurotransmitter properties remain

to be identified. However, several candidates have been proposed on the basis that

they can change the expression of cholinergic markers in cultured sympathetic
neurons. These candidates are members of the neuropoietic cytokine family and
include leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF) and

cardiotrophin-1 (reviewed in Tandis, 1996). Despite this in vitro evidence, several
different approaches have revealed that these candidates are not essential cholinergic

inducing factors in sympathetic neurons. The use of blocking antibodies for

cardiotrophin-1 and CNTF do not alter the development of cholinergic function

(Habecker, et al., 1995; Habecker, et al., 1997). Transgenic mice that lack LIF or

CNTF or both are indistinguishable from normal animals (Francis, et al., 1997). In

addition, the use of antisense RNA for gpl30, the common signal-transducing

receptor subunit for neuropoietic cytokines, provokes a reduction in the number of

VIP-expressing cells, but not of cells expressing ChAT (Geissen, et al., 1998).

Interestingly, when LIFR beta subunit function was blocked inhibition of the

cholinergic activity in neuron/sweat gland co-cultures was found, suggesting that the
sweat gland-derived differentiation factor uses the same signalling pathway as the

neuropoietic cytokines and is likely to be a family member (Habecker, et al., 1997).
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1.8. The familly of neurotrophins and their receptors
The neurotrophin family comprises six highly homologous proteins: nerve

growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3

(NT-3), neurotrophin 4/5 (NT-4/5), neurotrophin-6 (NT-6), neurotrophin-7 (NT-7).
In order to transduce their signals into the cell, neurotrophins interact with two

distinct classes of receptor: a specific high affinity receptor tyrosine kinase of the
Trk family (TrkA, TrkB, TrkC) and a common receptor, p75 (reviewed in by Snider,

1994).

1.8.1 Nerve growth factor
Nerve growth factor (NGF) is a protein that was initially purified from a

fraction of snake venom based on its ability to induce neuronal fibre outgrowth

(Cohen, 1959). Subsequently, the submandibular salivary gland of the adult male
mouse was found to be an extremely rich source of this protein (Cohen, 1960). The
determination of the mouse NGF amino acid sequence (Angeletti and Bradshaw,

1971) led to the cloning of the mouse NGF cDNA (Scott, et al., 1983). Thereafter,

human, bovine and chicken NGF genes have been cloned (Ullrich, et al., 1983,

Meier, et al., 1986, Ebendal, et al., 1986). The mouse NGF gene encodes a 307
amino acid precursor polypeptide that is processed to a 118-residue glycosylated
mature protein (Berger and Shooter, 1977; Scott, et al., 1983; Edwards, et al., 1988).

Analysis of the three-dimensional structure of mature NGF has revealed that it
contains a motif of three intra-chain disulphide bridges, known as the "cysteine

knot", and two antiparallel (3 strands. Non-covalent homodimerization through
extensive hydrophobic interactions gives rise to biologically active NGF (McDonald,
et al., 1991).

NGF mRNA is found in several regions of the brain including, the neocortex,

olfactory bulb and hippocampus (Korsching, et al., 1985, Whittemore, et al., 1986,

Maisonpierre, et al., 1990). NGF is also present in embryonic mouse heart and
submandibular gland, where its onset of expression coincides with their innervation

by sympathetic neurons (Korsching and Thoenen, 1988), and in the epithelial

component of the developing mouse whisker pad innervated by NGF-dependent

trigeminal ganglion neurons (Davies, et al., 1987).
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Several in vitro and in vivo studies have provided evidence that NGF is a

survival factor for developing sympathetic neurons, certain kinds of sensory neurons

and basal forebrain cholinergic neurons (Chun and Patterson, 1977; Hamburger, et

al., 1981, Davies and Lindsay, 1985; Hartikka and Hefti, 1988; Levi-Montalcini,

1987). The generation of mice with a targeted null mutation in the NGF gene has
facilitated the study of the actions of NGF in the developing nervous system in vivo.

Homozygous mice are born with virtually no sympathetic neurons and a dramatic

depletion in cell numbers in the trigeminal and dorsal root ganglia (Crowley, et al.,

1994). The neuronal loss in the dorsal root ganglia is selective, affecting only small
diameter neurons thought to mediate nociception. This is reflected in the failure of
these animals to respond to noxious mechanical stimuli. In contrast, there is no

marked deficit in any neuronal populations from the CNS, suggesting that NGF on

its own is not an essential survival factor in the early developing CNS.

1.8.2 Brain-derived neurotrophic factor
Brain derived-neurotrophic factor (BDNF) is a 12.3 kDa basic protein that

was first purified from adult pig brain and identified as a survival factor for E10

chicken dorsal root ganglion neurons (Barde, et al., 1982). Data obtained from

partial amino acid sequencing was used for cloning the porcine BDNF cDNA

(Leibrock, et al., 1989). BDNF has subsequently been cloned in several other species

including human, mouse and rat (Hofer, et al., 1990; Jones and Reichardt, 1990,

Maisonpierre, et al., 1991). BDNF, like NGF, is synthesised as a precursor

polypeptide of 252 amino acids that is cleaved to yield a 119-amino acid mature

protein. BDNF has approximately 50% amino acid sequence identity with mature

NGF and contains the six cysteine residues involved in forming the "cysteine knot"
motif. Biologically active BDNF exists as a tightly associated homodimer

(Radziejewski, et al., 1992).
BDNF mRNA is largely restricted to the CNS with relatively low levels of

expression in the embryonic brain giving way to more widespread, higher levels of

expression as the CNS matures. In the adult CNS, substantial amounts of BDNF
mRNA are found in the cortex, hippocampus and cerebellum and lower levels in the

striatum, olfactory bulb, midbrain, hindbrain, and spinal cord (Leibrock, et al., 1989;

Hofer, et al., 1990). In the PNS, BDNF mRNA is found in NGF-dependent neurons
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of the dorsal root, jugular and trigeminal ganglia (Schecterson and Bothwell, 1992;

Robinson, et al., 1996). Outside of the nervous system, BDNF mRNA has been
shown to be expressed at low levels in the peripheral target tissues of BDNF-

responsive neurons, such as the heart, skin, muscle and lung (Maisonpierre, et al.,
1990; Schecterson and Bothwell, 1992; Buchman and Davies, 1993).

In the PNS, BDNF enhances the survival of embryonic neural-crest derived

(trigeminal mesencephalic nucleus and dorsal root ganglia) and placode-derived

(ventrolateral part of the trigeminal ganglion, geniculate, petrosal, vestibular and
nodose ganglia) neurons in vitro (Lindsay, et al., 1985; Davies, et al., 1986; Barde,
et al., 1987; Hofer and Barde, 1988). Within the CNS, BDNF enhances the survival
and differentiation of several classes of neurons in culture, including: embryonic rat

basal forebrain cholinergic neurons, mesencephalic dopaminergic neurons,

motoneurons, hippocampal neurons, cerebellar granule cells and retinal ganglion
cells (Johnson, et al., 1986; Alderson, et al., 1990; Hyman, et al., 1991; Knusel, et

al., 1992; Oppenheim, et al., 1992; Lindholm, et al., 1993).

Homozygous mice with a null mutation in the BDNF gene develop

symptoms of nervous system dysfunction and display a substantial reduction in the
number of neurons of the trigeminal, geniculate, vestibular and petrosal-nodose

ganglia. The CNS develops with no apparent gross structural abnormalities (Jones, et

al., 1994; Ernfors, et al., 1994). This indicates that BDNF is an essential factor for

many populations of sensory neurons, whereas it does not appear to be essential for
the development of sympathetic, dopaminergic and motoneurons (Jones, et al., 1994;

Ernfors, et al., 1994). However, like the NGF null mutant, animals lacking BDNF
die shortly after birth, and this is probably why no gross defects in the CNS has been

found, as CNS is still developing at this time.

1.8.3 Neurotrophin-3

Neurotrophin-3 (NT-3), the third member of the neurotrophin family to be

identified, was identified by RT-PCR from mouse by using oligonucleotid primers
based on conserved regions between NGF and BDNF (Hohn, et al., 1990).

Subsequently, human and rat NT-3 cDNAs were also isolated (Jones and Reichardt,

1990; Rosenthal, et al., 1990; Maisonpierre, et al., 1990a). NT-3 is synthesised as a

258-amino acid precursor, which is cleaved to release the 119-residue mature NT-3
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polypeptide. The mature NT-3 protein is a 13.6 kDa basic protein that shares
between 50-60% amino acid sequence identity with NGF and BDNF, including all
six cysteine residues (Hohn, et al., 1990). Like NGF and BDNF, NT-3 is

biologically active as a homodimer (Radziejewski, et al., 1992).
In situ hybridisation studies have revealed that NT-3 expression peaks very

early in embryonic development and declines thereafter (Maisonpierre, et al., 1990a;
Rosenthal, et al., 1990; Buchman and Davies, 1993; Hallbook, et al., 1993).

Particularly high levels of NT-3 are found in the trigeminal target field, especially in
the epithelium of the whisker follicles (Hallbook, et al., 1993; Buchman and Davies,

1993). In the adult, NT-3 expression has been found in muscle, heart, lung, skin,

kidney, liver, intestine and spleen, suggesting that NT-3 may act as a target-derived

trophic factor for sympathetic and sensory neurons (Hohn, et al., 1990;

Maisonpierre, et al., 1990a; Rosenthal, et al., 1990; Henderson, et al., 1993). NT-3 is

highly expressed in developing regions of the CNS, however, NT-3 expression
decreases dramatically as these regions mature (Maisonpierre, et al., 1991). In the
adult brain, levels of NT-3 are greatest in the hippocampus, cerebellum and medulla

oblongata (Hohn, et al., 1990, Maisonpierre, et al., 1990a, Rosenthal, et al., 1990).
Several in vitro studies have demonstrated a role for NT-3 in the

development of sensory and sympathetic neurons. Subpopulations of sensory

neurons from the nodose, cochlear and dorsal root ganglia and proprioceptive
neurons of the trigeminal mesencephalic nucleus respond to NT-3 (Ernfors, et al.,

1990; Hohn, et al., 1990 Maisonpierre; et al., 1990; Rosenthal, et al., 1990; Farinas,
et al., 1994; Ockel, et al., 1996). NT-3 transiently supports the survival of neural-
crest derived sensory neurons (Buchman and Davies, 1993; Bujbello, et al., 1994;

Wilkinson, et al., 1996; Farinas, et al., 1996) and induces survival, differentiation
and proliferation of sensory neuronal precursors (Kalcheim, et al., 1992; Pinco, et

al., 1993; Memberg and Hall, 1996; ElShamy and Ernfors, 1996). In the CNS, NT-3
is a survival factor for cultured embryonic noradrenergic neurons and motoneurons

(Friedman, et al., 1993; Henderson, et al., 1993) and also promotes the proliferation
and survival of oligodendrocyte precursors in vitro and in vivo (Barres, et al., 1994).

NT-3 deficient mice display substantial cell loss in all peripheral sympathetic
and sensory neuron populations, including the superior cervical ganglion, the

trigeminal mesencephalic nucleus, and trigeminal and nodose ganglia, clearly

demonstrating the physiological relevance of NT-3 in the development of the
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peripheral nervous system (Ernfors, et al., 1994; Farinas, et al., 1994; Farinas, et al.,

1996; Tessarollo, et al., 1994; Wilkinson, et al., 1996; Wyatt, et al., 1997; Elshamy,
et al., 1996; Francis, et al., 1999). Importantly, the main components of the

proprioceptive system, muscle spindles and golgi tendon organ, are missing together
with large-diameter proprioceptive dorsal root ganglion neurons (Ernfors, et al.,
1994).

1.8.4 Neurotrophin-4/5

Neurotrophin 4/5 was the fourth member of the neurotrophin family to be
isolated based on its homology to NGF, BDNF and NT-3. It was first cloned from

Xenopus laevis and designated neurotrophin-4 (Hallbook, et al., 1991).

Subsequently, homologous human and rat clones, designated neurotrophin-5, were

identified and found to share a 65% amino acid identity with NT-4 (Berkemeier, et

al., 1991; Ip, et al., 1992). It is currently believed that xenopus NT-4 and mammalian
NT-5 are the same molecule and are referred as NT-4/5. Mature NT-4/5 is a basic

protein containing 123 amino acids and all six-conserved cysteine residues found in
other neurotrophins. Mature NT-4/5 has 50% amino acid homology with NGF,
BDNF and NT-3 (Ip, et al., 1992).
NT-4/5 is expressed in the developing whisker pad and limb bud, suggesting a role
in the development of trigeminal neurons and spinal motoneurons (Ibanez, et al.,

1993; Henderson, et al., 1993). NT-4/5 mRNA is also present in several other

embryonic and adult tissues, including heart, muscle, lung, kidney, thymus, ovary

and testis (Berkemeier, et al., 1991). In the brain, NT-4/5 has been detected in the
cerebral cortex, olfactory bulb, hippocampus, hypothalamus, cerebellum, pons and
medulla (Timmusk, et al., 1993).

In the PNS, NT-4/5 transiently supports the in vitro survival of embryonic
rodent trigeminal and jugular ganglion neurons at early stages of target field

innervation, and mouse nodose ganglion neurons during the phase of naturally

occurring cell death (Davies, et al., 1993). In contrast, the survival promoting effects
of NT-4/5 on embryonic chicken neurons is very limited, suggesting that NT-4/5

may be not well conserved between mammals and birds (Davies, et al., 1993;

Ibanez, et al., 1993). NT-4/5 also supports the survival of sympathetic neurons,

albeit at high concentrations (Hallbook, et al., 1991; Berkemeier, et al., 1991). In the
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CNS, NT-4/5 promotes the survival of embryonic spinal motoneurons, cholinergic
basal forebrain neurons and noradrenergic locus ceruleus neurons in vitro (Friedman,
et al., 1993; Funakoshi, et al., 1995).

Mice with targeted disruption of the NT-4/5 gene exhibit a loss in sensory

neurons in the nodose-petrosal and geniculate ganglia, whereas sympathetic neurons

of the superior cervical ganglion, facial motoneurons and midbrain dopaminergic
neurons are unaffected suggesting that other factors sustain these neurons during

development (Conover, et al., 1995; Liu, et al., 1995; Erickson, et al., 1996).

1.8.5 Neurotrophin-6

Neurotrophin-6 (NT-6) was cloned from the teleost fish Xiphophorus
maculatus by low stringency hybridization to overlapping sequences of NGF (Gotz.
et al., 1994). Mature NT-6 is a basic protein containing 143 amino acids and the six-
conserved cysteine residues. However, in contrast to NGF, BDNF, NT-3 and NT-

4/5, NT-6 contains an insertion sequence of 22 amino acids between the second and
third cysteine which contains the heparin domain. Also contrary to the other

members, NT-6 is not detected in the medium of producing cells indicating that it is

likely to be bound to proteoglycans of the cell surface and/or extracellular matrix

(Gotz, et al., 1994).
NT-6 mRNA is expressed in both developing and adult fish brain. It is also

found in adult gill, liver and eye, with weak expression in skin, spleen, heart and
skeletal muscle. Like NGF, NT-6 supports the survival of embryonic chick dorsal
root ganglion neurons and sympathetic neurons, however, NT-6 is less potent than
NGF in this respect (Gotz, et al., 1994).

1.8.6 Neurotrophin-7

Neurotrophin-7 (NT-7) is the most recent member of the neurotrophin family
to be isolated. It was originally cloned from the teleost Cyprinus carpio (Lai, et al.,

1998). Subsequently, zebrafish NT-7 was cloned. NT-7 (Nilsson, et al., 1998) shares
66% amino acid homology with Xiphophorus NGF and NT-6, and possesses the six-
conserved cysteine residues characteristic of the neurotrophin familly. Like NT-6,
NT-7 has an insertion between the second and third cysteines, in this case 15 amino
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acids. NT-7 is expressed at high levels in adult skin, heart and intestine and low
levels in brain and testis (Lai, et al., 1998). NT-7 promotes the survival and enhances
neurite outgrowth of chick dorsal root ganglion neurons (Lai, et al., 1998).

1.8.7 Receptors of the neurotrophin family

Neurotrophin family members bind two kinds of unrelated cell surface
receptors, named p75N1R and members of the trk family of receptor tyrosine kinases.
These receptors were first identified by cross-linking studies using radio-iodinated
NGF (Sutter, et al., 1979) and found to interact with NGF with low and high affinity

respectively (reviewed in by Meakin and Shooter, 1992).

1.8.7.1 The p75NTR receptor

P75ntr, has been cloned in different species, including human, rat and
chicken (Chao, et al., 1986, Radeke, et a/., 1987, Large, et al., 1989). P75NTR is a

single 75 kDa transmembrane glycoprotein that contains a long extracellular domain
with four cysteines repeats that are responsible for ligand recognition (Welcher, et

al., 1991; Yan and Chao, 1991). These cysteine repeats are common to members of a

family of cell surface receptors that includes the Fas antigen and type I and type II

receptors for tumour necrosis factor (TNFR-I and TNFR-II) (Nagata and Golstein,

1995). Although it was first described as a low affinity receptor for NGF, it has been
demonstrated that p75N1R binds with similar low affinity BDNF, NT-3 and NT-4/5

(reviewed in by Davies, 1994). Recently it has been found that p75NTR binds NT-3
with high affinity under some circumstances (Dechant, et al., 1997).

The p75NTR receptor is expressed in both the developing and adult CNS

(Ernfors, et al., 1988; Yan and Johnson, 1989). P75NTR is also expressed in

developing sensory and sympathetic neurons, being up-regulated when the neurons

establish target contact (Heuer, et al., 1990; Hallbook, et al., 1990; Wyatt, et al.,

1990).

The function of p75NTR is not still fully elucidated. p75NIR is thought to play
a role in modifying the function of trk receptors by increasing the affinity of the trk

receptors for neurotrophins (Hempstead, et al., 1991; Verdi, et al., 1994; Barker and

Shooter, 1994; Ip, et al., 1993). P75NTR also appears to play a role in ligand
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discrimination by the trk receptors, since p75NTR blocking antibodies enhance the

ability of NT-3 to bind and activate trkA in PC12 cells (Clary and Reichardt, 1994;

Benedetti, et al., 1993). Similarly, sympathetic neurons from p75NTR-deficient mice
are more sensitive to NT-3, suggesting that p75NTR reduces the ability of NT-3 to

signal via trkA (Lee, et al., 1994; Brennan, et al., 1999). Several observations

suggest that p75NTR can promote apoptosis both in the presence and absence of
ligand binding (Rabizadeh, et al., 1993; Barrett and Bartlett, 1994). For example,
increased expression of p75NTR in PC 12 cells, grown in the absence of NGF,
accelerates apoptosis, whereas reduced expression of p75NrR in postnatal dorsal root

ganglion neurons grown without NGF promotes their survival (Rabizadeh, et al.,

1993; Barrett and Bartlett, 1994). The finding that p75NTR may transduce signals in
absence of the Trks by increasing intracellular ceramide levels, and activating NF-
kB and JNK kinases supports the idea of the apoptotic effects of p75NIR
(Dobrowsky, et al., 1994; Carter, et al., 1996; Casaccia-Bonnefil, et al., 1996;

Hamanoue, et al., 1999). It has recently been shown that ceramide accumulation and
JNK activation are correlated with apoptotic stimuli in some cells (Brugg, et al.,

1996; Wiesner and Dawson, 1996; Flartfield, et al., 1998). The apoptotic role of

p75NTR has been confirmed in two transgenic systems. First, mice lacking a

functional BDNF gene display increased number of sympathetic neurons compare to

the wild-type phenotype, suggesting that BDNF, which does not activate trk

receptors in these neurons, acts through p75NTR to cause apoptosis (Bamji, et al.,

1998). Second, mice over-expressing p75NrR show profound reductions in the
number of sympathetic, sensory and neocortical neurons, as well as increased
neuronal death following axotomy (Majdan, et al., 1997). Finally, a recent study has
shown that activation of p75NTR by NGF in neurons not expressing trkA leads to cell

death, however these cytotoxic effect ofNGF can be prevented by activation of trkB

signalling pathways, suggesting that competitive signalling between the trks and

p75NrR can determine cell survival (Davey and Davies, 1998).
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1.8.7.2 The Trk kinase receptor
Trk is a proto-oncogene that was first identified as a human oncogene

resulting from a DNA rearrangement between truncated tropomyosin and protein

tyrosine kinase sequences (Martin-Zanca, et al., 1986; Martin-Zanca, et al., 1989).
The trk proto-oncogene encodes a 140 kDa transmembrane glycoprotein that
contains a cytoplasmic tyrosine kinase domain and is designated gp 140trkA or trkA

(Martin-Zanca, et al., 1989). Low stringency hybridisation of cDNA libraries using a

trkA probe led to the isolation of cDNAs encoding two related tyrosine kinases,
trkB, also designated gpl45trkB, and trkC, also named gpl45trkC. TrkB encodes a 145
kDa transmembrane protein tyrosine kinase that shares approximately 70%

homology with trkA (Klein, et al., 1989). TrkC encodes a 145 kDa transmembrane

glycoprotein that shares about 65% homology with trkA and trkB (Lamballe, et al.,

1991).
Trk kinase receptors become activated by a two-step process that involves

their ligand-mediated dimerization followed by autophosphorylation of the
intracellular domain (Kaplan and Stephens, 1994). These phosphorylation events are

required for the activation of the catalytic region of the trk receptor as well as the
recruitment of signalling protein substrates. Several proteins have been reported to

couple to trk receptors and activate different pathways, including She, PLC-yl, SNT
and SHP-1 (Kaplan and Stephens, 1994; Ochmichi, et al., 1991; Vambutas, et al.,

1995; Obermeier, et al., 1993; Belia, et al., 1991; Rabin, et al., 1993; Borrello, et al.,

1994). From these studies it is clear that neuronal survival and differentiation are the
result of a co-operative process between different activated pathways. In brief, She
activates the phosphatidilinositol 3-kinase and Ras-MAP kinase pathways, which are

implicated in neuronal differentiation and survival. Activation of PLC-yl results in

elevated activity of protein kinase C and increased intracellular free-calcium.
Elevated calcium levels are associated with survival, injury and plasticity (reviewed
in Jiang and Guroff, 1997). The pathways downstream from SNT and SHI are still

unknown, but SNT may be involved in the cell cycle (Greene and Kapplan, 1995;

Kaplan and Miller, 1997; Gunn-Moore and Tavare, 1998; review in Barbacid, 1994).
Trk receptors, acting in conjunction with the common neurotrophin receptor,

are responsible for mediating the biological activities of the neurotrophins. NGF,
BDNF and NT-3 preferentially bind to and stimulate tyrosine phosphorylation of
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trkA, trkB and trkC, respectively (Kaplan, et al., 1991; Kaplan, et al., 1991; Klein, et

al., 1991; Soppet, et al., 1991; Squinto, et al., 1991; Lamballe, et al., 1991, reviewed
in Barbacid, 1994). The NT-4/5 signal is transduced through trkB (Berkemeier, et

al., 1991; Klein, et al., 1992). Furthermore, it appears that some neurotrophins can

interact which more than one neurotrophin receptor. Thus, NT-3 can also bind to

trkA and trkB and NT-4/5 can activate trkA (Klein, et al., 1991; Soppet, et al., 1991;

Squinto, et al., 1991; Berkemeier, et al., 1991) (Fig 1.3). In accordance with this,

high concentrations of NT-3 can promote the survival of sympathetic and sensory

neurons lacking trkC (Davies, et al., 1995). Although high levels of NT-3 are

required to activate trkA and trkC and induce neuronal survival in vitro, studies on

the NT-3 and trkC null mutant suggests that these interactions are functionally
relevant in vivo (Wilkinson, et al., 1996; Pinon, et al., 1996; Fagan, et al., 1996;

Wyatt, et al., 1997; Wyatt, et al., 1999) .The receptor specificities of NT-6 have not

been defined so far. NT-7 had been reported to bind trkA but with lower affinity than
that ofNGF-trkA (Lai, et al 1998).

NGF NT-4/5 BDNF NT-3

/

Extracellular
domain

Transmembrane
domain

Tyrosine kinase
domain

trk A trk B trk C

Figure 1.3 Schematic diagram summarising the interactions of neurotrophins with
members of the trk family of receptor tyrosine kinases. The thick arrows demonstrate
prefered ligand/receptor interactions,while the dash arrows denote other interactions known
to occur. Adapted from Davies, 1994.
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Expression of trk mRNA is detected in the central and peripheral nervous

systems. Within the CNS, trkA expression is limited to cholinergic neurons of the
basal forebrain and striatum (Vazquez and Ebental, 1991; Holtzman, et al., 1992;

Merlio, et al., 1992; Steininger, et al., 1993). On the contrary, most central neurons

express trkB or trkC mRNAs or both (Klein, et al., 1989; Klein, et al., 1990; Merlio,
et al., 1992; Tessarollo, et al., 1993; Lamballe, et al., 1994). In the peripheral
nervous system, trk receptors have been detected in all types of neurons except

parasympathetic neurons of the ciliary ganglion (Klein, et al., 1989; Ninkina, et al.,

1996; Carroll, et al., 1992; Tessarollo, et al., 1993; Lamballe, et al., 1994). TrkA

transcripts have also been detected in some neural crest derivatives (Martin-Zanca, et

al., 1990; Tessarollo, et al., 1993; Schropel, et al., 1995). Outside the nervous

system, trkA has been detected in cells from the immune system, trkB mRNA has
been found in lung, muscle and ovary and trkC expression has been reported in facial
structures and in various tissues within the body cavity (Ehrhard, et al., 1993;

Tessarollo, et al., 1993; Lamballe, et al., 1994).

To analyse the physiological relevance of the neurotrophins receptors during

development, mutant mice lacking either the trkA, trkB or trkC genes have been

generated (Klein, et al., 1993; Klein, et al., 1994; Smeyne, et al., 1994). In general,
the phenotype of the null-mutant animals for each neurotrophin receptor have similar

phenotypes to those observed for their ligands (Crowley, et al., 1994; Jones, et al.,

1994; Ernfors, et al., 1994; Ernfors, et al., 1994). However, the phenotype of mice

lacking the trk C receptor is less severe than the animals lacking NT-3, pointing out

the more promiscuous nature of NT-3 and its ability to signal via trkA, trk B and
trkC. TrkA null-mutant animals are insensitive to pain and display a substantial
reduction in the number of neurons of the trigeminal, dorsal root, and sympathetic

ganglia, whereas cholinergic basal forebrain neurons are not affected (Smeyne, et al.,

1994). In mice with a targeted disruption of the trkB receptor, there is a marked loss
of neurons in the trigeminal, nodose and dorsal root ganglia (Klein, et al., 1993).
Animals lacking the neurotrophin receptor TrkC have a reduced number of

myelinated axons emerging from the dorsal root ganglia and posterior columns of the

spinal cord. In addition, a subpopulation of dorsal root ganglion neurons are

eliminated and there are a lack of la muscle afferent projections to spinal motor

neurons (Klein, et al., 1994).
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1.9. The GNDF family and their receptors
The GDNF family comprises four structurally and functionally related

proteins: glial cell-line derived neurotrophic factor (GDNF), neurturin, persephin and
artemin. GDNF ligands signal via a multi-component receptor comprised of a ligand

binding component, namely the GDNF family receptor alpha (GFRa) subunits, and a

common signal transducing component, the transmembrane receptor tyrosine kinase,
Ret.

1.9.1 Glial cell line-derived neurotrophic factor
Glial cell line-derived neurotrophic factor (GDNF) is a basic protein that was

initially purified from medium conditioned by the rat B49 glial cell line on the basis
of its ability to promote the survival in vitro of rat midbrain dopaminergic neurons

(Lin, et al., 1993, Lin, et al., 1994). From partial amino acid sequence, rat and
human GDNF cDNAs were cloned, revealing that the GDNF gene is highly
conserved between species with approximately 93% sequence homology (Lin, et al.,

1993; Lin, et al., 1994).

GDNF is synthesised as a precursor of 211 amino acid that is cleaved and
secreted as a polypeptide of 134 amino acids. The mature protein contains seven

cysteine residues distributed in the same relative positions as found throughout the

entire TGF-p superfamily. Since GDNF shares less than 20% homology with other

family members, it is a distant member of this family (Lin, et al., 1993). GDNF is,

however, also a member of the cysteine knot growth factor superfamily (Eigenbrot
and Gerber, 1997). The biologically active form of GDNF is a disulphide-bonded
homodimer where each monomer is a N-glycosylated protein with molecular mass

decreasing from 18-22 kDa to 15 kDa after N-glycanase treatment (Lin, et al., 1993;

Lin, et al., 1994).
GDNF mRNA has a widespread tissue distribution, both during development

and in adulthood. In the CNS, GDNF is found predominantly, but not exclusively,
within neuronal cells. During development, GDNF mRNA has been detected in
cerebral cortex, striatum, cingulate cortex, hippocampus, thalamus, pineal gland,
ventral limbic areas, substantia nigra, cerebellum, substantia innominata, spinal cord
and dorsal horn of the spinal cord. (Stromberg, et al., 1993; Nosrat, et al., 1996). In
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the adult CNS, GDNF is expressed in cortex, striatum, septum, cochlear nucleus,

hippocampus, colliculi, cerebellum, medulla oblongata, spinal cord (Arenas, et al.,

1995; Springer, et al., 1994).
Within the PNS, GDNF is expressed in dorsal root ganglia, superior cervical

ganglia and Schwann cells. In general the embryonic expression of GDNF is higher
in the peripheral organs than in neuronal tissues, including developing limb bud,

metanephric kidney, gut, testes, skin, skeletal muscle and teeth (Henderson, et al.,
1994; Choi-Lundberg and Bohn, 1995; Trupp, et al., 1995; Suvanto, et al., 1996;

Wright and Snider, 1996). In the adult periphery, the expression of GDNF is more

restricted with highest levels in the lung, liver and ovary (Suter-Crazzolara and
Unsicker, 1994; Nosrat, et al., 1996; Golden, et al., 1999).

GDNF is a pleiotropic factor with effects on neurons and non-neuronal cells.
GDNF promotes the survival and morphological differentiation of midbrain

dopaminergic neurons in vitro and increases their dopamine uptake (Lin, et al.,

1993). GDNF is also a potent neurotrophic factor for embryonic spinal and cranial
motoneurons and neonatal spinal motoneurons in culture, increasing survival, neurite

outgrowth and cholinergic differentiation (Henderson, et al., 1994; Zurn, et al.,

1994; Hoienou, et al., 1996; Arce, et al., 1998; Junger and Varon, 1997).

Furthermore, GDNF rescues developing avian motoneurons from naturally occuring
cell death in vivo (Oppenheim, et al., 1995). Additionally, GDNF promotes the
survival and morphological differentiation of embryonic cerebellar Purkinje cells in

vitro (Mount, et al., 1995). Other effects of GDNF in the CNS are the capacity of
this factor to prevent cell death and atrophy of axotomised neonatal facial
motoneurons and adult corticospinal motoneurons as well as the capacity to prevent

the 6-OHDA-induced degeneration of neurons in the noradrenergic nucleus of the
nucleus coeruleus (Henderson, et al., 1994; Zurn, et al., 1994; Giehl, et al., 1997,

Arenas, et al., 1995). In the PNS, GDNF promotes the survival of chicken

embryonic sympathetic, parasympathetic and sensory neurons in vitro (Bujbello, et

al., 1995; Ebendal, et al., 1995; Trupp, et al., 1995; Forgie, et al., 1999). GDNF does
not support the survival of mouse PNS neurons in vitro, with the exception of late

submandibular, early nodose, and enteric neurons (Cacalano, et al., 1998) (discussed
in chapter 3). GDNF has been shown to promote neurite outgrowth from adult
mouse dorsal root ganglion explants (Leclere, et al., 1998) and enhance the survival.
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proliferation and differentiation of ENS precursors and embryonic and postnatal
differentiated enteric neurons (Heuckeroth, et al., 1998; Schafer and Mestres, 1999).

The physiological role of GDNF has been analysed by the use of transgenic
animals. Mice lacking the GDNF gene have a reduction in the cell number in dorsal
root ganglia, superior cervical ganglia, petrosal and nodose ganglia, but not in
hindbrain noradrenergic and midbrain dopaminergic neurons. Furthermore, these
mice lack most of the enteric nerve plexus and display agenesis or severe dysgenesis
of the kidneys (Moore, et al., 1996; Pichel, et al., 1996; Sanchez, et al., 1996,
Granholm, et al., 1997). Animals over-expressing GDNF in muscle fibres, show
increased numbers of motor axons innervating neuromuscular junctions (Nguyen, et

al., 1998).

1.9.2 Neurturin

Neurturin (NTN) is a neurotrophic factor that was purified and cloned based
on its ability to support the survival of rat SCG neurons in vitro. Data obtained by

partial amino-acid sequencing were used to isolate mouse neurturin cDNA as well as

mouse and human neurturin genomic clones (Kotzbauer, et al., 1996). NTN is

synthesised as a precursor protein of 195 amino acids that upon cleavage yields a

100-residue mature protein. NTN contains the seven-conserved cysteine residues and
shares 42 % similarity with mature GDNF but less than 20% homology with other
members of the TGF-P superfamily. Biologically active NTN is a homodimer with a

molecular mass of25kDa (Kotzbauer, et al., 1996).
NTN mRNA is found both within and outside the nervous system. In the

embryonic and adult CNS, expression of NTN has been detected in the cortex,

neocortex, striatum, cingulate gyrus, dentate gyrus, hippocampus, thalamus,

hypothalamus and cerebellum (Golden, et al., 1998). In the embryonic periphery,
NTN mRNA is present in developing limb buds urogenital and digestive systems. A

strong NTN mRNA signal is detected in many trigeminal neuron targets including
the nasal epithelium, teeth and whisker follicles, suggesting that NTN may be a

target-derived factor for a subset of trigeminal neurons (Luukko, et al., 1998).
In the CNS, NTN promotes the survival of developing and mature mouse

dopaminergic neurons, avian embryonic motoneurons and avian postnatal
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motoneurons explants in culture (Klein, et al., 1997; Horger, et al., 1998; Bilak, et

al., 1999). In the PNS, NTN promotes the survival of embryonic chicken neurons

from the superior cervical ganglion, lumbar sympathetic ganglion, nodose, ciliary,
dorsal root ganglia, and dorso-medial trigeminal ganglion (Kotzbauer, et al., 1996,

Forgie, et al., 1999). Like GDNF, NTN only supports the in vitro survival of late
submandibular and early nodose neurons in the mouse (Cacalano, et al., 1998).
NTN, also supports the proliferation and survival of both enteric neurons and enteric

glia progenitors (Heuckeroth, et al., 1998).
Neurturin deficient mice are viable and fertile but have defects in the enteric

nervous system. Parasympathetic innervation of the lacrimal and submandibular

salivary gland is dramatically reduced, consistent with the role of NTN in supporting
the survival of parasympathetic neurons in vitro. Also a loss in the number of cells
has been observed in trigeminal and dorsal root ganglia (Heuckeroth, et al., 1999).

1.9.3 Persephin

Persephin (PSP), the third member of the GDNF family to be identified, was

cloned base on homology to GDNF and NTN (Milbrandt, et al.. 1998). Persephin is

synthesised as a precursor protein of 156 amino acids that upon cleavage yields a 96
residue mature protein. PSP is aproximately 40% identical to GDNF and NTN and

displays seven-conserved cysteine residues. Biologically active PSP is a homodimer,
with the monomer having a molecular weight of 10-12 kDa (Milbrandt, et al., 1998).

Initial studies of PSP mRNA expression using Northern blotting and in situ

hybridisation failed to detect transcripts in any of the tissues examined. However,

subsequent RT-PCR analysis has shown that PSP is ubiquitouly expressed, albeit at

low levels, in both embryonic and adult tissues (Milbrandt, et al., 1998). PSP mRNA

is expressed in numerous regions of the CNS including, cortex, striatum,

hippocampus, diencephalon, mesencephalon, hindbrain, cerebellum and spinal cord.
PSP expression has also been found in motoneuron-muscle axis. PSP mRNA also

shows widespread expression in the PNS including the superior cervical ganglion,
dorsal root ganglion and adrenal gland (Jaszai, et al., 1998).

PSP like GDNF and NTN, promotes the survival of mouse ventral hindbrain

dopaminergic neurons in culture and prevents their degeneration after 6-OHDA
lesion in vivo. PSP supports the survival of mouse motor neurons both in vivo
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following sciatic nerve axotomy and in vitro (Milbrandt, et al., 1998). However, in
contrast to GDNF and NTN, PSP does not support the survival of any neurons of the
PNS (Milbrandt, et al., 1998).

1.9.4 Artemin

Artemin (ART) is the most recently identified member of the GDNF family
to be isolated. It was identified by searching nucleotide sequence databases using a

mature neurturin sequence as a query. Like other GDNF family members, ART
contains a signal sequence for secretion and is synthesised as a precursor protein that
on cleavage, yields a 113-amino acid mature protein. ART. shares 45% sequence

homology with NTN and PSP and 36% with GDNF. All seven cysteine residues of
the TGF-P family are conserved in mature ART. ART is a cysteine knot protein that
is active as a homodimer. The human ART gene is located on chromosome lp32-33

(Baloh, et al., 1998).

Northern blotting has revealed that ART mRNA is expressed at low levels in
the human fetal and adult brain. In the CNS mRNA coding for ART has been found
in the basal ganglia and in the thalamus, suggesting that ART may influence
subcortical motor systems. Low levels of ART mRNA have been detected in many

adult non-neuronal tissues including pituitary gland, placenta and trachea. Among

fetal tissues, expression has been found in kidney and lung (Baloh, et al., 1998).
Artemin supports the in vitro survival of rat embryonic ventral midbrain

dopaminergic neurons. The expression pattern of ART is consistent with a role as a

paracrine and/or target-derived factor for developing peripheral neurons. This

hypothesis is substantiated by the finding that, like GDNF and NTN, ART is a

survival factor for peripheral neurons in vitro, supporting subpopulations of neonatal
rat sensory neurons of the trigeminal, nodose and dorsal root ganglia. ART also
enhances the proliferation and survival of mouse sympathetic neuroblasts and
neurons from both the cervical sympathetic ganglia and the thoracic sympathetic
chain ganglia at early stages of development. In addition, ART promotes the survival
of post-natal neurons from rodent superior cervical ganglion (Baloh, et al., 1998)

(chapter 3 this thesis).
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1.9.5 GFRa receptors

The first member of the GFRa receptor family, GFRal, was isolated by

expression cloning and screening for GDNF binding proteins (Treanor, et al., 1996).
Both human and chicken GFRal have been cloned and share 93% and 80% amino

acid identity with their rat homologue, respectively (Jing, et al., 1996; Buj-Bello, et

al., 1997). GFRal is a 468 amino acid glycoprotein that contains 31 conserved

cysteine residues, a putative signal peptide at the amino terminus, and a stretch of 23

hydrophobic amino acids at the carboxy-terminus which mediate its binding to the
cell membrane via a GPI-linkage (Treanor, et al., 1996).

A BLAST search of the Genbank Expressed Sequence Tag (EST) database
for similar sequences to rat GFRal resulted in the identification of GFRa2 and

GFRa3 (Trupp, et al., 1998; Nomoto, et al., 1998; Klein, et al., 1997; Baloh, et al.,

1997; Jing, et al., 1997; Worby, et al., 1998). Rat GFRa2 is a 464 amino acid

polypeptide that has 48% and 33% identity with GFRal and GFRa3, respectively.

Both human and chicken GFRa2 have also been cloned (Sanicola, et al., 1997;

Suvanto, et al., 1997; Buj-Bello, et al., 1997). GFRa3 is a 397 amino acid protein
that has 35% identity to GFRal and appears to be the most divergent family member

(Jing, et al., 1997; Naveilhan, et al., 1998; Nomoto, et al., 1998; Worby, et al.,

1998).

GFRa4 was isolated by screening an E10 chicken brain cDNA library with a

mouse GFRal probe. The nucleotide sequence of chicken GFRa4 predicts a 431

amino acid protein that has approximately 40% identity to both mouse and chicken
GFRal and GFRa2, but only 27% identity with mouse GFRa3 (Thompson, et al.,

1998). Recently, a putative mouse GFRa4 gene has been identified (Gunn, et al.,

1999).

GFRal-4 mRNAs are widely expressed in the developing CNS, PNS and a

variety of other tissues and are regulated differently during development. For

example GFRal mRNA expression in whole mouse embryos first appears at Ell,

declines by E15 and then rises at El 7, whereas GFRa2 mRNA is barely detectable at

Ell, after which it rises to peak at El 7. The expression of both GFRal and GFRa2

is maintained into adulthood. In contrast, GFRa3 mRNA expression is strongest at
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Ell, thereafter declining to barely detectable levels in the adult (Jing, et al., 1997;

Worby, et al., 1998).

During development, GFRal is expressed in liver, intestine, kidney, heart,

lung, skin, bone, muscle and endocrine glands (Treanor, et al., 1996; Buj-Bello, et

al., 1997; Thompson, et al., 1998; Golden, et al., 1998). GFRal transcripts are also
detected in neuronal tissues of the developing PNS, including subpopulations of
dorsal root ganglia neurons, trigeminal neurons and superior cervical ganglia
neurons. In the developing CNS, GFRal mRNA has been detected in the forebrain,

midbrain, pons, medulla, cerebellum and spinal cord (Treanor, et al., 1996; Buj-

Bello, et al., 1997; Horger, et al., 1998; Worby, et al., 1998; Yu, et al., 1998;

Widenfalk, et al., 1999). In the adult CNS, GFRal mRNA expression has been

detected in olfactory tubercle, ventral striatum, hippocampal, subtantia nigra,

habenula, caudate nucleus and spinal cord (Sanicola, et al., 1997)

GFRa2 transcripts, like GFRal transcripts, are abundantly expressed in the
brain and many other tissues and organs (Buj-Bello, et al., 1997; Baloh, et al., 1997;

Klein, et al., 1997; Widenfalk, et al., 1997; Thompson, et al., 1998; Yu, et al., 1998;

Golden, et al., 1998). In adulthood, the expression of GFRa2 mRNA within the

brain is less extensive than GFRal, including deep layers of the neocortex, olfactory

tubercle, lateral septum, hippocampal formation, pineal gland and inferior and

superior colliculi (Sanicola, et al., 1997; Trupp, et al.,1 998). The expression pattern

of GFRa2 mRNA in adult peripheral tissues does not differ markedly from that of

GFRal mRNA (Sanicola, et al., 1997; Golden, et al., 1998).

The expression of GFRa3 mRNA appear to be predominately restricted to

neuronal tissues. In the CNS, GFRa3 transcripts are only detected during the earliest

period of neurogenesis (Naveilhan, et al., 1998). In the PNS, expression of GFRa3

has been found in neuronal subpopulations of developing peripheral and cranial

ganglia including the trigeminal, dorsal root ganglia, pre- and para-vertebral

sympathetic ganglia and, most strongly, the superior cervical ganglia (Worby, et al.,

1998; Baloh, et al., 1998; Widenfalk, et al., 1999; Yu, et al., 1998). It is interesting

to note that the expression pattern of GFRa3, being almost entirely restricted to

neural crest-derived tissues, parallels the expression of Ret, (Pachnis, et al., 1993)

much more closely than the other GFRa family members.
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GFRa4 mRNA is expressed in several developing chicken tissues and

organs, including: the brain, kidney, liver, heart, muscle, intestinal myenteric plexus
and mucosal epithelium (Thompson, et al., 1998).

The physiological relevance of the GPI-linked receptors has been examined

by the use of knockout mice. GFRal null mutant mice demonstrate absence of
enteric neurons and agenesis of the kidney, characteristics that are reminiscent of
both GDNF and Ret deficient mice (Cacalano, et al., 1998; Enomoto, et al., 1998).

Midbrain dopaminergic and motoneurons are unaffected in GFRal knockout mice.
Minimal or no neuronal losses are also observed in a number of peripheral ganglia,

including superior cervical ganglia and nodose ganglia, which are affected in both
Ret and GDNF deficient mice (Cacalano, et al., 1998; Enomoto, et al., 1998).

Unlike GFRal knockout mice, which die soon after birth, mice lacking

GFRa2 are viable and fertile. However, they have dry eyes due to a deficiency in the

cholinergic innervation of the lacrimal gland and grow poorly after weaning,

presumably due to malnutrition. GFRa2 deficient mice display deficits in the enteric
and parasympathetic nervous system that are strikingly similar to those of NTN-
deficient mice. In contrast, sympathetic innervation appears normal (Rossi, et al.,

1999). In GFRa3 null mutant mice, the SCG is missing or markedly reduced

containing only a few degenerating neurons. No gross defects of CNS neurons have
been detected in any of these null mutants. The distinct phenotypes of each GFRa
null mutation demonstrates the critical role of each receptor in the development of

specific tissues and neuronal populations.
In vitro studies have shown that GFRal, GFRa2, GFRa3, GFRa4 are the

preferred co-receptor for GDNF, NTN, ART and PSP, respectively (Buj-Bello, et al.,

1997; Jing, et al., 1997; Baloh, et al., 1998; Klein, et al., 1997; Sanicola, et al., 1997;

Enokido, et al., 1998). Certain members of the GDNF ligand family are able to use

alternative GFRa-ret complexes at higher ligand concentrations. For example, NTN

and ART can activate Ret via GFRal in vitro, whereas GDNF can activate Ret via

GFRa2 (Fig 1.4).
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Figure 1.4. Schematic diagram summarising ligand-receptor interactions in the GDNF
ligand family. The thick arrows demonstrate prefered ligand-receptor interactions,while the
dash arrows denote other interactions known to occur.

1.9.6 Ret receptor tyrosine kinase
Ret (rearranged during transfection) is a proto-oncogene that was first

identified by transfection of NIH 3T3 cells with human T-cell lymphoma DNA

(Takahashi, et al., 1985). Full length human ret cDNA was subsequently cloned and

sequenced and identified as receptor tyrosine kinase (RTK) protein (Takahashi, et

al., 1988; Takahashi, et al., 1989). The homologous mouse and chicken ret proto-

oncogenes have also been cloned (Iwamoto, et al., 1993; Schuchardt, et al., 1995).

The ret protein contains a large extracellular domain that includes a cadherin-like

region domain followed by a single transmembrane domain, and an intracellular

tyrosine kinase domain that is separated into two by a small insertion sequence

(Takahashi, et al., 1989).

Ret mRNA is detected in many tissues from the early stages in mouse

embryogenesis (Pachnis, et al., 1993; Nosrat, et al.\ 1997, Golden, et al., 1999). In

the PNS, expression of ret mRNA has been detected in cranial ganglia, autonomic
and dorsal root ganglia of the trunk and adrenal chromaffin cells. In the CNS, ret is

expressed by dopaminergic neurons and motoneurons. Outside the nervous system,

ret mRNA is expressed at high levels in developing kidneys and the gastro-intestinal
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tract (in the presumptive enteric neuroblasts of the vagal neural crest and in the

myenteric ganglia of the gut (Nosrat, et al., 1997)). The levels of ret mRNA

expression in the adult are much lower, being restricted to neuroendocrine tissues

only. The fact that ret is primarily found in cells and lineages derived from neural
crest reiterates the role of ret in the development of neural crest cells.

The requirements for ret in the formation of the enteric and sympathetic
nervous has been confirmed by ret deficient mice in which kidneys, enteric nervous

system below the stomach and the SCG are all absent (Schuchardt, et al., 1994). It is

noteworthy that disruption of the ret gene affects development of rostral sympathetic

ganglia more severely than more caudal ganglia, even though ret is expressed along
the entire rostral-caudal axis.

1.10 Hepatocyte growth factor and its receptor
1.10.1 Hepatocyte growth factor

Hepatocyte growth factor (HGF), also known as Scatter factor, was originally
identified in the serum of partially hepatectomized rats as a potent mitogen for
cultured rat hepatocytes. (Nakamura, et al., 1986; Furlong, et al., 1991; Weidner, et

al., 1991). HGF is a glycoprotein heterodimer, comprised of a large alpha subunit
and a smaller beta subunit, with a molecular weight of 82 kDa. HGF is synthesised
as a precursor protein that on cleavage yields a 439 or 233 amino acid mature

protein, respectively (Nakamura, et al., 1986; Nakamura, et al., 1987; Gohda, et al.,

1988; Gherardi, et al., 1989; Weidner, et al., 1990; Weidner, et al., 1990). HGF
shares 38 % sequence homology with human plasminogen and other related

proteases. The alpha subunit contains a hairpin loop of 27 amino acids and four

unique domains termed kringle domains. The beta subunit shows a high degree of

homology with various serine proteases (Nakamura, et al., 1986). HGF is localised
on human chromosome 7q21.1 (Fukuyama, et al., 1991).

In mammals, HGF mRNA is widely expressed, including epithelial cells,

lung, kidney, thymus, liver and gastrointestinal tract (Thashiro, et al., 1990;

DeFrances, et al., 1992; Wang, et al., 1994; Nakamura, et al., 1989). In the CNS,
HGF mRNA has been detected in cortex, cingulate gyrus, hippocampus, pons,

cerebellum and medulla (Jung, et al., 1994; Honda, et al., 1995).
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HGF promotes the survival and proliferation of several cell types, including

developing hepatocytes, keratinocytes, melanocytes and chondrocytes (Kan, et al.,
1991; Tabebayashi, et al., 1995). HGF also stimulates the migration and dissociation
of epithelial sheets and plays a role in the metastasis of some tumours (Gherardi and
Stoker, 1991; Birchmeier, et al., 1997; Maggiora, et al., 1997; To, 1998). HGF is a

chemoattractant for spinal motoneurons and has been implicated in guiding a subset
of motor axons to their peripheral targets. HGF also promotes the survival of a

subpopulation of spinal motoneurons (Ebens, et al., 1996; Wong, et al., 1997;
Yamamoto, et al., 1997). HGF increases the number of TH-positive neurons in
midbrain cultures (Hamanoue, et al., 1996). In the PNS, HGF enhances sympathetic
neuroblast survival and neurite growth from sympathetic neurons when cultured with
NGF (Maina, et al., 1998; Yang, et al., 1998). Although HGF does not promote the
survival of cultured DRG neurons alone, it increases the number of DRG neurons in

cultures containing saturating concentrations of NGF (but not other neurotrophins)
and is required in vivo for the survival of the full complement of DRG neurons

(Maina, et al., 1997). Similar results have been found with parasympathetic neurons

of the ciliary ganglion and proprioceptive neurons of the trigeminal mesencephalic
nucleus. In these cases HGF does not promote neuronal survival alone, but in the

presence of CNTF, but not BDNF, enhances the survival and growth of these
neurons (Davey, et al., 1999).

Studies on HGF null mice have elucidated the role of HGF in vivo. Mice

homozygous for HGF die between E12.5 and E15.5, as a result of abnormal liver

development (Schmidt, et al., 1995; Uehara, et al., 1995). Furthermore, these
animals also show an impaired development of the placenta, skeletal muscle of the
limbs and trunk (Schmidt, et al., 1995; Uehara, et al., 1995). Over expression of
HGF induces ectopic development of skeletal muscle and melanocytes in the central
nervous system, supporting the idea that during development HGF acts in vivo as a

morphogenic and epithelial scattering factor (Takayama, et al., 1996).

1.10.2 190met Receptor
The HGF receptor is a transmembrane receptor encoded by the Met proto-

oncogene (pl90met). 190met was originally identified as an activated oncogene in a

human osteosarcoma cell line (Cooper, et al., 1984). The Met proto-oncogene is a
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member of the receptor tyrosine kinase gene (RTK) family (Dean, et al., 1985). The
mature form of the receptor is a heterodimer of 190 kDa consisting of two

disulphide-kinked chains of 50 kDa and 145 kDa, respectively. The receptor is

initially synthesised as a single chain 170 kDa precursor which undergoes

glycosylation and proteolytic cleavage to generate the mature heterodimer

(Giordano, et al., 1989). Examination of the nucleotide sequence of c-Met DNA has
revealed that its structure is highly conserved amongst different mammalian species

(Liu, 1998).

Following autophosphorylation of Met receptor by binding HGF, several
transducer molecules are activated, including Grb2, Gabl, SHC, PI3-kinase and

phospholipase C-y (PLC-y) (Ponzetto, et al., 1994). Following docking to activated
met receptors, transducer molecules activate a number of signalling pathways

including, Ras/Map kinase, JNK/SAP kinase, PI3-kinase, SPFI2 tyrosine

phosphatase, Nek and the STAT pathways (Ponzetto, et al., 1994; Kochhar and Iyer,

1996; Weidner, et al., 1996; Nguyen, et al., 1997; Rodrigues, et al., 1997;

Boccaccio, et al., 1998).

Expression studies have shown that c-Met mRNA is widely expressed,

including liver, stomach, gut, thyroid, kidney, lung, uterus, ovaries, skin, prostate

and intestinal tissue (Naldini, et al., 1991; Tashiro, et al., 1990; Sonnenberg, et al.,

1993; Krasnoselsky, et al., 1994; Honda, et al., 1995; Andermarker, et al., 1996). c-

Met has also been observed in the embryonic and post-natal nervous system

including, brain, spinal cord, motoneurons and microglia (Di-Renzo, et al., 1993:

Sonnenberg, et al., 1993; Jung, et al., 1994; Andermarker, et al., 1996; Honda, et al.,

1995)

Animals lacking functional c-Met receptors have a similar phenotype to that
observed in HGF null mutant mice. c-Met null mutants die between El2.5 and El5.5

and have severely impaired development of the liver, placenta and skeletal muscle of
the limbs and trunk (Bladt, et al., 1995). In the PNS, mouse embryos carrying a non¬

functional Met receptor have much shorter, less branched spinal sensory nerves

(Maina, et al., 1997). The SCG is also affected with a reduction in the number of
neurons and an increase in apoptotic neurons (Maina, et al., 1998).
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CHAPTER 2

REGULA TION OF NEUROTROPHIN RECEPTOR

EXPRESSION BYRETINOIC ACID INMOUSE

SYMPA THETIC NEUROBLASTS

2.1 Introduction

The response of neurons to neurotrophins changes during development. Some
neurons are not dependent on neurotrophins for survival during the earliest stages of
axonal outgrowth (Coughlin and Collins, 1985; Davies and Lumsden, 1984;

Ernsberger and Rohrer, 1988; Ernsberger, et al., 1989; Vogel and Davies, 1991) and
some neurons switch their survival requirements from one neurotrophin to another

during development (Buchman and Davies, 1993; Farinas, et al., 1996; Paul and

Davies, 1995; Pinon, et al., 1996; Wilkinson, et al., 1996; Enokido, et al., 1999).

The timing of neurotrophin responsiveness and receptor expression has been

extensively studied in paravertebral sympathetic ganglia. Post-mitotic sympathetic
neurons become dependent on NGF for survival (Levi-Montalcini, 1987; Johnson, et

al., 1980; Crowley, et al., 1994; Smeyne, et al., 1994) and the onset of NGF

dependence is correlated with a marked increase in trkA expression (Hoist, et al.,

1997; Wyatt and Davies, 1995). Furthermore, the sensitivity of sympathetic neurons

to NGF is enhanced later in embryonic development by p75 (Lee, et al., 1994) whose

expression increases markedly at this time and approaches that of trkA postnatally

(Horton, et al., 1997; Wyatt and Davies, 1995). On the other hand sympathetic
neuroblasts and early sympathetic neurons express relatively high levels of trkC
mRNA (Birren, et al., 1993; Dechant, et al., 1993; DiCicco-Bloom, et al., 1993;

Wyatt, et al., 1997) that start to decrease just before sympathetic neurons become

dependent on NGF. Thus, the onset of the survival responses ofdeveloping neurons to
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neurotrophins is correlated with marked increases in the expression of the

correspondening receptor (Hoist, et al., 1997; Ninkina, et al., 1996; Robinson, et al.,

1996; Wyatt and Davies, 1993; Wyatt and Davies, 1995). However, little is known
about how trk expression is regulated. In cultured rat sympathetic neurons it has been

reported that NT-3 regulates trkA expression (Verdi, et al., 1996), but studies in the
NT-3 null mutant mice reveal that trkA expression is not altered in these animals

(Wyatt, et al., 1997). In addition has been found that sympathetic neurons become

specified to up-regulate trkA mRNA in culture independently of added factors (Wyatt
and Davies, 1995).

Retinoic acid (RA) has been shown to be an important regulator of many

aspects ofneuronal development including, posterior-anterior patterning of the central
nervous system (Durston, et al., 1989), specification of neural cell fate in
motoneurons (Sockanathan, et al, 1998), formation of segment-specific axonal

projections in sympathetic preganglionic neurons (Forehand, et al. 1998) and a

chemotactic molecule for chick neural tube cells (Maden, et al., 1998). In neural crest

cells, RA promotes survival, proliferation and migration of neuronal progenitors

(Henion and Weston, 1994; Ito and Morita, 1995) and the differentiation of adrenergic
cells in vitro (Dupin and Le Douarin, 1995; Rockwood and Maxwell, 1996).

Moreover, RA promotes survival, stimulates neurite outgrowth and induces the
neurotransmitter phenotype in sympathetic neurons (Rodriguez-Tebar and Rohrer,

1991; Plum and Clagett-Dame, 1996; Berrard, et al., 1993; Kobayashi, et al., 1994).
Studies on neurotrophin receptor expression have previously shown that RA induces
trkA expression and the onset of NGF dependence in human neuroblastoma cell line
and chick sympathetic neurons (Haskell, et al., 1987; Hoist, et al., 1995; Hoist, et al.,

1997; Rodriguez-Tebar and Rohrer, 1991). And finally, retinoids have been found to

regulate cell shape and polarity in developing sympathetic ganglia (Chandrasekaran,
et al., 2000).

Retinoids are lipid-soluble molecules that can enter cells by diffusion. Inside
the cell, RA interacts with two classes of protein: (1) cellular retinoic acid-binding

protein (CRABP) which is located in the cytoplasm, (2) two families of retinoic acid

receptors, which are located in the nucleus: retinoic acid receptors (RARs) and
retinoic X receptors (RXR). Two types of cellular retinoic acid-binding proteins

(CRABPI and II) have been identified (Bailey and Siu, 1988; McGregor, et al., 1992).

Expression data reveal that CRABPI and II are present in neural crest cells and their
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derivatives (Maden, et al., 1991), but their role during development and in adulthood
is unknown. Several suggestions have been made of their function including, transport

of RA from the cytoplasm to the nucleus of the cell, acting in the metabolism of RA
or acting like a buffer to regulate the amount of RA available to the RARs and

generating concentration gradients of RA within cells (reviewed in Smith, et al.,
1989).

Retinoic-acid-regulated gene expression is mediated by nuclear receptors

which act as ligand-dependent transcription factors (reviewed in Chambon, 1996). As

interacting molecules, the receptors have regions for binding to specific DNA

sequences, for binding to retinoic acid, for dimerization of receptor molecules and for

interacting with other transcription factors. These receptors are encoded by six
different genes, RARa,p and y and RXRa,p and y. Functional receptors are

homodimers or heterodimers, each with unique characteristicts.
The aim of the study described in this chapter was to study the effect of RA on

the expression of the neurotrophin receptors, trkA, trkC and p75 by neuroblasts and
neurons at different axial levels along the embryonic mouse paravertebral sympathetic
chain using competitive RT-PCR. Also, the effect of RA on sympathetic neuroblast

proliferation was studied by measuring the number of cells that incorporated
bromodeoxiuridine (BrdU). The results demonstrate that in dissociated cultures of

sympathetic neuroblasts, retinoic acid inhibited the developmental increase in trkA
mRNA expression and the developmental decrease in trkC mRNA expression that

normally occurs in these cells, but did not affect p75 mRNA expression. At higher

concentrations, retinoic acid also increased the proliferation of sympathetic
neuroblasts. After sympathetic neuroblasts became postmitotic, retinoic acid no

longer affected receptor expression. Studies with retinoic acid receptor agonists and

antagonists, indicated that the effects of retinoic acid on neurotrophin receptor

expression were mediated mainly by a-retinoic acid receptors, not p or y receptors.

The observation that a-antagonists increased trkA mRNA expression in intact

sympathetic ganglion explants suggests that endogenous retinoic acid is a

physiological regulator of trkA receptor expression.
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2.2 Material and methods

2.2.1 Neuronal cultures

All the embryos were obtained from overnight matings of CD-I mice. The

morning of identification of the vaginal plug was designated to be embryonic day 0.5.

Pregnant females were killed by cervical dislocation at 13.5, 14.5 and 15.5 days of

gestation and embryos were removed and accurately staged according to the criteria
of Theiler (Theiler, 1972). Dissections of SCG ganglia were performed under a

stereomicroscope using a fibre-optic light source for illumination to prevent

overheating the specimen. Embryos were dissected in sterile plastic Petri dishies (60

mm) in Liebowitz-15 (L-15) medium without sodium bicarbonate. All the tools used
for the dissection of the ganglia where sterilised by flaming in alcohol. To complete
the procedure and to remove adherent connective tissue from the dissected neuronal

tissue, tungsten needles were required. These where made from 0.5 mm diameter

tungsten wire, electrolytically sharpened in 1 M KOH and held in chuck-grip

platinum wire holders.
The SCG ganglion is situated close to the base of the skull. The dissection was

similar at all ages. The top of the skull was removed and the embryo was decapitated

just above the shoulders. The head was bisected in the sagital plane. After removal of
the hindbrain, the jugular foramen was opened to reveal the SCG ganglia lying at its
base. The SCG ganglion is an elongated structure attached caudally to the sympathetic
chain. At this point of the dissection the spherical nodose ganglia could also be seen

(Tig. 2.1).
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Figure 2.1 Medial aspect of the left half of an El 4 mouse embryo head showing successive
stages in the dissection of the SCG ganglion.

The thoracic and lumbar paravertebral sympathetic ganglia were dissected
from the thoracic and lumbar region of mouse embryos where it was found just lateral
to the vertebral column lying ventral to dorsal root ganglia. The intact chain was

readily peeled away with forceps with little adherent connective tissue and the
thoracic ganglia were separated from the lumbar ganglia and placed in different tubes

The dissected ganglia were collected in calcium-magnesium-free Hank's
balanced salt solution (CMF-HBSS) and incubated in 0.1% trypsin, at 37°C, for 6, 9
and 12 minutes for E13.5, E14.5 and E15.5 ganglia, respectively. Approximately 7-10

ganglia for the superior sympathetic ganglia and 4-6 chains for the paravertebral

sympathetic ganglia were required per experiment. Following trypsinisation, the

ganglia were washed twice in Ham's F-12 medium supplemented with 10% heat
inactivated horse serum (HIHS) in order to arrest trypsin action. The ganglia were

washed twice with HBSS to remove any residual serum, and then mechanically
dissociated by gentle trituration using a fire-polished, siliconized Pasteur pipette to

give a single cell suspension. The trituration was monitored by examining a drop of
dissociated cell suspension on a glass slide using an inverted phase-contrast

microscope. Four to five passages of the cells through the tip of the Pasteur pipette
were usually sufficient to dissociate trypsinised ganglia.

The cells were plated at low density (500-2,000 neurons per dish) in 35mm
diameter plastic tissue culture dishes (Nunc). The dishes had previously been prepared
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by coating with a substratum of poly-DL-omithine (0.5 mg/ml in 0.15M borate buffer,

pH 8.4, overnight at room temperature) and laminin (20 pg/ml in F-14 medium, 4
hours at 37°C. The cells were grown in 2ml of F-14 medium supplemented with 2mM

L-glutamine and SATO (containing pathocyte-4-BSA, putrescine, progesterone, L-

thyroxine, sodium selenite, tri-iodothyronine) in a humidified 5.5% CO2 incubator, at

37°C, for 24 or 48 hours. The number of attached neuroblasts or neurons (Fig. 2.2)
within a 12 x 12 mm square in the centre of each dish was counted 6 hours after

plating. The number of surviving neuroblasts or neurons in the same area was counted
at intervals and expressed as a percentage of the initial number of neurons counted. In
each experiment, triplicate cultures were set up for all conditions. Explant cultures
were grown in 4-well dishes (Nunclon) with 2 explants per well in 0.5 ml medium.
Unless otherwise stated, all cultures received 5 ng/ml NGF (gift of John Winslow and
Gene Burton, Genentech, Inc.).

Retinoids were dissolved in DMSO at concentrations of 10-50 mM and

subsequently diluted in medium to the concentrations indicated. The RARa-selective

agonists Ro 40-6055 and Ro 40-6973 (Am-80), the RARp-selective agonist Ro 19-

0645, the RARy-selective agonist Ro 44-7081 and the RARa-selective antagonist Ro

41-5253 were generously provided by Dr. M. Klaus, Novartis, Basel.

Figure 2.2 Phase contrast micrograph shows two representative post-mitotic sympathetic
neuron with sperical cell bodies and long neurites (bottom) and a dividing sympathetic
neuroblast with dark-stained cell bodies and short processes (top, arrow). SCG dissected
neurons from E14 embryos cultured for 20 hours in the presence of NGF. (Magnification
x400)
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2.2.2 Quantification of neurotrophin receptor mRNA levels
A quantitative, competitive reverse transcription/polymerase chain reaction

(RT/PCR) technique (Wyatt and Davies, 1993) was used to measure the levels of

trkA, trkC, p75 and GAPDH mRNAs in total RNA extracted from cultures. The
reverse transcription and PCR reactions were calibrated by the inclusion of known
amounts of cRNA competitor templates for each of the mRNAs in the reverse

transcription reaction. The cRNA competitor templates were synthesised in vitro from
cDNA competitor constructs. The details of the primers, control templates, reaction
conditions and quantification are provided elsewhere (Wyatt and Davies, 1993;

Wyatt, et al., 1997). More detail of the RT-PCR assay is given in chapter 4.

2.2.3 Neuroblast proliferation
Neuroblast proliferation was studied by using immunocytochemistry to

determine the number of neuroblasts that incorporated bromodeoxyuridine (BrdU)
into their nuclei. Cells were plated into the 11mm wells of 4-well dishes (Greiner),
BrdU was added after 3 hours incubation and the cultures were fixed with methanol

after a further 12 hours incubation (-20°C for 15 minutes). The cells were stained for
nuclear BrdU incorporation following the manufactures instructions (Cell
Proliferation kit, Amersham). The number of BrdU-positive cells is expressed as a

percentage of total cell number. The great majority of labelled cells exhibited the

typical morphology of sympathetic neuroblasts (Maina, et al., 1998). The very small
number of fibroblast-like cells in these cultures were not included in the analysis.
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2.3 Results

2.3.1 Retinoic acid reduces trkA mRNA expression in sympathetic
neuroblasts

Competitive RT/PCR was used to measure the level of trkA mRNA in low

density dissociated cultures established from superior cervical sympathetic ganglia

(SCG), thoracic ganglia and lumbar ganglia of the embryonic mouse paravertebral

sympathetic chain at intervals during its early development. Ganglia from different
axial levels were analysed since there is evidence that they are derived from distinct

lineages and differ in their dependence on survival factors (Durbec, et al., 1996;

Moore, et al., 1996). Unless otherwise stated, NGF was added to all cultures to

sustain the survival of postmitotic sympathetic neurons. Although very few NGF-

dependent post-mitotic neurons were present in E13.5 cultures, the numbers of these
neurons increased markedly by E15.5 (Wyatt and Davies, 1995). The level of trkA
mRNA increased from E13.5 to E15.5 in cultures without added retinoic acid (Fig.

2.3). At each age, the level of trkA mRNA was highest in cervical cultures and lowest
in lumbar cultures (Fig. 2.3), reflecting the rostrocaudal sequence of neuronal

development in the sympathetic chain.
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Figure 2.3 Graphs of the levels of trkA mRNA (relative to the level of the mRNA encoding
the housekeeping protein GAPDH) in dissociated cultures of E13.5 (A), E14.5 (B) and E15.5
(C) SCG, thoracic and lumbar paravertebral sympathetic ganglia after 48 hours in culture with
5 ng/ml NGF alone and NGF plus retinoic acid over a range of concentrations. The means and
standard errors of data from 3 to 8 separate culture experiments are combined for each data
point. D summarises the changes with age in the relative level of trkA mRNA in SCG,
thoracic and lumbar cultures containing different concentrations of retinoic acid expressed as
a percentage of the level in cultures grown without retinoic acid (derived from the combined
data shown in A, B and C).
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At El 3.5, when the majority of cells in the chain are proliferating sympathetic

neuroblasts, retinoic acid caused a marked, dose-dependent decrease in trkA mRNA

expression (Fig. 2.3A). After 48 hours, the level of trkA mRNA was significantly

lower in cultures supplemented with 10" M retinoic acid compared with cultures

containing NGF alone (p < 0.05, for all regions, t-tests), and progressively greater

reductions were observed in cultures containing higher concentrations of retinoic acid.

At the highest concentration used (10"6 M), the level of trkA mRNA was

approximately 95% lower than in cultures not containing retinoic acid (Fig. 2.3D).

Although the data reported in Figure 2.3 are taken from NGF-supplemented cultures,

very similar results were obtained from El3.5 cultures grown without NGF (data not

shown).

At El4.5, when the earliest sympathetic neurons in the chain become

dependent on NGF for survival but a large number of proliferating sympathetic
neuroblasts still remain (Wyatt and Davies, 1995), retinoic acid also caused a large
decrease in trkA mRNA expression (Fig. 2.3B). However, the decrease was not as

pronounced as that observed at El3.5. By 48 hours, the percentage reduction in the

presence of 10"6 M retinoic acid ranged from 94% for lumbar cultures to 60% for
SCG cultures, with a mean decrease of approximately 75% (Fig. 2.3D).

At El 5.5, when the majority of cells in the chain are post-mitotic sympathetic
neurons that have become dependent on NGF for survival but a small number of

proliferating neuroblasts remain (Wyatt and Davies, 1995), retinoic acid had a

negligible effect on trkA mRNA expression (Fig. 2.3C). The mean percentage

decrease in the presence of 10~6 M retinoic acid was only 23% (Fig. 2.3D). This
decrease was, however, statistically significant (p < 0.001, t-test). The age-related

changes in the effect of retinoic on trkA expression at all axial levels is summarised in

Figure 2.3D.
To exclude the possibility that the reduction in trkA mRNA expression in the

presence of retinoic acid was due to a toxic effect of this reagent, I compared the
number of neurons surviving in cultures containing NGF plus different concentrations
of retinoic acid with the number in cultures containing NGF alone. In each set of

cultures, after 48 hours incubation, there was no significant difference in percent

survival in cultures containing NGF alone and cultures containing NGF plus retinoic
acid at each of the concentrations used (data not shown). The percent survival in
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El3.5 cervical and thoracic cultures ranged between 85% and 100%, and was lower in
E13.5 lumbar cultures (between 48% and 65%). The percent survival in E14.5
cultures of all regions ranged from 42% to 77% and ranged from 64% to 77% in
E15.5 cultures. In the absence of NGF, the percent survival fell from a mean of 78%
in E13.5 cultures to 24% and 4% in E14.5 and E15.5 cultures, respectively.

To ascertain how the expression of trkA mRNA changes with time in culture
in the presence and absence of retinoic acid, the level of trkA mRNA was measured at

intervals from the time of plating to 48 hours incubation. In El3.5 cultures, a small
decrease in trkA mRNA expression was consistently observed under both conditions

during the first 9 hours in vitro (Fig. 2.4). After this time, the level of trkA mRNA in
cultures without retinoic acid increased markedly, mirroring the developmental
increase in trkA mRNA expression in vivo (Wyatt and Davies, 1995), whereas in the

presence of retinoic acid the level of trkA mRNA remained low. The increase in trkA
mRNA expression in cultures without retinoic acid was observed both in the presence

and absence of NGF (data not shown). Thus, the reduced level of trkA mRNA

expression observed in sympathetic neuroblasts cultured for 48 hours with retinoic is
due to an inhibition of the developmental rise in trkA mRNA expression rather than to

a further reduction in trkA mRNA expression.

E13.5 SCGneuroblasts

Tune ui culture (hours)
Figure 2.4 Graph of the level of trkA mRNA (relative to GAPDH mRNA) in dissociated
cultures of El3.5 SCG neuroblasts grown in culture with 5 ng/ml NGF alone (control) and
NGF plus 10-7 M retinoic acid at intervals from plating to 48 hours incubation. The means
and standard errors of 4 separate cultures are shown for each data point.
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2.3.2 Retinoic acid increases trkC mRNA expression in sympathetic
neuroblasts

Alternative splicing generates transcripts that encode TrkC variants that

possess or lack the intracellular tyrosine kinase domain (Lamballe, et al., 1993;

Tsoulfas, et al., 1993; Valenzuela, et al., 1993). The levels of mRNAs encoding

catalytic (TK+) and non-catalytic (TK") TrkC variants were measured by competitive
RT/PCR (Wyatt, et al., 1997). In contrast to the repression of trkA mRNA expression

by retinoic acid, the level of trkC TK+ mRNA in cultures of E13.5 cervical, thoracic
and lumbar sympathetic neuroblasts was substantially elevated by retinoic acid (Fig.

2.5A). A dose-dependent increase in trkC TK+ mRNA was observed over the 10" 10
to 10~6 M range, with 6-fold increase at the highest concentration (Fig. 2.5D).

Retinoic acid also caused a marked increase in trkC TK+ mRNA expression in El4.5

cultures, although the increase was not as pronounced as that observed in El3.5

cultures (Fig. 2.5B). By 48 hours, there was a 4-fold increase in the presence of 10~6
M retinoic acid (Fig. 2.5D). In El5.5 cultures, retinoic acid had no effect on trkC TK+
mRNA expression (Fig. 2.5C). In addition to the age-related effects on trkC TK+

expression, retinoic acid had very similar effects on trkC TK" mRNA expression in
these cultures (data not shown).
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Figure 2.5. Graphs of the levels of trkC TK+ mRNA (relative to GAPDH mRNA) in
dissociated cultures of E13.5 (A), E14.5 (B) and E15.5 (C) SCG, thoracic and lumbar
paravertebral sympathetic ganglia after 48 hours in culture with 5 ng/ml NGF alone and NGF
plus retinoic acid over a range of concentrations. The means and standard errors of 3 to 8
separate cultures are shown for each data point. D summarises the changes with age in the
relative level of trkC TK+ mRNA in SCG, thoracic and lumbar cultures containing different
concentrations of retinoic acid expressed as a percentage of the level in cultures grown
without retinoic acid (derived from data shown in A, B and C).

51



2.3.3 Retinoic acid does not affect p75 mRNA expression
In addition to studying the effect of retinoic acid on the expression of trkA

and trkC transcripts in developing sympathetic neuroblasts and neurons, I used

competitive RT/PCR to measure the level of p75 mRNA in the same cultures. In
contrast to the marked effect of retinoic acid on the expression of trkA and trkC
mRNAs in sympathetic neuroblasts, the level of p75 mRNA was very similar in the
presence and absence of retinoic acid in cultures established from all axial levels of
the sympathetic chain and at all ages studied (Fig. 2.6).
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Figure 2.6. Graphs of the levels of p75 mRNA (relative to GAPDH mRNA) in dissociated
cultures of E13.5 (A), E14.5 (B) and E15.5 (C) SCG, thoracic and lumbar paravertebral
sympathetic ganglia after 48 hours in culture with 5 ng/ml NGF alone and NGF plus retinoic
acid over a range of concentrations. The means and standard errors of 3 to 8 separate cultures
are shown for each data point. D summarises the changes with age in the relative level of
trkA mRNA in SCG, thoracic and lumbar cultures containing different concentrations of
retinoic acid expressed as a percentage of the level in cultures grown without retinoic acid
(derived from data shown in A, B and C).
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2.3.4 RARa mediate the effects of retinoic acid on sympathetic
neuroblasts

Two families of nuclear receptors mediate the actions of retinoic acid: the retinoic
acid receptors (RAR) and the retinoid X receptors (RXR), each consisting of at least
three members, a, p and y (Leid, et al., 1992). To ascertain which RAR subtypes
mediate the effects of retinoic acid on trkA mRNA expression, I studied the effects of
RAR subtype selective synthetic retinoid agonists (Apfel, et al., 1992, Armstrong, et

al., 1994). Figure 2.7 shows that only a-selective retinoid agonists were effective in

reducing trkA mRNA expression in cultures of El3.5 sympathetic neuroblasts.

Neither P-selective nor y-selective retinoids had significant effects on trkA mRNA

expression in these cultures (p > 0.2, t-tests).

ab

Figure 2.7. Bar chart of the levels of trkA mRNA (relative to GAPDH RNA) in dissociated
cultures of E13.5 SCG neuroblasts grown for 48 hours with retinoic acid, RARa-selective
agonists (Ro 40-6055 and Ro 40-6973), RARp-selective agonist (Ro 19-0645) and RARy-
selective agonist (Ro 44-7081), each at 10"^ M. All cultures were also supplemented with 5
ng/ml NGF (control cultures received NGF alone). The means and standard errors of 4
separate cultures are shown for each data point.
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To investigate further the role of RARa in mediating the action of retinoic

acid on trkA mRNA expression, I studied the effect of a RARa-selective antagonist.
This antagonist inhibited the effects of retinoic acid on trkA mRNA expression in a

dose dependent manner (Fig. 2.8A). The reduction in trkA mRNA expression by 1
nM retinoic acid was partially inhibited by a 10-fold higher level of antagonist and

completely inhibited by a 1,000-fold excess of antagonist. The effect of 10 nM
retinoic acid on trkA mRNA expression was significantly inhibited by the antagonist
at 100- and 1,000-fold higher concentrations, although the level of trkA mRNA did
not reach control levels with a 1,000-fold excess of antagonist. On its own, the RARa

antagonist did not significantly affect trkA mRNA expression in these low density
cultures. Taken together, these results suggest that RARa receptors are responsible
for mediating the effects of retinoic acid on trkA mRNA expression in sympathetic
neuroblasts.
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Figure 2.8 A. Bar chart and graph of the levels of trkA mRNA in dissociated cultures of
El3.5 SCG neuroblasts grown for 48 hours with retinoic acid at 1 and 10 nM alone or
together with a RARa-selective antagonist (Ro 41-5253) over a range of concentrations. The
level of trkA mRNA in cultures containing the RARa-selective antagonist alone is also
shown. B. Bar chart of the levels of trkA mRNA in explant cultures of E13.5 SCG at the time
of plating (control, 0 hr) and grown for 48 hours with retinoic acid and the RARa-selective
antagonist. All cultures were supplemented with 5 ng/ml NGF. The means and standard errors
of 4 separate cultures are shown for each data point.

The evidence suggesting that retinoic acid acts on cultured sympathetic

neuroblasts via RARa receptors provided an opportunity to investigate the

physiological significance of the effects of retinoic acid on trkA mRNA expression

during development. If sympathetic neuroblasts are normally exposed to retinoic acid
within the environment of early paravertebral sympathetic ganglia, inhibiting the

action of retinoic acid with the RARa-selective antagonist in ganglion explants
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should affect trkA mRNA expression. As shown in Figure 2.8B, whereas retinoic acid

prevented the developmental increase in trkA mRNA expression, the RARa-selective

antagonist caused a significant increase in trkA mRNA expression (p < 0.01, t-test).
This effect of the antagonist was observed at a concentration as low as 10 nM,

suggesting that the level of retinoic acid to which the neuroblasts are exposed in the

ganglion is very low. Higher concentrations (up to 1 mM) did not effect a further rise
in trkA mRNA (data not shown). These results suggest that retinoic acid normally

plays a role in regulating trkA mRNA expression within early sympathetic ganglia.
The lack of effect of the RARa-selective antagonist on trkA mRNA in low density

dissociated cultures of sympathetic neuroblasts (Fig. 2.8A) is explained by dilution
into the culture medium of any endogenous retinoic acid to the point where it is no

longer effective.

2.3.5 Retinoic increases the proliferation of sympathetic neuroblasts
In addition to studying the effect of retinoic acid on neurotrophin receptor

expression, I investigated its effect on sympathetic neuroblast proliferation using

immunocytochemistry to study bromodeoxyuridine (BrdU) incorporation in vitro. In
control cultures (NGF alone), almost 10% of El 3.5 SCG cells incorporated BrdU into
their nuclei during a 12 hour incubation period (Fig. 2.9A). This fell to just 1% in
El 5.5 control cultures in accordance with the reduction in the number of proliferating

sympathetic neuroblasts in the SCG by this stage. Retinoic acid increased the number
of BrdU-positive cells in E13.5, E14.5 and E15.5 cultures (Fig. 2.9A), the increases at

El3.5 and E14.5 being statistically significant (p < 0.005, t-tests). Similar effects of
retinoic acid were observed in El3.5 lumbar sympathetic chain cultures (data not

shown). These results demonstrate that retinoic acid is capable of increasing

sympathetic neuroblast proliferation throughout the developing paravertebral

sympathetic chain.
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Figure 2.9. A. Bar chart showing the percentage of cells in dissociated cultures of El3.5,
E14.5 and E15.5 SCG that incorporated BrdU during a 12 hour incubation period in control
cultures and cultures containing 10"^ M retinoic acid. B. Graph showing the percentage of
cells in dissociated cultures of E13.5 SCG that incorporated BrdU during a 12 hour incubation
period in control cultures and cultures containing retinoic acid over a range of concentrations.

The effect of retinoic acid on neuroblast proliferation differed in several

respects from its effect on trkA and trkC mRNA expression. First, the concentration
of retinoic acid required to enhance neuroblast proliferation was much higher than
that needed to affect trkA and trkC mRNA expression. In El3.5 cultures (Fig. 2.9B),

significant enhancement of neuroblast proliferation was only observed at retinoic acid

concentrations of 10"and greater (p < 0.001, t-tests) which is 100 to 1,000-fold

higher than the concentrations of retinoic acid required to cause significant changes in
trkA and trkC mRNA expression in neuroblast cultures at the same stage of

development (Figs. 2.3A and 2.5A). Second, studies using RAR subtype selective

synthetic retinoid agonists (Fig. 2.10) suggest that activation of both RARa and

RARp is capable of enhancing neuroblast proliferation. Although only a-selective

retinoid agonists were effective in reducing trkA mRNA expression (Fig. 2.7), both a-

selective and P-selective retinoids significantly increased proliferation (p < 0.01, t-

tests, Fig. 2.9). Figure 2.10 also shows that the RARa-selective antagonist
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substantially reduced the effect of retinoic acid on proliferation but did not completely
inhibit this effect, suggesting that the effect of retinoic acid on neuroblast proliferation
is mediated in part by RARa. The differences in the concentration ranges over which
retinoic acid affects neuroblast proliferation and trk expression and the differences in
the synthetic retinoid agonists capable of eliciting these responses suggest that the
effect of retinoic acid on trk mRNA expression is not simply a secondary

consequence of a change in neuroblast proliferation.

2Dn

Figure 2.10 Bar chart showing the percentage of cells in dissociated cultures of E14.5 SCG
that incorporated BrdU during a 12 hour incubation period in control cultures and cultures
containing retinoic acid, RARa-selective antagonist (Ro 41-5253), RARa-selective agonists
(Ro 40-6055 and Ro 40-6973), RARP-selective agonist (Ro 19-0645) and RARy-selective
agonist (Ro 44-7081), each at 10"^ M except the antagonist which was at a concentration of
10~6 M. The mean and standard error of 3 separate cultures are shown for each data point.
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2.4 Discussion

I have shown that retinoic acid has a marked effect on the expression of trkA
and trkC mRNAs in dissociated cultures established from cervical, thoracic and

lumbar levels of the early sympathetic chain of mouse embryos. Whereas retinoic
acid causes a marked, dose-dependent decrease in the level of trkA mRNA, it has the

opposite effect on the expression of both TK+ and TK" trkC transcripts. The

developmental time course of these actions of retinoic acid suggests that retinoic acid
affects the expression of neurotrophin receptors mainly, if not exclusively, in
sympathetic neuroblasts, not post-mitotic neurons. The effect of retinoic acid on trkA
and trkC mRNA expression is most marked in El3.5 cultures when the sympathetic
chain consists predominantly of sympathetic neuroblasts. It becomes less pronounced
in El4.5 cultures as many sympathetic neuroblasts in the chain stop dividing and
differentiate into post-mitotic neurons, and is negligible in El5.5 cultures when few

sympathetic neuroblasts remain in the chain. Analysis of the changes in trkA mRNA

expression in E13.5 neuroblasts with time in culture suggests that retinoic inhibits the

developmental increase in trkA mRNA that takes place in sympathetic neuroblasts
rather than reducing the level of trkA mRNA present at the time of plating.

The results presented here are in marked contrast to studies of the effects of
retinoic acid on cultured embryonic chicken sympathetic neuroblasts where it has
been shown to induce trkA expression and the appearance of high affinity NGF

receptors and NGF dependence (Hoist, et al., 1995; Hoist, et al., 1997; Rodriguez-
Tebar and Rohrer, 1991). In addition, these results also differ from those obtained

from chicken sympathetic neuroblasts where it has been reported that retinoic acid
does not affect the expression of trkC mRNA (Hoist, et al., 1995). It should be

pointed out that the differences in the response of chicken and mouse sympathetic
neuroblasts to retinoic acid were not due to differences in the preparation of retinoic
acid or culture media used because the same media and batches of retinoic acid that

induced trkA expression in chicken neuroblasts reduced trkA expression in mouse

neuroblasts (data not shown). Likewise, I observed very similar results when mouse

sympathetic neuroblasts were grown in serum containing medium using the same

batch of serum that had been used in cultures of chicken sympathetic neuroblasts

(data not shown). Although the effect of retinoic acid on trkA mRNA expression was

negligible in my cultures of embryonic mouse post-mitotic sympathetic neurons, it
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has been shown that treatment of newborn rat SCG neurons with retinoic acid

suppresses trkA mRNA expression and induces trkB mRNA expression (Kobayashi,
et al., 1994). The physiological relevance of this observation is unclear as sympathetic
neurons do not normally express trkB. Retinoic acid has, however, also been shown to

influence trkB expression in neuroblastoma cell lines, either increasing (Kaplan, et

al., 1993) or decreasing it (Ehrhard, et al., 1993). Whereas retinoic acid does not

affect p75 mRNA expression in cultures of chicken sympathetic neuroblasts (Hoist, et

al., 1995) and mouse sympathetic neuroblasts (present study), it has been reported to

induce p75 expression in neuroblastoma cells (Ehrhard, et al., 1993; Haskell, et al.,
1987; Kogner, et al., 1994) and PC12 pheochromocytoma cells (Scheibe and Wagner,

1992). However, the physiological significance of these studies of cells lines for the

regulation ofp75 expression in normal neuroblasts remains unclear.

Although there seem to be major differences in the effect of retinoic acid on

trkA and trkC expression in sympathetic neuroblasts of developing birds and

mammals, in both classes of vertebrates the action of retinoic acid appears to be
mediated largely, if not exclusively, by the same kind of retinoic acid receptor. In
cultures of chicken sympathetic neuroblasts (Hoist, et al., 1995) and in this study of

mouse sympathetic neuroblasts, RARa agonists produce the same effect as retinoic

acid and RARa antagonists inhibit the action of retinoic acid, suggesting that RARa

mediate these actions. It is possible, however, that the effect of retinoic acid on

neuroblast proliferation may be mediated by both RARa and RARp receptors because

RARa and RARp agonists elicit this effect.

The demonstration that a RARa antagonist is able to inhibit the action of

exogenous retinoic acid on cultured sympathetic neuroblasts allowed me to test

whether endogenous retinoic acid might normally play a role in modulating the

expression of trkA mRNA in intact sympathetic ganglia. The demonstration that a

RARa antagonist increases the level of trkA mRNA in early sympathetic chain

explants is consistent with this idea. The clear increase in trkA mRNA expression in

early sympathetic ganglion explants by low levels of antagonist and the ability of

higher levels ofexogenous retinoic acid to prevent the developmental increase in trkA
mRNA expression in these explants indicates that the level of endogenous retinoic
acid in the early sympathetic ganglia is low but within the range that can modulate
trkA mRNA expression. Perhaps a developmental decrease in the availability of
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retinoic acid to sympathetic neuroblasts is one of the factors that induces trkA mRNA

expression during development. It remains to be ascertained whether retinoic acid is
produced within the chain in self or in adjoining tissues.

In addition to retinoic acid, several other factors have been proposed to play a

role in regulating neurotrophin receptor expression in sympathetic neuroblasts. The
observation that depolarising levels of KC1 induce trkA mRNA expression in MAH

cells, a retrovirally immortalised sympathoadrenal precursor cell line, has led to the

proposal that depolarisation induces trkA expression in sympathetic neuroblasts

(Birren, et al., 1992). However, in primary cultures of sympathetic neuroblasts and
neurons from the embryonic mouse SCG, depolarising levels of KC1 do not increase
trkA mRNA expression before, during or after the onset of NGF dependence,

suggesting that depolarisation is not required for trkA expression in normal

sympathetic neurons during development (Wyatt and Davies, 1995). Because high
concentrations of NT3 increase trkA mRNA expression in sympathetic neuroblast

cultures, it has been concluded that NT3 plays a key role in inducing trkA expression
in these cells during development (Verdi and Anderson, 1994, Verdi, et al., 1996).

However, measurements of trkA mRNA in the SCG and thoracic ganglia of NT3~
mice have shown that the levels rise normally during the stage of development when
the neurons of these ganglia acquire responsiveness to NGF, and by El 6, when the

majority of neurons have become responsive to NGF, the levels of trkA mRNA in

NT3~I~ and wild type embryos are not significantly different (Wyatt, et al., 1997).
In addition to its effect on trkA and trkC expression, I have also shown that

retinoic acid increases the number of sympathetic neuroblasts incorporating BrdU into
their nuclei in culture, raising the possibility that retinoic acid may also play a role in

regulating sympathetic neuroblast proliferation. It is interesting that the combined
effects of retinoic acid on mouse sympathetic neuroblasts serve to slow down the

progression of developmental changes in these cells. During the early stages of

sympathetic neuroblast development, the level of trkA mRNA increases, the level of
trkC mRNA decreases and the neuroblasts stop dividing. Exogenous retinoic acid
counters these changes; it inhibits the developmental increase in trkA mRNA, it
increases trkC mRNA expression and sustains proliferation. Retinoic acid does not

affect p75 mRNA expression in sympathetic neuroblasts which express fairly constant

levels of this mRNA throughout their development. Only after El 7 do the levels of

61



p75 mRNA and protein rise markedly in sympathetic neurons to approach the level of
trkA mRNA in the postnatal period (Horton, et al., 1997; Wyatt, et al., 1997).
Because of the differences in the concentration ranges over which retinoic acid affects
trk expression and neuroblast proliferation and differences in kinds of RAR agonists
that mimic these effects, it is unlikely that the effects of retinoic acid on trk expression
are secondary to changes in neuroblast proliferation. Rather, it seems that retinoic acid
affects both aspects of neuroblast development independently. In common with its
effect on influencing the differentiation of many cell types in the embryo, our results

suggest that retinoic acid plays a role in regulating the differentiation and

development of sympathetic neuroblasts in the mouse embryo.
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CHAPTER 3

ARTEMIN PROMOTES SYMPATHETIC NEUROBLAST

PROLIFERATIONAND ENHANCES SYMPATHETIC

NEURON SUR VIVAL AND GRO WTH

3.1 Introduction

Artemin (Baloh, et al., 1998) is the most recently identified member of the
GDNF family of neurotrophic factors which includes neurturin (Kotzbauer, et al.,

1996) and persephin (Milbrandt, et al., 1998), in addition to the founding member
GDNF (Lin, et al., 1993). These secreted proteins promote the survival of various
kinds of neurons of the peripheral (Buj-Bello, et al., 1995; Trupp, et al., 1995; Suter-
Crazzolara and Unsicker, 1994; Wright and Snider, 1996; Molliver, et al., 1997;

Heuckeroth, et al., 1998; Kotzbauer, et al., 1996; Baloh, et al., 1998) and/or central

nervous system (Lin, et al., 1993; Henderson, et al., 1994; Ha, et al., 1996; Williams,
et al., 1996; Arenas, et al., 1995; Milbrandt, et al., 1998) and play a role in the

development of several other organs (Moore, et al., 1996; Sanchez, et al., 1996;

Pichel, et al., 1996; Cacalano, et al., 1998; Enomoto, et al., 1998).
Studies of ligand binding, Ret phosphorylation and the responses of cells

expressing these receptors have indicated that Ret/GFRa-1 is the preferred receptor

for GDNF (Treanor, et al., 1996; Jing, et al., 1996), Ret/GFRa-2 is the preferred

receptor for neurturin (Klein, et al., 1997; Buj-Bello, et al., 1997; Sanicola, et al.,

1997; Baloh, et al., 1997; Creedon, et al., 1997; Widenfalk, et al., 1997; Suvanto, et

al., 1997; Jing, et al., 1997; Trupp, et al., 1998), Ret/GFRa-3 is the receptor for
artemin (Baloh, et al., 1998) and Ret/GFRa-4 is the receptor for persephin (Enokido,
et al., 1998).

GDNF and neurturin promote the survival of developing avian sympathetic
which show an age related shift in responsiveness to these factors ({Buj-Bello, 1995;
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Forgie, et all., 1999). One study has shown that the GDNF null mutant has a

significant reduction the number of sympathetic neurons in the SCG (Moore, et al.,
1996; Sanchez, et al., 1996) at birth, suggesting that GDNF promotes the survival of
a subpopulation of SCG neurons in vivo. However analysis of GDNF null mutant by
another group did not detect a reduction in the number of SCG neurons (Pichel, et

al., 1996). There are no significant differences in the number of neurons in the SCG
of animals lacking neurturin or its receptor GFRa-2 compared to wild type animals

(Heuckeroth, et al., 1999; Rossi, et al., 1999), demonstrating that although neurturin
can support the survival of avian sympathetic neurons in vitro is not able to support

the survival of murine sympathetic neurons. Surprisingly, studies on receptor

expression have found that both GFRa-1 and GFRa-2 are expressed in mouse

developing SCG and sympathetic trunk ganglia (Golden, et al., 1999) with GFRa-1

being expressed at a much lower level than GFRa-2. Expression of both receptors

begins around E12. GFRa-1 has a moderate expression at E12, and by E14 is barely

detectable. GFRa-2 is expressed at moderate-to-high levels at El4 and El6, and its

expression starts to decline by El8. In the adult SCG GFRa-1 is not expressed and

GFRa-2 can barely be detected (Golden, et al., 1999).

The finding that more neurons are lost in GDNF"/" mice than in GFRa-1"/"
mice (Moore, et al., 1996; Sanchez, et al., 1996; Cacalano, et al., 1998; Enomoto, et

al., 1998) has suggested that GDNF may utilise another receptor to support the
survival of these neurons. In support of this, several in vitro studies have suggested
that GFRa-1 can act as a receptor for both GDNF and neurturin (Creedon, et al.,

1997; Baloh, et al., 1997; Jing, et al., 1997) and GFRa-2 has been reported to be an

equally effective receptor for both ligands (Sanicola, et al., 1997; Trupp, et al.,

1998). It is not yet clear through which GFRa receptor GDNF is signalling in

sympathetic neurons.

Artemin has been shown to support the survival of rat sympathetic neurons in
culture (Baloh, et al., 1998). However, its effects on mouse sympathetic neurons in

vitro are unknown. Although the phenotype of mice lacking artemin has not yet been

studied, the phenotype of mice lacking GFRa-3 has recently been described. In the

GFRa3-deficient mice, the SCG is located at a more caudal position suggesting that

artemin could act as a chemotactic factor for migrating SCG precursors. In addition,
a severe reduction in the number of sympathetic neurons compared to wild type
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animals has been found after birth in animals lacking GFRa3, suggesting that

artemin may also act as a survival factor during sympathetic development.

The aim of the study presented in this chapter was to determine the role that
different members of the GDNF family of growth factors play in the development of
the mouse sympathetic nervous system during development. Initially, I studied the
effects of GDNF and neurturin on sympathetic neurons in vitro during the period
when they express receptors for these factors in vivo. Contrary to what has been

reported in avian sympathetic neurons, murine sympathetic neurons do not show any

responsiveness to GDNF or neurturin. This study was later extended to include
artemin, which has no neurotrophic activity with respect to chicken sympathetic
neurons (Forgie, personal communication). To define the role of artemin in murine

sympathetic neuron development, I studied the effects of artemin on the generation,
survival and growth of sympathetic neurons in low-density dissociated cultures of
mouse SCG neurons and thoracic sympathetic chain neurons at stages throughout
their embryonic and postnatal development, and in the adult.

Artemin promoted the proliferation of sympathetic neuroblasts and increased
the generation of new neurons in early SCG and thoracic sympathetic chain cultures.
Artemin also enhanced the survival of newly generated neurons but this survival

enhancing effect was lost in late embryonic development. Shortly before sympathetic
neurons acquired neurotrophic factor independence in the adult, the neurons

exhibited a transient survival response to artemin. Artemin also had a marked neurite

growth-promoting effect on adult sympathetic neurons. These results indicate that
artemin influences murine sympathetic neuron development, exerting several distinct
effects at various stages during the formation and maturation of the sympathetic
nervous system.
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3.2 Materials and methods

3.2.1 Neuronal cultures

Low-density dissociated cultures were established from the superior cervical

ganglion (SCG) and thoracic sympathetic chain of CD1 mouse embryos at 12, 13,
14, 15 and 16 days gestation (El2 to El6) and from the SCG at birth and postnatal

days 0, 4, 8, 12, 16, 20, 35 and 60 (P0 to P60). The dissections of embryonic ages

(El2 to El6) and post-natal ages (P0 to P8) and subsequent preparation of neuronal
cultures were carried out as previously described in sections 2.2.1.

Postnatal animals over 10 days of age were killed by inhalation of carbon
dioxide (CO2). The SCG ganglia from PI2 and older animals are located near the
bifurcation of the common carotid artery in the middle level of the neck. To isolate

the ganglia, the skin around the neck was removed and the trachea and oesphagus
were cut at the lower level of the neck and lifted up, allowing visualising of the
carotid artery. Under the stereomicroscope, the ganglia were easily recognised in
connective tissues surrounding these vessels by their glistening white appearance.

Forceps were used to remove the ganglia, and tungsten needles were used to clean
nerve fragments and other attached tissue. The dissected ganglia were kept in 1ml of
Hanks' balanced salt solution (HBSS) with Ca2+ and Mg2+, at 4°C, until the required
number of ganglia had been collected. 2mg/ml collagenase (Sigma) was added and
the ganglia were incubated at 4°C for 30 min to allow the collagenase to infiltrate all
the tissue. This 4°C incubation was followed by 15, 20 or 30 min incubation at 37°C,

depending of the age of the animals (P12-16, P20-35, P60). Next, the ganglia were

washed twice with 10ml Ca2+-Mg2+-free HBSS and incubated at 37 °C for 30 min in
0.1% trypsin. Approximately 10 superior sympathetic ganglia were required per

experiment. Following trypsinisation, the ganglia were washed twice in Ham's F-12

medium supplemented with 10% heat inactivated horse serum (HIHS) in order to

arrest trypsin action. The ganglia were washed twice with HBSS, to remove any

residual serum, and then mechanically dissociated by gentle trituration using a fire-

polished, siliconized Pasteur pipette to give a single cell suspension.
The neurons were grown in defined, serum-free medium on a poly-

ornithine/laminin substratum in 35 mm diameter tissue culture petri dishes. Purified
recominant mouse GDNF, mouse neurturin, human artemin or mouse monoclonal

anti-GFRa-3 antibodies were added to the cultures at the time of plating. The
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neurotrophic factors and monoclonal anti-GFRa-3 antibodies were generously

provided by Genentech Inc., South San Francisco, California).
To obtain a simple estimate of the number of neurons surviving in these

cultures under different experimental conditions, the number of attached neurons

within a 12 x 12 mm grid in the centre of each dish was initially counted 6 hours
after plating and was counted again at time intervals thereafter. The number of
neurons present in the grid at these later times was expressed as a percentage of the
initial count at 6 hours. In each experiment, triplicate cultures were set up for all
conditions.

Because neurons are generated from proliferating progenitor cells in cultures
of early SCG and thoracic sympathetic chain, the number of neurons surviving in
these cultures at intervals following plating is influenced not only by the length of
time individual differentiated neurons survive but also by the rate at which neurons

are generated from their progenitors. To quantify both of these parameters in the
same experiment, I followed the survival of individual neurons within an initial
cohort of neurons that was identified shortly after plating and then monitored the

generation of new neurons at intervals throughout the culture period and followed the
survival of these newly generated neurons likewise. In these "cumulative cohort

experiments", an initial cohort of neurons was identified within a 12 x 12 mm grid in
the centre of 60 mm culture dishes 6 hours after plating. The survival of all neurons

in this cohort was subsequently monitored at 6 hours and is expressed as a

percentage of the number of neurons in the initial cohort. In addition to following the
fates of neurons in the initial cohort, the generation of new neurons in the same grid
was monitored at each time point. This established new cohorts of neurons that were

generated between 6 and 12 hours, 12 and 18 hours, 18 and 24 hours, 24 and 30

hours, and 30 and 36 hours. The fate of each neuron (live or dead) in each of these

newly indentitied cohorts was subsequently monitored at 6 hourly intervals after
their identification. The number of neurons in these cohorts is expressed as a

percentage of the number of neurons in the initial cohort identified 6 hours after

plating. The results of each experiment are plotted in stacking bar charts.

3.2.2 Neuroblast proliferation: BrdU staining
Neuroblast proliferation was measured in vitro by using

immunocytochemistry to determine the number of neuroblasts that incorporated
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(Costar), BrdU (200 ng/ml) was added at various times after plating the cells and the
cultures were incubated for a further period to permit incorporation of BrdU into S

phase cell nuclei. The cells were then fixed in methanol (-20°C for 15 minutes).
After three washes of 5 minutes each with PBS, the cells were incubate for 20

minutes at 37°C with 2N HC1 followed by a 10 minutes incubation at room

temperature with 1M borate buffer, pH 8.5. After 3 washes with PBS, cells, were

then incubated with monoclonal anti-BrdU (Sigma), diluted in PBS (1:500), for 48
hours at 4°C. After three washes in PBS, the cells were incubate with the secondary

antibody (biotinylated horse anti-mouse IgG-Vectastain ABC kit, Vector

laboratories). The staining was developed using DAB substrate kit for peroxidase

(Vector laboratories). Following three final washes in PBS, the cells were examined
under a phase-contrast microscope. Appropriate controls, i.e. omitting the primary or

secondary antibodies, were performed. The number of BrdU-positive cells was

expressed as a percentage of total cell number (Fig. 3.1).

4

r

Figure 3.1 Phase contrast micrograph shows two BrdU stained-positive sympathetic
neurons (black arrow) and three BrdU-negative neurons. Sympathetic chain ganglia
dissected from El3 embryos cultured for 12 hours in the presence of artemin and BrdU.
(Magnification x400).

3.2.3 Axonal growth rate
To examine axonal growth rates in embryonic ages, accurate camera lucida

drawings of the neurons were made with the aid of a drawing tube at 48 hours after

plating the cells. Neurons were cultured in 35mm polyornithine laminin coated
dishes with a 6x6 mm square grid scored on the undersurface. Neurons were plated at
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a density of 20-40 neurons per dish. To exclude any differences in axonal growth rate

that could arise as a consequence of differences in neuronal viability, only neurons

that survived throughout the culture period were included in the analyses. Between
50-60 neurons were drawn and analysed in each cohort. The total axon length was

determinated by tracing the drawings onto a digitising pad linked to a computer

containing a NIH Image program. To examine axonal growth rates in post-natal ages

a computerised stereologic system was used.

3.2.4 Quantification of neuroblast proliferation in the SCG ganglion of
GFRa3 null mutant mice.

Generation of GFRa3~//~ mice

The generation of GFRa3~/~ mice was carried out by Qi-chen and Frederic J.

de Sauvage (Genentech Inc., South San Francisco, California). Briefly, a BAC clone

containing the GFRa-3 gene was isolated and used to construct a targeting vector. A

pGKl-neo cassette flanked 5' by a 1.6 kb PCR fragment located approximately 1.5
kb upstream of the initiation ATG and 3' by a 5.3 kb EcoRI-XhoI fragment

immediately downstream ofexon 1 was used to delete a 2 kb fragment containing the

first exon of GFRa-3. 20 pg of linearized DNA were used to electroporate 1x10^
ES R1 cells. G418/Gancyclovir resistant clones were screened for homologous
recombination by Southern analysis. Genomic DNA was digested with Hindlll, and

hybridized with a 1.5 kb EcoRI-PstI fragment located upstream of the 1.6 kb short
arm. Homologous recombination was detected at a frequency of 1/100 clones. Three

independent targeted clones were used to generate chimeric animals by injection into
C57BL/6 blastocysts. Male chimeras were bred with C57BL/6 females, and

heterozygous off-springs were interbred to generate GFRa3_,/~ mice. These mice
were back-crossed into a CD1 background (the same in which all other experiments
were carried out) (Fig. 3.2).

69



1 lkb

HE MX HEiI I UI | J wild-type allele
\ 7 '
\ /

probe y
neo | ^ targeting construct

he HX HE

I 1 I neo —I I I mutant allele

7 kb

g +/+ +/+ +/. +/. +/-

1 lkb —

+/- +/+ -/- +/+ +/-

7kb —

Figure 3.2 (A) Targeting vector, wild-type GFRa-1 allele and the disrupted allele. The
location of the probe used in Southern blot is indicated (Probe). The directions of gene
transcription are marked by horizontal arrows. (B) Detection of homologous recombination
event in an ES clone by a Southern blot. (C) Genotype analysis of the wild-type (+/+),
heterozygous mutant (+/-), and homozygous mutant (-/-) animals by PCR.

Neuroblast proliferation: PCNA staining
To determine differences in the proliferation rate between wild-type animals

and GFRa-3 null mutant mice, the percentage of neuronal cells that express

proliferating cell nuclear antigen (PCNA) immunoreactivity was studied using

immunocytochemistry. PCNA is a coenzyme needed for DNA replication by DNA

polymerase. Its expression begins at the Gl/S boundary of the cell cycle and
increases during the S phase and can be used as an endogenous marker of replicating
cells. Because expression of PCNA is not only restricted to neuronal cells, double

staining for (3-tubulin immunoreactivity was used in order to differentiate the

neuronal cells from the non-neuronal cells in the ganglia. (3-tubulin staining also

permitted easy identification of the ganglia in sections.

Pregnant females were killed by cervical dislocation after 14 days of

gestation and the embryos were removed and collected in individually labelled dishes
of PBS. Using fine scissors, the embryos were sub-dissected by making a transverse

cut just rostral to the upper limbs. The head of each embryo was then fixed in
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Carnoy's fluid for 30 minutes. The remain body was placed in a 1.5 ml microfuge
tube and used for DNA extraction and genotyping (see section 3.2.5).

After fixation, the specimens were washed twice in de-ionised, distilled water

and dehydrated through a graded series of alcohols. The samples were cleared in
chloroform overnight, to bleach the tissues prior to staining, then incubated in three

changes of paraffin wax (BDH) at 56°C and finally embedded in a paraffin wax

block. The heads were coronally sectioned at 8pm using a microtome. Short
"ribbons" of sections were mounted on polysine coated gold slides (BDH) and
allowed to dry for 48 hours at 37 °C, before being stained.

The PCNA staining protocol involved clearing the sections in xylene and

rehydration through a series of graded alcohol steps. To inactivate endogenous

peroxidase activity, the samples were incubated for 20 minutes in 70% methanol

containing 3% hydrogen peroxide. After three washes of 5 minutes each with PBS,
the samples were incubated for 20 minutes at room temperature in blocking buffer

(containing 10% horse serum, 0.4% Triton X-100, 2.5% glycine diluted in PBS) and
then incubated with monoclonal anti-PCNA (Sigma), diluted in blocking buffer

(1:1000), for 1 hour at room temperature. After 3 washes in fresh PBS, the samples
were incubated with a secondary antibody (biotinylated horse anti-mouse, IgG-
Vectastain ABC kit, Vector laboratories), diluted in PBS, for 45 minutes at room

temperature. The staining was developed using the DAB substrate kit for peroxidase

(Vector laboratories). After a 5 minute wash in tap water, the staining was enhanced
further using an 0.5% copper sulphate / 0.85% sodium choride solution for 5 minutes
at room temperature, followed by three washes in PBS.

To double-stain the samples for p-tubulin, the slides were washed three times
in PBS and were incubated over-night at 4°C with anti (3-111 tubulin (Sigma) diluted
1:10000 in blocking buffer. After 3 washes with fresh PBS, the samples were

incubated with biotinylated horse anti-mouse, (IgG-Vectastain ABC kit, Vector

laboratories), diluted in PBS, for 45 minutes at room temperature. The staining was

developed using the VIP substrate kit for peroxidase (Vector laboratories), followed

by 5 minutes in tap water. After staining, the sections were gradually dehydrated

through a series of graded alcohol steps. After a final dehydration step in 100%
alcohol and clearance in xylene, the specimens were mounted under glass coverslips

(BDH) with DPX (sigma).
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The total number of neurons and the number of PCNA-positive neurons were

quantified by counting the number of PCNA-negative, pill-tubulin positive and

PCNA-positive, pill-tubulin positive cells. To ascertain ganglion size, the SCG

ganglion was identified under x400 magnification using a Zeiss Axioskop

microscope connected to a computerised stereology system. Drawings were made of
its profile in every fifth section along its rostrocaudal axis and the overall ganglion
size was estimated by stereology. The next stage was to quantify the number of

PCNA-negative- and PCNA-positive neurons. Under xlOOO magnification with oil

immersion, the neurons were easily identified by immunoreativiy to pill-tubulin

(purple colour) or PCNA (brown and purple colour) (Fig. 3.3). 1/3 of the whole area

was randomly counted every fifth-section and the total number of neurons estimated

using a stereology programme. To obtain the total number, the estimated numbers
were multiplied by the size of the ganglion. The number of PCNA-positive cells was

expressed as a percentage of total cell number.

Figure 3.3 Photomicrograph of the histological appearance of the El 4 SCG ganglia double-
stained with PCNA (brown colour, black arrow) and pill-tubulin (purple colour), (x 1000
magnification).

3.2.5 Genotyping of GFRa3 null mutant mice by PCR.
All stages in the preparation of DNA and subsequent PCR reactions were

carried out in a plasmid DNA-free environment using standard procedures to avoid
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contamination. The Nucleospin C+T Kit was used for DNA extraction following the

manufactures instruction's. DNA was collected in a 100 pi elution buffer volume.

In the production of GFRa-3 mutant mice, a segment of the GFRa-3 gene

was replaced by a neomycin resistance gene cassette by homologous recombination
in embryonic stem cells (Nishino, et al., 1999). In this study, the polymerase chain
reaction (PCR) was used to ascertain which combination of the two possible GFRa3

alleles each embryo carried (i.e. wild-type or neo cassette). Four primers were used,
a3 ma3F3 and a3 ma3R3 that recognised the wild-type alleles and a3NEO 68IF and

a3NEO 131R that recognised the mutated allele. The use of these four primers

together gave amplification of a single PCR product for wild-type animals, another

unique single product for knockout animals and both PCR products for

heterozygotes. As these products were of different sizes (300 bp's for the WT band
and 600 bp's for the KO band) they were readily resolved on an agarose gel.

A reaction master mix was prepared using the appropriate volumes of

reagents for the number of tubes required. Two reactions were set up per animal in
order to monitor the consistency of the results. Appropriate positive (Known +/-

DNA) and negative (no DNA) control PCR reactions were also performed. Each

reaction was carried out in a 20 pi reaction volume in a 500 pi microfuge tube as

below:

2 pi 1 Ox reaction buffer
1 pi 25mM magnesium chloride

1 pi 5mM dNTPs

0.2 pi a3 ma3F3

0.2 pi a3 ma3R3

0.2 pi a3 NEO 681 F

0.2 pi a3 NEO 131 R

0.15 pi Taq thermostable DNA polymerase

4 pi Solution Q

1 pi template DNA

10.05 pi ddH20
The primer sequences were as follows:

a3 ma3F3 -5' CCT GAG TCA ACA CTC TCA CC 3'
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a3 ma3R3

a3 NEO 681 F

a3 NEO 131 R

-5' CCG GCA CTT CAG AGT TAG AG 3'

-5' CAA GAC CGA CCT GTC CGG TG 3'

-5' AGG GGA TAG AAG GCG ATG CG 3'

Two drops of mineral oil were layered on top of the PCR reagents to prevent their

evaporation during thermocycling. After an initial denaturation step of 95°C for 15

minutes, the PCR program comprised 34 cycles of the following conditions: 95 °C
for 1 minute (denaturation), 56 °C for 1 minute (primer annealing) and 72 °C for 1
minute 30 seconds (elongation). This was followed by a final elongation stage of 72
°C for 10 minutes and completed with a refrigeration step to 4 °C.

Gel loading buffer was added to the completed PCR reaction and products of
the PCR reaction were separated on 2% agarose gels. The wild-type lower band and
mutant upper band were visualised under ultra-violet light.
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3.3 Results

3.3.1 GDNF or neurturin do not support the survival of embryonic

sympathetic neurons.

It is known that development along the rostral-caudal axis of the

paravertebral sympathetic chain shows a time delay. Rostral sympathetic ganglia,

particularly the neurons that form the SCG, are more differentiated at any one stage

than neurons that form the thoracic and lumbar ganglia. The disruption of c-ret,

Mashl and Phox2a affects the development of rostral sympathetic ganglia more

severely than more caudal ganglia, even though all three molecules are expressed

along the entire axis (Durbec, et al., 1996; Guillemot, et al., 1993; Morin, et al.,

1997). To investigate if GDNF and neurturin are able to promote the survival of
mouse sympathetic neurons during development I investigated the effects of these
factors in dissociated cultures established from the SCG and thoracic sympathetic
chain ganglia at closely staged intervals throughout embryonic development. These

experiments showed that neither GDNF nor neurturin had a survival promoting effect
on cultured sympathetic neurons at any of the ages studied, Also there were no

differences between neurons cultured from different axial levels of the sympathetic
chain. It is worth noting that at early ages of development (El 2) the same percentage

of survival was observed in NGF treated cultures and in control cultures where no

factors were added as early sympathetic neurons survive independently of

neurotrophins in dissociated cultures (reviewed in Davies, 1994a). As development

progresses and neurons become dependent on NGF for survival, the percentage of
neurons that survive without neurotrophic factors decreases. By El8, the percentage

of neurons surviving in control conditions was negligible. A similar low lewels of
survival was observed in cultures treated with GDNF and neurturin, suggesting that
these two neurotrophic factors do not promote sympathetic survivals, either during
the NGF-independent period or while sympathetic neurons start to be or are

completely dependent on NGF for survival (Figure 3.4).
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Figure 3.4 Bar chart showing percent survival of (A) El 2, El 4, El 6 thoracic sympathetic
chain neurons and (B) El4, El6 and El 8 SCG neurons, cultured for 48 hours with members
of the GDNF ligand family. NGF was present at 4ng/ml. GDNF and neurturin were present
at 10 ng/ml. The mean ± standard error is shown (n>3 for each condition).

3.3.2 Artemin enhances the generation and survival of early

sympathetic neurons

The role of artemin in sympathetic neuron development was investigated by

studying its effects on neuronal survival in dissociated cultures established from the
SCG and thoracic sympathetic chain ganglia at closely staged intervals throughout

embryonic development. My preliminary analysis showed that there were more

neurons surviving in artemin-supplemented cultures relative to controls throughout
the period of neurogenesis in the sympathetic chain from E12 to El 5 (Fig. 3.5A), but
not at later embryonic stages (data not show). Figure 3.5B illustrates the dose-

dependent nature of this effect of artemin and shows that the most effective
concentration was 10 ng/ml, which was used in all subsequent experiments.
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Figure 3.5 (A) Bar chart showing percent survival of E13, E14, E15 SCG neurons cultured
for 48 hours. NGF was present at 4ng/ml and artemin was present at 10 ng/ml. The mean ±
standard error is shown (n>3 for each condition). (B) Graph of the number of sympathetic
neurons present in El4 dissociated SCG cultures after 48 hours incubation with a range of
concentrations of artemin expressed as a percentage of the number of neurons counted 6
hours after plating. The mean ± standard error (minus survival in control cultures) is shown
(n>3 )

Because sympathetic neurons are generated from proliferating neuroblasts in
dissociated cultures of early sympathetic ganglia (Rohrer and Thoenen, 1987), it is

possible that artemin could increase the number of surviving neurons in these
cultures by either increasing the generation of neurons from neuroblasts or by

enhancing neuronal survival. To distinguish between these two alternatives, I set up

cumulative cohort experiments. This involved identifying all of the neurons within a

grid in the centre of each culture dish 6 hours after plating and following the fates of

every neuron in this initial cohort at 6 hourly intervals (i.e., whether it was alive or

dead). Differences in rate at which the neurons die between control and artemin-

supplemented cultures would indicate whether artemin enhances the survival of
differentiated neurons. In addition, all new neurons that were generated in the grid

during successive 6 hourly intervals were identified and their fate was likewise
followed over time. This latter data would indicate whether artemin influences the

generation of neurons from neuroblasts. Figure 3.6 shows the results of typical
cumulative cohort experiments set up at daily intervals from El2 to El6. In all
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cultures, the survival of the initial cohort of neurons was enhanced in the presence of
artemin compared with control cultures. This survival-promoting effect of artemin
was most marked in El2 to El4 cultures, it was less evidence in El5 cultures and

was negligible in El6 cultures. These results indicate that artemin has a direct

survival-enhancing action on neurons present in the early sympathetic chain, but that
this effect is transient and not maintained beyond El6.

Figure 3.6 Stacking bar charts of representative cumulative cohort experiments set up from
the SCG and thoracic sympathetic chain of El2 to El 6 embryos (SCG at El2, E14 and El 6,
and thoracic sympathetic chain at E13 and El5). The cells were grown in either defined
medium alone (control cultures) or medium supplemented with 10 ng/ml artemin. The
number of surviving neurons in this cohort was monitored at 6 hours intervals and is
expressed as a percentage of the initial cohort at 6 hours (blue bars). New neurons that were
generated in the grid between 6 and 12 hours, 12 and 18 hours, 18 and 24 hours, 24 and 30
hours, 30 and 36 hours are expressed as a percentage of the initial cohort and their survival
was likewise subsequently monitored at 6 hourly intervals after their appearance (differently
shaded bars). (SEE NEXT PAGE)
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The cumulative cohort experiments showed that new neurons are generated in

early sympathetic chain cultures. Most new neurons were generated in El2 cultures
and the number of new neurons decreased with age, becoming negligible by El6.

Expressed as a percentage of the size of the initial 6 hour cohorts, the total number of
new neurons generated in control cultures between 6 and 36 hours decreased from
70% in E12 cultures to 3% in E16 cultures (Fig. 3.7). At all ages, more neurons were

generated in artemin-supplemented cultures, the increase being most pronounced in

El2, El3 and El4 cultures when neurogenesis is greatest in control cultures. At all of
these ages there were more than 60% new neurons generated in artemin-

supplemented cultures than in control cultures (Fig 3.7). This increase in

neurogenesis in the presence of artemin was evident during each 6 hourly interval in
culture (Fig. 3.6).
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Figure 3.7 Graph of the number of new neurons generated between 6 and 36 hours after
plating in dissociated cultures of sympathetic ganglia of El2 to El6 embryos in defined
medium alone (control) or medium supplemented with 10 ng/ml artemin.
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Analysis of cumulative cohort experiments suggested that artemin increases
the proliferation of sympathetic neuroblasts. To confirm this, I studied BrdU

incorporation in dissociated cultures established from El2 and El3 SCG and thoracic

sympathetic chain, stages when neurogenesis is highest. Artemin increased the
number of BrdU-positive neurons in E12 and E13 cultures by 76% and 55%,

respectively. These results clearly demonstrate that artemin promotes the

proliferation of sympathetic neuroblasts (Fig. 3.8).
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Figure 3.8 Bar charts of the number of BrdU-labelled neurons in dissociated E12 SCG and
El3 thoracic sympathetic neuron cultures grown either in defined medium alone (control) or
medium supplemented with 10 ng/ml artemin. The means ± standard error are shown (n=3).

3.3.3 Artemin has a transient survival effect on mature SCG neurons

To investigate whether artemin affects the development of sympathetic
neurons after birth and in the adult. I investigated the effects of artemin on SCG
neurons in dissociated cultures established at intervals throughout the postnatal

period and into adulthood. From birth to postnatal day 8 (P8), neurons in artemin-

supplemented cultures died as rapidly as neurons in control cultures, so that by 48
hours incubation all neurons grown in control and artemin-supplemented cultures
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had died. In contrast, NGF promoted the survival of the majority of these neurons

and survival was neither enhanced nor reduced by the concomitant presence of
artemin (Fig. 3.9).
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Figure 3.9 Graphs of the percent survival of PO to PI2 SCG neurons grown in either
defined medium alone (control) or in medium supplemented with 10 ng/ml artemin, 4 ng/ml
NGF or artemin plus NGF. The number of neurons surviving 24, 48, 72 and 92 hours after
plating is expressed as a percentage of the number of neurons counted 6 hours after plating.
The means ± standard error are shown (n=2 or 3).

As sympathetic neurons started to lose their survival dependence on NGF
with increasing age, they started to exhibit a clear survival response to artemin. In
P12 cultures (Fig. 3.9), the neurons died much more slowly in control cultures than at

earlier postnatal stages, so that by 48 hours incubation 30% neurons were still

surviving. In artemin-supplemented cultures at this age, the neurons died more
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slowly than in control cultures, so that by 48 hours there were 66% neurons still

surviving in the presence of artemin. From El6 to P60 (Fig. 3.10) the neurons

survived increasingly well in the control cultures, so that after 48 hours incubation in
P60 cultures more than half of the neurons were still surviving without neurotrophic
factors. Throughout this period, the neurons survived increasingly well with artemin,
so that by P20 the neurons survived as well in artemin-supplemented cultures as in
cultures containing NGF. At no postnatal stage did artemin affect the number of
neurons surviving with NGF; there were no signficant difference in the number of
neurons surviving with NGF alone or NGF plus artemin (Fig. 3.9), (Fig. 3.10).
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Figure 3.10 Graphs of the percent survival of PI6 to P60 SCG neurons grown in either
defined medium alone (control) or in medium supplemented with 10 ng/ml artemin, 4 ng/ml
NGF or artemin plus NGF. The number of neurons surviving 24, 48, 72 and 92 hours after
plating is expressed as a percentage of the number of neurons counted 6 hours after plating.
The means ± standard error are shown (n=2 or 3).
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The changes in the response of neurons to artemin in the postnatal period in
relation to their survival under other conditions are summarised in Figure 3.11. These
results show that sympathetic neurons acquire a survival response to artemin during
the late postnatal period.

Figure 3.11 Graph summarising the developmental changes in the percent survival of SCG
neurons grown in either defined medium alone (control) or in medium supplemented with 10
ng/ml artemin, 4 ng/ml NGF or artemin plus NGF in cultures established from P0 to P60
mice. The means ± standard error of the percent survival after 48 hours incubation are
shown.

The appearance of a survival response to artemin just before sympathetic
neurons begin to lose dependence on neurotrophic factors for survival raised the

possibility that endogenously produced artemin might account for the ability of adult

sympathetic neurons to survive without added neurotrophic factors. Neurotrophic
factor autocrine loops have previously been described for BDNF in neurotrophic
factor independent embryonic and adult DRG neurons (Wright, et al., 1992;

Acheson, et al., 1995 and for HGF in sympathetic neuroblasts (Maina, et al., 1998).
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To investigate the possibility that artemin released into the culture medium of
adult sympathetic neurons is responsible for sustaining the survival of these neurons

in the absence of added neurotrophic factors, I used a function-blocking anti-GFRa-3
monoclonal antibody. In initial experiments, I confirmed that this antibody inhibited
the survival enhancing effects of artemin, and by using different concentrations of
this antibody I determined that 100 ng/ml of this antibody was sufficient to block

completely the survival-enhancing effects of 10 ng/ml artemin in cultures of E14
SCG neurons (data not shown). Figure 3.12A shows that this concentration of

antibody also completely inhibited the survival-enhancing effect of artemin on P60
SCG neurons but did not affect the response of the neurons to NGF. The anti-GFRa3

antibody did not reduce the survival of P60 SCG neurons growing without added

neurotrophic factors in the culture medium, indicating that the survival of these adult
neurons in the absence of added neurotrophic factors is not dependent on artemin

synthesised in these cultures acting on GFRa-3 receptors.

I also investigated whether endogenously produced artemin plays a role in

sustaining sympathetic neurons during the early phase of neurotrophic factor

independence. In El4 cultures, anti-GFRa-3 did not reduce neuronal survival in the

absence of added neurotrophic factors, indicating the endogenously produced
artemin released from cells in these cultures does not play a role sustaining the

generation or survival of early sympathetic neurons (Fig. 3.12B).
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Figure 3.12 Bar charts of the numbers surviving neurons in cultures of (A) P60 and (B)
El4 SCG grown for 72 and 48 hours, respectively, in either defined medium alone (control)
or in medium supplemented with 100 ng/ml anti-GFRa-3 antibody, 4 ng/ml NGF, 10 ng/ml
artemin, anti-GFRa-3 plus NGF or anti-GFRa-3 plus artemin. The mean ± standard errors
are shown (n=3).

3.3.4 Artemin enhances the growth of SCG neuron arbors
To investigate the potential effects of artemin on sympathetic neurite growth

it was essential to compare the same subset of neurons grown with and without
artemin. Because more neurons survive in artemin-supplemented cultures than in
control cultures, even at P60 when many neurons survive without added neurotrophic

factors, simply comparing neurite growth in artemin-supplemented and control
cultures would not distinguish between direct neurite-growth promoting effects of
artemin and neurite growth secondary to the enhanced survival and well being of the
neurons in the presence of artemin. However, my finding that the number of neurons

surviving in cultures containing NGF plus artemin was no greater than the number

surviving in cultures containing NGF alone enabled me to investigate the effects of
artemin on neurite growth independently of survival and determine whether artemin
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was able to enhance neurite growth beyond that observed with NGF alone. Neurons
were grown at low density in medium containing NGF in the presence or absence of
artemin and the total length and number of branch points in the neurite arbors

growing from the neurons was estimated. These cultures were set up at stages

throughout sympathetic neuron development. At all ages studied between E14 and

P3, there were no significant differences in the length of the neurite arbors in cultures

containing NGF alone or NGF plus artemin (Fig.3.13). However, at P20, after the
neurons have acquired a survival responsive to artemin, the length of neurite arbors
was 47% longer in the present of NGF plus artemin compared with NGF alone.
Likewise, at P60 artemin promoted a similar increase in neurite length. Interestingly,
at no age did artemin increase the number of branch points in the neurite arbors.
These results show that in the late postnatal period, artemin increases neurite growth

beyond that observed with NGF alone.

16-i

E14 E16 El 8 P3 P20 P60

Figure 3.13 Chart bar showing neurite out growth from El4, El6, El8, P3, P20 and
P60 cultured SCG neurons grown for 48 hours with 4ng/ml NGF or NGF plus 10
ng/ml artemin. The mean ± standard errors are shown (n=3).
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3.3.5 Artemin promotes sympathetic neuroblast proliferation in vivo
To investigate wether artemin enhances neuroblast proliferation in vivo I

analysed the percentage of PCNA positive neurons in the El4 SCG ganglia of
GFRa-3 null mutant mice and wild type animals. The reason why El4 was chosen to

set-up this experiment is because first, at this age the ganglia still has a large
percentage of proliferating neuroblasts, and secondly, at younger ages than this the
more caudal position of the SCG in GFRa-3 null mutant (Nishino, et all., 1999)
means that the localisation of the ganglia in histological sections is more difficult.

The results show a 50% reduction in the percentage of PCNA cells in the
SCG ganglia of the GFRa-3 null mutant mice compared to wild type animals
suggesting that artemin promotes the proliferation of neuroblasts in vivo at this age.

Because a 32% reduction in the total number of neurons in the El4 SCG from

GFRa-3 null mutant mice (data not show) was found, it is possible that the

proliferation enhancing effect of artemin on sympathetic neuroblasts in vivo begins
much earlier in development (Fig. 3.14).
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Wild-type GFRoc-3

Wild-type GFRa-3

Figure 3.14 (A-F) Representative sections from wild type (A, B, C) and GFRa-3 (D, E, F)
El4 embryos that were double-stained for PCNA (brown) and p-tubulin (purple). In the SCG
of GFRa-3 mutant (F) reduction in the number of PCNA positive cells (brown
colour, indicated by black arrow) is apparent compared to SCG wild-type ganglia
(C). G bar chart showing the percentage of PCNA positive cells from wild type and
GFRa-3 E14 embryos.(A and D x200, B and E x400, C and F xlOOO magnification)
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3.4 Discussion

To clarify the role of the GDNF family in sympathetic neuron development I
first studied the effects on survival of GDNF, neurturin and artemin in dissociated

sympathetic neuron cultures. Secondly, I undertook a detailed in vitro analysis of the
effects of artemin on sympathetic neuron generation, survival and growth in
dissociated cultures established from sympathetic ganglia at stages throughout

development, and complimented these in vitro studies with in vivo analysis of
neuroblast proliferation in GFRa3-deficient embryos.

Although GDNF and neurturin promote neurite outgrowth and survival of

embryonic chick sympathetic neurons (Trupp, et al., 1995; Buj-Bello, et al., 1995;

Forgie, et al., 1999) my findings reveal that neither GDNF nor neurturin support the
in vitro survival of murine sympathetic neurons, suggesting that the trophic effects of
these two neurotrophic factors may vary between species. In accordance with these

results, differences in receptor expression between avian and murine SCG ganglia
have been reported. GFRa-1 and GFRa-2 have both been found to be expressed in
avian sympathetic neurons at high levels, with higher expression of GFRa-2

compared to GFRa-1 corresponding to the greater sensitivity of these neurons to

neurturin (Forgie, et al., 1999). On the contrary, only low level expression of the

receptors for GDNF and neurturin has been reported in the mouse SCG ganglia

(Golden, et al., 1999). Therefore, the differences in the responsiveness of

sympathetic neurons to GDNF and neurturin between species may be due to

differences in the expression of their receptors. In accordance with my data neither
GFRa-1 nor GFRa-2 null mutant mice show a reduction in the number of neurons in

the SCG (Enomoto, et al., 1998; Rossi, et al., 1999). Although analysis of the SCG
of GDNF-deficient mice, have found a subtle defect (Moore, et al., 1996), data from
a second group did not detect a reduction in the number of SCG neurons (Pichel, et

al., 1996). A third member of the GDNF family, artemin, signalling via GFRa-3 has

several effects on sympathetic neurons (discussed below), and GFRa-3 null mutants

show a severe SCG phenotype. It remains to be determined whether GFRa-3

interacts only with artemin or can also be activated by other members of the GDNF

family.

My findings reveal that artemin has several distinct effects on sympathetic
neurons at different stages of development. First, it enhances sympathetic neuroblast
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proliferation and consequently increases the generation of sympathetic neurons.

Second, it enhances the survival of sympathetic neurons at two distinct stages in then-

development : initially for a brief period after they have undergone their terminal
mitosis in the embryo and also in the late postnatal period shortly before they acquire

neurotrophic factor independent survival. Third, it enhances neurite growth from late

postnatal and adult sympathetic neurons.

The effect of artemin on enhancing neuroblast proliferation and the

generation of post-mitotic sympathetic neurons was revealed by studying BrdU

incorporation in dissociated cultures established from early sympathetic ganglia and

by detailed analysis of the generation of new neurons in cumulative cohort

experiments set up throughout the phase of neurogenesis in the sympathetic chain.
The physiological relevance of these in vitro observations were substantiated by my

demonstration that there is a marked reduction in the proportion of sympathetic
neuroblasts in the mitotic phase of the cell cycle in embryos deficient in the GFRa-3
subunit of the artemin receptor compared with wild type mice. Although a reduction
in the size of the SCG has been previously reported in GFRa3-deficient embryos,
this has been attributed to a failure of SCG precursors to complete the last step in
their rostral migration from lower cervical levels (Nishino, et al., 1999). Whilst this
is the likely reason for the more caudal location of the SCG in GFRa-3 null mutant

mouse embryos and may contribute to the reduced size of this ganglion in these

embryos, my findings suggest that a major contributing factor to the decreased size
of the SCG is a marked reduction in neuroblast proliferation. A local action of
artemin on neuroblast proliferation within the early SCG is consistent with the in

vivo expression of artemin and GFRa3. By in situ hybridisation, artemin mRNA is
detectable in the SCG and in the region surrounding the SCG precursors, and GFRa3
mRNA is expressed by the majority of cells in SCG during this early stage in

development (Baloh, et al., 1998; Nishino, et al., 1999).
Little is known about the signals that regulate sympathetic neuroblast

proliferation. It has previously been shown that CNTF decreases neuroblast

proliferation in cultures established from embryonic chicken sympathetic chain

(Ernsberger, et al., 1989), although the significance of this in vitro observation is
unclear as there is no obvious loss of sympathetic neurons in CNTF-deficient mice

(Masu, et al., 1993). Also insulin has been found to be a neuroblasts mitogenic factor
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in vitro (Lu, et al., 1996). I have shown that retinoic acid increases the number of

sympathetic neuroblasts incorporating BrdU into their nuclei in culture, but the

signficance of these observations for regulating neuroblast proliferation in vivo are

not known. However, by using complimentary in vitro and in vivo approaches, I have

provided the first clear evidence that an identified growth factor increases

sympathetic neuroblast proliferation, leading to the increased generation of

sympathetic neurons. My findings that function-blocking anti-GFRa-3 antibodies do
not affect the number of neurons in dissociated cultures of early sympathetic ganglia

suggest that artemin is not responsible for the basal level of neuroblast proliferation
observed in control cultures, suggesting that artemin is not the only positive

proliferation signal for sympathetic neuroblasts. Whether this basal level of

proliferation is regulated by an intrinsic cell cycle programme in the neuroblasts or is

promoted by other factors produced in these cultures remains an open question. If
another factor is involved it is unlikely to be insulin, because this hormone was not

added to the culture medium.

Analysis of neuronal survival in cohort experiments established from early

sympathetic ganglia clearly shows that artemin sustains the survival of newly

generated sympathetic neurons for a brief period after they have undergone their
final division. This survival effect is no longer evident after El6 and no survival
effect of artemin was observed on SCG neurons cultured between this stage and P8.

However, by PI2, a marked survival response to artemin was observed which was

sustained through later ages. The appearance of this late survival response to artemin
coincides with the ability of an increasing proportion of sympathetic neurons to

survive in culture without added neurotrophic factors. However, the possibility that
the production and release of artemin within cultures of mature sympathetic neurons

is responsible for the appearance of neurotrophic factor independent survival is
excluded by the lack of effect of function-blocking anti-GFRa-3 antibodies on the

survival of mature sympathetic neurons.

Previous in vitro studies have reported that artemin promotes the survival of
newborn rat sympathetic and sensory neurons (Baloh, et al., 1998) and postnatal
mouse sensory neurons (Baudet, et al., 2000). However, my detailed developmental

study has revealed a novel phenomenon that has not previously been described for

any other neurotrophic factor, namely, that the same population of neurons exhibits
two distinct phases of responsiveness to a factor separated by an extended period
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during which the factor has no effect on survival. These two phases in the survival-

promoting action of artemin on newly differentiated and late postnatal sympathetic
neurons observed in vitro might correspond, respectively, to local and target-derived
actions of artemin on sympathetic neuron survival in vivo. Curiously, whilst no

survival activity of artemin was observed in vitro on SCG neurons between birth and

P8, SCG neurons started to die in GFRa3-deficient mice during this period whilst
their numbers were sustained in wild type mice (Nishino, et al., 1999). This does not

necessarily mean that artemin/GFRa-3 signalling is directly responsible for

sustaining the survival of SCG neurons during this period of development in vivo. It
is possible that the absence of artemin/GFRa-3 signalling earlier in development

might have affected the ability of the neurons to innervate their targets appropriately
and obtain an adequately supply of other target-derived neurotrophic factors such as

NGF or NT3 which are essential for their in vivo survival during the postnatal period

(Levi-Montalcini and Booker, 1960; Zhou and Rush, 1995). For example, the SCG
of GFRa-3 null mutant mice forms in an abnormal anatomical location (Nishino, et

al., 1999) which might affect the guidance of sympathetic axons to their correct

targets.

In addition to enhancing the survival of late postnatal sympathetic neurons,

artemin also significantly increased the rate of neurite growth from these neurons

compared with that observed in medium containing NGF alone. The effects of NGF
on promoting neurite growth are well documented both in vitro and in vivo (Purves,
et al., 1988; Snider, 1988; Edwards, et al., 1989; Scott and Davies, 1993). Recently,
other neurotrophic factors have been shown to synergise with NGF in promoting
neurite outgrowth. For example, HGF enhances the length of sympathetic neurites

growing in the presence of NGF (Maina, et al., 1998), however, in contrast to

artemin, HGF exerts this effect during embryonic development. It is possible that the
effect ofartemin on neurite growth observed in vitro may reflect a role for artemin in

establishing target field innervation in vivo.
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CHAPTER 4

REGULA TION OF THE EXPRESSION OF

BIOCHEMICAL PROPERTIES OF MURINE

EMBRYONIC SYMPATHETIC GANGLIA BY

NEUROTROPHIC FACTORS

4.1 Introduction

An important event during sympathetic development is the acquisition,
maintenance and/or modulation of neurotransmitter and neuropeptide phenotype. The
factors involved in the biochemical differentiation of sympathetic neurons are still
not clear, but recent available data suggests that different target-derived factors may

play a role in the maintenance and modulation of the phenotypic traits at each stage

of sympathetic neuron development.
Initial data from PC 12 cells, a rat pheochromocytoma cell line raised the

possibility that growth factors might change the expression of neurotransmitters and

neuropeptides in cells of the sympathetic lineage. The factor mostly studied in this
model has been NGF. When NGF is added to PC 12 cell cultures, an increase in the

expression of TH, ChAT, VAChT and Aromatic L-amino acid decarboxylase (an

enzyme involved in the synthesis of dopamine) is seen (Li, et al., 1997; Pongrac and

Rylett, 1998; Sabban,1997). Similar experiments in PC 12 cells have suggested that
growth factors can change the expression of neuropeptides. Thus, NGF has been
shown to increase NPY, and PACAP expression (Balbi and Allen, 1994;

Minthworby, 1994; Hashimoto, et al., 2000). Other growth factors like EGF, CNTF
and LIF have also been reported to change the expression of PC12 neuronal markers

(Sabban, 1997; Matsuoka, et al., 1997). Recent studies of transcriptional control in
cell lines have reported the existence of specific elements close to the promoter of

galanin, NPY and TH genes that are responsible their regulation by neurotrophic
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factors (Rokaeus, et al., 1998; Minthworby, 1994; Sabban, 1997; Tsuruda, et al.,

1996). One example is AP-2 alpha, a transcription factor that is bound to NGF-

response elements and is situated in the NPY promoter gene. AP-2 mediates the
increase in NPY expression in response to NGF (Minthworby, 1994; Li, et al., 2000).
These data suggest that neurotrophic factors, apart from being necessary for the
normal survival and axonal growth of sympathetic neurons, might also modulate the

early phenotype of sympathetic neurons.

During early sympathetic development, just when the cells aggregate at the
site of the future ganglia, most neurons start to synthesize and to release
noradrenaline (Cochard, et al., 1979; DeChamplain, et al., 1970; Teitlelman, et al.,

1981). Before sympathetic precursors undergo they final mitosis to become neurons,

they acquire different neuronal properties including neuropeptide expression. As in
PC-12 cells, studies in primary embryonic avian sympathetic cell cultures have
shown the ability of neurotrophic factors to change the expression of sympathetic

peptides. Ramirez et al have studied the effect of three members of neurotrophin

family: NGF, BDNF, NT-3, and three other factors, each one a member of a

particular growth factor family: bFGF, CNTF, TGF-pi, on the expression of several

neuropeptides. In general, they found an increase in the expression of NPY and

enkephalin in cultures treated with NGF, NT-3, CNTF and TGF-ip. Conversely
bFGF was found to reduce the expression of NPY and had no effect on the levels of

enkephalin. On the other hand, the levels of somatostatin were decreased by TGF-pi
and bFGF and increased in cells treated with BDNF (Ramirez-Ordonez, et al., 1999).
In vitro studies have found that NGF increases the expression of TH whereas acidic
or basic FGF reduces its expression (Hirayama and Kapatos, 1995; Zum, 1992). The
combination of FGF-2 and NT-3 promotes the expression of noradrenaline, one of
the earliest markers expressed by sympathetic neuroblast (Sieber-Blum, 1998).

In a different approach, NGF was applied separately to the cell bodies and
neurites of sympathetic neurons grown. The effect of NGF on the level of TH gene

expression was dependent on where NGF was added, with a peak in expression

occurring when the factor was added to the cell body (Toma, et al., 1997). Co-culture
of sympathetic neurons and non-neuronal cells has been reported to provoke an

increase in galanin expression raising the possibility that local interactions within
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sympathetic ganglia may play a role in influencing the differentiated characteristics
of these neurons (Klimaschewski, 1997).

The question that arises from these in vitro studies is whether neurotrophic
factors are expressed at the right time and place to effect the biochemical properties
of developing neurons in vivo. It is known that the increase in NPY expression in
developing neurons coincides with the time when NGF starts to exert its survival
promoting effect in vivo (Davies, et al., 1987). Conversely, enkephalin expression
has been reported to decrease during embryogenesis as NGF levels rise (Barreto-
Estrada, et al., 1997). In vivo, exogenous addition of NGF causes an increase in TH
and ChAT expression. The administration of anti-NGF just before the neurons

become dependent on NGF for survival prevents ganglionic TH expression (Kessler,
et al., 1981). Exogenous administration of NGF also increases substance P

expression, decreases somatostatin expression, but has no effect on VIP expression

(Hayashi, et al., 1985). However, one problem in the interpretation of these kinds of

experiments is the difficulty in separating the direct effects of exogenous

administration of NGF from the indirect effects. Thus, exogenous NGF could act

directly on the neuronal soma, but could also affect the neurotransmitter and peptide

expression indirectly by influencing target field innervation.

Recently, the physiological importance of endogenous growth factors in

regulating different processes of neuronal development has been studied using

transgenic animals lacking a particular growth factor or its corresponding receptor.

Thus, immunohistochemical studies on GDNF-deficient mice at postnatal day 0 (PO)
have found a reduction in TH expression in SCG neurons (Granholm, et al., 1997).
One difficulty in using this approach is that the disruption of a growth factor gene

sometimes leads to a lethal phenotype or to a reduction in the number of neurons

within a particular ganglia, for example, a reduction in size of the SCG in GDNF"'
mice has been reported (Moore, et al., 1996). Mice lacking p75(NTR) but not trkA

display an increase of cholinergic markers in basal forebrain cholinergic neurons

(Yeo, et al., 1997), suggesting a negative effect by p75 on the cholinergic phenotype
of neurons. Studies using in situ hybridisation have found differential expression of

excitatory neuropeptides in the DRG neurons of double trkA/trkB mutant mice.

Calcitonin-gene-related peptide expression was correlated with trkA expression,
whereas substance P expression was detected in all combinations of double mutant

mice (Minichiello, et al., 1995). Studies in the central nervous system of animals that
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over-express TNF-a have found a reduction in NGF expression and ChAT activity.
In this case, the loss of ChAT immunoreactivity by hypothalamic neurons could be

secondary to the reduced availability ofNGF (Aloe, et al., 1999).

Another important event during sympathetic development is synapse

formation. In the sympathetic nervous system, preganglionic fast synaptic
transmission is mediated by acetylcholine, acting primarily on nicotinic Ach

receptors (nAchR) expressed by ganglionic neurons. To date, five nAChR subunits
have been detected in SCG neurons: a3, a5, al, (32 and [34 (Mandelzys, et al., 1994;

Rust, et al., 1994). These subunits form two types of receptors in autonomic ganglia.

One, a homodimer of the al subunit, is distributed on the plasma membrane in both

extrasynaptic and synaptic regions (Loring, et al., 1988). The other, composed of
various combinations of a3, a5, (32 and [34 subunits, has been found to be

concentrated at the synaptic membrane and is the responsible for mediating synaptic
transmission in the ganglia (Halvorsen and Berg, 1986; Flalvorsen and Berg, 1987).
Slow synaptic transmission in sympathetic ganglia is mediated by muscarinic

receptors, M(l) type being the predominant receptor expressed in sympathetic
neurons (Ramcharan and Matthews, 1996).

Adrenergic receptors that are involved in mediating pre- and postsynaptic

responses are also expressed in sympathetic ganglia. Thus, RT-PCR has detected the

presence of mRNAs encoding for a(lC), a(2A), a(2B) and a(2C) adrenergic

receptor subtypes (Vidovic, et al., 1994; Vidovic and Hill, 1997; Gold, et al., 1997)
and (3-adrenergic receptor (Shivachar and Eikenburg, 1999). In sympathetic ganglia,

recent data suggests that a(2A)- and a(2C)-subtypes are required for normal

presynaptic control of transmitter release from sympathetic neurons (Hein, et al.,

1999).

As with the expression of neurotransmitter and neuropeptides, very little is
known about the effects of neurotrophic factors on regulating neurotransmitter

receptor expression during sympathetic development. However, some data suggest

that target-derived factors may also be involved in regulating the expression of these

receptors. Studies on neuroblastoma cells have found that the exposure of these cells
to CNTF and LIF resulted in a 30-40% decline in nicotinic acetylcholine receptors

with no decrease in muscarinic acetylcholine receptors (Halvorsen, et al., 1996). In
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PC-12 cells, NGF treatment increases the levels of mRNAs encoding the alpha(3),

alpha(5), alpha(7), beta(2), and beta(4) ACh receptor subunits (Henderson, el al.,
1994). Studies on adult SCG have found that axotomy dramatically decreases the

expression levels of nAChR. However, when these ganglia are treated with NGF or

LIF a dose-dependent increase in the expression of all these subunits was observed

(Zhou, et al., 1998). The same authors also reported that LIF could play a role during

development in regulating the expression of a7-nAChR transcripts since the basal

expression levels of this subunit are higher in animals lacking LIF. Finally, studies
on the developing chick ciliary ganglion have found that a3-nAChR and (34-nAChR

transcript levels are increased by target tissue interactions (Levey, et al., 1995).

I have studied the expression of several neurotranmitter markers,

neuropeptides and some of their receptors in the E15 SCG ganglia of NGF/NT-3
double null mutant, GFR-al null mutant and Met'17'1 null mutant mice. The neurons

were studied at the stage when they start to respond to these neurotrophic factors but
before a reduction in the number of cells can be observed in the ganglia. Using a

semi-quantitative RT-PCR technique I first studied the expression of the following

neuropeptides: NPY, PACAP and VIP and some of their receptors: NPY R2, NPY
R6 and PACAP Rl. Also neurotransmitter expression was analysed by measuring the
mRNA levels of TH, ChAT and VAChT and the receptors: nicotinic a7-Ach R,

nicotinic (32 Ach R and 2a-adrenergic R. In a second series of experiments, the

expression of some of these markers was studied more closely by competitive RT-
PCR to more accurately quantify differences in expression in ganglia from transgenic
mice.
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4.2 Material and Methods

4.2.1 Introduction

RT-PCR is a sensitive method of detecting mRNAs that allows the detection of
rare target mRNA molecules from small amounts of tissues. The difficulty of

standardising the efficiency of individual PCR reactions means that semi-quantitative
RT-PCR cannot be used to accurately measure small changes in the expression of
rare target mRNAs. When two identical RT-PCR reactions are set up side by side
with the same amount of starting mRNA template, small differences between the

efficiency of the two reactions, for example due to errors in pipetting, thermocycling
block temperature heterogeneity and variations in microfuge tube thickness, etc...

can result in large differences in the amount of the final DNA product. To avoid this

problem, and ensure accurate results, some form of internal control or calibration is

required in each PCR reaction.
It has been reported (McCullock, et al., 1995) that significant size differences
between target cDNA and competitor cDNAs can be a source of unequal

amplification efficiency. This is one of the problems when using synthetic cDNAs as

an internal control. Such competitors are often very different to the target cDNA and
sometimes the only resemblance are the primer binding sequences. Because target

cDNA and competitor have different amplification kinetics the differences in the

efficiency of amplification of the target cDNA between reactions cannot be

accurately judged.
The method described here utilises a synthetic cRNA internal control

(competitor) that is almost identical to the target mRNA to calibrate reactions. The

use of specific cRNA competitor species, that can be added to the initial reverse

transcription reaction has the advantage that it allows differences in the efficiency of
reverse transcription between individual reactions to be taken into account. The

cRNA competitor used for the quantitative assay was transcribed in vitro from a

cDNA competitor that was made from a cDNA clone for each of the mRNAs being

assayed. The cDNA competitor construct was identical to the cDNA of the mRNA

under assay except that it was 3-4% longer than the native cDNA between the PCR

assay primer binding sites. The extra nucleotide base pairs were simply added to the
cDNA clone by cutting it with a restriction enzyme that produces cohesive ends with
a 5' overhang, filling the cohesive ends with Klenow polymerase to make blunt ends
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and religating the blunt ends. Because the competitor cRNA contains the same

primer binding sites and is almost identical in sequence to the target mRNA, it is
reverse transcribed and amplified with virtually identical kinetics to the target mRNA

RT-PCR products of the competitor and mRNA are separated by gel

electrophoresis. To quantify the amount of mRNA target, RNA/competitor titrations
must be performed initially in order to establish the correct level of competitor for
each RNA sample. It is important that the intensity of the RT-PCR products of the

target mRNA and competitor cRNA do not differ by more than five fold because the

response of the imaging system is only linear over a narrow range. Because the

competitor and mRNA are almost identical, they are amplified with the same

efficiency. Since the amount of competitor added at the start of RT-PCR is known,
the amount of mRNA initially added to the RT-PCR reaction can be calculated by

determining the ratio of RT-PCR products from competitor and mRNA.
The sequence similarity between target and internal standard and the small size

of the RT-PCR products (between 80-200 bp) can lead to heteroduplex formation as

the PCR approaches the plateau phase. The formation of heteroduplexs reduces the

accuracy of the assay and so must be avoided by limiting the number of PCR cycles

performed.
Once the correct level of the competitor was established by titration of the

samples, reverse transcription reactions were performed containing the appropriate
amount of competitor cRNAs for several different mRNA species, including the
mRNA for the housekeeping protein GAPDH, and small aliquots of the cDNA

products were amplified with primers specific to each cDNA being assayed. This

approach reduced the amount of total RNA samples needed for analysis of the

expression of several mRNAs and increased the accuracy of data when the level of

receptor mRNA expression was calculated relative to GAPDH mRNA. RT-PCR

products where analysed by electrophoresis on polyaery lamide gels. Syber Gold, a

fluorescent dye, was used to visualise the RT-PCR products and the intensity of

product bands calculate by a computer imaging system

In order to obtain as accurate data as possible on the expression of each
mRNA it was necessary to ensure that: (i) the PCR reaction remained in the mid-log

phase (determined by analysing RT-PCR products from individual reactions after
different numbers of cycles), (ii) the volumes of RNA and cDNA pipetted at each

stage were accurate.

100



4.2.2 Protocols

4.2.2.1 Dissection of Embryonic Tissue
To ascertain if neurotrophic factors play a role in determining the phenotype

of sympathetic neurons, SCG ganglia from: wild-type, GFRal, met d null mutant

embryos and NGF/NT-3 double null mutant embryos were dissected and the

expression of different mRNAs was measured.
Before analysing gene expression in transgenic embryos the normal

developmental expression of the different mRNAs was determined at the following

embryonic (E) and post-natal (P) stages: E13, E14, E15, E16, E17, E19, PO, PI, P3
and P6.For the null mutant embryos the developmental age choosen for study was

dependant both on the age when the mutated gene starts to be expressed in the SCG
neurons and the age when the number of cells in the ganglia is reduced due to cell
death resulting from the null allele. Thus, embryos from El4 and El9 were used in
the GFRal null mutant mice, E14 for met d/d null mutant mice and finally E-15 for
the NGF/NT-3 double null mutant mice.

All the embryos were obtained from overnight matings of CD-I mice. The
date of identification of vaginal plug was designated to be embryonic day 1. Pregnant
females were killed by cervical dislocation at the appropriate stage of gestation and

embryos were removed and accurately staged according to the criteria of Theiler

(Theiler, 1972). The two SCG ganglia from each animal were dissected and keep in
the same tube. (Detail of the SCG ganglia dissection are given in chapter 2).

4.2.2.2 Genotypirig of null mutant mice by PCR
In this study, the polymerase chain reaction (PCR) was used to ascertain

which combination of the two possible alleles each embryo carried (i.e. wild-type or

mutant). Three primers, one that detected the wild-type allele only, a second that

recognise the mutant allele and finally a third one that was common to both alleles
were use for each genotype of the different null mutant mice (double NGF/NT-3,
GFRa-1 or Met d/d null mutant). In the case of the double NGF/NT-3 null mutant

separated reactions for NGF and NT-3 were made to detect the possible different

phenotypes from the breeding of double heterozygots for NGF and NT-3.
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The use of these three primers together gave amplification of a single PCR

product for wild-type animals, another unique single product for knockout animals
and both PCR products for heterozygotes. Table 4.1. (Fig. 4.1, Fig. 4.2, Fig. 4.3)

Null-mutant Primers Band size

NGF

NGF 1 (wild-type)

NGF 2 (mutant)

NGF C (common)

WT: 190 bp

KO: 610 bp

NT-3

N3 (wild-type)

N4 (mutant)

PI (common)

WT: 250 bp

KO: 350 bp

GFRa-1

Rec A WT (wild-type)

Rec A NEO (mutant)

Rec A U (common)

WT: 342 bp

KO:422 bp

Metd/d

Met WT (wild-type)

Met dd/Grb2 (mutant)

Met Com (common)

WT: 390 bp

KO: 550 bp

Table 4-1 Size of the products for each genotyping reaction.
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Figure 4.1 Gels showing the three possible genotypes of embryos from NGF/NT-3 +/"
crosses. Duplicate reactions for each sample are shown. Upper lanes showing NGF
genotypes: lane 5 show the PCR products from wild-type DNA, lanes 1,3,6,7 show the PCR
products from heterozygote DNA and lanes 2,4 show the PCR products from homozygote
null mutant DNA.
Bottom lanes showing NT-3 genotypes: lanes 4,5 show the PCR products from wild-type
DNA, lanes 1 show the PCR products from heterozygote DNA and lanes 2,3,6,7 show the
PCR products from homozygote null mutant DNA. (The size of the products is shown with
respect to a lkb reference ladder (L)).

GFRa-1

HP j*m m

C ] 2 3 4 5 6 7 8 9 10 11 12 1 3 14 "J " "

Figure 4.2 Gels showing the three possible genotypes of embryos from GFRa-1 +/" crosses.
Lanes 5,6,7 show the PCR products from wild-type DNA, lanes 1,4,8,9,12,13,14 show the
PCR products from heterozygote DNA and lanes 2,3,10,11 show the PCR products from
homozygote null mutant DNA. (The size of the products is shown with respect to a lkb
reference ladder (L)).

Figure 4.3 Gels showing the three possible genotypes of embryos from Metd/d +A crosses.
Duplicates reactions for each sample are shown. Lanes 3,4,7 show the PCR products from
wild-type DNA, lanes 1, 5, 6 show the PCR products from heterozygote DNA and lanes 2, 8
show the PCR products from homozygote null mutant DNA. (The size of the products is
shown with respect to a 1 kb reference ladder (L)).
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A reaction master mix was prepared using the appropriate volumes of

reagents for the number of tubes required. Two reactions were set up per animal in
order to monitor the consistency of the results. Appropriate positive (Known +/-

DNA) and negative (no DNA) control PCR reactions were also performed. Each
reaction was carried out in a 20 pi reaction volume in a 500 pi microfuge tube as

below (Table 4.2):

NGF NT-3 GFRa-1 Met m

lOx reaction buffer 2 pi 2 pi 2 pi 2 pi

25mM

magnesium chloride
4 pi 3 pi 3 pi 3 pi

5m M dNTPs 1 pi 1 pi 1 pi 1 pi
WT primers 0.16 pi 0.32 pi 0.16 pi 0.2 pi
KO primers 0.5 pi 0.32 pi 0.16 pi 0.2 pi
Common primers 0.24 pi 0.32 pi 0.16 pi 0.4 pi

Taq thermostable DNA

polymerase
0.13 pi 0.1 pi 0.1 pi 0.2 pi

Solution Q 4 pi 4 pi 4 pi 4 pi

dd H20 7 pi 8 pi 8.4 pi 8 pi

Template DNA 1 pi 1 pi 1 pi 1 pi

Table 4.2 Volume of the different reagents of each PCR reaction.

The primer sequences were as follows:
NGF:

NT-3:

NGF1 -5'

NGF2 -5'

NGF C -5'

N3 -5'

N4 -5'

PI -5'
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GFRa-1:

RecA WT

RecA Neo

RecU

Met d/d.

Met WT

Met dd/Grb2KO

Met Com

-5' CAG CTT CTT ACC TAA TCT G 3'

-5' GGA GCA AAG CTG CTA TTG G 3'

-5' GTT GTA GAG AGA CTT CTG C 3'

-5' AGG ATT GAT CAT TGG TGC GGT C 3'

-5' CAG CTC ATT CCT CCC ACT C 3'

-5' CAT CTC TGT AGT TGG ACT TAC AC 3'

Two drops of mineral oil were layered on top of the PCR reagents to prevent their

evaporation during thermocycling. The steps of each PCR program are show below

(Table 4.3).

Steps NGF NT-3 GFRa-1 Met m
denaturation

15 mins
95 °C 95 °C 95 °C 95 °C

denaturation
1 min 95 °C

57 °C 33
cycles

72 °C

95 °C

55°C 34
cycles

72 °C

95 °C

55 °C 34
cycles

72 °C

95 °C

54°C 34
cycles

72 °C

primer annealing
1 min

elongation
1.30 mins

final elongation
10 mins

72 °C 72 °C 72 °C 72 °C

refrigeration 4°C 4°C 4°C 4°C

Table 4.3 PCR programs for each genotype.

Gel loading buffer was added to the completed PCR reaction and products of
the PCR reaction were separated on 2% agarose gels. The wild-type and mutant

band were visualised under ultra-violet light.

4.2.2.3 RNA isolation and purification
The widely used extraction method described by Chomczynski and Sacchi

(Chomczynski and Sacchi, 1987), provides a pure preparation of undegraded RNA in

high yields and it is the method that was chosen to extract the RNA from the tissue to

be studied. Ganglia were lysed in 500 pi of solution D (4M guanidinium thiocyanate,

105



25 mM tri-sodium citrate pH 7.0, 0.5% N-lauroylsarcosine, 0.1 M 2-

Mercaptoethanol). In the lysis of El 6 and older ages, tissue was passed through a 25

gauge syringe needle to ensure a complete homogenisation of the tissue. The

following solutions were added sequentially: 1 pi of 5 mg/ml E.coli t-RNA (Sigma);
50 pi of 2M sodium acetate pH 4.4; 500 pi of water-saturated acidic phenol (Sigma);
150 pi of 25:1 chloroform:isoamyl alcohol (Sigma). The mixture was shaken

vigorously, and centrifiiged at 14,000 rpm for 5 minutes. The upper aqueous phase

containing total RNA was transferred to a fresh tube and RNA was precipitated by
the addition of two volumes of ethanol, followed by incubation at -20°C overnight.
The next day, samples were centrifuged for 20 minutes at 14,000 rpm, at room

temperature, and the supernatant was discarded. The pellet was washed in 70%
ethanol before being allowed to air dry. It was very important that all traces of

contaminating genomic DNA were removed from the RNA to prevent false positive

signals following RT-PCR. Therefore, the RNA was extensively DNased

50 pi of a solution containing 10 mM Tris pH 7.5 (Sigma), 6 mM MgCl2 (Promega),
20 mM VRC (vanadyl-ribonucleoside complex, an RNase inhibitor) (Sigma), and 5

pi of 7,500 units/ml RNase-free DNase I (Pharmacia) was add to the samples and the

RNA was incubated, at 37°C, for between 90-120 minutes. Following DNasel

treatment an RNA extraction kit was used to purity the RNA (RNaid Kit from BIO

101). In brief, 3 volumes of 3M NaClCh were added to the RNA followed by 30 pi

of RNA binding (RNAID) matrix (the volume was dependent on the amount of
RNA as judged from the starting tissue). The mix was incubated at room temperature

for 15 minutes to allow the RNA to be absorbed by the matrix. Following this, the
matrix containing bound RNA was sedimented by centrifuging. The matrix was then
wash twice with RNaid washed solution. RNA was eluted from the matrix by

resuspending in lOOpl DEPC-treated water and incubating the mix for 2-3 minutes,

at 60 °C. After centrifugation, the supernatant containing the RNA was transferred to

a fresh tube and stored at -80 °C until required.
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4.2.2.4 Construction of cRNA competitor species
General plan

In the first step, RT-PCR was use to isolate the fragment of the required
cDNAs. Primers 600-800 base pair apart in the cDNA of interest were used to

amplify first strand cDNA obtained by reverse transcribing RNA from adult mouse

brain. The PCR products were then run out next to a DNA ladder on a 1% agarose

gel and the band of interest was cut out of the gel and purified using the Gene Clean
kit. The cDNA was then ligated into a transcription plasmid vector (T-easy vector

kit, Promega) and the resulting construct was used to transform competent cells. The
transformed cells were plated out onto agar and left to grow until visible colonies

appeared. To determine which of the transformed colonies had the desired
recombinant plasmid, DNA was purified from several colonies using a mini-prep kit.

Aliquots of plasmid DNA were digested with different restriction enzymes, and
constructs containing the correct insert were identified by electrophoresis of digested
DNA. Sufficient quantities of the correct plasmid DNA to allow the construction of
the competitor cDNA were purified by a mini-prep plasmid purification kit.

The next step in the construction of the competitor RNA was the
modification of the insert cDNA so that it would be slightly different in size from the
native template. To do this, plasmid DNA was digested with a restriction enzyme

that produces a 4bp 5' overhang. The overhang was filled-in with Klenow

polymerase and the blunt ends were re-ligated. The result was a control template 4bp

longer than the native template. Before transformation into competent bacteria, the
recombinant plasmid was digested with the same restriction enzyme used to cut it
before the fill-in reaction. Plasmid containing a filled-in site will not cut, whereas
unfilled plasmid will. Since transformation efficiency of linear DNA is a lot lower
than that of a circular DNA, very few plasmid molecules which were not filled-in
with the Klenow polymerase find their way into competent cells. Following

transformation, the cells were grown on agar plates until colonies appeared. To
confirm that the fill-in reaction had worked, and find the orientation of the cDNA

fragment in the vector, several colonies were picked, grown in LB broth and the

plasmid DNA was purified using a kit. Aliquots of plasmid DNA were digested with
different enzymes and the digested DNA was resolved by electophoresis. The digests
were compared to a DNA ladder and recombinant plasmids containing the proper

insert were determined. Since it was possible that 1,2 or 3 rather than 4 bp were
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filled-in, PCR was performed against an unfilled plasmid DNA and products were

resolved by acrylamide gel electrophoresis. To further confirm the quality of the
control cDNA, an aliquot was sent to an in-house sequencing service for sequencing.
The last step in the construction of the competitor RNA was the transcription of the
filled cDNA clone. In order to produce run-off transcripts of defined length, the

plasmid DNA was linearized with an appropriate restriction enzyme that cuts at the
3' end of the insert. Special care was taken to avoid the use of an enzyme, which

produced 3' protruding ends. Extraneous transcripts have been reported to appear in
addition to the expected transcript when such template is transcribed (Shenborn and

Mierendorf, 1985). The extraneous transcripts can contain sequences complementary
to the expected transcript as well as sequences corresponding to the vector DNA.

Moreover, the restriction enzyme chosen to cut the competitor had its cleavage site
as far as possible from the fill-in site. In this way, multiple points along the 3' end of
the RNA transcript could serve as templates for random hexamers to prime,

improving the efficiency of the reverse transcription reaction. Following digestion,
the plasmid was run out on an agarose gel and the band corresponding to the
linearized plasmid was cut out. Linearized DNA was then purified by the Gene Clean
kit and in vitro transcribed. Following this plasmid DNA was removed from the
RNA by DNase treatment. An aliquot of purified RNA was checked for integrity and
size on an agarose gel and its concentration was spectrophotometrically determined.
The remaining RNA was diluted, ethanol precipitated and stored until required.

Cloning the cDNA competitor by RT-PCR
Total RNA from adult mouse brain was extracted by the method of

Chomczynski and Sacchi (Chomczynski and Sacchi, 1987). 8 pi of RNA was reverse

transcribed in a 40 pi reaction mixture containing:

8 pi 5xRT Superscript buffer (Gibco BRL)

4 pi of 5 mM dNTPs (MBI Fermentas)

4 pi of 100 pM random hexanucleotides (Pharmacia)
- 4 pi of 0.1 M DTT (Gibco BRL)
- 12 pi of H2O
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To denature any secondary structure within the RNAs, the mixture was heated for 2
minutes at 90°C followed by the addition of 2 pi of Superscript reverse transcriptase.
The samples were incubated at 37 °C for 90 minutes. Heating the samples for 6

minutes at 95 °C stopped the reaction and degraded the RNA template.

PCR primers for isolating the different cDNAs were designed based on published

sequence information.
The primers used were:

Tyrosine hydroxylase:
Forward isolation: 5'- AAA TCC ACC ACT TAG AGA CC-3'

Reverse isolation: 5'- CCA CAG TGA ACC AGT ACA CC-3'

Acetylcholine transferase:
Forward isolation: 5'- AAT CGC TAG GAT GCC TAT CCT GG-3'

Reverse isolation: 5'- GCA GGC CAC GAT GAC ATG CTC-3'

Vesicular Acetylcholine transferase transporter:

Forward isolation: 5'- CGT CTG GCA TTG CCA TGA TCG-3'

Reverse isolation: 5'- CTG CCA TAG ACT GAT ACG TGG-3'

Pacap:
Forward isolation: 5'- AAT AAT GCA TAG CAG TGT CTC C-3'

Reverse isolation: 5'- ATA TCT GTG CAT TCT CTA GTG C-3'

Pacap receptor 1:
Forward isolation: 5'- TCA GCG CTG CAT GCA CAG TG-3'

Reverse isolation: 5'- GTA GAT GCT CGA CTC ATT GCC-3'

Nicotinic a-7 Acetylcholine sub-unit receptor:

Forward isolation: 5'- CAG TGG AAC ATG TCT GAG TAC C-3'

Reverse isolation: 5'- TGA GGT GCT CAT CAT GTG TTG G-3'

Nicotinic (3-2 Acetylcholine sub-unit receptor

Forward isolation: 5'- CGG TGC TCC AAC TCT ATG GC-3'

Reverse isolation: 5'- AGG TGA TGT CCA CGT AGG TG-3'

A region between 600 or 1200 bp was amplified depending on each cDNA. The
PCR reaction was done in a 50 pi mixture consisted of:
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5 pi of reverse transcription product

4.5 pi of lOx Hot Start Taq buffer (Gibco BRL)

2 pi of 5 Mm dNTPs (MBI Fermentas)

5 pi of 50 pmoles primers (MWG-Biotech AG)

0.5 pi of Hot Start Taq polymerase (Gibco BRL)
- 33 pi H20

After mixing, 45 pi of mineral oil (Sigma) was added. The tubes were transferred to

the heating block of a PCR machine and amplification was carried out for 40 cycles

using the following parameters:

Activation of Hot Start Taq polymerase and denaturation at 95 °C for 16

minutes.

Annealing at 55 °C for 60 seconds for all of the cDNA except for the
isolation of tyrosine hydroxylase which was at 53 °C.

Synthesis at 72 °C for 90 seconds.

The PCR was completed with a 10 minute extension at 72 °C.

The products were run on a 1% agarose gel (Gibco BRL) and the band of interest
was cut out with a scalpel. Using the Gene Clean®II kit, the DNA was purified and

recovered in 20 pi of water. The purified DNA was ligated into pGEM-T vector

(Promega) according to manufacturer's recommendations. The ligation mixture was

used to transform highly competent E.coli XL1 cells (Stratagene) (Maniatis, et al.,

1989).

Due to a methylation problem with the restriction enzyme used to cut the Nicotinic
a~7 Ach Receptor cDNA, this cDNA was transformed into E. coli SCSI 10

(Stratagene) which is deficient in Dam and Dcm methylase.

Transformation of competent cells

Competent cells (E.coli XL1 Blue MRF and E.coli SCSI 10) stored at -80°C

were defrosted on ice and 1/10 volume of the ligation mixture was added to them.
After mixing by gently flicking the tube, they were left for 1 hour in ice. The cells
were transferred to a water bath at 42°C for 90 seconds (heat shock) and returned to

ice for 5 minutes. 800 pi of LB-broth was added to the cell suspension. Cells were
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incubated at 37 °C for 1 hour, before being plated onto LB agar (Gibco BRL)

containing 100 mg/ml ampicillin, in the case of E.coli XL1, and 50 mg/ml ampicillin
for E.coli SCSI 10.

Analysis of transformants to verify the presence of insert cDNA
After 20 hours incubation at 37 °C, single ampicillin resistant colonies were

picked and used to inoculate 3 ml of LB medium containing ampicillin (100 or 50

mg/ml). After an overnight incubation at 37°C, plasmid DNA was extracted from the

resulting bacterial suspension using a QIAprep Spin Miniprep kit and recovered in
50 pi of water. To check the presence of the insert, 5 pi of plasmid DNA was

digested with the appropriate restriction enzyme for 1 hour in a 20 pi volume

reaction and the product was analysed by electrophoresis on a 1% agarose gel (Na-

grade agarose, Gibco BRL).

Modification of cloned DNA to make competitor cDNA

From the remaining 45 pi plasmid DNA, 40 pi was digested overnight with
the appropriate restriction enzyme. The digestion reaction contained: 5 pi 1 Ox buffer

(recommended from the manufacturers for each restriction enzyme) 2 pi water and 3

pi restriction enzyme. The restriction enzyme chosen cut the cDNA at a single
internal site to leave 4-5 bp 5' overhangs. The enzymes and the incubation

temperatures used for each cDNA were:

Tyrosine hydroxylase

Acetylcholine tranferase

Vesicular Acetylcholine transporter

Pacap

Pacap Receptor I

Nicotinic a-7 ACh sub-unit receptor

Nicotinic (3-2 ACh sub-unit receptor

Bst EII at 60°C

Hind III at 37°C

Xho I at 37°C

Avr II at 37°C

Bam HI at 37°C

Bel I at 50 °C

Bam HI at 37°C
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Fill-in of DNA ends with Klenow polymerase

Following digestion with enzymes, plasmid DNA was purified using the
Gene Clean®II kit. Klenow polymerase was used to fill-in the recessed 3' ends. A 20

pi reaction was set-up containing 15 pi of plasmid DNA, 2 pi 1 Ox Klenow buffer,
and 3pl 5mM dNTPs. After mixing, 1 pi of Klenow enzyme was added and the
reaction was incubated at room temperature for 5 minutes. To stop the reaction, 70 pi
of Nal from the Geneclean®II kit were added and the DNA was purified again and

recovered in 10 pi water.

Ligation

Using the reagents of p-GEM T-vector kit, 9 ul of the newly filled-in DNA
were incubated overnight at 4 °C with 10 pi 2x ligase buffer, and 1 pi of 400 u/ul T4
DNA ligase. Following ligation, DNA ligase and T4 ligase buffer were removed with
Gene Clean®II kit and the DNA recovered in 20 pi water.

Transformation of filled-ligated cDNAs

Prior to transformation, in order to reduce colonies that contain plasmid DNA
that had not been filled, plasmid DNA was digested for 2 hours with the same

restriction enzyme that was use to generate 5' overhangs for the fill-in. 17 pi DNA

were mixed with 2 pi 1 Ox Buffer and 1 pi restriction enzyme. The final volume of 20

pi was used to transform 100 pi of competent cells as detailed above.

Restriction enzyme analysis of transformants

After 20 hours incubation at 37 °C, single ampicillin resistant colonies were

picked and used to inoculate 3 ml of LB medium containing ampicillin (100 or 50

mg/ml) and incubated overnight at 37°C. Plasmid DNA was extracted using a

QIAprep Spin Miniprep kit and recovered in 50 pi of water. To check that the fill-in

reaction has worked, 5 pi aliquots of plasmid DNA were digested with different

enzymes in reaction volumes of 20 pi. After 1 hour incubation, products were

analysed by electrophoresis on a 1 % agarose gel.
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Frozen bacterial cultures were prepared from successfully filled cDNAs by adding
300 pi of sterile 50% glycerol to 700ul of cell suspension. The samples were kept at

-70°C.

To know how many base pairs the Klenow enzyme had added to each of the
cDNAs and the orientation of the cDNA in the vector, an aliquot of the extracted

plasmid DNA was send to the in-house sequencing service for sequencing.

Linearization and purification
In order to produce run-off RNA transcripts of a defined length, plasmid

DNA was linearized at the 3' end of the cDNA insert by overnight digestion with an

appropriate restriction enzyme. Special care was taken to choose an enzyme that

produces blunt-ends or 5' overhangs and cuts as far away as possible from the fill-in
site. The enzymes used were:

Tyrosine hydroxylase Not I

Acetylcholine tranferase Not I
Vesicular Acetylcholine transporter Not I

Pacap Nco I

Pacap Receptor 1 Sac II

Nicotinic a-7 ACh sub-unit receptor Sac II
Nicotinic (1-2 ACh sub-unit receptor Nco I

Linearized plasmid was purified by running the samples on 1% agarose gel, cutting
the DNA band out with a razor blade and recovering DNA from the gel slice with the
Gene Clean®II kit.

In vitro transcription

Competitor RNA transcripts were transcribed in 2x50 pi reaction mixtures

containing the following:
10 pi 5x transcription buffer (Promega)

5 pi 100 mM ATP (Promega)
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5 |ul 100 mM CTP (Promega)
5 jul 100 mM GTP (Promega)
5 gil 100 mM UTP (Promega)

5 pi 100 mM DTT (Promega)
2 pi RNAguard (Pharmacia)
6 pi H20

7 (ill plasmid DNA (1-5 jag)

2 gil of 30-50 u T7/SP6 RNA polymerase (Promega)
It was important that all reagents were added in the sequence shown above. After

mixing thoroughly, the reaction was incubated for 1 hour at 37°C. After this time, 2

pi more of T7/SP6 polymerase was add to the reaction, and the reactions were

allowed to proceed at 37°C for another 60 minutes. At the end of this hour, 2 pi VRC
and 5 pi of 7,500 u/ml DNase I were added and the plasmid DNA was degraded by

incubation at 37°C for 2 hours. After this 2 hours, 5 pi more of DNase were added

and the reaction was left at 37°C for another 2 hours.

After the end of this period, the RNA transcripts were purified using the RNAid Kit

as described before. Purified RNA was recovered in 100 pi DEPC-treated water.

To check the size and the integrity of the RNA product, 10 pi was run in a 1% RNase

free agarose gel. Knowing the integrity of the transcripts, the two samples from the

reverse transcription step were mixed and 10 pi were used to determine the RNA
concentration spectrophotometrically.

The remaining RNA was diluted with water and precipitated at a

concentration of 1 ng/ul by the addition of an appropiate volume of water, 0.1
volumes of 3M sodium acetate, 3 volumes of ethanol and E coli t-RNA in a

proportion of 20 ng ofE.coli per 1 ng of transcript RNA per microlitre.

The ethanol-precipitated transcripts were kept at -20°C.

RT-PCR assay

Reverse-transcription
For each reaction, 1 pi of RNA sample was transcribed in a 40 pi final

reaction volume containing:

114



8 pi 5xRT Superscript buffer (Gibco BRL)

4 pi of 5 mM dNTPs (MBI Fermentas)

4 pi of 100 pM random hexanucleotides (Pharmacia)
- 4 pi of 0.1 M DTT (Gibco BRL)

16 pi of H2O

In each reaction an average of 4 RNA competitors were added in a volume of 1 pi

each, including the cRNA competitor template for the ubiquitous, constitutively

expressed GAPDH. The sample was heated for 2 minutes at 90°, and then lpl of

Superscript reverse transcriptase was added to the mixture, except in the negative
controls. The reaction was allowed to proceed for 90 minutes at 37°C, after which

time it was stopped by heating the sample for 6 minutes at 95°C.

Polymerase chain reaction

For each PCR reaction, 45 pi of master mix solution was added to 5 pi of
cDNA. The composition of master mix was (n = number of tubes):

n x 4.5 pi of lOx buffer supplemented with MgCl2 (Helena Biosciences)
n x 1 pi of 5 Mm dNTPs (MBI Fermentas)

n x 4.5 pi of 50 pmoles primers (MWG-Biotech AG)

n x 0.1 pi of 5 u/pl Taq polymerase (Helena Biosciences)
n x 35 pi H20

After mixing, 45 pi of mineral oil was added to each reaction. The tubes were

transferred to the heating block of a PCR machine and amplification was carried out

for 35 cycles for tyrosine hydroxylase and the Nicotinic a-7 Ach receptor and 32 or

27 cycles for Nicotinic p-2 Ach receptor or GAPDH, respectively.
The PCR conditions for each template were:

Denaturation at 95 °C for 1 minute.

Annealing: Tyrosine hydroxylase 55°C for 60 seconds

Nicotinic a-7 Ach sub-unit receptor 53°C for 60 seconds

Nicotinic P-2 Ach sub-unit receptor 55°C for 60 seconds

GAPDH 53°C for 60 seconds

Synthesis at 68 °C for 60 seconds.
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The PCR was completed with a 10 minute extension at 68 °C.

The primers used were:

Tyrosine hydroxylase:
Forward assay: 5'- CAG AGT TGG ATA AGT GTC ACC-3'
Reverse assay: 5'- AAG GCA ATC TCT GCA ATC AGC-3'

Nicotinic a-7 Acetylcholine sub-unit receptor:

Forward assay: 5'- CCT TGA TAG CAC AGT ACT TCG-3'
Reverse assay: 5'- GTC ATG GTG GTG ATA TCG CAG-3'

Nicotinic (3-2 Acetylcholine sub-unit receptor

Forward assay: 5'- CGC TGC TGT TCA GCT TTG GC-3'
Reverse assay: 5'- TTA GTA GCT GGA CGG ATC AGC-3'

GAPDH:

Forward assay: 5'-TCC AGT ATG ACT CCA CTC AC-3'
Reverse assay: 5'-TCC TGG AAG ATG GTG ATG G-3'

Electrophoresis of PCR products
The PCR products were resolved in 8% non-denaturing polyacrylamide gels.

Following electrophoresis, the gel was stained for 15 minutes in the dark with lx

Syber Gold solution (a non-isotopic UV-sensitive dye, that attaches to DNA). PCR

products were viewed under UV illumination. A computer videoimaging system was

used to measure the PCR band intensity.

Semi-quantitative RT-PCR assay

In order to determine differences in the expression of several RNAs in

sympathetic neurons, a pilot experiment was set-up using semi-quantitative RT-PCR.
The main differences between the semi-quantitative RT-PCR assay and the

competitive RT-PCR assay is that the former did not-included competitor RNAs. To
ascertain the reproducibility of the semi-quantitative PCR results, each PCR was

repeated twice for different numbers of cycles (35-37 cycles), taking care of not to

116



reach the plateau phase. A rapid PCR machine (Idaho Technologies Rapid cycler)
was used for all the semi-quantitative data presented in this chapter.
The sequence of the primers used were:

Tyrosine hydroxylase:
Forward: 5'- TTC AGT GCA CAC AGT ACA TCC-3'

Reverse: 5'- AGA GAT GCA AGT CCA ATG TCC-3'

a (2A)-adrenergic receptor :

Forward: 5'- CAT CGA GTA CAA CCT GAA GC-3'

Reverse: 5'- TCT GGT CGT TGA TCT TGC AG-3'

Nicotinic a-7 Acetylcholine receptor:

Forward: 5'- TGG CTG AGA TCA TGC CAG-3'

Reverse: 5'- AGC ACA ATC ACT GTC ACG AC-3'

Nicotinic (3-2 Acetylcholine receptor

Forward: 5'- GTG ACT GTA CAG CTC ATG G-3'

Reverse: 5'- GTT GGT GGT CAT GAT CTG C-3'

Acetylcholine transferase :

Forward: 5'- CTA CTC TGG ATT AAG AAT CGC-3'

Reverse: 5'- CTG GCA ACT TAG GTA AAT CC-3'

Vesicular acetylcholine transporter:

Forward: 5'- TTC ATT GAT CGC ATG AGC TAC-3'

Reverse: 5'- AAA CGT GGC ATA GTC TTC TGC-3'

Neuropeptide Y:
Forward: 5'- TCA CAG AGG CAC CCA GAG CAG-3'

Reverse: 5'- GCT TGT TAC CTA GCA TCG TGG-3'

Neuropeptide Y receptor 2:

Forward: 5'- CAT TCC TGA CTT TGA GAT TGT-3'

Reverse: 5'- TGG AAA GGC TGT AGA CTG TAC-3'

Neuropeptide Y receptor 6:
Forward: 5'- TTG CTA TTG AAC GAT ATC AGC TG-3'

Reverse: 5'- AAT GAG CCA AAT CAA GAT GAT CC-3'

Pacap:
Forward: 5'- TAC GCC CTT TAC TAT CCA GC-3'

Reverse: 5'- GAC TGC AGG TAC TTC CTG G-3'
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Pacap receptor 1:
Forward: 5'- TCT ACA CAG TCG GCT ACA GC-3'
Reverse: 5'- ACA GAG ATA GCT CTC AGC ATG-3'

Vaso intestinal peptide
Forward: 5'- CTA GAG CAG AAC TTC AGC AC-3'
Reverse: 5'- CTT CTG GCT TCC ATC TCG G-3'
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4.3 Results

4.3.1 Differences in the mRNA expression of several sympathetic
neuronal markers between wild type and NGF/NT-3 double null mutant

embryos.

Although, many studies have addressed the survival effect of NT-3 and NGF

during embryogenesis, very little has been reported about the effects in vivo of these
two growth factors in regulating the phenotype of sympathetic neurons. For this
reason I have examined the expression of different sympathetic neuronal markers in
the SCG of NGF/NT-3 double null mutant and wild type embryos. In the first

experiment, semi-quantitative PCR analysis was used to look for broad trends in the

expression patterns of specific enzymes involved in the synthesis of
neurotransmitters: TH, ChAT and the related gene VAChT. I also studied the

expression of mRNAs encoding the neuropeptides and their receptors: NPY,

PACAP, VIP, NPY R2, NPY R6 and PACAP R1 and mRNAs encoding the subunits
of the receptors for noradrenaline and acetylcholine: a(2A)-adrenergic R, nicotinic

a7-AChR sub-unit, and nicotinic p2-AChR sub-unit and finally muscarinic (1)-

AChR. The age chosen for this initial study was El5, an age in development before
SCG neurons are lost in the NT-3 and NGF null mutants.

A clearly significant reduction was found in the levels of TH and VAChT
mRNA in the double null mutant (p<0.02, t-test). ChAT could not be detected

probably due to the low expression of this mRNA at this age (Fig. 4.4). I also
observed a decrease in the mRNAs coding for a7-AChR sub-unit, f32-AChR sub-unit
and a(2A)-adrenergic R. in the double knockout embryos compared to wild type

(p<0.02, t-test) (Fig. 4.5). These preliminary results suggested that NGF or NT-3, or

a combination of both, could play a role in determining sympathetic neurotransmitter

properties.
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Figure 4.4 Bar chart showing mRNA levels of TH, VAChT and ChAT (not detected)
relative to GAPDH mRNA in El5 SCG ganglia from NGF/NT-3 double-null mutant and
wild type mice. Mean ± standard error are shown (n=4).
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Figure 4.5 Bar chart showing mRNA levels of nicotinic a7-ACh R, nicotinic p2-ACh R,
nicotinic M-ACh R (not detected) and a (2A) adrenergic R relative to GAPDH mRNA in
El5 SCG ganglia from NGF/NT-3 double-null mutant and wild-type mice. Mean ± standard
error are shown (n=4).
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When the mRNA expression of different neuropeptides and some of their

receptors was studied, a significant decrease in PACAP, but not in its receptor, was

found (p<0.01, t-test). Also the expression ofNPY R2 and NPY R6 was significantly
reduced in the double mutant (p<0.05, t-test). VIP mRNA expression was not found
to be dependant on NGF or NT-3. Therefore, like the neurotransmitter properties,
some peptidergic phenotypes could also be affected by NGF or NT-3 (Fig. 4.6) (Fig

4.7).
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Figure 4.6 Bar chart showing mRNA levels of Pacap, VIP and NPY (not detected) relative
to GAPDH mRNA in El5 SCG ganglia from NGF/NT-3 double-null mutant and wild type
mice. Mean ± standard error are shown (n~'1).
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Figure 4.7 Bar chart showing mRNA levels of NPY R2, NPY R6 and Pacap Rl relative to
GAPDH mRNA in El5 SCG ganglia from NGF/NT-3 double-null mutant and wild type
mice. Mean ± standard error are shown (n=4).
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From this preliminary data, 1 decided which neuronal markers would be

interesting to study further using competitive RT-PCR. I made competitors for the
mRNAs that showed significant differences in expression between the double

knockout and the wild-type. 6 competitors were made: TH, VAChT, Nicotinic a7-

AchR, Nicotinic p2-AChR, PACAP and PACAP Rl. Because the ChAT and VACht

genes are in the same locus, I decided also to construct the ChAT competitor.
Because of time constraints, I only managed to analyse the expression of three
mRNAs by quantitative competitive RT-PCR (TH, cc7-AchR and p2-AchR).

4.3.2 Developmental expression of TH, nicotinic a7-AChR and nicotinic

p2-AChR.
Before studying more carefully the differences in mRNA expression in the

null mutant embryos, I analysed the developmental expression of the chosen

neuronal markers. Using competitive RT-PCR, the expression of TH, nicotinic a7-

AChR and nicotinic p2-AChR was studied at the following embryonic (E) and post¬

natal (P) stages: E13, E14, E15, E16, E17, E19, P-0, PI, P3 and P6.

The expression of TH and nicotinic a7-AchR mRNAs increased with age,

whereas nicotinic p2-AchR mRNA expression increased between El3 and E14 after
which expression levels remained fairly constant at older ages (Fig. 4.8).
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Figure 4.8 Levels of TH, nicotinic a7-ACh R and nicotinic p2-ACh R mRNA relative to
GAPDH mRNA in the SCG ganglia of wild-type animals during development. Mean ±
standard error are shown (n=6).

4.3.3 mRNA expression in the NGF/NT-3 double null mutant
To accurately quantify and investigate further the decrease in the expression

of TH, nicotinic a7-AchR and nicotinic p2-AchR observed by semi-quantitative

PCR in NGF/NT-3 double knockouts, RNA extracted from El5 SCG ganglia from
wild type (NGF+/+/NT-3+/+), NGF/NT-3 double null mutant (NGF~/7NT-3"/"), and the

single null mutant for NGF (NGF"/_/NT-3+/+) or NT-3 (NGF+/+/NT-3~/_) was analysed

by competitive RT-PCR. For TH the results observed by quantitative RT-PCR were

similar to the results obtained by semi-quantitative RT-PCR. A significant reduction
in TH mRNA expression was observed in the double null mutant (p<0.02, t-test).

The reduction in TH mRNA expression observed in the SCG ganglia of NGF+/+/NT-
3 "" embryos was similar to that observed in SCG ganglia from NGF_/7NT-3 "A
embryos (p<0.05, t-test). In contrast, no reduction in TH expression was found in the

single null mutant for NGF, with mRNA values similar to the wild type. These data
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suggest that NT-3 and not NGF regulates the expression of TH in developing SCG

(Fig. 4.9).
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Figure 4.9 Bar chart showing levels of TH mRNA relative to GAPDH mRNA in El 5 SCG
ganglia from NGF/NT-3 double null mutant mice, NGF/NT-3 single null mutant and wild
type. Mean ± standard error arc shown (n=8). * /><0.05 vs. wild type.

For nicotinic a7-AchR mRNA, similar results to those found for TH were

observed. A large reduction in mRNA expression in the double null mutant and in
the NT-3 null mutant was observed (p< 0.01, t-test)(Fig. 4.10).

For nicotinic p2-AchR mRNA, there was a reduction in expression in the
double null mutant. However, the data show that NGF, not NT-3 is implicated in the

regulation of the expression of this receptor (p<0.005, t-test). This suggests that
different growth factors play a role in regulating the neurotransmitter fate of

sympathetic neurons (Fig. 4.11).
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Nicotinic a7-ACh Receptor expression
20n

Figure 4.10 Bar chart showing levels of nicotinic a7-ACh R mRNA relative to GAPDH
mRNA) in El5 SCG ganglia from NGF/NT-3 double null mutant mice, NGF/NT-3 single
null mutant and wild type. Mean ± standard error are shown (n=8). * pcO.Ol vs. wild type.

Nicotinic (32-ACh Receptor expression

Figure 4.11 Bar chart showing levels of nicotinic p2-ACh R mRNA relative to GAPDH
mRNA) in El5 SCG ganglia from NGF/NT-3 double null mutant mice, NGF/NT-3 single
null mutant and wild type. Mean ± standard error are shown (n=8). */?<0.005 vs. wild type.
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4.3.4 Differences in the mRNA expression of several sympathetic
neuronal markers between wild type and metd/d null mutant embryos.

Because the development of sympathetic neurons and their precursors in the
SCG requires not only NGF and NT-3, but also HGF/met signalling (Maina, et al.,
1998), I decided to study the same neuronal markers in the met m null mutant. Semi¬

quantitative PCR data showed no significant difference in the expression of the
markers studied between wild type SCG ganglia and met d/d null mutant SCG ganglia

(Fig, 4.12), (Fig. d. 13).
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Figure 4.12 Bar chart showing mRNA levels of TH and VAChT and ChAT relative to
GAPDH mRNA in E14 SCG ganglia from Met d/d null mutant and wild type mice. Mean ±
standard error are shown (n=5)
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Figure 4.13 Bar chart showing mRNA levels of Pacap, Pacap Rl, VIP and NPY (not
detected) relative to GAPDH mRNA in E14 SCG ganglia from Met d/d null mutant and wild
type mice. Mean ± standard error are shown (n=5)
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Similar results were found using competitive-RT-PCR, where neither TH,

nicotinic a7-ACh R or nicotinic P2- ACh R expression was significantly changed in
the Met d/d mutant compared to wild type (Fig. 4.14).
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Figure 4.14 Bar chart showing mRNA levels of (A) TH, (B) nicotinic a7-ACh R and (C)
nicotinic p2-ACh R relative to GAPDH mRNA in E14 SCG ganglia from Met m null mutant
and wild type mice. Mean ± standard error are shown (n=8)

4.3.5 Differences in the mRNA expression of several sympathetic
neuronal markers between wild type and GFRa-1 null mutant embryos.

To evaluate the influence of GDNF in determining the phenotype of

sympathetic neurons, total mRNA was extracted from El4 and El9 SCG ganglia of
GFRa-1 null mutant mice. As in the NGF/NT-3 double null mutant and metd/d, semi¬

quantitative RT-PCR was initially used to determine mRNA levels. A significant
increase in the mRNA expression of ChAT and nicotinic a-7 ACh R was observed in
the El 4 SCG ganglia of GFRa-1 null mutant mice compared to wild type (p<0.03, t-

test). No difference was observed between the null mutant and the wild-type for any

of the other markers studied, although a slightly tendency towards increased mRNA

expression was found in the TH and NPY R2 (Fig. 4.15) (Fig. 4.16).
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Figure 4.15 Bar chart showing mRNA levels of (A) TH, VAChT and ChAT and (B)
Nicotinic a7-ACh R, nicotinic p2-ACh R and nicotinic M-ACh R (not detected) relative to
GAPDH mRNA in El4 SCG ganglia from GFRa-1 null mutant and wild type mice. Mean ±
standard error are shown (n=7).
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Figure 4.16 Bar chart showing mRNA levels of (A) Pacap, VIP, NPY (not detected) and
(B) NPY R2, NPY R6 and Pacap R1 relative to GAPDH mRNA in El4 SCG ganglia from
GFRa-1 null mutant and wild type mice. Mean ± standard error are shown (n=7)
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At El9, an increase in nicotinic a-7 ACh R mRNA expression was again
found in the null mutant mice compared to wild type mice together with an increase
in the NPY R2. NPY, on the contrary, showed a significant decrease in expression in
the null-mutant SCG ganglia at this age (p<0.001, t-test). (Fig 4.17), (Fig 4.18).
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Figure 4.17 Bar chart showing mRNA levels of (A) TH, VAChT and ChAT and (B)
nicotinic a7-ACh R, nicotinic p2-ACh R and nicotinic M-ACh R relative to GAPDH mRNA
in E19 SCG ganglia from GFRa-1 null mutant and wild type mice. Mean ± standard error
are shown (n=5)
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4.4 Discussion

4.4.1 The role of NT-3 and NGF in regulating the expression of
neurotransmitters properties.

The aim of this study was to examine neurotransmitter expression in

developing SCG ganglia from animals lacking both NGF and NT-3. The results show
that the lack of both neurotrophins in general provokes a decrease in the expression
of the neurotransmitter markers being assayed at El5. Thus, a decrease in both

adrenergic (TH) and cholinergic (VAChT) markers was found in the SCG from the
double NGF/NT-3 knockout embryos at El5, suggesting that these two factors might
be involved in the modulation of neurotransmitter properties.

Using quantitative RT-PCR to study the expression of TH in animals that
lack only one of the neurotrophins (NGF or NT-3), revealed that only the lack of NT-
3 provoked a reduction in the expression of this neuronal marker at El 5. It is known
that at this stage of development NT-3 is expressed by non-neuronal cells

surrounding the SCG (Verdi, et al., 1996) and also high level expression ofNT-3 has
been found in blood vessels adjacent to sympathetic ganglia (Scarisbrick, et al.,

1993). Although it has been reported that NT-3 may maintain the survival of dividing

sympathetic precursors in vitro (Birren, et al., 1993; Verdi, et al., 1996), analyses of
NT-3 null mice has shown that the survival promoting effects of NT-3 occur much
later in development, around El7 (Wyatt, et al., 1997; Francis, et al.,\ 999). Thus,

my data suggests that at this early stage of development NT-3 may regulate
neurotransmitter phenotype. These data are in accordance with studies on quail
neural crest cells where it has been found that NT-3 promotes the expression of the

norepinephrine transporter (NET), the earliest noradrenergic marker to be expressed

(Zhang, et al., 1997; Sieber-Blum, 1998). A recent study of the avian sympathetic
chain has also suggested that NT-3 may play a role in the differentiation of

cholinergic neurons (Brodski, et al., 2000).
The physiological relevance of regulation of TH expression by NT-3 at E15

is confirmed by the developmental expression pattern of this noradrenergic marker.

Thus, TH was first detect at El4 (earlier time points could not be measured as the
level of TH expression was below the detection limit of the assay) and the levels
increased rapidly in the following 4 days. From El7, no significant increase was

observed, indicating that postnatal levels are already reached at this stage. Regulation
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of TH expression by NT-3 at El 5, a time point in the middle of the developmental
increase in TH levels, suggests that NT-3 may be responsible for the developmental
increase in the expression of this enzyme. It remains to be determined whether NT-3,
NGF or both regulate the expression of cholinergic markers in E15 SCG neurons and
whether the developmental expression of cholinergic markers suggests that either of
these factors are responsible for regulating the onset of the cholinergic phenotype.

The trophic effects ofNT-3 can be transduced by both trkA and trkC (Davies,

1994; Wyatt, et al., 1997). It is known that during the period between E14 and E17,
when TH levels are increasing, the expression levels of trkA and trkC mRNAs

change dramatically. At early stages in development, sympathetic ganglia express

high levels of transcripts encoding trkC, the preferred receptor for NT-3 (Lamballe,
et al., 1991; Wyatt, et al., 1997), and trkC expresssion decreases significantly after
El 5, being detectable in only a small subpopulation of cells after this stage (Fagan, et

al., 1996; Wyatt, et al., 1997). During the same period, trkA expression increases

greatly reaching maximal levels around birth (Wyatt and Davies, 1995). It is possible
that the modulation of TH expression, and the possible modulation of VAChT

expression, by NT-3 at El5 is mediated by trkC, however, modulation at later ages,

particularly of TH expression, is more likely to be via trkA, the predominantly

expressed receptor. Since cholinergic neurons are a minor subpopulation of SCG

neurons, it is possible that trkC mediates any regulation of VAChT expression by
NT-3 that may occur after this period. Recent data from avian sympathetic chain

explants suggest a role for NT-3 in the differentiation of cholinergic neurons and the
authors suggest the involvement of the trkC receptor in this effect (Brodski, et al.,

2000). Some data has also been reported implicating trkA in mediating changes in
the expression of cholinergic markers resulting from exposure to NGF. Berse et al.,

using the murine basal forebrain cholinergic cell line SN56 stably transfected with
rat trkA cDNA, have recently shown that the expression of ChAT and VAChT

mRNAs, as well as ACh content, are co-ordinately up-regulated by exposure to NGF

(Berse, et al., 1999). Studies on trkA null mutant mice are also consistent with the

idea that trkA signalling is required to induce and maintain the cholinergic neuronal

phenotype. Thus, a reduction in the expression of cholinergic markers in the brain
has been found in animals lacking trkA (Debeir, et al., 1999). It will be interesting in
the future to determine whether NGF or NT-3 regulates the cholinergic phenotype of

sympathetic neurons and which member of the trk family of neurotrophin receptors

131



mediates the regulation of TH expression, and the possible regulation of VAChT by
NT-3 during development. This will be possible by examination of TH and VAChT

expression in trkA and trkC null mutants. Since p75 can also modulate the ability of
trkA to bind NGF and NT-3 (Lee, et al., 1994; Brennan, et al., 1999), and p75

expression in the SCG during development lags behind that of trkA (Wyatt and
Davies, 1995), it will also be interesting to analyse the expression of noradrenergic
and cholinergic markers in the developing SCG of p75 null mutants. In this respect,

it has already been demonstrated that p75 negatively regulates the cholinergic

phenotype of basal forebrain neurons (Yeo, et al., 1997).

4.4.2 The role of NT-3 and NGF in regulating the expression of
neurotransmitter receptor.

In this study I have examined the effect on neurotransmitter receptor

expression provoked by the lack of NGF and NT-3. Because several receptors types

and sub-units are expressed in sympathetic ganglia, I choose to study only a few of
them. Thus, I have studied the expression of two sub-units that form the nicotinic

acetylcholine receptor, a7-AChR and (32-AchR. Each of these sub-units is involved

in the formation of two different types of acetylcholine receptor in the SCG ganglia.
The predominant subtype of muscarinic acetylcholine receptor, M(l)-AchR, was also
studied along with the mRNA for one subtype of the adrenergic receptor, a(2A).

Preliminary experiments using semi-quantitative RT-PCR to assay mRNA
levels in the NGF/NT-3 double null mutant suggested that these growth factors are

involved in the regulation of neurotransmitter receptor expression, since the lack of
both neurotrophins provoked a decrease in the mRNA levels of both nicotinic and

adrenergic receptors. M(l)-AchR mRNA could not be detected, probably due to low

expression at this age.

To further investigate the effects of NGF and NT-3 on neurotransmitter

receptor expression, I decided to study nicotinic acetylcholine receptor expression

using quantitative RT-PCR. First, I analysed the expression of a7-AChR and [32-
AchR sub-units during development. Both receptor subtypes were expressed as early
as E13 (earlier ages could not be analysed due to difficulties in carrying out the

dissection). In the case of the a7-AchR subunit, mRNA levels increased until El 5
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after which they were maintained until El9. A second increase in a7-AChR

expression was observed around birth, with no further increase after PI. Therefore,

the increase in the expression of the a7-AchR subunit seems to occur during two

periods, the first one between El3 (or earlier) and El5 and the second around birth.
The first increase corresponds to a period when sympathetic neurons start to be

dependent on NGF for survival and a period when trkC expression is high, raising
the possibility that both NGF and NT-3 may regulate the expression of this nicotinic

receptor subunit. The second increase corresponds to a period when sympathetic
axons first contact their targets, suggesting that target contact may influence

neurotransmitter receptor expression. (32-AchR mRNA expression increased 8-fold
between El3 and E14 after which it remained stable throughout prenatal and early

postnatal development. One possible explanation in the differences observed

between the developmental expression of al and (32 could be the localisation of the

genes encoding these sub-units. It is known that a3, a5 and (34 sub-units are encoded

by genes that are closely clustered (Boulter, et al., 1990), and this may facilitate co¬

ordinate regulation of these genes. On the other hand, al and (32 are in different

positions in the genome, therefore their regulation could be by different factors.

Once I had established the developmental expression patterns of a7-AChR

and (32-AchR mRNAs, I proceeded to more closely analyse their expression in
double NGF/NT-3 null mutant mice. The results suggest that the expression of each

subunit is regulated by a different neurotrophic factor. a7-AchR mRNA expression

was decreased in the SCG's of embryos lacking NT-3, whereas (32-AchR expression
was reduced in the embryos lacking NGF. These data demonstrate that sympathetic
neurotransmitter receptor regulation is a complex process where both neurotrophins
seems to be involved.

A number of studies have provided evidence that neuronal nAChRs gene expression
can be regulated by neurotrophic factors. Data from axotomy experiments have
found changes in the expression of nAChRs transcripts in adult sympathetic neurons.

Transection of the postganglionic nerves or explantation of the rat SCG has been

shown to provoke a dramatic decrease in the levels of a3, a5, al and (34 transcripts,

and an increase in the expression of (32 mRNA (Zhou, et al., 1998). Two types of
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signals may regulate the biochemical changes that occur in the cell bodies of
axotomized peripheral neurons. First, axotomy induces leukemia inhibitory factor
expression (Banner and Patterson, 1994). Second, axotomy prevents neuronal cell
bodies from obtaining target-derived factors. In this sense, administration of NGF

partially prevents the axotomy induced decrease in a3, a5, a7 and (34 expression,

however, NGF treatment has no effect on (32 mRNA expression (Zhou, et al., 1998).

There appear to be differences in the regulation of nicotinic acetylcholine receptor

expression between species, since axotomy provokes a decrease in (32-AchR

expression in mice SCG ganglia (Zhou, et al., 1998). Studies on post-natal co-

cultures of sympathetic neurons and cardiac myocytes, one of several targets for
SCG neurons, have found that NGF increases the level of synaptic transmission
between these cell types (Lockhart, et al., 1997). More recently it has been shown
that contact with cardiac tissue, which expresses neurotrophic factors, induces

expression of nicotinic receptor channels (nAChRs) in autonomic neurons (Devay, et

al., 1999). This data and the results of my studies strongly suggest that neurotrophic
factors regulate the expression of nAChRs in sympathetic ganglia. Interestingly, my

data suggests that different subunits may be regulated by different factors. Like in the
studies of neurotransmitter expression, it will be interesting to study which

neurotrophin receptor, trkA or trkC, is involved in mediating the regulation of al-

AChR mRNA by NT-3. Additionally, it will also be interesting to determine the role
of p75 in modulating nicotinic receptor expression. Further work needs to be done to

determine which factor is implicated in causing the decrease in expression of the

adrenergic receptor seen in NGF/NT-3 double knockout mice.

4.4.3 The role of NT-3 and NGF in regulating the expression of

neuropeptides and their receptors
For a long time, classical neurotransmitters have been considered good

markers for the evaluation of biochemical differentiation. The finding that peptides
coexist with classical neurotransmitters in sympathetic neurons has provided
additional biochemical markers for the study of neuronal phenotypes. Various
neuronal phenotypes are recognised depending on the coexistence of neuropeptides
with classical neurotransmitters in sympathetic neurons. For example, the
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noradrenergic phenotype is associated with NPY expression (Hokfelt, et al., 1987)
and the cholinergic phenotype is associated with VIP expression (Nawa, et al., 1991,

Rao, et al., 1992). My studies have also focused on the regulation by neurotrophic
factors of NPY, VIP and PACAP expression. I also studied the expression of some

neuropeptide receptors (NPY R2, NPY R6 and PACAP Rl) to evaluate if

neurotrophic factors also modulate the expression of these signalling molecules. It
was not possible to analyse NPY expression at El5 due to the low expression levels
at this age. Preliminary results using semi-quantitative RT-PCR have shown that the

expression of the transcripts encoding for NPY R2, NPY R6 and PACAP were

reduced suggesting that these neurotrophic factors may be also implicate in

regulating neuropeptide and neuropeptide receptor expression. Therefore, in order to

more accurately study changes in the expression of neuropeptide and neuropeptide

receptors in SCG from mice lacking NT-3 and/or NGF I decided to make competitor
cRNA constructs for the genes in question. In addition, I have collected many more

RNA samples from the SCG's of mutant animals. I hope that in a short time I will
know whether NGF and NT-3 also regulate the develpomental expression of some

neuropeptides and their receptors.

4.4.4 The role of HGF in regulating the expression of neurotransmitter
and neuropeptide properties

Results from our lab have previously shown that HGF plays several distinct
roles in sympathetic neuron development. Thus, HGF enhances the survival and
differentiation of sympathetic neuroblasts in vitro and Met signalling is required for

sympathetic neuroblast survival in vivo. HGF also cooperates with NGF in enhancing

sympathetic neuron axonal growth (Maina, et al., 1998). Based on these findings, I
decided to determine if HGF also played a role in modulating the expression of
biochemical markers in sympathetic neurons by analysing the expression of several
mRNAs in the SCG's of animals that have a null signalling mutation in the Met

receptor. The markers analysed were the same as those analysed in the NGF/NT-3
null mutants. My results showed that there were no significant differences in the

expression of any of the markers in SCG's from the Met mutant embryos compared
to wild type embryos. Therefore, HGF has no role in regulating the developmental
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the developmental expression of any of the neurotransmitter, neuropeptide,
neurotransmitter receptor or neuropeptide receptor markers analysed.

4.4.5 The role of GDNF in regulating the expression of neurotransmitter
and neuropeptide properties

Although GDNF has been shown to be a survival factor for chicken

sympathetic neurons (Buj-bello, et al., 1995), studies on mouse have revealed that
GNDF does not support the in vitro survival of murine sympathetic neurons during

development (see chapter 2). On the contrary, analysis of the GDNF7" mouse by one

group has shown that 35 % of SCG neurons are lost by PO suggesting that GDNF is

acting in a subpopulation of neurons in the ganglia (Moore, et al., 1996). However, a

second study did not find a loss of SCG neurons in the GDNF null mutant and mice

lacking GFRal, the receptor for GDNF, have a full complement of SCG neurons at

birth (Pichel, et al., 1996). Since, a reduction in TH expression in SCG and reduced
innervation of sympathetic targets has also been reported in the GDNF null mutant

(Granholm, et al., 1997), the physiological relevance of GDNF and its receptor in
mouse sympathetic neurons is still unclear. One possibility is that GDNF may

regulate the differentiation of sympathetic neurons rather than support their survival

during development. In support of this, in vitro studies of neural crest cells have
shown that GDNF can modulate the noradrenergic phenotype of sympathetic neurons

(Maxwell, et al., 1996). To determine whether GDNF can alter the biochemical

properties of developing sympathetic neurons, I have studied the expression of

neurotransmitters, neuropeptides and their receptors in the GFRa-1 null mutant. At

El4, using semi-quantitative RT-PCR, I observed an increase in the expression of
ChAT mRNA in the SCG of embryos lacking the GDNF receptor compared to their
wild type litter mates. Curiously, no differences were found in the expression of
VAChT in the knockout. The genes encoding ChAT and VAChT are co-localised
within the genome and their expression is co-regulated therefore, an increase in the

expression of both genes would be expected. In rats, neurons expressing

immunoreactivity for ChAT or VAChT are rare in the SCG, less than 0.1% (Morales,
et al., 1995). Since I was unable to reliably detect ChAT mRNA expression in El5

SCG, the data obtained at E14 may be spurious. To determine whether GDNF

regulates the developmental expression of ChAT or VAChT I will need to use the
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more sensitive and accurate technique of quantitative RT-PCR. At El9, no

differences were found in the expression of both cholinergic markers in the GFRa-1

knockout compared to the wild type, suggesting that at this stage GDNF is not

modulating the cholinergic phenotype of sympathetic neurons. GDNF does not

appear to modulate the expression of TH, and hence the adrenergic phenotype, at

either age. Of the neuropeptides studied, only NPY expression was decreased in
animals lacking the GDNF receptor, suggesting that GDNF could be regulating the

developmental expression of this neuropeptide in sympathetic neurons.

In contrast to NPY expression, the levels of a7-AchR transcripts were increased at

both E14 and El9 in the GFRal"'" mouse, suggesting that GDNF could be down

regulating this receptor sub-unit during development and therefore modulating

synaptic transmission.
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