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'Men ought to know that from the brain, and from the brain only, arise our 
pleasures joys, laughter, and jests, aswell as our sorrows, pains, griefs, and 
tears. Through it, in particular, we think, see, hear, and distinguish the ugly 

from the beautiful, the bad from the good, the pleasant from the unpleasant...'

-Hippocrates.
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Abstract

The aim of this project was to determine the neurotrophic factor survival 

requirements of PNS neurons during development and to clarify the role of 

certain receptors in mediating responsiveness. Members of the neurotrophin 

family of neurotrophic factors (NGF, BDNF, NT3 and NT4/5) and neurotrophic 

cytokines (CNTF, LIF, GSM, IL-6 and CT-1) were studied.

The activity of a recently identified neurotrophin, NT4/5, was 

investigated in vitro. In cultures of mouse neurons, mammalian NT4/5 

promoted the survival of the same kinds of neurons as BDNF and was as potent 

as BDNF, which is consistent with the action of both neurotrophins on the same 

receptor, TrkB. However, both mammalian NT-4/5 and the Xenopus homologue 

were less potent than mammalian BDNF on chicken embiyo neurons, which is 

consistent with the lower evolutionary conservation of NT4/5. Interestingly, 

mammalian NT4/5 exhibited differences in potency on certain populations of 

chicken neurons that responded equally well to BDNF, and this may reflect 

differences in TrkB receptors in these different populations of neurons.

To clarify the role of the common neurotrophin receptor in modulating 

the response of neurons to NGF, I then compared the actions of NGF with a 

mutated NGF protein that binds to TrkA, but does not bind to p75. At 

subsaturating concentrations, the NGF mutant was less effective than NGF in 

promoting the survival of embryonic sensory neurons and postnatal sympathetic 

neurons but was equally effective as NGF in promoting the survival of 

embryonic sympathetic neurons, indicating that binding of NGF to p75 enhances 

the sensitivity of NGF-dependent neurons to NGF at certain stages of 

development.

To investigate if neurotrophic cytokines act on developing sensory 

neurons, I studied their effects in vitro. Whereas trigeminal neurons were



responded to cytokines in the late fetal period, nodose neurons were supported 

by these factors throughout embryonic development. These findings indicate 

that different populations of PNS neurons display different patterns of 

responsiveness to neurotrophic cytokines during development.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Early Development in the Vertebrate Nervous System,

Eaiiy development of the vertebrate nervous system commences with a 

process called neurulation. With the exception of the neurons of certain cranial 

sensory ganglia, all elements of the central and peripheral nervous systems are 

derived from a specialised region of ectoderm that lies along the dorsal midline 

of the developing embryo. This ectoderm thickens and under the influence of 

underlying structures, rolls up to form a hollow groove. The lateral edges of this 

groove then begin to fuse rostrally and caudally. When the process of fusion is 

complete, the original neural groove is converted into a structure called the 

neural tube. This neural tube then separates from the overlying ectoderm and 

foims the main elements of the central nervous system. At the point where the 

neural tube and ectoderm separate, certain cells detach from these structures to 

form a continous column called the neural crest. Cells of the neural crest give 

rise to most of the peripheral nervous system (PNS) incorporating most sensory 

and autonomic neurons, various support cells within the PNS and Schwann cells. 

A subset of cranial sensory neurons are not derived from the neural crest but 

from regions of epithelial thickening that appeal* in the cephalic ectoderm of the 

eaily vertebrate embryo (Von Kuppfer, 1894).

l.Z Development of Sensory Neurons.

The differentiation of sensory neurons proceeds after migration of their 

progenitor cells from the neural crest and neurogenic placodes to the site of the 

sensory ganglia, and is chaiacterised by the appearance of axonal processes and 

the expression of certain neuron specific proteins, such as neurofilament protein 

(Le Douaiin, 1986).
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The neural crest gives rise to most of the neurons of the cranial and 

spinal sensory ganglia, and postganglionic neurons of the sympathetic and to the 

neurons of the autonomic and enteric nervous systems. The neurons of certain 

cranial ganglia, however, aie derived either entirely from neurogenic placodes or 

from combinations of placodal and neural crest cells. In cranial sensoiy ganglia, 

the placode-derived neurons aie always located distally with respect to neurons 

from the neural crest (Le Douaiin, 1982). The origin of neurons in avian cranial 

sensory ganglia has been determined by a series of mapping experiments 

involving the transplantation of neural crest and placode derived cells (Weston, 

1962; Le Douaiin, 1973). The result of these experiments are summarised in 

table 1.1. The cranial sensoiy ganglia, with the exception of a sub-population of 

neural-crest derived sensory neurons in the embryonic mid-brain (trigeminal 

mesencephalic nucleus or TMN), aie situated on five of the twelve pairs of 

cranial nerves. The cell bodies of peripheral sensory neurons aie located in the 

dorsal root ganglia, situated at the dorsal root of the spinal nerves, and in the 

cranial sensory ganglia.

20



Ganglion Nerve Embryonic origin

Trigeminal

dorsomedial Neural crest

ventrolateral Placode

TMN Neural Crest

Geniculate VII Placode

Vestibular vm Otic placode

Acoustic vm Otic placode

Jugular-superior JX/X Neural Crest

Petrosal IX Placode

Nodose Placode

Table 1.1 Origins of the avian cranial sensory ganglia
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1.3 Programmed Cell Death During Nervous System Development.

A striking feature in the development of the vertebrate nervous system is 

the occurrence of extensive neuronal death. After sensory neurons have 

differentiated within sensory ganglia axonal outgrowth to peripheral and central 

targets commences. The peripheral targets comprise tissues that are innervated 

by the sensoiy axons, whereas the central taigets comprise second order neurons 

with which the sensory neurons synapse. During the period when neurons are 

innervating these targets, appropriate connections are established by means of 

selection. This selection is achieved by the production of limiting quantities of 

neurotrophic factors that are synthesised by the target tissues shortly after 

innervation commences. Inappropriately connected neurons do not receive an 

adequate supply of trophic factor and undergo a series of molecular events that 

ultimately results in their degeneration and death (for review see Oppenheim, 

1991 ).

Two types of morphological change that accompany cell death have been 

distinguished. One is termed necrosis, and is chaiacterised by cellular oedema 

that results in rupture of the plasma membrane and leakage of the cellular 

contents (Kerr etal., 1972). The other degenerative process, termed apoptosis, 

involves a progressive contraction of cell volume accompanied by nuclear 

condensation and degradation of DNA into oligonulceosomal fragments (Wyllie 

et aL, 1980). During development, neurons die by apoptosis, whereas necrosis 

generally occurs in pathological situations. Four main features are now thought 

to typify the apoptotic cell death observed in animal cells. These are: 

constitutive expression of cell death proteins, degeneration involving a 

proteolytic cascade, control by intracellular regulatory proteins, and activation of 

the death program by gene transcription (Jacobson et a l, 1997).

Genetic studies of two invertebrates, the nematode Caenorhabditis 

elegans and Drosophila melanogaster, have provided most of the insight into
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the genes regulating apoptosis. There is now a growing body of evidence to 

suggest that many of these proteins have been conserved throughout animal 

evolution (Hengartner et al., 1996). The constitutive expression of cell death 

proteins was initially discovered in genetic studies of C. elegans that identified 

two genes, called ced-3, and ced-4, that aie critical for the somatic cell death that 

occurs during nematode development (Chinnaiyan and Dixit, 1996; Jacobson et 

ah, 1996 for reviews). Mutation of either ced-3 or ced-4, abolishes the apoptotic 

capability of the cells that are required to die during C. elegans development 

(Chinnaiyan and Dixit, 1996). Several mammalian homologues of the CED-3 

protein have recently been identified. The first of these, interleukin-ip 

converting enzyme (ICE), is a cysteine protease necessaiy for the processing of 

pro-BL-lp into its active form (Yuan et a i, 1993). To date, around six 

homologues of CED-3 and ICE have been characterised and several more have 

been identified as expressed sequence tags (ESTs) of human genes comprising a 

new cysteine protease family termed 'caspases' (for cysteine aspase) (Chinnaiyan 

and Dixit, 1996; Jacobson et al., 1996). All caspases are known to cleave their 

substrates after specific aspartic acids. In addition, they can activate themselves 

or other caspases in vitro, leading to the suggestion that they act in a proteolytic 

cascade (Nagata et al., 1996). A further intracellular mechanism for the 

regulation of cell death has been conserved during evolution. The ced-9 gene 

acts to inhibit cell death in C. elegans, and is homologous to the bcl-2 gene 

which acts to inhibit cell death in mammals (Jacobson et al., 1996). A number 

of proteins that have homology to Bcl-2 have now been identified in mammals. 

Some homologous proteins, such as Bc1-Xl inhibit apoptosis, whereas others, 

such as Bax and Bad, promote apoptosis (Chinnaiyan and Dixit, 1996; Jacobson 

et al., 1996). Studies of Drosophila melanogaster have been useful in 

determining how cell death effectors may be activated (Chinnaiyan et al., 1996). 

The reaper gene encodes a 65 amino acid residue polypeptide that is 

upregulated during cell death in Drosophila and is capable of integrating signals 

from several pathways to activate the apoptotic death program (White et ah,
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1994; White et al.  ̂ 1996). The means by which I'eaper effects cell death is 

uncleai', however, it is known to be transcriptionally upregulated to signal death 

and it possesses weak homology with the so-called 'death domain' of certain 

mammalian proteins, including Fas/APO-1, and TNFR-1 (Golstein et al, 1995).

1,4,1 Control of Neuronal Survival by Neurotrophic Factors

Classic work, showing that sympathetic and certain sensory neurons 

require a supply of an exogenously derived agent during a critical stage of their 

development, led to the discovery of nerve growth factor (NGF) (reviewed by 

Levi-Montalcini, 1987). In addition to this work, studies demonstrating that 

NGF is synthesised in the tai'get fields of NGF-dependent neurons in proportion 

to their innervation density during development (Korsching and Thoenen, 

1983a; Heumann et al., 1984; Shelton and Reichardt, 1984; Harper and Davies, 

1990), and that NGF is delivered from these tissues to the cell bodies of the 

innervating axons by rapid axonal transport (Hendry et ah, 1974; Korsching and 

Thoenen, 1983b), provided a basis for the "neurotrophic theory".

The neurotrophic theory proposes that tai'get fields directly influence the 

size of populations of neurons innervating them (reviewed by Purves et at., 

1988). Since a substantial number of neurons that innervate a pai'ticular target 

are lost by cell death shortly after target encounter (Oppenheim, 1991), limited 

availability of a trophic factor or factors in the target fields permits the survival 

of the required number of neurons (Thoenen and Barde, 1980). The striking 

changes in sensory and sympathetic innervation induced by addition of anti- 

NGF antibodies to neonatal mice (Levi-Montalcini, 1987), and more recently 

targeted mutation of the gene encoding NGF (Crowley et al., 1994), has 

provided confiimation of the neurotrophic theoiy.
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The neurotrophic theory is further reinforced by studies of the site and 

timing of NGF synthesis and NGF receptor expression during development. It 

has been demonstrated that the commencement of NGF synthesis in the target 

fields of NGF-dependent sensory and sympathetic neurons is concomitant with 

the onset of target field innervation (Davies et aL, 1987a;Korsching and 

Thoenen, 1988).

Additionally, it has also been shown that NGF receptors are not expressed until 

sensory neurons innervate their targets (Davies et al., 1987a) suggesting that 

NGF cannot affect the development of these neurons at earlier developmental 

stages.

The discovery of a second neurotrophin, BDNF (Barde et al., 1982), 

extended the neurotrophic theory still further. BDNF has been shown to 

promote the survival of subsets of embryonic neurons in vitro and can rescue 

these neurons if presented in vivo during the period of naturally occurring cell 

death (Hofer and Barde, 1988). Since the cloning of BDNF and several 

structurally related proteins, it has become apparent that NGF is part of a 

homologous family of proteins termed the "neurotrophins". To date, a total of 

six members of the neurotrophin family have been identified. Other known 

members of this family include, NT-3 (Ernfors et al., 1990a; Hohn et al., 1990; 

Jones and Reichardt, 1990 Maisonpierre et al., 1990a; Rosenthal et al., 1990), 

Xenopus NT-4 (Hallbook et al., 1991), mammalian NT-4/5 (Berkemeier et al., 

1991; Ip eta l, 1992a) and NT-6 (Gotz etal., 1994).
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Nerve Growth Factor

The initial discovei*y that a fraction of snake venom had nerve growth 

promoting activity (Cohen et al., 1956) led to the isolation and purification of a 

non-dialyzable, heat-labile protein (Cohen, 1959). Subsequent findings 

demonstrated that the mouse submandibular salivary gland was an extremely 

rich source of this protein, termed nerve growth factor (Cohen, 1960).

NGF derived from the mouse submandibular gland is an acidic protein 

consisting of a , p, and y subunits, with a molecular weight of 1301cD (Varon et 

ah, 1968). Further work established that biological activity is conferred by the 

NGF P subunit, a 26kD dimer consisting of two identical peptides, each 

containing 118 amino acids (Angelletti and Bradshaw, 1971; Angelletti et al., 

1973; Green and Shooter, 1980). Recently, a detailed analysis of the tertiary 

structure of NGF using X-ray diffraction, has revealed an arrangement of three 

anti-paiallel pairs of p strands that together form a flat surface where the two 

subunits associate (McDonald et al., 1991). The NGF molecule possess four 

loop regions that contain many of the residues that vary between the 

neurotrophins, suggesting that these regions confer binding specificity to the 

neurotophin receptors (reviewed by Ebendal, 1992). Further functional analyses 

of modified and truncated NGF have demonstrated that certain amino acid 

residues contribute to the specificity of binding of NGF to its receptors, and to 

the structural stability of the molecule (Ibanez et at, 1990; Kahle et al., 1992). 

Proteolytic cleavage of the first 9 amino acids at the amino terminus of 

recombinant human NGF, results in a 300-fold decrease in the affinity of NGF 

for TrkA (the NGF receptor tyrosine kinase), suggesting that these 9 residues are 

important for TrkA activation (Kahle et al. 1992). In addition, amino acid 

substitution of valine to alanine at position 21 considerably reduces the 

biological activity and receptor binding capacity of NGF (Ibanez et al, 1990).
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Analysis of a mouse cDNA clone has shown that NGF is generated from 

a 305 amino acid precursor, termed pre-proNGF (Scott et al., 1983). The NGF 

gene has also been isolated from several other species, and nucleotide sequence 

analysis has shown that the mature NGF protein has been highly conserved 

during evolution (Ullrich et al., 1983; Meier et a/.,1986; Ebendal et al., 1986; 

Selby et al., 1987; Whittemore et al., 1988; Schwarz et al., 1989). The mouse 

NGF gene spans 45 kb and consists of five exons separated by four introns. The 

mature NGF protein is encoded by a single 3' exon. Four transcripts encoding 

precursor proteins that differ in their amino termini are produced by alternative 

splicing of the 3' exon and the remaining 5' exons (Selby et al., 1987). The two 

largest transcripts encode precursor proteins with molecular weights of 27kD 

and 34kD (Edwards et al., 1988). The mRNA encoding the 271<D protein, 

possesses a hydrophobic signal peptide at the NH2 terminus and is more 

abundant in most tissues. The 34kD precursor predominates in the mouse 

salivary gland and has a hydrophobic signal peptide 70 residues downstream 

from the initiation codon. Both proteins are further processed by glycosylation 

and proteolytic cleavage to give the biologically active mature form of NGF 

(Edwards et al., 1988). The functional significance of the different transcripts is 

at present unknown.

The expression of NGF mRNA has been detected by sensitive 

hybridization techniques that have identified extremely low levels of NGF 

mRNA in RNA extracted from different tissues (Heumann et al., 1984; Shelton 

and Riechardt, 1984), and in tissue sections (Bandtlow et al., 1987). Careful 

examination of these NGF synthesising tissues has ascertained that many of 

them are innervated by NGF responsive neurons (Korsching and Thoenen, 

1983a; Heumann et al., 1984; Shelton and Reichardt, 1984; Korsching et al., 

1985). The exact identity of target cells that secrete NGF during normal 

development was first elucidated in a detailed study of the developing whisker 

pad in mouse embryos (Davies et al., 1987a). Enzymatic dissociation of the
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developing whisker pad into its main components, the epithelium (presumptive 

epidermis) and mesenchyme (presumptive dermis), and subsequent analysis of 

NGF expression demonstrated that the highest levels of NGF were expressed in 

the epithelium (Davies et al., 1987a). Furthermore, subsequent work has 

demonstrated that the concentration of NGF mRNA in the epithelia of the 

opthalmic, maxillaiy and mandibular territories each of the trigeminal ganglion, 

is related to the innervation density of the territory (Haiper and Davies, 1990). 

In conjunction with the spatial distribution of NGF mRNA, it has also been 

shown that NGF production in the target tissues coincides with the onset of 

target innervation, suggesting that NGF regulates the number of innervating 

neurons after the target cells have been contacted (Davies et al., 1987a; 

Korsching and Thoenen, 1988; Harper and Davies, 1990). In addition to cells 

that normally receive innervation from NGF dependent neurons, several other 

cell types have been observed to express NGF both in vivo and in vitro. For 

example, NGF has been shown to be expressed in vitro by Schwann cells 

(Bandtlow etal., 1987), astrocytes (Lindsay, 1979), and glial cell lines (Longo et 

al., 1978). However, studies of the distribution of NGF mRNA by in situ 

hybridization in the adult rat brain, have demonstrated that regions where these 

types of cells occur in vivo are not clearly labelled, in contrast to the cleai* 

labelling of hippocampal pyramidal neurons (Ayer-LeLievre et al., 1988).

The principal populations that aie supported by NGF aie nociceptive and 

thermoceptive neurons of both the spinal dorsal root ganglia and cranial sensory 

ganglia (reviewed by Davies 1994a). Mice that have undergone targeted 

disruption of the NGF gene display deficits in their responses to noxious 

mechanical stimuli. Furthermore, histological analysis of these mice has 

revealed exceptional cell loss in trigeminal and dorsal root sensory ganglia, and 

sympathetic ganglia (Crowley et a l, 1994). Significantly, the cell loss within 

dorsal root ganglia was restricted to subsets of neurons that were found to 

convey nociceptive and thermoceptive information (Crowley et al., 1994). In
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accordance with this study, overexpression of NGF in the epidermis of 

transgenic mice results in hypertrophy of sensory and sympathetic ganglia 

(Albers et a l, 1994). In contrast to previous studies suggesting an involvement 

of NGF in the development of basal forebrain cholinergic neurons, these neurons 

develop normally in mice with the NGF null mutation (Crowley et al, 1994). 

Taken together, these findings confirm that sensory and sympathetic neurons are 

critically dependent on NGF.
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Brain Derived Neurotrophic Factor

Brain derived neurotrophic factor isolated from pig brain was the second 

member of the neurotrophin family to be characterised. BDNF is a basic protein 

(pi > 10.1), with a molecular weight of 12.3 kD (Barde et al., 1982). The mature 

BDNF protein is 119 amino acids in length and, like NGF, exists as a stable 

homodimer linked by 3 disulphide bridges (Radziejewski et al., 1992) BDNF 

displays approximately 50% sequence identity to NGF, including conservation 

of all six of the structurally important cysteine residues (Leibrock et al., 1989). 

Further characterisation of BDNF has revealed that the BDNF gene spans 4.0 

kb, encodes four 5' exons and possesses one 3' exon which encodes the mature 

protein (Timmusk et al., 1993a; Metsis et al., 1993). In mammals, BDNF is 

predominantly expressed in the CNS, where it is present at moderate levels in 

several different regions including the cingulate and piriform cortices, certain 

thalamic and hypothalamic nuclei, and in the postnatal hippocampus (Liebrock 

et al., 1989; Ernfors et al., 1990a; Ernfors et al., 1990b; Maisonpierre et al., 

1990b; Phillips et al., 1990; Friedman et al., 1991; Huntley et al., 1992; Metsis 

et al., 1993). The expression of BDNF mRNA has also been demonstrated in 

the developing spinal cord and limb bud of the rat during the period when motor 

neurons are known to undergo programmed cell death (Henderson et al., 1993). 

Similarly, BDNF expression has been observed at early developmental stages in 

the chick, within the developing otic vesicle, dorsal mesenchyme (adjacent to 

the developing wing bud), and in the optic tectum prior to the arrival of retinal 

ganglion cell axons (Hallbook et al., 1993; Herzog et al., 1994). Certain 

subpopulations of sensory and motor neurons express BDNF mRNA at early 

developmental stages, consistent with a proposed role in the maturation of these 

cells (Ernfors et al., 1990b; Wetmore et al., 1990; Schecterson and Bothwell 

1992; Wright et al., 1992). Interestingly, BDNF mRNA has been detected in the 

whisker pad and the mandible of the developing mouse, structures which are 

innervated by the mandibular branch of the trigeminal ganglion (Schecterson
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and Bothwell, 1992). During development, the highest BDNF mRNA 

expressing regions are regions that are sensitive to touch, such as the digits, lips, 

tongue and mandible that contain specialised mechanoreceptors, called Merkel 

disks (Schecterson and Bothwell, 1992). While the expression of BDNF mRNA 

has generally been observed in the taiget tissues of innervating populations of 

BDNF responsive neurons, surprisingly, BDNF is also expressed in three types 

of sensory ganglia that originate from different embryonic sources in E8.5 

mouse embryos (Schecterson and Bothwell, 1992). Neural crest derived dorsal 

root sensory ganglia, placode derived geniculate ganglia, and neurons of the 

trigeminal ganglia, that are derived from both sources, have all been observed to 

express BDNF mRNA, suggesting that an autocrine mechanism may operate 

within these ganglia, allowing early developing neurons to provide their own 

trophic support (Schecterson and Bothwell, 1992).

In agreement with its observed patterns of expression, BDNF has been 

shown to support different populations of peripheral and central neurons. 

Certain populations of placode and neural crest-derived sensory neurons that do 

not respond to NGF survive in the presence of BDNF in vitro (Lindsay et a l, 

1985; Davies et al., 1986a; Davies et al., 1987b). Specific populations of central 

neurons have similarly been shown to respond to BDNF including embryonic 

motor neurons (Oppenheim et al., 1992; Yan etal., 1992; Sendtner et al., 1992a; 

Koliatsos et al., 1993), dopaminergic neurons from the substantia nigra (Hyman 

et al., 1991; Knüsel et al., 1991), cultured cerebellar granule neurons (Lindholm 

et al., 1993a) and cells of the developing and adult retinal ganglion (Johnson et 

al., 1986a; Thanos et al., 1989). In addition to its survival promoting effects, 

BDNF is also Icnown to influence the differentiation (Kalcheim and Gendreau 

1988) and maturation of developing sensory neurons (Wright et al., 1992) and 

certain central neurons (Marty et al., 1996). Furthermore, it has been suggested 

that BDNF may act via an autocrine mechanism in sensory neurons (Wright et 

al., 1992; Acheson et al., 1995). In support of this proposal, the early
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maturational change that is observed in E4.5 chick DRG neurons in response to 

BDNF, is retarded by antisense BDNF oligonucleotides (Wright et a l, 1992). 

Similarly, adult dorsal root sensory neurons which express BDNF mRNA, 

undergo a dose dependent decrease in survival, when treated with BDNF 

antisense oligonucleotides in vitro (Acheson et al, 1995).

Homozygous mutant mice lacking the BDNF gene display substantially 

reduced numbers of cranial and spinal sensory neurons. In particular, significant 

numbers of sensory neurons are lost in the trigeminal, geniculate and vestibular 

ganglia and in the nodose-petrosal complex (Ernfors et al, 1994a; Jones et a l,

1994). Surprisingly, in contrast to previous studies showing that motor neurons 

aie supported by BDNF in vivo (Yan et al., 1992; Oppenheim et a l, 1992; 

Sendtner et al., 1992) and in vitro (Vejsada et a l, 1995), motor neuron 

development was largely unperturbed by targeted disruption of the BDNF gene 

(Ernfors et a l, 1994a; Jones et a l, 1994). Although the CNS of BDNF deficient 

mice shows no gross structural abnormalities, the expression of neuropeptide Y 

and calcium binding proteins is altered in many neurons, suggesting that these 

neurons may not function normally (Ernfors et al, 1994a; Jones et a l, 1994).
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în-3

Neurotrophin-3 was isolated and cloned as a result of a search for 

proteins homologous to NGF and BDNF. This protein, like NGF and BDNF, 

has been shown to have survival promoting effects on both central and 

peripheral neurons.

Polymerase chain reaction (PCR) using oligonucleotide primers based on 

amino acid sequence similai'ities in the NGF and BDNF coding sequences has 

been used to clone mouse (Hohn et al, 1990), rat (Maisonpierre et a l, 1990a), 

and human (Jones and Reichardt, 1990; Rosenthal et a l, 1990) NT-3. The 

mature NT-3 polypeptide consists of 119 amino acid residues, has a pi of 9.3, 

and a relative molecular mass of 13.6kD (Hohn et al,l990; Maisonpierre et al, 

1990a). Several regions of similaiity aie conserved between NGF, BDNF and 

NT-3, including all six of the cysteine residues (Hohn et a l, 1990). Sequence 

alignment of human NT-3 and BDNF predicts that NT-3 is synthesised in 

precursor form as a 257 amino acid protein (Rosenthal et a l, 1990; Jones and 

Reichardt, 1990). In comparison with BDNF and NGF, NT-3 is known to 

possess several regions of variability which lie in consensus with other 

neurotrophins (Hohn et a l, 1990; Ibanez et al, 1991). Whereas the variable 

regions of NGF and BDNF are thought to convey specificity of binding to their 

respective Trk tyrosine kinase receptors, the specificity of NT-3 binding to TrkC 

(the NT-3 high-affinity receptor) is conveyed by a central P strand and not by 

the vai'iable loop regions of the molecule (Urfer et al, 1994).

The NT-3 gene has been structurally analysed using genomic cloning, 

and rapid amplification of cDNA ends (RACE). These studies have shown that 

the gene consists of two small upstream exons and a larger downstream exon 

(Leingartner and Lindholm, 1994). Two classes of NT-3 transcript are generated 

by alternative splicing of the small exons to the large exon (Leingartner and 

Lindholm, 1994). Multiple mRNA transcripts of differing lengths can be
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produced by combining the several transcription start sites in the small exons 

with three polyadenylation sites that are present in the large exon (Leingartner 

and Lindholm, 1994). Regulation of NT-3 gene transcription by two promoters 

was demonstrated by transfection of cerebellar granule neurons with a DNA 

construct comprising the small exons and a reporter gene (Leingartner and 

Lindholm, 1994). Additionally, it has been established that the NT-3 promoters 

contain silencer elements that control the differential expression of NT-3 

transcripts in neurons and non-neuronal cells (Shintani etal., 1993; Leingartner 

and Lindholm, 1994).

During development, the expression of NT-3 mRNA is seen in several 

tissues that receive inneiwation from the PNS, and in several regions of the CNS. 

Northern blot analysis has demonstrated the expression of NT-3 mRNAs in the 

heart, kidney, liver, spleen, intestine and lung, and in several brain regions 

including the cerebellum, medulla oblongata and hippocampus in rodents. This 

expression pattern suggests that NT-3 could serve as a target derived factor for 

sensoiy and sympathetic neurons (Maisonpierre et a l, 1990a; Rosenthal et al., 

1990). In developing tissues, the expression of NT-3 appears to coincide with 

the onset of neuritogenesis, and a dramatic increase in overall expression is seen 

between E ll  and E12 (Maisonpierre et al., 1990b). The general expression of 

NT-3 (measured by Northern blotting) in the chicken embryo is strongest at E4.5 

and subsequently decreases throughout development (Hallbook et al., 1993). 

This is in broad agreement with other studies that have demonstrated a gradual 

developmental decrease in NT-3 expression in mammalian tissues, however, in 

mammalian tissues maximal expression usually occurs at slightly later ages 

(Rosenthal et al., 1990; Maisonpierre et al., 1990b; Buchman and Davies, 1993). 

The spatial distribution of NT-3 mRNA expression has been demonstrated by in 

situ hybridization in the developing chicken and rat, and is seen in the E4 chick 

epidermis, in the region of the branchial arches, and in the rat it is detectable in 

tissues of the inner ear, the iris and, significantly, in target fields of the
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trigeminal ganglion, especially the epithelium of the whisker follicles (Hallbôôk 

et al., 1993; Pirvola et al., 1992; Ernfors et a l, 1992). Confirmation of the 

expression of NT-3 in the developing tiigeminal tai'get territory has been shown 

using quantitative Northern blotting. NT-3 mRNA is expressed at the highest 

levels in the epithelium of the most densely innervated target field, the maxillary 

tai'get field, at E l3, the age at which naturally occumng cell death commences in 

the trigeminal ganglion (Buchman and Davies, 1993). The widespread 

expression of NT-3 mRNA has also been demonstrated in muscle that is 

innervated by proprioceptive sensory neurons of the dorsal root ganglia (Ernfros 

et a l, 1990b; Hohn et a l, 1990; Maisonpierre et a l, 1990a; Rosenthal et a l, 

1990; Schecterson and Bothwell 1992; Henderson et al, 1993).

In the PNS, several studies have shown that NT-3 plays a role in the 

development of different populations of sensory and sympathetic neurons. 

Principally, NT-3 has been shown to promote the survival of developing muscle 

sensory neurons of the lumbar and cervical dorsal root ganglia, both in vitro 

(Wright et a l, 1992; Hory-Lee et a l, 1993; Gaese et a l, 1994) and in vivo 

(Ericksson et a l, 1994; Oakley et a l,  1995). Additionally, several other 

populations of sensory neurons aie known to respond to NT-3, these include 

proprioceptive neurons isolated from the trigeminal mesencephalic nucleus of 

the E8 chick (Hohn et a l, 1990) and neurons of the spiral (Gao et al., 1995; 

Ernfors et a l, 1995), nodose (Gaese et a l, 1994; Ockel et a l, 1996), and 

trigeminal ganglia (Buchman and Davies, 1993 Wilkinson et a l, 1996). 

Interestingly, trigeminal neurons only respond transiently to NT-3, undergoing a 

switch in trophic dependence from NT-3 to NGF, concomitant with observed 

changes in the level of NT-3 mRNA in the peripheral trigeminal target field 

(Buchman and Davies, 1993).

Other populations of PNS neurons respond to NT-3 in addition to 

sensory neurons. One study has shown that sympathetic neurons of the superior 

cervical ganglion undergo a switch in trophic dependence from NT-3 to NGF
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shortly after formation of the ganglion (Birren et al., 1993). Furthermore, the 

early development of sympathetic and sensory neurons may be more subtly 

influenced by NT-3. For example, sympathetic neuroblasts proliferate in 

response to NT-3 in vitro (DiCicco-Bloom et al., 1993) and cultured DRG 

neurons undergo an enhanced maturational change in the presence of NT-3 

(Wright e? a/., 1992).

Certain populations of central neurons also respond to NT-3 during 

development. Dissociated hippocampal neurons show a moderate survival 

response in the presence of NT-3 in vitro (Ohsawa et al., 1993) and sub­

populations of hippocampal neurons express the immediate early gene cFos in 

response to NT-3 (Collazo et al., 1992). Developing cerebellai* granule neurons 

have also been shown respond to NT-3 by the induction of cFos in vitro (Segal 

et al., 1992). In addition, these neurons synthesise NT-3 after addition of tri- 

iodo-thyronine, which in turn promotes hypertrophy and neuronal sprouting of 

Purkinje cells (Lindholm et al., 1993).

In the adult CNS, NT-3 may play a role in regulating the response of 

different classes of neurons to injuiy. In noradrenergic neurons of the locus 

coeruleus, sustained application of different neurotrophins in vivo has shown 

that NT-3, but not NGF or NT-4/5, can prevent degeneration after excitotoxic 

lesion by 6-hydroxydopamine (Arenas and Persson, 1994). Additionally, NT-3 

can enhance the collateral sprouting of corticospinal tract neurons after lesion 

(Schnell et a i, 1994), and has been shown to promote the survival of embryonic 

motor neurons in vitro (Henderson et al., 1993). In contrast, experimental work 

conducted in vivo has provided some conflicting evidence as to the efficacy of 

NT-3 on motor neuron survival. For example, injection of NT-3 into neonatal 

rats does not effectively rescue axotomized motor neurons (Sendtner et al., 

1992a, Koliatsos et al., 1993). Additionally, oligodendrocyte precursor cells 

from the optic nerve have been shown to survive and differentiate in response to
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NT-3, suggesting that NT-3 may influence the development of different classes 

of non-neuronal cells within the CNS (Baires etal., 1994),.

Recently, the function of NT-3 has been further clarified by several 

studies employing gene targeting in embryonic stem cells, to ablate the NT-3 

coding sequence in mice (Ernfors et al., 1994b; Farinas et al., 1994; Tessarollo 

et al., 1994). Lack of NT-3 leads to severe deficits in the complement of 

sensory and sympathetic neurons. Neuronal loss in the PNS is principally 

observed in dorsal root, nodose, and trigeminal sensory ganglia, the trigeminal 

mesencephalic nucleus, spiral ganglion of the cochlea and the sympathetic 

superior cervical ganglion (Ernfors et al., 1994b; Faiinas et al., 1994; Tessaiollo 

et al., 1994). The most severely affected neuronal population are proprioceptive 

sensory neurons of the dorsal root ganglia and their peripheral sense organs, the 

muscle spindles and Golgi tendon organs (Ernfors et al., 1994b). The loss of 

this particular neuronal population was subsequently established by 

immunostaining for carbonic anhydrase (CA) and parvalbumin (PV), which are 

both markers for proprioceptive neurons. Both markers are absent in the dorsal 

root ganglia of NT-3"/- mutant animals (Ernfors etal., 1994b)

In contrast with the severe effects that NT-3 gene deletion has on PNS 

neurons, neurons within the CNS do not appear to be seriously perturbed by the 

mutation (Ernfors et al., 1994b). Although these findings may not agree with 

many previous in vitro studies on the effects of NT-3, they are consistent with in 

vivo work showing that NT-3 does not effectively promote the survival of motor 

neurons after transection (Sendtner etal., 1992a; Koliatsos etal., 1993).

More detailed analyses of mice lacking the NT-3 gene have identified 

deficiencies in specific subtypes of cutaneous mechanoreceptors, using 

electrophysiological techniques (Airaksinen et al., 1996). In this study, 

heterozygous (-K/-) animals were used, since the homozygous animals die shortly 

after birth. The data obtained demonstrate that two functionally specific subsets
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of cutaneous afférents: low threshold slowly adapting mechanoreceptors (SAl 

neurons) that respond tonic ally to skin indentation, and low threshold D-hair 

afferents that respond dynamically to sldn stimulation, both require NT-3 during 

postnatal development (Airalcsinen et aL, 1996). The number of receptor organs 

(Merkel cells) of the low threshold mechanoreceptors are decreased in NT-3"^/" 

animals (Airaksinen et al., 1996). Furthermore, the regulation of Merkel cell 

number by NT-3 has been verified by a study showing that elevated levels of 

NT-3 in the epidermis, substantially increase the total number of these cells 

(Albers et al., 1996). Subsequent reseai'ch has also shown that NT-3 is required 

for the early development of sensory precursor cells. In two separate studies 

sections of El 1 DRGs from NT-3“/“ mice were analysed by the TUNEL method 

which visualises apoptotic cells containing fragmented DNA. These studies 

show that some DRG neurons from NT-3"/" mice undergo excessive cell death 

prior to the developmental period of programmed cell death (ElShamy and 

Ernfors, 1996; Farinas et al., 1996). In addition, in contrast to earlier published 

work suggesting that sympathetic neuroblasts of the developing superior cervical 

ganglion (SCG) are transiently dependent on NT-3 for survival (Birren et al.,

1993), a recent detailed study of NT-3"/" animals has revealed that these ganglia 

develop normally, and that deficiencies in the SCG of these mice, occur late in 

development (Wyatt et al., 1997).
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Neurotrophin-4/5

A fourth neurotrophin with survival promoting activity was recently 

discovered in Xenopus and mammalian embryos, and has been designated 

neurotrophin-4/5.

The gene for neurotrophin-4/5 was first isolated in a phylogenetic 

analysis of DNA sequences from known members of the neurotrophin family 

(Hallbôôk et al., 1991). An examination of NGF, BDNF and NT-3 genes from 

human, rat, chicken, viper, Xenopus, salmon and ray was carried out by PCR. 

This study showed that a fourth neurotrophin - designated; NT-4 - exists in both 

Xenopus and viper (Hallbôôk et al., 1991). The Xenopus NT-4 gene encodes a 

precursor protein of 236 amino acids that is processed into a 123 amino acid 

mature form. Xenopus NT-4 has 50-60% amino acid identity with NGF, BDNF 

and NT-3, including several of the structurally important cysteine residues 

(Hallbôôk et al., 199\). A mammalian NT-4 homologue was later identified and 

cloned, using sequences of the Xenopus and viper NT-4 (Ip et al, 1992a). 

Analysis of human placental DNA by the polymerase chain reaction also 

revealed the existence of a neurotrophin, termed NT-5 (Berkemeier e ta l, 1991). 

Since the sequences of mammalian NT-4 and NT-5 aie identical, the mammalian 

NT-4 homologue is now referred to as NT-4/5.

Northern blot analysis and RNase protection assays have shown that 

mRNA for NT4/5 is present in several peripheral tissues, and brain regions 

during development (Berkemeier e ta l,  1991; Ip et a l, 1992a; Timmusk et a l, 

1993b). The levels of NT-4/5 are differentially regulated in the heart, liver and 

muscle, with a gradual decrease in expression from E l3 to PI (Timmusk et a l, 

1993b). In adult rats, tissues which synthesise NT-4/5 include the thymus, 

muscle, lung, ovary, prostate, brain, heart, stomach and kidney (Berkemeier et 

a l,  1991; Ip et a l, 1992a). The expression of NT-4/5 mRNA has additionally 

been detected in several developing brain regions, including the cerebrum,
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cerebellum, hippocampus, parts of the limbic system (Timmusk et al., 1993b) 

and in the developing rat limb bud (Henderson et al., 1993). Developmental 

vaiiation of NT-4/5 expression has been demonstrated in structures that are 

innervated by neurons of the trigeminal ganglion, with the maximum levels of 

NT-4/5 expressed between ElO - E13 in the developing trigeminal target 

territory (Ibanez e ta l, 1993; Arumae e ta l, 1993).

Several studies have recently demonstrated that different populations of 

neurons from the peripheral and central nervous system respond to NT-4/5 

during development and in adulthood. In the peripheral nervous system, the 

survival promoting effects of NT-4/5 have been demonstrated on several 

populations of sensory neurons, including neurons of the early trigeminal, 

jugular and nodose ganglia (Ibanez et a l, 1993; Davies et al, 1993a), and 

neurons of the dorsal root and paiavertebral sympathetic ganglia (Hallbook et 

a l, 1991; Berkemeier et a l, 1991). Additionally, neurons of the vestibular and 

spiral ganglia in the inner ear can be rescued from the detrimental effects of 

different neurotoxins, by administration of NT-4/5 both in vitro and in vivo 

(Zheng e ta l, 1995a; Zheng eta l, 1995b).

In the central nervous system, it has been elucidated that NT-4/5 is an 

effective agent for preventing the death of developing and adult spinal motor 

neurons (Henderson et a l, 1993; Friedman et a l, 1995; Funalcoshi et a l, 1995) 

and facial motor neurons (Koliatsos et a l, 1994). Furthermore, NT-4/5 can 

effect changes in the neurotiansmitter phenotype of developing motor neurons 

(Wong et a l, 1993). In addition to its effects upon motor neurons, certain other 

populations of neurons within the CNS also show responses to NT-4/5. For 

example, rat retinal ganglion cells within the developing and adult visual system 

respond to NT-4/5 both in vivo and in vitro (Cui et al, 1994; Cohen et a l, 1994; 

Sawai et a l, 1996). The survival promoting effects of NT-4/5 have been 

demonstrated in other areas of the visual system, for example, in the lateral 

geniculate nucleus of the ferret after monocular deprivation (Riddle et a l, 1995).
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NT-4/5 has been shown to effect changes in the dendritic aiborization of neurons 

in layers 4, 5 and 6 of the visual cortex (Cabelli et a l, 1995; McAllister et ah, 

1995). Other populations of CNS neurons such as dopaminergic neurons of the 

rat substantia nigra (Studer et al., 1995) and cerebellai' granule cells (Gao et al.,

1995), aie also known to undergo morphological changes in the presence of NT- 

4/5.

Ablation of the NT-4/5 gene results in phenotypic defects that typically 

affect sensory but not motor neurons (Conover et al., 1995; Liu et al., 1995; 

Erickson et al., 1996). In NT-4/5 homozygous null mutant animals, the 

populations of neurons most severely affected are those of the nodose, petrosal, 

and geniculate ganglia (Conover et al., 1995; Liu et al., 1995). Since both NT- 

4/5 and BDNF aie known to undergo signal transduction via the same receptor 

tyrosine kinase, BDNF"/" and NT-4/5"/" double homozygous knockout mice 

have been generated. In these mice, drastic reductions in the numbers of 

nodose-petrosal and geniculate neurons, more severe than those seen with either 

gene deletion alone, are evident (Conover et al., 1995; Liu et al., 1995). 

Evidence from these studies strongly suggests that motor neurons require 

additional factors for their survival during development since populations of 

facial motor neurons and lumbar spinal motor neurons are not significantly 

affected by either mutation alone, or a combination of the two (Conover et al., 

1995; Liu et al., 1995). Furthermore, no obvious defects are observed in 

sympathetic neurons or dopaminergic neurons in the substantia nigra.
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Neurotrophin-6

To date, neurotrophin-6 has only been identified in the teleost fish, 

Xiphophorus maculatus (Gotz et al., 1994). NT-6 was cloned from a genomic 

library of Xiphophorus DNA by low stringency hybridization to overlapping 

sequences of NGF (Gotz et al., 1994). Alignment of the NT-6 sequence with 

Xiphophorus NGF, BDNF or with salmon NT-3 revealed that it did not 

represent an homologue of the Icnown neurotrophins (Gotz et al., 1994).

The predicted structure of NT-6 suggests that in precursor form, it is a 

protein of 286 amino acids, with a moleculai* weight of 31.4 kD (Gotz et al., 

1994). In addition, six structurally important cysteine residues are conserved 

(Gotz et al., 1994). Other features of the molecule include; a putative signal 

sequence at the N terminus, a pro-region containing basic motifs necessary for 

the proteolytic cleavage of the mature protein, a 143 amino acid sequence 

encoding the mature foim of the molecule (Gotz et al., 1994).

Northern blot analysis of the expression of NT-6 during teleost 

development has revealed a 1.4 kb transcript expressed from the onset of 

organogenesis (day 8) in several tissues. NT-6 mRNA is expressed in the 

developing and mature brain, and in the heart, skeletal muscle and other tissues 

of adult fish (Gotz et al., 1994). The highest expression of NT-6 according to in 

situ hybridization analysis, is in the valvula cerebelli, a rostral protrusion of the 

teleostean cerebellum under the midbrain tectum (Gotz et al., 1994).

Like NGF, NT-6 supports the survival of embryonic chick DRG and 

sympathetic neurons. However, lower levels of survival are seen with saturating 

concentrations of NT-6 compared to those observed with NGF (Gotz et al., 

1994). Cultured nodose and ciliary neurons do not survive with NT-6, 

suggesting that the spectrum of NT-6 activity is similar to that of NGF (Gotz et 

al., 1994).
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1.4.2 Neurotrophin Receptors

BDNF = N T 3=

Extracellular
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Adapted From Davies, 1994b

Figure 1.1 Schematic diagram summarising the interaction of neurotrophins with members of 

the Trk family of tyrosine kinase receptors.

NGF, BDNF, NT-3, and NT-4/5 recognise two types of transmembrane 

receptors: Trk receptors (TrkA, Trk B, or TrkC) and p75. The Trk family of 

receptor tyrosine kinases show a specificity in their preference for neurotrophin 

binding, whereas the p75 receptor interacts with each neurotrophin, albeit with 

slightly different binding properties. Although much has been learned about the 

signalling mechanism of the Trk receptors, the functions of p75 are complex. 

One of the major difficulties encountered in the study of p75 is that unlike the 

Trk receptor tyrosine kinases, it lacks an inherent enzymatic activity. However, 

accumulating evidence with regard to its structural homology to a family of 

receptors including TNF, CD 40 and Fas, suggests that the p75 receptor may be 

capable of fulfilling a number of different functions.
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The Low AMnity NGF Receptor (p75)

The gene encoding the human low affinity NGF receptor was first 

identified by gene transfer assays, followed by immunological detection of the 

transfected receptor-expressing cells (Johnson et a l, 1986b). Genomic 

sequences containing the human NGF receptor locus were subsequently cloned 

from these cells (Chao et a l, 1986), whilst the rat low affinity NGF receptor 

gene was independently cloned from another NGF receptor-expressing cell line 

(Radeke et a l, 1987). The human gene encodes a 75 kD cell surface 

glycoprotein, designated gp75, or simply p75, consisting of a single 

transmembrane polypeptide of 427 amino acid residues, 399 of which 

correspond to the mature protein (Johnson et a l, 1986b; Radeke et a l, 1987; 

Large et a l, 1989). The extracellular domain consists of 222 amino acid 

residues, containing four cysteine repeats, that has approximately 30% sequence 

homology with a family of cell surface receptors which include the lymphocyte 

surface antigens; CD 27, CD 30, CD 40, OX 40, the Fas cell surface antigen, 

that mediates apoptosis, and the p55 tumour necrosis factor receptor (see Chao, 

1994).

Experiments in which mutations were made in the extracellular domain 

of p75, have demonstrated that perturbation of the cysteine rich regions confers 

detrimental effects on the binding capacity of p75 for NGF, whereas mutating 

other regions of the molecule, including the cytoplasmic domain has, no such 

effects (Welcher et a l, 1991; Yan and Chao, 1991). This region has not been 

highly conserved during evolution, there being only 55% homology between the 

central domains of the human and chicken receptors (Johnson et a l, 1986b; 

Large et a l, 1989). However, comparison of the cytoplasmic domain of p75 

with that of the tumour necrosis factor receptor (TNFR-1) and Fas (also known 

as CD95/APO-1), has revealed these proteins share homology within an 80 

amino acid region Icnown as the 'death domain' (Chapman, 1995). In addition, a
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predicted structural similarity occurs between a region of the p75 cytoplasmic 

domain, the 14 residue wasp toxin mastoparan, and the hamster p2-adrenergic 

receptor, all of which are presumed to form amphipathic a-helices that possibly 

interact with G-proteins (Feinstein and Lai'hammar, 1990).

The p75 receptor is widely expressed in both the central and peripheral 

nervous system (Ernfors et aL, 1988; Yan and Johnson, 1989). Since avian 

embiyos are readily accessible for study during development, some of the early 

expression studies focused on the developing chicken embryo. In the chick 

CNS, p75 mRNA has been identified in a wide variety of cell populations at 

various stages of development, with expression seen in most CNS regions, from 

E4 onwai'ds (Heuer et ah, 1990). In the PNS, in situ hybridization analysis has 

demonstrated that autonomic and primaiy sensory neurons express p75 from the 

earliest developmental stages, with levels of p75 mRNA increasing substantially 

from E5 in both sensory and sympathetic ganglia (Heuer et ah, 1990). 

Developmental studies of p75 expression by Northern blotting and in situ 

hybridization have shown that p75 mRNA is present in developing NGF 

dependent sensory neurons before they begin to innervate their targets, and the 

levels of mRNA substantially increase after target contact is made (Hallbook et 

ah, 1990; Wyatt et ah, 1990). Furthermore, in developing trigeminal ganglion 

neurons, the level of p75 mRNA is upregulated in vitro by BDNF and NGF 

during successive phases of development, when these neurons aie responsive to 

BDNF and NGF (Wyatt and Davies 1993). Correspondingly, several other 

studies using postnatal and adult sensory, sympathetic, and CNS derived 

neurons, and the neuron-like PC 12 phaeochromocytoma cell line, have 

suggested that NGF upregulates the level of p75 mRNA (Doherty et a/., 1988; 

Miller e ta l,  1991; Cavicchioli e ta l,  1989; Higgins e ta l,  1989; Lindsay e ta l,  

1990; Verge et a l, 1990; Miller et a l, 1994). However, the developmental 

expression of p75 mRNA in the trigeminal ganglia of NGF"/" mice does not 

differ from that seen in wild type animals (Davies et al, 1995a).
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Several populations of non-neuronal cells also express p75 receptors, and 

these including neuroepithelial cells such as melanocytes, meningeal cells, glial 

cells, and Schwann cells (DiStefano and Johnson, 1989). Schwann cells also 

secrete a proteolytically cleaved form of p75 with an unknown function 

(DiStefano and Johnson, 1989). Additionally, other non-neural populations of 

p75 expressing cells include, basal kératinocytes, epithelial cells lining the ducts 

of mammary and prostatic glands, and spleen cells (Thompson et al., 1988; 

Chesa et al, 1988).

The functional role of p75 in signal transduction is still controversial (see 

review by Chao 1994). Initial studies suggested that p75 alone is insufficient for 

the high-affinity binding of NGF and subsequent cellulai' responses (Chao et a l, 

1986; Radeke et a l, 1987; Hempstead et al., 1989). Further investigations 

which revealed that the TrkA, TrkB and TrkC tyrosine kinases are signal 

transducing receptors for NGF, BDNF, and NT-3 respectively, called into 

question whether p75 played any role in neurotrophin signalling (reviewed by 

Bothwell, 1991; Chao, 1992; Meakin and Shooter, 1992). Since p75 binds to all 

members of the neurotrophin family (reviewed by Chao, 1994), it has been 

suggested that it serves as a common subunit for different neurotrophins, with 

specificity conferred by the Trk tyrosine Idnase subunit of the receptor complex 

(Bothwell et a l, 1991; Thoenen, 1991). In contrast, the dissociation rates of 

neurotrophin binding to p75 vary, with NGF having the fastest rate and NT-3 the 

slowest, suggesting that p75 may take pait in ligand discrimination (Rodriguez- 

Tebar, 1992).

A number of studies have produced results suggesting that Trk receptors 

alone are sufficient to bind NGF with high-affinity (Klein et a l,  1991a; 

Lamballe et a l, 1991a; Jing et a l, 1992), Recently, however, contrasting 

studies have shown that the effects of neurotrophins can vaiy depending on the 

ratio between the p75 and Trk tyrosine Idnase receptors (Hempstead et a l, 1992; 

Benedetti et a l, 1993). Additionally, tyrosine phosphorylation of TrkA
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receptors is known to be influenced by the co-expression of p75 (Berg et a l, 

1991; Verdi et al., 1994; Barker and Shooter, 1994). The proposal that p75 does 

play a role in neurotrophin signalling comes from experiments showing that 

deletion of the cytoplasmic sequences of p75 leads to the loss of high-affinity 

binding in cultured PC12 cells (Hempstead et al., 1990), and detailed in vitro 

survival experiments using NGF responsive neurons from p75 deficient mice 

(Davies et al., 1993b; Lee et al., 1994). In PC 12 cells, that normally express 

both p75 and TrkA, high-affinity NGF binding sites form, whereas very few 

high-affinity sites are detected when truncated p75 receptors (lacking the 

extracellular region) are overexpressed in these cells (Benedetti et al., 1993). 

Transfection of p75 expression constructs into TrkA expressing fibroblast cell 

lines produces high-affinity binding sites, whereas tiansfection of p75 constructs 

containing deletion mutations in the p75 cytoplasmic or extracellular domains 

cannot reproduce this effect (Battleman et al., 1993). In addition, 

overexpression of p75 enhances NGF induced autophosphoiylation of TrkA in a 

neuronal progenitor cell line (Verdi et al., 1994). Evidence of a p75-TrkA 

complex has been provided by observations that physical interaction with TrkA 

immobilises p75 in PC12 cells (Wolf et al., 1995). Furthermore, copatching 

experiments that utilise anti-p75 antibodies, have shown that both the 

extracellular and cytoplasmic domains of p75 are required for the p75-TrkA 

interaction (Ross et al., 1996). More recently, p75 has been implicated in the 

internalisation of neurotrophins, since retrograde transport of BDNF and NT-3 

in the chick isthmo-optic nucleus can be inhibited by anti-p75 antibodies (von 

Bartheld et al., 1996).

Several studies have suggested that p75 may be involved in programmed 

cell death. For example, immortalised cerebellar neuronal cell lines expressing 

p75 display distinctly faster rates of apoptosis in the absence of NGF (Rabizadeh 

et al., 1993). Lowering the levels of p75 expression in cultured NGF-dependent 

sensory neurons increases the survival of these neurons in the absence of NGF,
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but only at late stages of development (Baiiett and Baitlett, 1994). In contrast to 

its apparent cytotoxic action in the absence of bound NGF, recent work has 

suggested that p75 cytotoxicity is triggered by NGF binding (Frade et a l, 1996; 

Casaccia-Bonnefil etal., 1996). Addition of anti-NGF antibodies or antibodies 

that inhibit NGF binding to p75 causes a significant reduction in the number of 

retinal neurons that undergo apoptosis in the chick embryo retina, prior to 

innervation of the tectum by retinal axons (Frade et al., 1996). Furthermore, 

addition of NGF rapidly induces the death of mature oligodendrocytes in vitro 

(Casaccia-Bonnefil et a l, 1996). Interestingly, in both studies, the cells in 

question express p75 in the absence of TrkA, raising the possibility that NGF- 

bound p75, in the absence of TrlcA conveys a death signal (Frade et a l, 1996; 

Casaccia-Bonnefil et a l, 1996).

Recent evidence suggests that the cytoplasmic domain of p75 takes part 

in intracellular signalling. Neurotrophin binding to p75 activates the 

sphingomyelinase pathway both in a glioma cell line and in transfected NIH 3T3 

cells, producing the lipid second messenger ceramide (Dobrowsky et a l, 1994). 

The production of ceramide initiated by NGF via p75 is specific, and is 

dependent on the intracellular domain of the receptor (Dobrowsky et a l, 1994). 

This pathway is utilised by a number of cytokine receptors including the tumour 

necrosis factor receptor. Among the downstream targets activated by the TNF 

receptor is the transcription factor NF-kB, which, when activated by external 

stimuli, translocates to the nucleus where it binds to DNA and activates 

transcription (Baeuerle and Henkel, 1994). The p75 mediated activation of this 

transcription factor has been directly demonstrated in cultured Schwann cells 

(Carter et a l, 1996). Further studies have described interactions of p75 with the 

extracellular signal regulated Idnases ERKl and ERK2 (Volonté et a l, 1993), 

and have shown that peptide analogues of the raastoparan-like region within the 

cytoplasmic domain have biological function (Dostaler et a l, 1996). 

Furthermore, the activation of NF-kB following exposure to ceramide mimics
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the effect of p75 mediated NGF signalling in cultured Schwann cells (Carter et 

al., 1996). Sphingomyelin generated ceramide is a possible candidate for 

mediating the apoptotic effects of p75, since it has been previously established 

as a potent inducer of apoptosis via TNFR-1, which has homology to p75 

(Rabizadeh et al., 1993; Kolesnick and Golde, 1994; Hannun and Obeid, 1995). 

In support of this hypothesis, several recent studies have demonstrated that 

ceramide mediates apoptosis in cultured rat mesencephalic neurons (Brugg et 

al., 1996), embryonic chick neurons (Weisner and Dawson, 1996), and PC12 

cells (Hartfield et al., 1996). In contrast, ceramide has been implicated in the 

prevention of cell death after NGF withdrawal in cultured sympathetic neurons, 

raising questions as to whether the actions of this second messenger depend on 

the cellular' context or possibly on the maturity of the neuronal population 

studied (Ito and Horigome, 1995). Furthermore, the signal transduction 

mechanism which leads to apoptosis could be conveyed by a different signalling 

pathway. Since a region of the p75 cytoplasmic domain has homology with the 

Fas/TNFR-1 'death domain', it is feasible that the same apoptotic pathway is 

triggered by p75 (reviewed by Davies, 1997).

To date, the most definitive functional studies of p75 have resulted from 

the generation of mice that have null mutations in the coding region of the p75 

gene (Lee et al., 1992). These studies have shown that p75 deficient animals 

display deficits in populations of sensory and sympathetic neurons, with no 

major effects on neurons within the CNS (Lee et al., 1992). Embryonic and 

post-natal neurons from trigeminal, dorsal root, and superior cervical ganglia of 

p75 deficient mice, have a decreased sensitivity to NGF, during certain stages of 

their development when compaied with the equivalent populations of 'wild-type' 

neurons in vitro (Davies et al., 1993b; Lee et al, 1994). Mutant animals are 

particularly deficient in cutaneous nerve fibres immunoreactive for substance P 

and calcitonin gene-related peptide (CGRP), combined with a profound 

deficiency in thermoception (Lee et a l, 1992).

49



The Trk Family of Receptor Tyrosine Kinases.

T rkA

The trk (tropomysosin kinase) proto-oncogene was initially discovered 

by molecular analysis of a human colon carcinoma (Martin-Zanca et al, 1986; 

Martin-Zanca et al., 1989). Two receptor tyrosine Idnase isofoitns of 790 and 

796 amino acid residues are encoded by this proto-oncogene (Martin-Zanca et 

al., 1989; Mealdn et al., 1992; Barker et al., 1993; Shelton et al., 1995). The 

protein encoded by the trk proto-onocogene (alternatively referred to as Trk, 

TrkA, or gpl40%&) is a 140kD membrane spanning protein that possesses 

several characteristic features of cell surface receptors, including a 32 amino 

acid long putative signal peptide, an amino terminal moiety rich in potential 

consensus sites for AT-glycosylation, a transmembrane domain, a kinase catalytic 

region highly homologous to that of other tyrosine Idnases and a short 15 residue 

carboxy tail (Martin-Zanca et al., 1989). The extracellular domain of TrkA 

exhibits two different cell-adhesion related motifs. The amino terminal moiety 

consists of an array of three leucine-rich motifs in tandem, flanked by two 

distinct cysteine-rich regions. Two immunoglobulin domains lie adjacent to the 

second cysteine cluster (Schneider and Schweiger, 1991). Affinity cross-linking 

experiments using i^sj-iabelled NGF have demonstrated that NGF binds to this 

receptor with a dissociation constant of lO'^M and binding stimulates receptor 

autophosphorylation (Klein et al., 1991, Hempstead et a l, 1991;Kaplan et a l, 

1991a). Furthermore, in vitro experiments have demonstrated that NGF and 

NT-3 confer a mitogenic response on fibroblast cells tiansfected with expression 

vectors encoding the TrkA receptor, although NT-3 elicits a more moderate 

response and is less efficient than NGF in competing for TrlcA (Cordon-Caido et 

al., 1991). In addition, studies of Trk receptor Idnases expressed in fibroblasts 

have shown that NT-3 can signal via TrkA (Klein et al., 1991; Soppet et al., 

1991; Squinto et al., 1991) and that NT-4/5 is also able to signal via TrkA
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(Berkemeier et al., 1991). Additionally there is some evidence that NT-3 can 

signal via TrkA in developing sensory and sympathetic neurons, since NT-3 

promotes the in vitro survival of these neurons in mice that have homozygous 

null mutations in the trkC gene (Davies et al., 1995a),

During development, the expression of trJcA mRNA is confined to 

defined structures of the nervous system, and the onset of expression occurs 

during the eaiiy stages of neurogenesis (Martin-Zanca et al., 1990; Schropel et 

al., 1995). Northern blot, and in situ hybridization analyses have revealed trIiA 

mRNA expression in discrete regions of the peripheral nervous system, 

including the DRG and several cranial sensory and symapthetic ganglia (Martin- 

Zanca et al., 1990; Tessarollo et al., 1993; Schropel et al., 1995). Additionally, 

expression of the TrkA protein has been demonstrated using 

immunocytochemical localisation, by cells of the rat DRG and trigeminal 

ganglia, and by subpopulations of cells in the dorsal horn of the spinal cord 

(Averill et al., 1995). In the CNS, TrkA mRNA expression has been observed in 

cholinergic neurons of the basal forebrain and striatum (Vazquez and Ebendal., 

1991; Holtzman et al., 1992; Merlio et al., 1992; Steininger et al., 1993), in non- 

cholinergic neurons of the thalamus (Venero and Hefti 1993), and in 

magnocellular neurons of several brainstem nuclei (Merlio et al., 1992). 

Additionally it has been demonstrated that the expression of trkA mRNA in the 

cholinergic neurons of the adult rat forebrain is up-regulated by NGF (Holtzman 

et al., 1992). Taken together, the results of these studies demonstrate that 

expression of the TrlcA receptor is coincident with some of the Icnown targets of 

NGF.

Outside of the nervous system, trJcA mRNA expression has been 

observed in certain cells of the immune system, including activated CD4+ T- 

lymphocytes and monocytes (Ehrhard et al., 1993; Ehrhaid et al., 1994), and in 

cells of the spleen and thymus (Lomen-Hoerth et al., 1995).
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Signal transduction by TrkA occurs through ligand induced 

homodimerization of the two receptor subunits, resulting in autocatalytic 

tyrosine phosphorylation and, ultimately, a cascade of signalling events 

culminating with altered gene expression within the nucleus (Kaplan et al,, 

1991b; Klein et at., 1991a; Jing et al, 1992). In all TrkA receptors, nine 

homologous tyrosine residues have been characterised, seven within and two 

flanking the Idnase domain (Middlemas et at., 1994; Loeb et a l, 1994; Stephens 

et a l,  1994). Experiments using cultured PC 12 cells have identified 

phosphotyrosine binding sites for three intracellular arc-homology region 2 

(SH2) proteins in the cytoplasmic region of all Trk receptors (Stephens et a l, 

1994). The adapter protein She, and PLCy-l, both bind to tyrosine residues 

flanking the kinase domain. These are the juxtamembrane tyrosine residue 

Y490 and the carboxy terminal tyrosine residue Y785, respectively (Stephens et 

a l,  1994). The non-catalytic sub-unit of PI-3 Idnase (p85) also binds to a 

tyrosine residue within the kinase domain namely, Y751 (Stephens et a l, 1994). 

Beyond these receptor binding proteins, a different adapter protein, known as 

GRB2, which possesses a phosphotyrosine binding SH2 domain and a proline 

binding SH3 domain, form a complex with the mammalian protein SOS (son-of- 

sevenless) (Suen et a l, 1993). Following TrlcA receptor autophosphorylation, 

the SH2 binding region of the GRB2 protein is recruited to the membrane and 

associates with She (Ohmichi et a l, 1994; Obermeier et a l, 1994). The SOS 

protein is an exchange factor, that activates a small G-protein, p21Ras, by 

facilitating the exchange of GDP for GTP on the p21Ras protein (reviewed by 

McCormick 1994). A second She binding protein, called GAP, has also been 

established as an activator of p21Ras following binding of neurotrophins to the 

Trk receptors (D'Arcangelo et a l, 1993; Stephens et a l, 1994). The chain of 

signalling events downstream of p21Ras involves the serine/threonine kinase 

proto-oncogene ra/which activates the mitogen-activated protein kinase Idnase 

(MAPKK) by phosphorylation of two serine residues (Alessi et a l, 1994). The 

MAPKK protein is a dual specificity kinase, activating mitogen-activated
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protein kinase (MAPK) by phosphorylation of tyrosine and threonine residues 

(Jaiswal et al, 1993; Saito et a l, 1994). In PC12 cells, the MAPK consists of 

two related kinases, the extracellulai* signal-regulated Idnases ERKl and ERK2, 

that have a diverse array of cellular targets (reviewed by Davis, 1993). In non­

neuronal cells, the MAP kinases have been demonstrated to activate 

transcription factors; ERK2 phosphorylates Myc and ERKl phosphorylates Elk, 

which is involved in the induction of the immediate eaiiy gene c-fos (reviewed 

by Davis, 1993). The signal transduction pathway that occurs in primary 

sensory neurons may require additional elements to those that are common for 

other cell types, however, at this juncture this remains to be elucidated.

Mice that have taigeted mutations in the trk gene develop severe sensoiy 

and sympathetic neuropathies, and most die within one month of birth (Smeyne 

et a l, 1994). These mice typically display extensive cell loss within trigeminal, 

dorsal root and sympathetic ganglia, and also have decreased cholinergic basal 

forebrain projections to the hippocampus and cortex (Smeyne et a l, 1994). The 

effects of trk gene deletion on these PNS ganglia are highly reminiscent of 

earlier studies that used immunological methods to inhibit the activity of NGF, 

and NGF gene deletion confirming that TrkA is the receptor for NGF in vivo 

(Levi-Montalcini, 1987; Crowley et a l, 1994). When compaiing the effects of 

NGF and trk gene deletions, the striking difference between the two studies is 

the effect on basal forebrain cholinergic neurons. Whereas the CNS appears 

normal in NGF"/" mice (Crowley et a l, 1994), TrkA animals display 

substantial loss of cholinergic fibres projecting from the medial septum to the 

hippocampus, and from the nucleus basalis to the cerebral cortex (Smeyne et a l,

1994). This may reflect a role for TrkA in fibre outgrowth as opposed to neuron 

loss possibly with NT-3 as the TrkA activating ligand (Smeyne et a l, 1994). 

Further detailed analyses of TrkA deficient mice has revealed that small 

myelinated and unmyelinated axons projecting from the dorsal root ganglia aie 

massively depleted and is coupled with a loss of peptides associated with
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nociceptive function (Silos-Santiago et a l, 1995). More recent analysis of TrkA 

deficient mice has revealed that the onset of neuronal depletion within the 

trigeminal ganglion is coincident with the switch to NGF dependence observed 

in vitro (Pinon et al., 1996).

TrkB

The TrkB tyrosine kinase receptor was cloned as a result of an analysis 

of trk gene expression in the developing mouse (Klein et al., 1989). The trkB 

gene locus demonstrates a complex pattern of transcription, describing at least 

eight different transcripts ranging in size from 0.7 to 9.0 kb, encoding at least 

two different classes of receptors (Klein et a l, 1989; Klein et a l,  1990; 

Middlemas et a l, 1991). The signal transducing isoform of TrkB designated 

gpl4 5 '̂̂ B or TrkB'TK+ , is an 821 amino acid molecule that is heavily 

glycosylated and contains several motifs that are common to tyrosine kinase 

receptors (Klein et a l, 1989; Klein et a l, 1990; Middlemas et a l, 1991). The 

overall homology between the extracellular domains of rat TrkA and TrlcBTK+ 

receptors is 57%, with the kinase catalytic domains displaying the highest degree 

of homology at around 88% (Klein et a l, 1989). Two non-signal transducing 

isoforms of TrkB, designated TrlcB'̂ '̂ -̂, have thus far been identified. They 

possess the same extracellulai* domain as TrkB'TK+, however, they differ in their 

cytoplasmic domains, since they lack the kinase catalytic region (Klein et al., 

1990; Middlemas et a l, 1991; Allen et a l, 1994). The extracellular region of 

the TrkB receptor has been shown to possess thiee N-terminal tandemly linked 

leucine rich motifs, two cysteine clusters, and two immunoglobulin like domains 

(Schneider and Schweiger, 1991). Recently these leucine rich regions have been 

demonstrated to be capable of binding to BDNF, NT3 and NT-4 /5 (Windisch et 

a l, 1995a, Windisch et a l, 1995b; Ninkina et a l, 1997).
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Expression of trkB mRNA has been detected in discrete regions of the 

developing nervous system of the mouse, both by Northern blot analysis, and in 

situ hybridization (Klein et al., 1989). Northern blotting has revealed that trkB 

mRNA expression is highest in the developing brain, but it is also detected in a 

number of non-neural tissues, including the lung and muscle (Klein et al., 1989). 

Non-neural tissues such as the lung and muscle display predominant expression 

of small RNA transcripts, encoding the non-catalytic TiicB^K- isoform of the 

receptor (Klein et al., 1989). Within the developing nervous system, in situ 

hybridization analysis has revealed that expression is prominent in the brain, 

spinal cord, spinal sensory ganglia and paiavertebral sympathetic chain ganglia 

(Klein et a l, 1989). The expression of trkB mRNA is also seen in structures 

resembling certain cranial ganglia, including the trigeminal ganglion (Klein et 

al., 1989). In situ hybridization analysis of trkB in the chicken embryo has 

revealed a pattern of expression in developing peripheral ganglia that correlates 

well with the localisation of neurons known to respond to BDNF (Dechant et al, 

1993). Additionally, the onset of trkB mRNA expression commences early 

during embryogenesis, consistent with the view that BDNF plays a role in the 

early development of certain peripheral ganglia (Dechant et a l, 1993; Wright et 

a l,  1992). Developmental variations in the expression of the different TrlcB 

isoforms have also been observed in certain cranial sensoiy ganglia (Ninkina et 

a l, 1996). High levels of mRNA encoding the TiicBTK+ isoform are detected in 

trigeminal neurons during the period when these neurons respond to BDNF in 

vitro, whereas an increase in the non-catalytic TrkB^K- isoform is observed at 

later stages of development when these neurons aie known to have undergone a 

switch in trophic dependence from BDNF to NGF (Buchman and Davies, 1993; 

Ninkina et a l,  1996). This study suggests that the loss of BDNF response 

shown by trigeminal neurons during development is imparted by increased 

levels of the non-catalytic receptor (Ninkina et a l, 1996). The TrkB'^K* isoform 

has been proposed to play a role in limiting the spatial distribution of BDNF by 

sequestering the ligand, and subsequently creating distinct borders that sepai ate

55



different BDNF responsive systems, such as the optic tectum, and the 

developing trigeminal system (Biffo et al., 1995). The expression of full length 

and truncated TrlcB has additionally been demonstrated in the developing visual 

system (Takahashi et al., 1993; Biffo et al., 1995; Gamer et al., 1996), where the 

tmncated isoforms are found to be upregulated with increasing age (Allendorfer 

et al., 1994). The TrkB^K- isoform is also highly expressed within adult sensory 

neurons (McMahon et al., 1994), and its expression is increased in adult facial 

motor neurons in response to injury (Kobayshi et al., 1996).

In addition to its role as the primary receptor for BDNF, TrlcB has been 

demonstrated to bind NT-3 when ectopically expressed in non-neuronal cells, 

but with a lower affinity than BDNF (Klein et al., 1991; Glass et al., 1991; 

Squinto et al., 1991; Soppet et al., 1991). Recent studies have revealed that 

TrkB is not only the primary receptor for BDNF, but is also the cognate receptor 

for NT-4/5 (Klein et al., 1992). Introduction of a point mutation in the 

extracellular domain of the TrkB receptor abolishes the binding of NT-4/5 

whereas the binding of BDNF is unaffected (Klein et al,, 1992). Analysis of the 

extracellular region of the various Trk receptors has implicated the 

immunoglobulin domains in ligand discrimination between the neurotrophins 

(Urfer et al., 1995), whereas the adjacent juxtamembrane region has also been 

suggested to participate in binding NT-3 and NT-4/5 (Clary et al., 1994; 

Strohmaier et al., 1996). In contrast, recent studies have demonstrated that the 

leucine rich motifs of Trk receptors are the essential ligand binding regions 

(Windisch et al., 1995a; Windisch et al., 1995b). Recently, novel isoforms of 

TrkB have been identified in developing sensory neurons that have variations in 

the extracellular binding region, lacking two or all three of the leucine-rich 

motifs (Ninkina et al., 1997). When expressed in fibroblast cell lines, these 

isoforms do not bind either BDNF, NT-3 or NT-4/5, and the transfected 

fibroblasts do not survive or show responses to neurotrophins (Ninkina et al., 

1997). This study suggests that the leucine-rich motifs in TrlcB are essential for
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ligand binding and signalling and that the immunoglobulin-like domains alone 

are insufficient to confer neurotrophin binding via TrkB

Targeted dismption of the trkB gene results in severe nervous system 

lesions and premature death of the affected animals (Klein et al., 1993). The 

specific structures affected by this mutation include trigeminal and dorsal root 

ganglia within the peripheral nervous system, and the facial motor nucleus 

within the central nervous system (Klein et al., 1993). Stractures known to have 

a function in feeding, including the trigeminal ganglion, facial motor nucleus 

and vagal nucleus are particularly affected by the TrkB mutation, resulting in 

aberrant feeding behaviour in the neonatal animals (Klein et al., 1993). All of 

these structures have previously been shown to express trkB transcripts during 

development (Klein et al., 1993). Other neuronal deficiencies were observed in 

the CNS, in the spinal cord at lumbar levels L2-L5 (Klein et a l, 1993). Further 

detailed analysis of TrkB"/" mice has shown that the loss of neurons within the 

trigeminal ganglion occurs at an early developmental stage, consistent with the 

dependence of early trigeminal neurons on BDNF in vitro (Pinon et al., 1996).

TrkC

The third member of the neurotrophin receptor tyrosine kinase family to 

be identified was TrkC (Lamballe et ah, 1991b). TrkC was initially identified as 

the product of a cDNA clone isolated from a porcine brain cDNA libraiy, and 

displays the same structural features as the related TrkA and TrlcB tyrosine 

kinase receptors (Lamballe et al., 1991b). The mature TrkC protein has a 

molecular weight of 145kD, and the overall homology of porcine TrkC with the 

human Trk and mouse TrkB receptors is 67% and 68%, respectively. The 

extracellulai' domains exhibit 54% (TrkC and TrlcA) and 53% (TrkC and TrlcB) 

homology including conservation of several cysteine residues (Lamballe et al., 

1991b). The kinase domains of the Trk receptors exhibit a high degree of
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homology, TrkC being 87% homologous to TrkA and 88% homologous to TrkB 

(Lamballe et al., 1991b). The three receptors also share several characteristic 

features including a threonine residue at position 682, a tryptophan residue at 

position 757 and possesses a short, 15 residue, carboxy tail containing 8 

identical amino acids (Lamballe et al., 1991b). Several variants of the TrkC 

receptor are produced by differential RNA splicing. To date, four TK+ and three 

TK- receptor isoforms have been identified (Lamballe et al., 1993; Tsoulfas et 

a l,  1993; Valenzuela et al., 1993; Garner and Large, 1994). The TK+ TrkC 

isoforms have the same overall stiucture, but differ in that the splice variants 

possess 14 (TrkC K14), 25 (TrkC K25), or 39 (TrkC K39) additional amino acid 

residues in the tyrosine kinase domain of the receptor (Lamballe et al., 1993; 

Tsoulfas et a l, 1993; Valenzuela et al., 1993). The 14 and 25 amino acid 

residue sequences aie unique and are unrelated to any other known sequences, 

whereas the 39 amino acid-long insert consists of a combination of the 14 and 25 

amino acid sequences (Tsoulfas e ta l,  1993).

Most of the available information regarding the expression of trkC  

mRNA has been generated using probes that do not discriminate between the 

different isoforms of the receptor. Weak expression of trkC transcripts can first 

be detected at E7.5, in the early neuroectoderm of the mouse, by ribonuclease 

protection assay (Tessaiollo et al., 1993). By E9.5, in situ hybridization analysis 

reveals that the developing DRG, telencephalon, and spinal cord are all 

expressing trkC mRNA (Tessarollo et al., 1993; Lamballe et al., 1994). At 

El 1.5, trkC expression can be seen in discrete regions of the developing PNS 

such as the dorsal root and trigeminal ganglia, and the ganglia of the VII, VIII, 

IX, and X cranial nerves (Tessarollo et ah, 1993; Lamballe et al., 1994). At this 

stage of development, expression is also prevalent in many regions of the CNS, 

including the telencephalon, diencephalon, mesencephalon, rhombencephalon 

and neural tube (Tessarollo et al., 1993; Lamballe et a l, 1994). In mid-gestation 

E l3.5 embryos, trkC transcripts are present primarily in two structures within
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the PNS, the trigeminal and the otic ganglion. In the CNS, trkC expression is 

seen at relatively high levels in the cerebellar Purkinje, and Golgi cells, the 

telencephalon, septal nuclei, spinal cord, and, at lower levels in the 

hypothalamus, mesencephalon, and brain stem (Tessarollo et al., 1993; 

Lamballe et a l, 1994). At E l5.5, the highest level of trkC transcripts in the PNS 

are in the otic and trigeminal ganglia, and the spinal nerves. At this age the 

DRG also display punctate labelling of peripheral cells (Tessarollo et al., 1993; 

Lamballe et al., 1994). Within the CNS, E15.5 embryos express trkC mRNA in 

the tectum, telencephalon, septal region, mesencephalon, brainstem, cerebellum. 

At this age trkC mRNA is expressed for the fust time in the pontine nuclei and 

developing hippocampus (Tessarollo et al., 1993; Lamballe et a l, 1994). In late 

stage embryos, at E17.5, the majority of trkC hybridization observed in the PNS 

is seen in the periphery of individual dorsal root ganglia. Within the CNS, trkC 

mRNA is observed in the caudatoputamen and associated fibres, located 

between the caudate and forebrain subventricular zone, in the medial septal 

nucleus and the hypothalamus, the cerebellum, tectum, medulla and spinal cord 

(Lamballe et al., 1994).

During development, the expression of trkC transcripts has additionally 

been observed in various areas outside of the nervous system (Tessaiollo et al., 

1993; Lamballe et al., 1994). These areas include several facial structures such 

as the vibrissae of the snout, the dental papillae, the posterior tongue, sublingual 

glands and olfactory epithelium in the head (Tessarollo et al., 1993; Lamballe et 

al., 1994). In the body cavity, trkC mRNA is expressed in the submandibular 

gland, the subendothelial mesenchyme of arteries, the mesenchyme surrounding 

the urogenital ducts, the diaphragm, adrenal glands and within adipose tissue 

(Tessaiollo etal., 1993; Lamballe etal., 1994).

In adult animals trkC mRNA expression continues to be seen in several 

regions within the CNS, including regions of the forebrain such as the cerebral 

cortex, hippocampus, thalamus, and hypothalamus and in laige motor neurons
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within the spinal cord (Merlio et a l, 1992; Tessaiollo et al., 1993; Lamballe et 

al, 1994).

Neurotrophin-3 binds to the different isoforms of TrkC with similar 

affinity and Idnetics, and induces the rapid phosphoiylation of tyrosine residues 

within the cytoplasmic domain of the receptor (Lamballe et a l, 1993; Tsoulfas 

et a l, 1993; Valenzuela et a l, 1993). However, at this juncture, only the TK+ 

isoform TrkC K1 is Icnown to activate PLCy and phosphatidyl inositol-3 kinase

(PI-3 kinase), although both the insert containing K14 and K25 isofoims possess 

recognition sites for PLCy and PI-3 kinase (Lamballe et a l,  1993). When

ectopically expressed in cells of the NIH 3T3 fibroblast cell line, the TrkC Kl, 

K14, and K25 isoforms have all been observed to induce DNA synthesis on 

exposure to NT-3 (Lamballe et a l, 1993). However, neither the K14 nor K25 

isoform could induce the efficient transformation of these cells (compared with 

those expressing TrkC K l) upon exposure to NT-3 (Lamballe et a l, 1993). 

Further experiments have demonstrated that only TrkC Kl can induce the 

proliferation of transfected NIH 3T3 cells and the neuronal differentiation of 

PC 12 cells, suggesting that the different isoforms of TrkC may act via different 

signalling pathways (Lamballe et a l, 1993; Tsoulfas et al., 1993; Valenzuela et 

al, 1993).

Inactivation of the gene encoding full length TrkC produces striking 

deficits within the PNS (Klein et a l, 1994). The homozygous mutant mice are 

reduced in size by postnatal day 4 (P4) and most die by P21 (Klein et a l, 1994). 

The behavioural phenotype of the mutant mice suggests a deficit in 

proprioception, and subsequent analysis of the DRG of these animals has 

demonstrated that the group la primary afferent sensory neurons subserving 

proprioception are substantially reduced in number (Klein et a l,  1994; 

Minichiello et a l, 1995). No gross defects are observed in CNS structures that 

express trkC transcripts, although TrkC"/" mice generally do not survive until 

adulthood (Klein et a l, 1994). Studies using antibodies that inactivate the TrkC
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receptor during chick embryogenesis produce a phenotype that is remarkably 

similai" to that resulting from trkC gene deletion. In particulai* there are severe 

reductions in the total complement of neurons within the DRG (Lefcort et al„ 

1996). Detailed neuroanatomical analyses of the TrkC"/" mutant mice has 

recently revealed specific defects in the cochlear ganglion and in the innervation 

of hair cells within the inner ear (Schimmang et a l, 1995). In addition, the 

vestibulai' ganglia of TrkC"/" mice also have significantly reduced numbers of 

neurons (Schimmang et a l, 1995). These detailed studies have also revealed 

differences between the phenotypes of TrkC and NT-3 deficient mice. For 

example, there is an approximately 66% reduction in the complement of neurons 

within the lumbar DRG of neonatal NT-3"/" animals (Ernfors et a l, 1994a; 

Faiinas et a l, 1994) In contrast, in the lumbar DRG of trkC'f' animals, there is 

only an 18% reduction (Klein e ta l,  1994 ; Minichiello e ta l, 1995). Similaily, 

the number of neurons in the spiral ganglia of NT-3"/" mice is reduced by -86%, 

whereas the decrease seen in TrkC"/" neonates is 51% (Schimmang et a l, 1996). 

These differences may be due to the ability of NT-3 to signal via the TrlcA or 

TrkB receptors, since NT-3 has been demonstrated to promote the in vitro 

survival of mid-gestation trigeminal and nodose sensory neurons from TrkC"/" 

embryos, but not from embryos that also lack functional TrkA or TrlcB receptors 

(Davies et al, 1995a).

1.5 Other Neurotrophic Factors And Their Receptors.

Neurotrophic Cytokines.

Neurotrophic or 'neuropoietic' cytolcines are a group of distantly related 

proteins that effect similar biological responses in a variety of different cell 

types. Members of this cytokine subfamily include; ciliary neurotrophic factor 

(CNTF), growth promoting activity (GPA), leukaemia inhibitory factor (LIF), 

oncostatin-M (OSM), interleukin-6 (IL-6), interleukin-11 (IL-11), granulocyte
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macrophage colony stimulating factor (GM-CSF) and the newly isolated 

cardioti’ophin-1 (CT-1). Although these proteins shaie less than 30% amino acid 

homology, they possess high a degree of structural homology, based on their 

predicted tertiaiy structures (Bazan et al., 1991). Additionally, these cytokines 

are thought to be evolved from a common ancestral gene (Bruce et al., 1992), 

and are known to transduce signals via shared multi-subunit receptors (Fig 1.2; 

Stahl and Yancopoulos 1994).

Ciliary Neurotrophic Factor

CNTF was initially identified as a result of its ability to promote the 

survival of embryonic chick ciliary neurons in vitro (Adler et al,, 1979). Ciliaiy 

neurons had been observed to survive in the presence of chick skeletal muscle 

cells, rat oculai' tissues, and fragments of sciatic nerve (reviewed by Sendtner et 

al., 1994). After a systematic analysis of different ocular tissues, Adler and 

colleagues demonstrated that the iris, ciliaiy body, and choroid layer were the 

richest sources of the putative survival factor that they termed 'ciliary 

neuronotrophic factor' (Adler et al., 1979). Subsequent studies, utilising ion- 

exchange chromatography, revealed that the survival factor was an acidic protein 

with a molecular weight of 20-24kD (Barbin et al., 1984; Manthorpe et al., 

1986). Based on paitial amino acid sequence data, the cDNAs for rat and rabbit 

CNTF were cloned (Stockli et al., 1989; Lin et al., 1989). Additionally, the 

mouse and human genomic clones have been identified and investigated 

(Kaupmann et al., 1991; Lam et al., 1991). Biochemical analysis of CNTF has 

revealed that it is a 200 amino acid long protein with a molecular weight of 

22.7kD (pi > 5.78) (Stockli et al., 1989; Lin et al., 1989). One unusual feature 

of CNTF is that it lacks a consensus sequence for glycosylation and a secretory 

signal peptide, suggesting that it is a cytosolic protein (Stocldi et al., 1989; Lin 

et al., 1989). The human CNTF homologue has subsequently been cloned and
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was found to be 80% homologous to rat CNTF (Masiakowski et al., 1991; Lam 

et al., 1991; Negro et al., 1991). Although no high degree of sequence 

homology exists between CNTF and other known proteins, structural similarities 

have been identified between CNTF, LIF, OSM, IL-6, and GM-CSF based on 

the tertiary sequences of these proteins, which distinguished four a-helices 

(Bazan, 1991). Experiments using site dhected mutagenesis have determined 

that up to 14 N-terminal and 27 C-terminal amino acid residues can be removed 

from the CNTF molecule without drastically reducing its biological activity 

(Negro et al., 1994). Longer deletions, or the elimination of internal stretches of 

amino acids, have been shown to abolish the biological activity of CNTF (Negro 

etal., 1994).

Early experiments carried out in vitro, demonstrated that a partially 

purified form of CNTF had a broad spectrum of survival activity on PNS 

neurons (Manthoipe et al., 1983). These results were later confirmed with 

purified recombinant CNTF, using several populations of chicken embryo 

neurons including E8 trigeminal, nodose, and dorsal root ganglion sensory 

neurons, parasympathetic ciliary neurons, and neurons of the paravertebral 

sympathetic chain ganglia (Manthorpe et al., 1982; Manthorpe et al., 1986). 

Similarly, neurons of developing rat nodose ganglion show increased survival in 

the presence of CNTF in vitro (Thaler et al., 1994). Furthermore, within the 

PNS, CNTF has additionally been shown to exert its survival promoting effects 

upon postnatal neurons of the rat acoustic ganglion (Hartnick et al., 1995). 

Interestingly, dorsal root ganglion sensory neurons have been observed to 

exhibit changes in their survival requirements. At E8, DRG neurons are 

unresponsive to CNTF, whereas around 40% of these neurons can be rescued by 

ElO (Manthorpe et al., 1982). Likewise, E21 rat sympathetic neurons that are 

normally unresponsive to CNTF in vitro survive in the presence of CNTF after 

an initial period in culture with NGF (Kotzbauer et al., 1994). The equivalent
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age postnatal neurons demonstiate an immediate response to CNTF (Kotzbauer 

etal., 1994).

Within different populations of CNS neurons, CNTF displays similar 

age-related effects to those seen with PNS neurons. For example, it does not 

promote the survival of chick spinal motor neurons at E4 (Longo et al., 1982; 

Bloch-Gallego et al., 1991), but does promote the survival of purified motor 

neurons at E6 (Arakawa et al., 1990). In keeping with these findings, the 

administration of CNTF in ovo to E5-E9 chicks induces an increase in the 

number of spinal motor neurons (Oppenheim etal., 1991). Likewise, a number 

of studies have concluded that CNTF has a trophic effects upon spinal cord 

motor neurons in developing and postnatal rodents, both in vitro and in vivo 

(Sendtner et al.., 1990; Sendtner et al., 1992a; Henderson et al., 1993; Forger et 

al., 1993; Mitsumoto et al., 1994; Li et al., 1994; Vejsada et al., 1995). Other 

populations of CNS neurons that respond to CNTF include hippocampal neurons 

and cerebellar Purkinje neurons (Ip et al., 1991; Larkfors etal., 1994).

In addition to the survival promoting effects of CNTF, several studies 

have revealed that CNTF has an effect on other properties of developing 

neurons. In the precursor neurons of the E7 sympathetic chain ganglia, CNTF 

can arrest cell division and concomitantly induces the expression of vasoactive 

intestinal peptide (VIP) immunoreactivity (Ernsberger et al., 1989). 

Depolai'ization of cultured sympathetic neurons with elevated levels of K+, has a 

similar effect to that of CNTF on the expression of VIP and neuropeptide Y 

(NPY), however, this effect cannot be repeated on sensory (DRG) neurons (Rao 

et a l, 1992). Similarly, CNTF has been demonstrated to influence the levels of 

choline acetyltransferase (ChAT) and tyrosine hydroxylase (TH) activity in 

neonatal rat sympathetic neurons (Saadat et al., 1989). Additionally, CNTF has 

been shown to enhance the expression of TH immunoreactivity by cultured rat 

neurons from the locus coeruleus, and substantia nigra as well as upregulating
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the expression of the endogenous neurotransmitters for these populations of 

neurons (Louis et al, 1993; Magal et a l, 1993)

The expression of CNTF mRNA has chiefly been studied using Northern 

blot analysis. The highest level of expression detected by this method is in the 

PNS, within the sciatic nerve of adult rats (Williams et al, 1984). CNTF mRNA 

cannot be detected in the new-born rat (Stockli et a l, 1989), and the CNTF 

mRNA expression in the peripheral nerve does not occur until one month 

postnatally, suggesting that CNTF is not a physiological survival factor for 

embryonic neurons (Dobrea et a l, 1992). The expression of CNTF mRNA and 

protein has been suggested to coincide with the differentiation of Schwann cells 

of the peripheral nerve (lessen and Mirsky, 1992). Northern blot analysis of 

total RNA from the skeletal muscle, liver, spleen and lung, has demonstrated the 

presence of very low levels of CNTF mRNA in the skeletal muscle of adult rats 

(Stocldi et a l, 1989; Ip et a l, 1993c, Giovannini et al, 1993a). Taken together, 

the results of these experiments suggest that skeletal muscle is not a source of 

CNTF, rather it is more likely to originate in Schwann cells ensheathing the 

innervating nerve fibres within the muscle (Sendtner et a l, 1994). In contrast, 

cultured Schwann cells express only low levels of CNTF mRNA, however, 

CNTF-like biological activity can be detected in the conditioned medium of 

these cells (Carroll et a l, 1993; Meyer eta l, 1992).

CNTF is not expressed in the hindlimbs or brain in the critical period 

during the development of spinal cord motor neurons, nor is it expressed in 

significant levels within the cortex or hippocampus (Ip et a l, 1993c). This 

suggests that CNTF is not a target derived factor for CNS neurons. 

Interestingly, several studies have reported that CNTF mRNA is drastically 

reduced following peripheral nerve lesion, with the levels recovering slowly, 

until a significant increase was observed 4 weeks after lesion (Sendtner et a l, 

1992b; Freidman et al, 1992; Seniuk et a l, 1992). However, in marked contrast 

to the studies on PNS neurons, it has been shown that CNTF mRNA is rapidly
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up-regulated in the CNS after lesion of the hippocampus and cortex, with the 

levels remaining elevated for up to 3 weeks after lesion, suggesting that CNTF 

may be released in response to the trauma (Ip et al., 1993b). The cells 

responsible for the production of CNTF mRNA and protein are thought to be 

reactive astrocytes which invade the site of the lesion (Ip et al., 1993b).

Dismption of the CNTF gene produces effects within the nervous system 

that are consistent with a role for CNTF in the maintenance of motor neurons in 

adult animals, but not during development (Masu et al., 1993). Abolition of the 

gene by homologous recombination results in a progressive atrophy of adult 

mouse motor neurons, leading to a gradual decrease in muscle strength (Masu et 

al., 1993). No evidence of perinatal disturbance in motor neuron development is 

appaient, since morphometric analysis of lumbai* spinal cord, and facial motor 

neurons revealed no significant differences between postnatal CNTF"/" and wild- 

type mice (Masu et al., 1993). However, 8-14 weeks after birth, morphological 

changes are evident in lumbar and facial motor neurons, and at 28 weeks the 

number of facial motor neurons are reduced by 22% (Masu et al., 1993). No 

change in the number of ChAT, VIP or TH positive nerve fibres innervating the 

footpad and a second cholinergic target, the periosteum are apparent in the 

CNTF"/“ animals (Masu et al., 1993; Francis et ai, 1997).

Growth Promoting Activity

Growth promoting activity (GPA) was initially identified as a trophic 

factor for ciliary ganglion neurons after its extraction and partial purification 

from chick eye extracts (Nishi and Berg 1981). Following this, GPA was 

purified and chaiacterised from a sciatic nerve preparation, revealing a 21.5 kD 

protein lacking a consensus signal sequence that had 57% amino acid identity 

with mammalian CNTF, suggesting that GPA may be the avian homologue of 

CNTF (Eckenstein et al., 1990). Following its initial purification, the cloning of
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a cDNA for GPA was cairied out using an embryonic chick eye cDNA library, 

allowing the tissue specific expression of the molecule to be deduced (Leung et 

a/., 1992).

Northern blot analysis of GPA expression during development has 

demonstrated that the uvea of the eye, containing tissues innervated by the 

ciliary ganglion, contains the highest levels of mRNA for GPA. Expression was 

also seen in the E l8 sciatic nerve (Leung et al., 1992). The analysis of GPA 

expression in the chick eye at closely staged intervals from E7 to E l9, has 

revealed that expression increases between E ll and E l9, the period when ciliaiy 

ganglion neurons are undergoing programmed cell death (Leung et al., 1992).

In experiments conducted in vitro, GPA was shown to promote the 

survival of several populations of neurons within the PNS (Eckenstein et al., 

1990; Heller et al., 1993) GPA supports developing pai'asympathetic ciliaiy 

ganglion neurons and lumbar sympathetic chain neurons, and in contrast to 

previous studies carried out using CNTF, GPA promotes the survival of E8 

DRG neurons (Eckenstein et al., 1990; Manthorpe et ai, 1982). The effects of 

GPA have been also been compared with CNTF on the proliferation and 

functional differentiation of sympathetic neurons, revealing that these two 

factors produce stiikingly similar effects but with different efficacy (Heller et 

al, 1993).

Leukaemia Inhibitory Factor

Leukaemia inhibitoiy factor (LIF) was initially purified and characterised 

as a protein secreted from cultured heart cells that possessed the ability to induce 

sympathetic noradrenergic neurons to synthesise acetylcholine and form 

cholinergic synapses (Fukada, 1985). Purified conditioned medium from 

primary cultures of neonatal heart cells, revealed a protein with a molecular
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weight of 45kD, which reduced to ~22kD after treatment with a deglycosylating 

enzyme (Fukada, 1985). Amino acid sequence data demonstrated that this 

cholinergic differentiation factor was identical to amino acid sequences of 

several known proteins, one of which, termed 'leukaemia inhibitory factor' 

induced the leukaemic myeloid Ml cell line to undergo differentiation into a 

macrophage-like phenotype (Gearing et al., 1987). The amino acid sequence 

data was then used to obtain cDNA clones of murine and human LIF that display 

75% homology, and give rise to a mRNA transcript of approximately 4.1 kb 

(Gearing et al., 1987; Stahl et al., 1990). The mature murine LIF protein 

comprises 179 residues, possesses 7 potential N-linked glycosylation sites, and 

has a pi of -9.0 (Gearing et al., 1987).

During development and embryogenesis, the expression of LIF mRNA 

has been observed at low levels in several tissues, by Northern blot, RNAse 

protection and in situ hybridization analyses (Bhatt et al., 1991). Whereas LIF 

mRNA can be detected in most developing tissues throughout development, the 

highest levels of this cytokine are expressed in the uterine endometrial glands, 4 

days post coitum, suggesting that LIF may play a role in the implantation of the 

developing blastocyst (Bhatt et al., 1991). Within adult tissues. Northern blot 

analysis has revealed the expression of LIF transcripts in the brain, heart, 

thymus, liver and intestine, where the highest level of LIF signal are detected 

(Bhatt et al., 1991). The developing sldn of neonatal mice is also a site of high 

expression, where it is thought that embryonic stem cell populations may be 

responsible for LIF production (Bhatt et al., 1991). RT-PCR analysis has 

specifically identified sites of LIF expression within peripheral tissues and in the 

CNS of postnatal rats (Yamamori, 1991), and in the spinal column, limbs, and 

DRG of the developing mouse (Muiphy et al., 1993). The expression of LIF 

mRNA within peripheral tissues is localised in the targets of cholinergic 

sympathetic neurons such as the developing sweat glands and within the skin of 

the rat footpad, presenting the possibility that LIF is a target derived neuronal
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differentiation factor for these neurons in vivo (Rao and Landis, 1990; 

Yamamori, 1991). In the postnatal brain, RT-PCR technique has demonstrated 

expression of LIF transcripts within the superior colliculi and visual cortex, 

suggesting a possible role for LIF in the developmental plasticity of the visual 

system (Yamamori, 1991). Changes in the expression of LIF mRNA in response 

to injury of the adult peripheral nerve have also been detected, using RNAse 

protection assay and in situ hybridization (Banner and Patterson, 1994). In adult 

rats the expression of LIF mRNA was dramatically upregulated 24 hours after 

sciatic nerve transection, immediately proximal and distal to the lesion site, 

providing strong evidence that this cytoldne may act in response to nervous 

system damage (Banner and Patterson 1994).

Within the nervous system, LIF has a wide range of effects on both 

central and peripheral neurons. In many cases the studies carried out thus far 

have indicated that the actions of LIF are similar, if not identical, to those of 

CNTF. Cultures of non-dividing mouse neural crest cells from E9 embryos, 

were observed to undergo differentiation into a sensory neuron-like phenotype 

and express the neuropeptide CGRP, in the presence of LIF (Murphy et al.,

1991). Furthermore, LIF supports the survival of cultured sensory neurons 

derived from E 12 - E l5 DRG, in a manner reminiscent of the actions of CNTF 

(Murphy et al., 1991). Consistent with the role of LIF in development of the 

DRG, is the observation that mRNA for LIF is expressed in the central and 

peripheral targets of the ganglia, and also within the ganglia themselves, during 

the critical period when these neurons are innervating their targets and 

undergoing naturally occurring cell death, (Murphy et al., 1993). Following 

application of ^^^I-labelled LIF or CNTF to the lesioned sciatic nerve, both 

factors are retrogradely transported within the nerve in vivo , providing evidence 

that these factors may be involved in a response to injury (Hendry et al., 1992; 

Curtis et al., 1993; Curtis et al., 1994). Similarly, ^^^I-LIF binds to dissociated 

DRG neurons in vitro , and in vivo it is retrogradely tiansported by these neurons
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after subcutaneous injection into the footpad (Hendry et a l, 1992). In addition 

to DRG neurons, other populations of developing sensory neurons survive in 

response to LIF and CNTF. In nodose ganglion cultures from E l6.5 rats LIF 

and CNTF support the survival of 50% of the neurons (Thaler et ah, 1994). By 

birth less than 10% of these neurons survive with LIF or CNTF, suggesting a 

loss of responsiveness with age (Thaler et a i, 1994). Embiyonic mouse neurons 

of the nodose and trigeminal ganglia have also been reported to survive in 

culture with both LIF and CNTF (Horton et a l, 1996). Furthermore, LIF and 

CNTF elicited the same survival response in dissociated postnatal sympathetic 

neurons in vitro (Kotzbauer et a l, 1994).

Evidence has accumulated that in addition to its survival and 

differentiation promoting effects, LIF effects a change in neurotransmitter and 

neuropeptide expression in cultured sympathetic and sensory neurons. In 

sympathetic neurons, for example, a switch from noradrenergic to cholinergic 

phenotype has been observed after addition of exogenous LIF in vitro. A 

similar switch has been observed in vivo in transgenic mice overexpressing LIF 

(Ure et a l, 1992; Bamber et a l, 1994). Similarly, LIF has been observed to 

induce mRNA for several neuropeptides in cultured sympathetic neurons (Fann 

and Patterson, 1994). There is also evidence that LIF may affect the expression 

of neurotransmitters and neuropeptides in developing sensory neurons, since 

non-neuronal cells from the DRG have been observed to secrete LIF, which has 

been demonstrated to inhibit catecholamine expression in cultured rat trigeminal 

neurons (Fan and Katz, 1993). Furthermore, neurons generated in neural crest 

cultures in the presence of LIF express both CGRP and substance P, suggesting 

that LIF may inhibit the synthesis of neurotransmitters not used by sensory 

neurons and promote the synthesis of neuropeptides (Murphy et a l, 1991; 

Muiphy e ta l, 1994).

In addition to the effects of LIF and CNTF within the PNS, both factors 

elicit similar responses upon CNS neurons. Both LIF and CNTF have been
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observed to promote the survival of spinal motor neurons after deafferentation or 

axotomy in vivo (Qin-Wei et a l, 1994; Vejsada et a l, 1995), and in purified 

spinal cord motor neurons in vitro (Martinou et a l, 1992; Henderson et a l, 

1993). Furthermore, LIF has been demonstrated to promote the differentiation 

of isolated spinal cord precursor cells into a neuronal phenotype (Richards et a l, 

1996). In addition, both CNTF and LIF effect similai* changes in ChAT activity 

in motor neuron cultures (Martinou et a l,  1992), and in cultures of neurons 

isolated from the ventral mesencephalon, which contains neurons of the cranial 

motor nuclei (Zurn and Werren, 1994).

Inactivation of the gene encoding LIF has no obvious deleterious effects 

on nervous system development, however, it has been observed to affect the 

implantation of blastocysts in the uteri of homozygous mutant mice, which is 

consistent with previous observations of LIF expression during embryonic 

development (Stewait et a l, 1992; Bhatt et a l, 1991), Further analysis of these 

mice has revealed that the noradrenergic to cholinergic switch that occurs in vivo 

in sympathetic neurons innervating the developing sweat gland occurs normally 

(Rao et a l, 1993). However, in the absence of LIF, neuropeptide induction in 

response to injury is suppressed both in vivo and in vitro in peripheral neurons 

(Rao et a l, 1993). Taken together, these results suggest that some functional 

redundancy may occur between cytokines. More recently, double gene targeting 

experiments have been performed by crossing LIF"/" and CNTF"/" mice in order 

to examine the extent of co-operative action of both factors in vivo (Sendtner et 

a l,  1996). Whereas CNTF"/" animals suffer relatively mild motor neuron 

degeneration the degenerative changes in the double mutant animals were more 

extensive, appeared earlier, and were functionally reflected by a marked 

reduction in grip strength (Sendtner et al, 1996).
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Oncostatin M

Oncostatin M (OSM) is a cytokine that acts as a growth regulator for a 

vaiiety of mammalian cells in vitro. OSM was initially isolated and cloned from 

mRNA extracted from cells of the U937 cell line, after these cells had been 

induced to differentiate into macrophage-like cells by treatment with a phorbol 

ester (Malik et al., 1989). Subsequently, a clone was also obtained from a 

human brain cDNA library (Malik et al., 1989). Sequence analysis of these 

clones demonstiated that OSM is synthesised from a 2 kb mRNA encoding a 

252 amino acid long precursor polypeptide, that undergoes further cleavage to 

yield a 196 residue mature protein with a moleculai* weight of -28 kD (Malik et 

al., 1989). The predicted OSM sequence has no homology with other Icnown 

proteins, but the sequence of the 3' non-coding region contains an A+T-rich 

stretch with sequence motifs found in the 3' untranslated regions of many 

cytokine cDNAs (Malik etal., 1989). Recently, OSM has been recognised as a 

member of the family of neurotrophic cytokines since they share an overall 

structural homology (Bazan, 1991). One further interesting finding is that the 

genes encoding OSM and LIF are tandemly linked on chromosome 22 in the 

human genome, suggesting they have a common evolutionary origin 

(Giovannini etal., 1993b).

The expression of OSM is largely restricted to haematopoietic cells, 

including activated peripheral blood T-lymphocytes, and lipopolysaccharide 

induced human monocytes (Bruce et al., 1992). The only known non- 

haematopoietic source of OSM mRNA has been detected in cells derived from 

the AIDS related Kaposi's sarcoma (Bruce et al., 1992).

The effects of OSM in vitro have been determined largely using var ious 

cell lines, and overlap with those of other haematopoietic cytolcines such as LIF 

(Bruce et al., 1992). OSM induces the differentiation of murine Ml myeloid 

leukaemia cells into a macrophage-like phenotype in a similar way to LIF and
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IL-6 (Rose and Bmce, 1991). Similarly, OSM has been demonstrated to inhibit 

the differentiation of cultured embryonic stem cells into a variety of phenotypes, 

an attribute shared by LIF (Piquet-Pellorce et ah, 1994). Additionally, both LIF 

and OSM stimulate the expression of acute-phase response proteins in a human 

hepatoma cell line (Piquet-Pellorce et al., 1994). Within the developing nervous 

system, the only documented evidence of the action of OSM has been carried 

out using late stage murine DRG neurons. OSM displays a slightly lower 

survival promoting effect on these neurons than that elicited by CNTF or LIF 

{WâTQetal., 1995).

Transgenic mice have recently been generated that over-express the 

bovine form of OSM, which bears 58% sequence identity to the human OSM 

(Malik et al., 1995). The OSM over-expressing fusion genes were injected into 

mouse embryos under the direction of various tissue specific promoters, 

resulting in gross abnormalities in vaiious tissues (Malik et al., 1995). In order 

to test the potential effects of bovine OSM on neurons in vivo, a neuron-specific 

promoter was used, which directs gene expression within the brain, spinal cord 

and peripheral ganglia (Malik et al., 1995). Of the resulting transgenic mice, 

50% died at birth and the remainder displayed restricted growth, accompanied 

by tremors, ataxia, and a progressive wealcening of strength in the hindlimbs. 

However, no histological analyses of these transgenic animals has been carried 

out (Malik e ta l, 1995).

lnterleukin-6

The convergence of several lines of investigation on factors regulating B- 

lymphocyte growth and differentiation ultimately lead to the identification of a 

single growth regulatory protein termed 'interleukin-6' (reviewed by Lee, 1992). 

Molecular cloning of human and murine cDNAs encoding IL-6 revealed a 184 

amino acid protein with two potential N-linked glycosylation sites , and a
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relative molecular mass of -26 IcD (Hirano et a l, 1986; Chui et al., 1988; 

Northemann et al., 1989)

Northern blot analysis has identified IL-6 mRNA transcripts in several 

tissues of the adult rat, including several structures within the CNS (Schdbitz et 

al., 1993; ICiefer et al., 1993). The aieas of IL-6 expression have been more 

specifically identified using in situ hybridization, and include; the large 

pyramidal neurons of the pyriform cortex, medial habenular nuclei, 

ventromedial and dorsomedial hypothalamus, hippocampal formation, optic 

tract, fimbria, coipus callosum, the internal and external capsule and the granular 

cell layer of the cerebellum (Schobitz et al., 1993; Gadient et a l, 1994). No 

expression is observed in brainstem stractures or in the spinal cord, and none has 

been reported in either cranial or peripheral sensory or autonomic ganglia 

(Schobitz et a l, 1993). IL-6 expression has also been demonstrated in cultured 

microglia and astrocytes (Cadman et al., 1994) and is up-regulated in the 

peripheral nerve and facial motor nucleus after nerve injury (Reichert et al., 

1996; Kiefer gfaA, 1993).

The pleiotropic functions of IL-6 are numerous and have been well 

documented, with the principal role of this cytokine related to immune 

functions, such as the production of antibodies by B-cells (Hirano et al., 1986), 

induction of acute phase response proteins by hepatocytes (Gauldie et a l, 1987) 

and the proliferation of B-lymphoma cells (Piquet-Pellorce et a l, 1994). An 

increasing body of evidence now suggests that IL-6 also plays a role in the 

physiological and pathological events that take place in the developing and 

mature nervous system. Within the CNS, IL-6 is a survival factor for cultured 

embiyonic and postnatal midbrain catecholaminergic neurons (Kushima et al.,

1992), developing cholinergic neurons of the spinal cord (Kushima and 

Hatanaka et a l, 1992), and basal forebrain cholinergic neurons (Hama et a l,

1989). IL-6 also promotes the differentiation of PC12 cells into a neuron like 

phenotype (Satoh et a l, 1988) and induces ChAT synthesis and substance P

74



expression in sympathetic neurons (Fann and Patterson, 1994). Furthermore, IL- 

6 in conjunction with the soluble IL-6 receptor (see below) were demonstrated to 

promote neurite outgrowth when added to explant cultures of embryonic DRG 

(Hirota et al,, 1996).

IL-6 deficient mice generated by gene targeting suffer defects in their 

capacity for liver regeneration and are protected against bone loss induced by 

ovariectomy (Kopf et a l, 1994; Poli et al, 1994; Cressman et a l, 1996). IL-6“/" 

animais do not suffer any obvious phenotypic defects within the central or 

peripheral nervous system either during development or in adulthood (Kopf et 

al, 1994; Poli et a i, 1994; Cressman et a l, 1996).

Cardiotrophin=l

Cardiotrophin-1 (CT-1) was initially cloned as a result of a seaich for 

factors that induce cardiac myocyte hypertrophy in vitro (Pennica et al, 1995a). 

Sequencing of a 1.7kb cDNA encoding CT-1 revealed that this cytokine has a 

relative molecular mass of 21.5 IcD, and possesses a potential N-linked 

glycosylation site, and, like CNTF, does not possess a hydrophobic signal 

sequence (Pennica et a l, 1995a; Pennica et a l, 1996a). Furthermore, the amino 

acid sequence of CT-1 displays some similarity with that of LIF and CNTF, with 

24% and 19% identity, respectively (Pennica et a l, 1995a). The predicted 

tertiary structure of CT-1 additionally beais some similarity to CNTF and LIF, 

indicating that this cytokine is also a member of the neurotrophic cytokine 

family (Pennica eta l, 1995a).

CT-1 protein has been detected in the murine heait tube between E8.5- 

E10.5 and in myocardial cells later in development (Sheng et a l, 1996). After 

E12.5, CT-1 protein expression is present in a number of tissues, including 

skeletal muscle, bone, liver, kidney, and epithelia (Sheng et a l, 1996). In the
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PNS, CT-1 is weakly expressed in the DRG of El 1.5 embryos, with expression 

increasing at later developmental stages (Sheng et al, 1996). Similarly, of CT-1 

is also expressed in the spinal cord and brain at later stages of development, 

however the levels are not as high as in those observed in the PNS (Sheng et aL, 

1996). More detailed analysis of CT-1 mRNA expression using in situ 

hybridization, and RT-PCR, has revealed that CT-1 is also present in the 

developing limb-bud at E13.5-E14.5, the stage at which motor neurons 

innervating this structure commence programmed cell death (Pennica et al., 

1996).

The effects of CT-1 that have been thus far documented aie similar to 

those of CNTF and LIF. For example, CT-1 induces; acute phase proteins in 

cultured hepatocytes (Peters et ah, 1995), inhibits the proliferation of the Ml 

myeloid leukaemic cell line, and inhibits the differentiation of embryonic stem 

cells (Pennica et ah, 1995b). CT-1 has also been demonstrated to have effects 

on cells of the central and peripheral nervous system. Within the CNS, unlike 

CNTF, CT-1 can promote the survival of cultured midbrain dopaminergic 

neurons, however, it is not as potent as glial cell line-derived neurotrophic factor 

(Pennica et ah, 1995b). CT-1 can also induce a neurotransmitter switch in 

cultured rat sympathetic neurons, increasing ChAT activity whilst inhibiting 

tyrosine hydroxylase activity (Pennica etal., 1995b). CT-1 promotes the 

survival of embryonic ciliary neurons in vitro, however, at low concentrations, 

CT-1 is not as potent as CNTF (Pennica et al., 1995b). In addition, CT-1 

promotes the long term survival of purified E14 spinal cord motor neurons in 

culture , and is more potent over time than either CNTF or LIF (Pennica et a l, 

1996b).

At this juncture, targeted gene disruption experiments have not been 

conducted, and it will be of interest to see whether CT-1 gene inactivation has an 

effect on the in vivo survival of central or peripheral neurons.
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1.5.2 Cytokine Receptors.

CT-1 GSM LIF CNTF IL-6

p 1J 1f }p Itf
1 11) 11 1 1 11

gpl30 LIFRP gpI30 ? gpl30 LIFRP gpl30 LIFRP gpl30 gpl30

Adapted from Stahl and Yancopoulos, 1994

Figure 1.2 Schematic diagram showing the interaction of neurotrophic cytokines their receptors.

The neurotrophic cytokines; CNTF, LIF, OSM, IL-6, and CT-1 are now 

known to utilise subunits of a multicomponent receptor signalling system (see 

Fig. 1.2 above). This receptor sharing between cytokines largely accounts for 

the degree of pleiotropy and functional redundancy displayed by these proteins, 

and may have evolved to allow signalling by many members of the cytokine 

family, such that each member can elicit actions upon distinct targets (reviewed 

by Stahl and Yancopoulos, 1994). The distribution of the receptor components 

also helps to explain the known target cell specificity of the individual 

cytokines. The receptor subunits have been designated the suffix a  or P, 

correspondent with their capacity to transduce a signal across the cell membrane. 

Thus, the a  components are non-signalling receptors capable of binding to their 

cognate ligands, that play a role in recruitment of the p receptor subunits, 

whereas the p components themselves are the signal transducing elements. So 

far, a  subunits have been described for CNTF (CNTFRa) and IL-6 (IL-6Ra), 

however, there remains the possibility that CT-1 also requires an additional a  

subunit, whereas LIF or OSM do not. However in the case of OSM an 

additional OSM specific signalling component may replace LIFRp.
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The p receptor subunits form homo or hetero-dimers upon binding of the 

appropriate ligand. The LIF receptor constitutes a hetero-dimer comprised of 

LIFRp and glycoprotein-130 (gplSO) subunits. The other cytokines, with the 

exception of IL-6, similarly form these heterodimers, but in addition may also 

require an a  component (Bruce et a l, 1992). The IL-6 receptor is comprised of 

a homodimer of two gplBO subunits and the accessoiy IL-6Ra component 

(Bruce et aL, 1992). The receptor components are brought together at the cell 

surface in a stepwise manner, upon binding of the appropriate ligand (reviewed 

by Stahl and Yancopoulos, 1994). Thus, in the case of CNTF, the ligand first 

binds to the CNTFRa component, which recruits gplSO, and finally, forms a 

complex with LIFRp. Constitutively associated with the P subunits are non­

receptor tyrosine kinase proteins of the Jalc/Tyk family, that become activated 

upon p-subunit dimerization. These proteins in turn activate a variety of 

intracellular signalling molecules, such as the STAT family of DNA binding 

ti'anscriptional activators (Stahl and Yancopoulos, 1994).

CNTFRa

The CNTF alpha receptor (CNTFRa) was initially cloned using a 

strategy that employed an 'epitope tagged' form of CNTF, which when bound to 

neuronal cell lines, served as the basis for extraction of the receptor (Squinto et 

aL, 1990; Davis et aL, 1991). CNTFRa has a structure unrelated to the 

receptors for the neurotrophins, but is similar to the receptor for IL-6, having an 

approximate 30% sequence homology (Davis et al, 1991). Sequence analysis of 

cDNAs encoding the isolated receptor have revealed a protein of approximately 

411cD, containing four potential N-linked glycosylation sites. A high degree of 

sequence homology is apparent between the human and rat forms of CNTFRa, 

with approximately 94% of the nucleotides conserved between species (Ip et al., 

1993c). One interesting feature of the CNTFRa receptor is the absence of a

78



cytoplasmic domain (Davis et al., 1991). The receptor is anchored to the cell 

membrane via a glycosyl-phosphatidylinositol (GPI) linkage that can be cleaved 

on treatment with phosphatidylinositol-specific phospholipase C (PIPLC), an 

enzyme that cleaves the anchors of GPI linked proteins (Davis et a l, 1991). 

Furthermore, a soluble form of CNTFRa has been identified that can form 

functional receptor complexes upon cells expressing gpl30 and LIFRp. This 

soluble form of CNTFRa has been detected in cerebrospinal fluid and in skeletal 

muscle after nerve injury, suggesting a physiological role for the released form 

of the receptor after injury (Davis et a l, 1993a).

Northern blot analysis, and in situ hybridization have detected the 

expression of CNTFRa transcripts in many tissues of the adult rat, especially 

within tissues of neuronal origin (Davis et a l, 1991; Ip et al., 1993c). 

Widespread expression is seen within the CNS in several brain regions including 

cortical layer V, and motor neurons of the ventral spinal cord. Prominent 

expression is observed in the facial and trigeminal motor nuclei, consistent with 

the view that CNTF acts on different motor neuron populations (Davis et al., 

1991; Ip et al., 1993c). During development, CNTFRa mRNA is also detected 

within the PNS in the sciatic nerve, and the dorsal root, ciliary and superior 

cervical ganglia, consistent with previous in vitro work demonstrating different 

effects of CNTF on neurons from these ganglia (Davis et al., 1991; Ip et al., 

1993c). Additionally, prominent expression of CNTFRa mRNA occurs during 

development within the neuroepithelial linings of brain vesicles, within 

developing DRGs and in the spinal cord of E ll-E l 5 rats, which contains many 

dividing neuronal precursor cells (Fredriksen and McKay, 1988; Murphy et al., 

1991; Ip et al., 1993c). The expression of CNTFRa mRNA has also been 

demonstrated in non-neural cells within the developing embryo, and the adult 

rat, with maiiced expression in adult skeletal muscle and in developing structures 

associated with the heart and intestinal tract (Ip et al., 1993c).
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Reconstitution experiments using cell lines transfected with 

combinations of the various receptor components have revealed that the 

CNTFRa is not sufficient for signalling, and forms a functional receptor only 

when it is co-expressed with LIFRp and gpl30 subunits (Baumann et al., 1993; 

Davis et al., 1993b; Gearing et at., 1994). Similarly, introduction of the LIFRp 

and gpl30 subunits, which are alone sufficient for LIF signalling, does not 

constitute a fully functional receptor for CNTF (Baumann et al., 1993; Davis et 

al., 1993b; Gearing et al., 1994). CNTF binds to the CNTFRa-LIFRp complex 

or CNTFRa-LIFRp-gpl30 with high affinity (KD -10-12 m) whereas CNTF 

binds to CNTFRa alone or CNTFRa-gpl30 with low affinity (KD ~1Q-^M). 

However, whether the high affinity CNTFRa-LIFRP complex has a 

physiological role is not cleai" (Gearing et a i, 1994; Wong et al, 1995).

Targeted mutation of the gene encoding CNTFRa has a profound effect 

on motor neuron development and results in perinatal lethality (DeChiara et al., 

1995). The phenotype of mice with this mutation is strikingly different to that of 

mice that have undergone CNTF gene inactivation, which display much milder 

changes within the CNS (DeChiara et al., 1995; Masu et al., 1993). Typically, 

CNTFRa"/" mice have a reduction in the total complement of motor neurons in 

the brainstem trigeminal, facial and hypoglossal motor nuclei (27%, 41% and 

51% respectively), and a 33% reduction was noted in the lumbar' motor neuron 

pool (DeChiara et al., 1995). Since comparison of CNTF"/" and CNTFRa"/" 

mice has demonstrated that inactivation of the CNTF gene leads to a less severe 

phenotype than inactivation of the CNTFRa gene, it has been proposed that 

CNTFRa may be a receptor for an as yet unidentified ligand, as none of the 

other identified cytoldnes forms a receptor complex with CNTFRa (DeChiara et 

al., 1995).
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ÏL“6Roc

The interleukin-6 receptor (IL-6Ra) was initially isolated and cloned 

from a human natural Idller-like cell line (Yamasald et al., 1988). Subsequently, 

a homologous IL-6Ra cDNA has been isolated from rat liver that has 71% 

identity with the human leukocyte IL-6Ra in the coding region (Baumann et al.,

1990). These studies have demonstrated that IL-6Ra is an 801cD protein, with 

-468 amino acid residues, 6 potential N-linked glycosylation sites, and a short 

hydrophobic sequence that is a putative intracytoplasmic domain (Yamasaki et 

al., 1988;Baumann etal., 1990).

Northern blot and in situ hybridization analysis have shown that the 

expression of IL-6Ra within the nervous system is co-localised with its ligand, 

IL-6 (Schobitz et al., 1992; Schobitz et al., 1993). The mRNAs for both IL-6 

and IL-6Ra are expressed in the dentate gyrus and regions CAl and CA4 of the 

hippocampus, the habenulae, the dorsomedial and ventromedial hypothalamic 

nuclei, the optic tract and the pyriform cortex of the adult rat (Schobitz et al., 

1992; Schobitz et al., 1993). This widespread tissue distribution has been 

suggested to correlate with a role for IL-6 in the co-ordination of metabolic, 

behavioural and neuroendocrine changes in the brain, and since the cytokine and 

receptor are co-localised, may imply an autocrine or paracrine mode of action 

(Schobitz et al., 1992; Schdbitz et al., 1993). Further experiments have 

demonstrated an increased immunoreactivity to IL-6Ra and IL-6 in Schwann 

cells after lesion of the hypoglossal nerve, suggesting a role for IL-6 and its 

receptor in injury responses (Hirota et al., 1996). Within the PNS, IL-6Ra 

mRNA is expressed by cultured primary sympathetic neurons, and its expression 

is upregulated after treatment with IL-6 (Marz et al., 1996). The expression of 

IL-6Ra by sympathetic neurons suggests a potential role for IL-6 in modulating 

sympathetic function.
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The mode of signalling that IL-6 employs is similar to that of CNTF. 

Initially, EL-6 binds to IL-6Ra and subsequently recruits the gpl30 signalling 

subunit (Taga et al., 1989). Deletion of the intracytoplasmic region of IL-6Ra 

does not reduce the capacity of EL-6 to induce growth inhibition on a murine cell 

line, suggesting that the intracytoplasmic domain is not necessary for effective 

signalling (Taga et al., 1989). Similarly, a soluble form of the receptor (sIL- 

6Ra) lacking the transmembrane and cytoplasmic domains fomis complexes 

with gpl30 and has functional capabilities (Taga et al., 1989; Lust et a l, 1995).

Transgenic mice that constitutively express IL-6Ra in conjunction with 

EL-6 have been reported to display accelerated regeneration of the axotomized 

hypoglossal nerve, further suggesting a role for IL-6 and IL-6Ra in nerve 

regeneration after trauma in vivo (Hirota et al., 1996).

LIFRp

The LIF receptor-p was isolated and cloned by expression screening of a 

human placental cDNA library using iodinated LIF (Gearing et a l, 1991). The 

LIF receptor is homologous to the IL-6 P receptor, gpl30 (discussed below), 

which suggests that the two receptors might shaie a common signal transduction 

pathway (Geaiing et al., 1991). A murine cDNA encoding the LIF receptor has 

subsequently been isolated by cross hybridization, and shares -70% amino acid 

identity to the human sequence (Gearing et al., 1991). The cDNA for human 

LIF encodes a 190kD protein, with 1097 residues comprising a pre-pro LIFRp, 

which consists of a signal sequence, a lai*ge 789 residue extracellular* domain, a 

transmembrane domain and a 238 residue cytoplasmic domain (Gearing et al.,

1991). The receptor possesses 20 potential N-linked glycosylation sites, 19 of 

which reside in the extracellular domain, and sequence comparison between the 

LIFRP and gpl30 receptors revealed -65% amino acid identity in the 

tiansmembrane region (Gearing eta l, 1991).
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Expression of LIFRp mRNA during development has been demonstrated 

by in situ hybridization, and a novel technique using heterozygous embryos 

raised for the purpose of gene deletion experiments (see below), where the lacZ 

reporter gene was incorporated into the targeting vector and used to examine the 

developmental distribution of the receptor (Li et al., 1995). Expression in the 

developing nervous system is apparent in the hindbrain and neural crest at E9.5, 

and from E14.5 through to adulthood, expression is prominent in the brainstem 

motor nuclei, including the hypoglossal and facial nuclei, and also the nucleus 

ambiguus (Li et al., 1995). LIFRP is also expressed in spinal motor neurons, 

and within the PNS, in dorsal root ganglia (Li et al., 1995).

Reconstitution and affinity cross-linking experiments have revealed that 

coexpression of LIFRP and gpl30 are required for the formation of functional 

receptors for LIF, OSM, CNTF, and CT-1 (Baumann et a l, 1993; Davis et a l, 

1993b; Gearing et a l, 1994; Pennica et a l, 1995b). Further experiments have 

demonstrated that the signalling mechanism of LIFRP involves activation of the 

MAP kinases ERKl and ERK2 (Boulton et a l, 1994; Thoma et a l, 1994), in 

addition to recruitment of adapter proteins known such as SHC, GRB2, and 

activation of PLCy, PI-3 kinase, and members of the STAT family of

transcription activating factors (Boulton et a l,  1994; Stahl et a l,  1994). 

Activation of STAT signalling proteins by tyrosine phosphorylation has been 

shown to be conferred by members of the Jak/Tyk family of non-receptor 

protein tyrosine Idnases that are pre-associated with LIFRp and gpl30 (Boulton 

e ta l, 1995).

Targeted mutation of the gene encoding LIFRp causes perinatal death, 

and results in a reduction in the total number of spinal cord and brainstem 

astrocytes, concomitant with a reduction in MAP kinase activation, and loss of 

the in vitro survival response of DRG neurons to LIF, OSM and CNTF (Ware et 

a l, 1995). Detailed histopathological analysis of LIFRp"/" mice has revealed
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losses of > 35% in the complement of facial motor neurons, in addition to the 

loss of 40% of motor neurons in the lumbar spinal cord and 50% of neurons 

within the nucleus ambiguus (Li et a i, 1995). The effect of gene deletion on 

motor neuron populations is more severe in LIFRp"/" mice than that seen in mice 

deficient for LIF or CNTF or both (Sendtner et al., 1996), and has striking 

parallels with the loss of many brainstem motor neuron populations observed in 

CNTFRa"/" mice (DeChiara et ai, 1995).

gp 130

Molecular cloning of a human gpl30 cDNA has revealed that it is a 

130kD glycoprotein, of 918 amino acid residues, with a single transmembrane 

domain, 14 potential N-linked glycosylation sites, and an extracellular domain 

that consists of six fibronectin type III modules (Hibi et al., 1990). Functional 

analysis of gpl30 using amino acid substitution, has demonstrated that the 

receptor possesses a region of -61 residues in the cytoplasmic domain that are 

critical for the generation of a signal (Murakami et al., 1991). A  murine 

homologue of the gpl30 receptor has been cloned, and revealed its nucleotide 

sequence is 76% homologous to the human cDNA (Saito et al., 1992). Both 

murine and human gpl30 display significant homology to the receptors for 

prolactin, growth hormone, erythropoietin, GCSF, LIFRp and several of the 

receptors for other interleukins (Hibi et al., 1990; Gearing et al., 1991; 

Murakami et al., 1991; Saito et al., 1992).

Ubiquitous expression of gpl30 has been observed by Northern blot 

analysis. Gpl30 mRNA is present in the brain, heart, thymus, spleen, kidney, 

lung, and liver of the adult mouse (Saito et al., 1992). The levels of gpl30 

mRNA aie significantly increased in several of these tissues, when examined 

after several hours in vivo treatment with IL-6 (Saito et al., 1992). During



development, the expression of gpl30 in whole embiyos is evident as early as 

E6, with levels reaching a pealc by E8, after which they gradually decline (Saito 

et al., 1992). Several haematopoietic cell lines have been demonstrated to 

express gpl30 mRNA (Hibi et al., 1990; Saito et al., 1992J. Additionally, 

gpl30 expression has been demonstrated in the neuron-like PC 12 

phaeochromocytoma cell line and also in cultured sympathetic neurons, using 

RT-PCR and in situ hybridization (Maiz et al., 1996). Both gpl30 and IL-6Ra 

mRNAs are up-regulated in sympathetic neurons after co-treatment with IL-6 

and TNFa (Marz et al., 1996). Furthermore, gpl30 protein is up-regulated in 

the axotomised peripheral nerve, supporting the view that IL-6 signalling plays a 

role in the response to injury (Yao et al., 1997).

The association of gpl30 and the IL-6Ra to form a functional receptor 

for IL-6 was initially demonstrated by co-precipitation experiments utilising IL- 

6 specific antibodies (Taga et al., 1989). These experiments suggested that the 

two polypeptide chains in the IL-6Ra extracellular domain interact with gpl30, 

since the intracytoplasmic domain could be abolished without any functional 

loss occurring (Taga et al., 1989). The IL-6 receptor complex was originally 

thought to consist of a heterodimer of IL-6Ra and gpl30 components 

(ICishimoto et al., 1992). Subsequently, it was observed that this model was 

dissimilar from the proposed receptors for LIF and CNTF which were 

demonstrated to consist of LIFRp - gpl30 heterodimers (Ip et al., 1992b). 

Therefore, the receptor for IL-6 was proposed to be a complex of IL-6-bound IL- 

6Ra, together with a homodimer of two gpl30 subunits (Ip et al., 1992b). This 

proposal has been verified by studies using transfected cells that overexpress 

LIFRp and gpl30 subunits. In these studies, disulphide linked homodimers of 

gpl30 were retrieved after stimulation with IL-6, and only these homodimers 

were associated with tyrosine kinase activity (Davis et al., 1993b; Murakami et 

al., 1993). The heterodimeric LIFRP - gpl30 complex has now been 

demonstrated as a signal transducing receptor for LIF, CNTF, OSM, IL-6 and
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CT-1 (Davis etal., 1993b; Murakami etal., 1993; Sporeno etal., 1994; Pennica 

et al., 1995b). Intracellular signal transduction has been demonstrated upon 

ligand binding, and is conveyed by pre-associated members of the Jalc/Tyk non­

receptor tyrosine kinases, as with LIFRp (Stahl et al., 1994)

Targeted inactivation of the gene encoding gpl30 results in a reduction 

in the total complement of haematopoietic cells and striking defects within the 

developing heart, leading to embryonic lethality (Yoshida et al., 1996). The 

specific developmental defects result in a loss of cai’diac myocytes, cells whose 

development is known to be regulated by the cytokine CT-1 (Pennica et al., 

1995b; Zheng et al., 1996). No obvious developmental defects are apparent 

within the nervous system of gpl30"/" mice, however, since the gpl30"/" 

mutation results in embryonic lethality, it is possible that any nervous system 

defects due to the mutation may not be evident until late stages of development 

or adulthood. A more detailed analysis of these embryos is currently being 

undertaken (Yoshida e ta l,  1996).

1.6 The TGFp Family of Neurotrophic Factors and Their Receptors.

The ti'ansforming growth factor p (TGFp) family of proteins comprises a 

number of structurally related growth factors that regulate cell growth, 

differentiation, motility, organisation and cell death, during development (for 

review, see Massagué 1994). To date, around 30 members of the TGFP 

superfamily have been identified, that have numerous functions in different 

tissues (Massagué et a l, 1994). The effects of members of the TGFp family on 

neuronal survival are limited, however, TGFp 1 and TGFP 2 have been 

demonstrated to promote the survival of midbrain dopaminergic neurons and 

protect against the neurotoxin MPTP (Poulsen et a l, 1994; Kreiglstein et a l, 

1995). Recently two proteins of the TGFp family, glial cell line-derived
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neurotrophic factor (GDNF) (Lin et al., 1993), and neurturin (NTN) (Kotzbauer 

et al., 1996), have been identified that have extensive survival promoting effects 

on developing PNS and CNS neurons (Lindsay and Yancopoulos, 1996; 

Kotzbauer etal., 1996; Buj- Bello etal., 1995).

Signalling by the majority of TGFp family members utilises a receptor 

complex consisting of two transmembrane serine/threonine kinases, whereas 

GDNF and NTN aie now known to signal via the Ret receptor tyrosine kinase, 

coupled with unique GPI-linked a  components similar to the CNTFRa 

(Massagué et al., 1996; Durbec et al., 1996) The receptors for GDNF and NTN 

have been designated GDNFRa (Jing et al., 1996; Treanor et al., 1996) and 

NTNRa (Baloh et al., 1997; Buj-Bello et al., 1997; Klein et al., 1997) 

respectively.

87



Objectives of This Study.

Since the discovery of NGF, the survival of different populations of 

developing PNS neurons has been found to be regulated by an increasing 

number of neurotrophic factors. These neurotrophic factors regulate survival via 

cell surface receptors that transduce signals across the cell membrane and in 

some cases, the same cell surface receptors are utilised by different neurotrophic 

factors. In this study I attempt to clarify the role of certain neurotrophic factors 

and their signalling mechanisms during nervous system development.

In the first part of this study, I have focused on a newly identified 

member of the neurotrophin family, NT-4/5, that like BDNF, binds to the TrkB 

tyrosine kinase receptor. Initially, I compared the survival promoting activity of 

mammalian NT-4/5 with BDNF on different populations of neurons from 

mammalian and chicken embryos, at different stages of their development. I 

then extended this study to investigate the survival responses of different 

populations of chicken BDNF responsive neurons to a homologue of NT-4/5, 

Xenopus NT-4.

Since all of the neurotrophins bind to the low affinity p75 receptor, in the 

second part of this study I have examined the responses of different populations 

of mammalian and chicken neurons at different developmental stages, using a 

mutated NGF protein that does not bind to the p75 receptor. Thus I have used 

an alternative approach to the analysis of neurotrophin function in the p75 

'knockout' mouse, in order to further clarify the role of the p75 receptor in 

neurotrophin signalling during nervous system development.

In the final part of this study, I have studied the ability of developing 

cranial sensory neurons to survive in the presence of a group of neurotrophic 

factors that do not belong to the neurotrophin family. The structurally related 

neurotrophic cytokines, CNTF, LIF, OSM, IL-6 and the newly identified CT-1,
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are known to signal via different cell surface receptors and intracellular 

pathways to the neurotrophins. I have examined the survival promoting effects 

of this group of proteins in comparison with members of the neurotrophin family 

at closely staged intervals during the development of populations of sensory 

neurons that respond to different neurotrophins.
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CHAPTER 2

GENERAL METHODS

2.1 Introduction.

Cranial sensory neurons have many advantages for studying the different 

phases of neuronal development. These neurons and their progenitor cell 

populations aie well-defined, may be easily obtained for in vitro experimental 

studies, and are accessible to experimental manipulation in ovo, in the case of 

avian embryos, from the eaiiiest stages of their development (Davies, 1989; 

Vogel and Davies 1993). The peripheral target fields of several cranial sensoiy 

ganglia, such as the trigeminal ganglion, are clearly delineated, and this has 

facilitated detailed studies of the influence of the target field on various aspects 

of neuronal development (Lumsden and Davies, 1983; Lumsden and Davies, 

1986; Davies, 1987; Buchman and Davies, 1993). In contrast to the functional 

heterogeneity of dorsal root ganglia, cranial sensory neurons are for the most 

part segregated into functionally distinct populations. Perhaps as a consequence 

of their functional segregation, populations of cranial sensory neurons have quite 

distinct neurotrophic factor requirements. This has previously facilitated studies 

of the function of different neurotrophic factors in regulating neuronal survival 

(Davies et a l, 1986a; Allsopp et a i, 1993a; Allsopp et al, 1993b Paul and 

Davies, 1995).

In this chapter, techniques for culturing different populations of 

embryonic chicken cranial sensory and autonomic neurons, and selected 

populations of embryonic mouse cranial sensory and autonomic neurons will be 

described. The description will be restricted to the establishment of dissociated 

cultures. Because non-neuronal cells can be effectively removed from these 

cultures, analysis of the effects of a particular factor on neurons is not 

complicated by any indirect effects mediated by non-neuronal cells.
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2.2 Dissection Techniques.

Instruments and Equipment

All dissections and subsequent preparation of neuronal cultures were 

carried out in a laminai* flow hood using standaid sterile technique. For the final 

stages of dissection, a stereomicroscope with zoom lens was employed, using a 

fibre optic light source for illumination.

In the initial stages of most dissections, toothed forceps, straight and 

curved watchmaker's forceps, and a scalpel were required. Tungsten needles 

were required to complete dissections and to remove adherent connective tissue 

from the dissected neural tissue. These were made from 0.5 mm diameter 

tungsten wire as follows (Figure 2.1). The wire was cut into 3 to 5 cm lengths 

using wire cutters. The wire was then bent 1 cm from the end, to an angle of 

around 60°. This end was immersed with the bent portion near horizontal in 5M 

KOH. A current of 3 to 12 volt DC was passed through the wire and a second 

copper electrode was immersed in this solution. The tungsten was then etched 

away over several minutes so as to form a taper from the bend to the tip of the 

needle. To form a sharp point at the tip, the bent portion was placed vertically in 

the solution for several seconds. The needles were washed in water to remove 

the alkali. For dissection, the needles were held in chuck-grip platinum wire 

holders. Forceps and scalpels were sterilised by flaming in alcohol. Tungsten 

needles were sterilised in a Bunsen burner flame, which additionally tempered 

the wire thus increasing its rigidity.

Plastic ware: Sterile plastic dishes (60 and 100 mm diameter, supplied by

Corning).

Solutions: All dissections were carried out using Liebowitz’s L I5 medium 

without sodium bicarbonate (supplied by GIBCO, see appendix).
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Electrod#

Figure 2.1 Diagram detailing the method for making electrolytically sharpened tungsten 

needles. (From Davies, 1988)
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2.2 Dissection of chicken embryo cranial sensory neurons.

Naturally occurring cell death occurs in cranial sensory ganglia during 

the mid-embryonic stages. Because each population of cranial sensory neurons 

is dependent on a particular neurotrophic factor or combination of factors, 

studying these neurons at this stage of development has previously been used for 

analysing the function and co-operation of neurotrophic factors (Davies, et al., 

1986a; Davies et al., 1986b; Davies and Lindsay 1985; Allsopp et al., 1993a). 

The location of the cranial sensory ganglia in the E10 chick embryo is shown in 

Figure 2.2. The precise embryonic stage was determined using the criteria of 

Hamburger and Hamilton (1951).

TMN

1mm

F igu re  2.2 Lateral aspect of the head and neck of an ElO chicken embryo showing the locations 

of the trigeminal mesencephalic nucleus (TMN) and the trigeminal (T), geniculate (G), 

vestibulo-acoustic (VA), petrosal (P), jugular (J) and nodose (N) ganglia. (From Davies and 

Lindsay, 1985)
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Dissection of mid-embryonic trigeminal sensory ganglia.

1. Fertile chicken eggs were incubated in a forced-draft, humidifed incubator at 

38°C for the required time. To remove embryos, the eggs were held with their 

blunt end uppermost (where the airspace is located) and each egg was swabbed 

with 70% alcohol and allowed to dry. The shells were cracked in a line around 

the airspace by tapping with forceps and this portion of the shell was removed. 

The membrane lining the airspace was then removed. The embryo, together 

with its adherent membranes, was then carefully removed with a pair of curved 

forceps.

2. Embryos were washed in a 60 mm dish containing L I5 medium and all 

membranes were removed with a pah* of watchmalcer's forceps.

3. Tungsten needles were used to isolate paits of the developing head containing 

the trigeminal ganglia (Figure 2.3a).

4. The part of the head containing the trigeminal ganglia was bisected along the 

saggital plane, in the following way. A tungsten needle was inserted into the 

cavity of the developing fourth ventricle and the tissue was turned so that its 

ventral aspect lay next to the bottom of the dish. The tungsten needle was then 

pressed against the bottom of the culture dish from where it was inserted. To cut 

through the roof of the fourth ventricle, the bisection was completed by pushing 

a tungsten needle down thr ough the tissue to the bottom of the dish.

5. The hindbrain was removed from the medial aspect of each half of the 

bisected tissue using tungsten needles

6. Ganglia were dissected from the surrounding tissues by bringing two 

tungsten needles down on either side of each ganglion and removing any 

adherent connective tissue with these needles. Ganglia were further sub 

dissected into their dorsomedial and ventr olateral aspects (Figure 2.3b)

7. The ganglia were collected and removed to a separate 35 mm dishes using a 

siliconised Pasteur pipette.
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Figure 2.3a Dorsal aspect of the cranial base after removal of the brain, showing the lines for 

sub dissecting this tissue into blocks that contain the trigeminal ganglion (block A), vestibulo- 

acoustic, and geniculate ganglia (block B) and the jugular and petrosal ganglia (block C). The 

trigeminal ganglion (T) and the roots of the vestibulo-acoustic (V) and jugular (J) ganglia are 

shown. (Modified from Davies, 1988).

OL

MAAL

DM

VL

Figure 2.3b Sub dissection of the trigeminal ganglion into dorsomedial (DM) and ventrolateral 

(VL) poles. The ophthalmic lobe (OL) is separated from the maxillo mandibular lobe (MML) 

along the interrupted line shown in A. The MML is sub dissected along the lines shown in B to 

obtain the DM and VL poles. (Modified From Davies, 1988).
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Dissection of the mid-embryonic trigeminal mesencephalic nucleus (TMN).

This population of neural crest-derived, BDNF-dependent, primary 

sensory neurons was dissected from the midbrain (Davies, 1986).

1. The brains were collected in L15 medium (20 to 40 in most preparations).

2. These were transferred to a fresh plastic dish containing L I5, and the 

dissection was completed with tungsten needles as shown in Figure 2.4.

TV

Wnm

B
TV

Figure 2.4 Successive stages in the dissection of the median part of the TMN from an E12 

chick embryo. A, Dorsal aspect of the brain showing the location of the two coronal incisions 

(interrupted lines) for isolating the midbrain. B, Caudal aspect of the isolated midbrain showing 

the location of the two parasagittal incisions for removing the roof of the cerebral aqueduct after 

carefully stripping off the overlying pia mater. C, Dorsal aspect of the cerebral aqueduct 

showing the location of the incisions for cutting out the median part of the TMN. D, Sub 

dissection of the median part of the TMN. Abbreviations; tectal vesicle (TV), tectal commissure 

(TC), posterior commissure (PC), cerebral aqueduct (CA) rostral (R), middle (M), caudal (C). 

(Adapted from Davies, 1986)
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Dissection of the mid-embryonic nodose ganglia.

The ganglia are located either side of the midline in tissues lying in front of the 

vertebral column at the base of the neck.

1. Embryos were extracted from eggs using a pair of curved forceps placed 

beneath the neck and the embryos were decapitated close to the base of the skull.

2. The skin was removed from the front of the neck and upper thorax using a 

pair of watchmakers forceps and the great vessels emerging from the heai't (the 

aorta, superior and inferior vena cava, and pulmonary arteiy) were exposed by 

separating the overlying muscular and skeletal tissues at the upper part of the 

thorax.

3. Using one blade of a pair of watchmakers forceps, which was inserted deep to 

the root of the great vessel (i.e., between these and the underlying vertebral 

column), the great vessels were held and their attachment to the heart severed 

using a second pair of watchmakers forceps. The great vessels and the attached 

tissues lying in front of the neck were gently pulled away from the underlying 

vertebral column, using the second pair of forceps to loosen the tissues so that 

they peeled away from the vertebral column without tearing it (Figure 2.5).

4. This tissue, which contains both nodose ganglia, was gathered in a fresh 65 

mm dish containing L I5 medium. The tissue was then sub-dissected using 

tungsten needles. The nodose ganglia are recognised by their opaque white 

exterior, spindle shape and attached vagus nerve. The vagus nerves were 

removed and the ganglia were cleaned of all adherent tissue using tungsten 

needles.
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Figure 2.S Vential aspect of the thoracic region of an ElO chicken embryo after removal of the 

skin and reflection of the ventral thoracic wall to either side of the midline, exposing the heart 

and great vessels. The great vessels are clasped with a pair of forceps prior to removing tlie 

attached tissues. The connective tissue lying either side of the great vessels contains the two 

nodose ganglia (N) attached to the vagus nerves (shown by the interrupted lines).
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Dissection of paravertebral sympathetic chain ganglia.

These ganglia aie located either side of the inidline, lying proximal to the 

vertebral column and ventral to the dorsal root ganglia.

1. Embiyos were removed from eggs using a pair of curved forceps placed 

beneath the neck and the embryos were decapitated close to the base of the skull.

2. Skin was removed from the front of the neck and upper thorax using a pair of 

watchmalcers forceps. A pair of curved forceps was used to remove the thoracic 

and abdominal viscera, exposing the spinal column and lumbosacral dorsal root 

ganglia.

3. The posterior thoracic and abdominal walls were gently washed with L I5 

from a Pasteur pipette.

4. Using the blade of a pair of watchmakers forceps, the ganglia were gently 

peeled away from the vertebral column (Fig. 2.6) Care was taken to ensure the 

ganglia were kept intact. Ganglia were then removed using a siliconised Pasteur 

pipette and pooled in a fresh 65mm dish containing LI5 medium.

2mm

Figure 2.6 Ventral aspect of the lumbosacral region of an ElO chick embiyo after evisceration 

showing the location of the paravertebral sympathetic chain ganglia (SC) (Adapted from Davies, 

1988)
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2.3 Dissection of cranial sensory ganglia from mouse embryos.

Mouse trigeminal and nodose ganglia, like those of the developing chick 

are readily accessible for study (see Fig. 2.7). The dissection technique for 

obtaining these ganglia differs with embryonic age. In all cases, the embryos 

were removed from pregnant females under sterile conditions .

1. The pregnant females were Idlled at the required stage of gestation (Theiler, 

1972) by cervical dislocation.

2. 70% alcohol (from a wash bottle) was then sprayed onto the abdomen,

3. A small incision in the skin on the front of the abdomen was made, and the 

skin just above and below the incision was taken between the index finger and 

thumb of each hand. The sldn was pulled away from the incision, immediately 

tearing it and exposing the abdominal muscles beneath.

4. Holding the anterior abdominal muscle with a pair of toothed forceps, a small 

incision was made with a pair of fine scissors, taldng caie not to cut into the 

intestines. Once air has entered the peritoneal cavity through this hole, an 

incision can be easily extended without cutting the intestines and contaminating 

the dissection with bacteria.

5. Each uterine horn was removed by holding with a pair of toothed forceps and 

cutting it free with a pair of scissors.

6. E9 to E l2 embryos were removed from the uterine horns by using a pair of 

fine toothed forceps to pinch a small part of the musculature on the anti- 

mesometrial border of the uterine horn next to each embryo. The uterine muscle 

was then cut open with a pair of fine scissors. After this procedure, the embryo, 

contained within the intact chorion and amnion, was extruded by contraction of 

the remaining uterine muscle. Cai*e was taken not to tear these membranes as 

nalced embiyos are forcibly extraded by muscular contraction of the uterine wall.
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Removing embryos from the uterus within their membranes can minimise this 

damage. Embryos from E13 onwards are more easily removed from the uterine 

horns within their membranes. This entailed making one continuous incision 

along the anti-mesometrial border of each uterine horn thus exposing the 

embiyos enclosed within their membranes.

7. The embryos were detached from the uterine horns whilst still within their 

membranes. This was done by detaching them from the placenta with a pair of 

watchmaker's forceps. The embryos were transferred to a fresh 65mm dish 

containing L I5 medium, and the chorion and amnion were removed using 

watchmaker's forceps.

8. For very young embryos this procedure was carried out by aspirating the 

embryos into the blunt end of a Pasteur pipette after the elongated, narrow part 

of the pipette had been carefully broken off allowing the wide part of the pipette 

to be inserted into a pipette bulb.

Dissection of trigeminal ganglia from ElO to E12 embryos,

1. Using tungsten needles, two coronal incisions through the head were made, 

one just above each eye, the other between the maxillary and mandibular 

processes of the first branchial arch (Figure 2.8 A). The trigeminal ganglia can 

be seen as two opaque structures in the tissue slice obtained (Figure 2.8 B).

2. The ganglia can be easily removed from the tissue slice and freed of any 

adherent mesenchymal tissue using tungsten needles. To free the ganglion of 

this tissue, one needle was used to steady the ganglion and the other to pinch off 

the adherent tissue against the bottom of the dish.

3. The dissected ganglia were then transferred to a 35 mm dish containing L15 

medium using a siliconised Pasteur pipette

101



Figure 2.7 Drawing showing the medial aspect of the head of an El 1 mouse embryo. The 

location of the trigeminal (V) and nodose (X) ganglia are marked. Scale bar = 1 mm.

(Adapted from Davies and Lumsden, 1986)
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Figure 2.8 Drawings showing the dissection of the trigeminal ganglia from an El 1 mouse 

embryo. A, lateral aspect of the El 1 head showing the location of the transverse incision 

(interrupted lines) for obtaining a slice of tissue that contains both trigeminal ganglia. B, rostral 

aspect of this slice showing the location of the trigeminal ganglia. Trigeminal ganglion (TG), 

maxillary process (Mx), mandibular process (Mn), fourth ventricle (IV).

(Adapted from Davies and Lumsden, 1984 ).
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Dissection of trigeminal ganglia from E13 and older embryos.

This dissection is similar to that of earlier ganglia except that a pair of 

fine scissors were used in the early stages of the dissection to cut through the 

caitilage (or bone in late foetal stages) of the developing head. The scissors used 

for this dissection have very fine serrations along the blades which help to grip 

the tissue to stop it from sliding out of the blades.

1. The top of the skull was removed, in a plane just above the eyes and whisker 

pads, using a pair of forceps to steady the embryo.

2. A second cut parallel to the first, passing thiough the mouth was then made.

3. Tissue slices were transferred to a fresh 65 mm dish containing L15 medium 

and two further cuts were made with the pair of scissors in front and behind the 

trigeminal ganglia.

4. These pieces of tissue were transferred to a fresh 65 mm dish containing L15 

medium and tungsten needles were used to free the ganglia from the surrounding 

tissues and remove adherent connective tissue.
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Dissection of nodose and superior cervical ganglia from mouse embryos.

In contrast to avian embryos, the nodose ganglion (otherwise known as 

the inferior vagal ganglion) remains situated close to the base of the skull in 

mouse embryos. The dissection is similar at all ages except that a pair of fine 

scissors is required during the initial stages of the dissection in E13 and older 

embryos.

1. The top of the skull and underlying forebrain were removed using the same 

plane of section described for the first incision of the trigeminal dissection.

2. The embryos were decapitated and the head cut in half along the saggital 

plane (using tungsten needles up to E 12 and a pair of scissors or a number 15 

scalpel in E l3 and older embryos).

3. Using tungsten needles, the hindbrain was removed from each bisected head.

4. The cleft-like jugulai' foramen was then opened to the midline (Figure 2.9). 

For E12 and E l3 embiyos this was done by inserting one tungsten needle into 

the jugulai' foramen so that it lay beneath the base of the skull, medial to the 

foramen, and bringing a second needle into apposition with the first, so as to cut 

through the intervening tissues. For older embryos a pair of iridectomy scissors 

was used to achieve this.

5. A pair of tungsten needles was used to open up the jugular foramen which 

revealed the nodose ganglion lying at the base of this foramen. The nodose 

ganglion is spherical in structure with a prominent vagus nerve attached to its 

distal aspect. The ganglion is clearly distinguished from the superior cervical 

sympathetic ganglion (first visible at E l3) which is an elongated structure that is 

attached caudally to the sympathetic chain, which is much thinner than the vagus 

nerve.
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Figure 2.9 Drawings of the medial aspect of the left half of an E14 mouse embryo head 

showing successive stages in the dissection of the nodose ganglion. The bisected midline 

structures lying along and in front of the cranial base are stippled. A. The incision passing 

from the jugular foramen (J) to the midline is shown by the interrupted line. The direction in 

which the large ossified part of the occipital bone (O) should be reflected to open up the jugular 

foramen after making the previous incision is shown by the large curved arrow. T, tongue; 

ACF, anterior cranial fossa; R, root of the trigeminal nerve; IE, inner ear. B. The nodose 

ganglion (N) and superior cervical sympathetic ganglion (S) are revealed after extending the 

jugular foramen to the midline and reflecting the large ossified part of the occipital bone 

backwards.
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2.4 Tissue dissociation techniques.

Dissected neural tissue was incubated with tiypsin, washed and triturated 

to give a single cell suspension. The procedure is similar for mammalian and 

avian tissue of all embryonic stages, but the strength of the trypsin and 

incubation times were adjusted for the particular tissue.

1. Using a Pasteur pipette, the dissected tissue was transferred to a 10 ml 

conical tube containing 1 to 2 ml of calcium/magnesium-free, Hanks Balanced 

Salt Solution (CMF-HBSS). The tissue was washed, by agitation and the CMF- 

HBSS was then removed. For chicken ganglia, 0.9 ml of fresh CMF-HBSS was 

added, plus 0.1 ml of 1% trypsin (Worthington) in CMF-HBSS (stored as a 

stock solution in 0.1 ml aliquots at -20°C). For eaily mouse ganglia, 0.95 ml of 

fresh CMF-HBSS and 0.05 ml of 1% trypsin were added .

2. The lower end of the tube was immersed in a water bath, at 37°C, for 10 min 

for early sensory ganglia from chicken embryos, 15 to 20 min for mid- 

embryonic ganglia from chicken embryos, 5 min for early sensory ganglia from 

mouse embryos and up to 10 min for older embryonic mouse sensory ganglia. 

These times were adjusted for different batches of trypsin. The optimum time 

was discovered to be a compromise between neuronal damage due to over- 

trypsinization, and neuronal damage due to the vigorous trituration required to 

dissociate under-trypsinized tissue. If the tissue started to disaggregate before 

trituration, the time was too long. If the tissue dissociated with difficulty and 

incompletely with trituration, the time was not long enough.

3. After trypsinization, most of the trypsin solution was removed using a 

Pasteur pipette. The tissue was washed with 2 x 10 ml of Hams F12 or F14 

medium containing 10% heat-inactivated horse serum to remove and inactivate 

the residual trypsin. Removal of the medium was facilitated by pelleting the 

tissue between washings in a bench top centrifuge, at 2000 x g, for 1 to 2 min
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(this was essential for small ganglia). If the neurons were to be sepaiated from 

the non-neuronal cells by differential sedimentation, it was necessary to wash 

the tissue with about 5 ml of HBSS to remove traces of semm.

4, After washing, the tissue was dissociated into a single-cell suspension by 

trituration. This step was critical . Trituration was carried out using a 

siliconized Pasteur pipette with the tip whose tip had previously been heated in a 

Bunsen burner flame to form a fine bore. The tissue was triturated in 1.5 ml of 

culture medium or, if the neurons were to be sepaiated from non-neuronal cells 

by differential sedimentation (see below), HBSS without serum. The tissue and 

media were talcen up into the pipette and the contents were slowly expelled with 

firm pressure. If done correctly, the early ganglionic tissue were completely 

dissociated after three to five passages. When using older tissue, some 

connective tissue fragments were left after all of the neurons had dissociated. 

These larger tissue fragments were allowed to settle after the first two or three 

passages. The supernatant suspension was then taken into a fresh tube and 

gentle tiituration was continued (over-trituration causes substantial neuronal 

damage, especially in the case of large, older neurons). The trituration was 

monitored using an inverted phase contrast microscope, by examining a drop of 

the dissociated cell suspension on a glass slide. One characteristic of over­

trituration is the loss of neuronal processes. Neurons that have been triturated 

carefully should have long processes attached to their cell bodies.

Because of the increasing amounts of collagenous connective tissue in 

late embryonic and postanatal ganglia, this tissue sometimes requires treatment 

with collagenase prior to trypsinization. Therefore in instances where late stage 

embryonic or postnatal tissues were used, the tissue was incubated with 500 

Hg/ml collagenase (Worthington) in F12, for 10 to 15 min, at 37°C. The tissue 

was then washed in HBSS prior to tiypsinization.
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2.5 Separation of neurons from non»neuronai cells.

A variety of different non-neuronal cells synthesise and release 

neurotrophic factors in culture. Therefore, it is essential to remove these cells 

prior to culture when studying the effects of neurotrophic factors on any 

population of neurons. If they aie not removed, the percentage neuronal survival 

in control cultures may be unacceptably high. Furthermore, if non-neuronal 

cells aie present, it cannot be concluded whether the effect of a factor or reagent 

on neuronal survival is due to a direct action of the factor on the neurons, or 

whether it is mediated via the non-neuronal cells.

Several different methods may be used to remove satellite cells and 

Schwann cells from mid to late embryonic dissociated ganglionic tissue. The 

method of differential sedimentation described here was found to be the most 

effective, reliable and rapid for removing non-neuronal cells from cranial 

sensoiy ganglia.

Differential adhesion was found to be advantageous when the size 

difference between neurons and non-neuronal cells is very small (as in the case 

of the vestibular ganglion), and may be desirable in these instances. However, 

neither method works very well for very early ganglia which contain progenitor 

cells in addition to satellite and Schwann cells. In these cases the potential 

effects of factors produced by non-neuronal cells can be reduced by setting up 

very low density cultures in a relatively large volume of culture medium (which 

was also routinely done for older embiyonic cultures) or by setting up single cell 

cultures (Wright, et al, 1992).

A further complication encountered when setting up early ganglionic cell 

cultures is that progenitor cells may differentiate into neurons in culture. 

Therefore, when studying the effects of factors on the survival of eaidy nemons, 

it must be borne in mind that an increase in the number of neurons in eai'ly

108



ganglionic cell cultures could result not only from the enhanced survival of 

differentiated neurons, but also from an enhanced rate of neuronal 

differentiation. An increase in the number of neurons in early ganglionic cell 

cultures due to growth factor treatment, may also reflect an increase in the 

number of progenitor cells. An increase in progenitor cells may occur as a result 

of proliferation or enhanced survival. Such an increase will create a larger pool 

of cells that can subsequently differentiate into neurons. To distinguish between 

these alternatives it is necessary to follow the fates of individual neurons in these 

cultures (Buchman and Davies, 1993; Paul and Davies, 1995).

Differential sedimentation of embryonic chicken neurons.

This technique depends on differences in sedimentation rates of cells in a 

liquid medium. Generally, the larger the cell, the faster its rate of sedimentation, 

therefore neurons sediment more quickly than non-neuronal cells because of 

their greater size. Several variations of the method described by Miller and 

Phillips (Miller and Phillips, 1969) have been applied to embryonic neural 

tissue (Lam, 1972; Barkley, et al., 1973; Cohen, et ah, 1973; Cohen et al; 1978; 

Berg and Fischbach, 1978). This method is applicable to all populations of 

neurons in the peripheral nervous system and is very efficient (at least 60% of 

the neurons in the starting tissue are recovered uncontaminated by other cells). 

Furthermore, since the cells sediment through culture medium, neuronal 

viability is veiy high.

1. Sedimentation was carried out in a 100 ml cylindrical, siliconised glass 

dropping funnel with a ground glass outlet tap (Figure 2.10). Funnels were 

sterilised before use by autoclaving. Each funnel was filled to a height of 8 to 

10 cm with F14 medium plus 10% heat-inactivated horse serum (thoroughly

109



mixed and filtered through a 0.2 fim Millipore filter beforehand). Funnels were 

clamped vertically in a stand, and placed on a vibration-free surface at 2 ±

0 .5 0 c , overnight.

2. The dissociated cell suspension was usually made up to a volume of about 2 

ml in HBSS. The cell suspension was carefully layered on the medium, by 

running it down the inside of the funnel, and the foil on top of the dropping 

funnel was then replaced.

3. After an hour, the foil was removed from the spout, and 4 to 5 ml aliquots 

were mn off into sterile tubes.

4. Samples of 0.5 ml were talcen from each fraction, and placed in a 24 multi­

well plate (with 16 mm diameter wells). These were examined with a phase 

contrast microscope to determine which fractions contained only neurons. Mid- 

embryonic and older neurons were clearly distinguished from other cells by their 

chaiacteristic rounded phase bright cell bodies and elongated processes.

5. All of the neuronal fractions were pooled and were plated in Nunc tissue 

culture dishes, as described below.
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Figure 2.10 Drawing of a dropping funnel showing a cell suspension (heavy stipple) layered on 

culture medium (light stipple).

(Adapted from Davies, 1988)
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2.6 Cell Culture Techniques.

Preparation of the culture substratum.

Neurons were grown on a laminin/polyornithine substratum. For most 

experiments, 35 mm diameter plastic tissue culture dishes were used (Nunc 

dishes available from provided the best results). The following substratum was 

used :

1. 1 ml of 0.5 mg/ml poly-DL-ornithine in 0.15M borate buffer (pH 8.6 and 

filter-sterilised using a 0.2 |im filter prior to use) was placed in each dish and left 

to stand overnight at room temperature.

2. The polyornithine solution was then aspirated, and the dishes were washed 

three times with sterile distilled water. Dishes were then left to air-dry in a 

laminai* flow hood.

3. A 150 \il aliquot of a 20 pg/ml solution of laminin in F14 medium was placed 

in the centre of each dish, and a pipette tip was used to spread this over about 

two-thirds of the dish surface. Dishes were then placed in a tissue culture 

incubator for at least 4 h.

4. Dishes were removed from the incubator and washed twice with F 14 culture 

medium (it is important not to allow the dishes to dry between washes as 

medium will form crystalline deposits on the base of the dish). 1 ml of medium 

was placed in each dish after washing.
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Preparation of the culture medium.

Powdered F 14 (a special formulation from Imperial labs see appendix) 

was made up with highly purified water that was sequentially passed through a 

chaicoal filter, reverse osmosis system and a Milli-Q system before being double 

distilled. The F14 medium was made up from a frozen XIO concentrate (stored 

in 50ml aliquots kept at -40°C ). The XI F14 was made up by adding Ig of 

sodium bicarbonate to 450ml of water, then a 50ml aliquot of XIO F14 was 

added and CO2 was bubbled through the medium until the pH reached between 

pH6.5 and pH7. 100 mg of streptomycin and 60 mg of penicillin were also 

added. The medium was then filter sterilised through a 0.2 pm filter, and stored 

at 4 0 c.

For culturing embryonic chicken neurons, the medium was supplemented 

with 10% heat-inactivated horse serum that was filtered through a 0.2 pm filter 

before use. Serum obtained from GIB CO generally gave the best results. For 

embryonic mouse neurons, the use of serum was avoided. Instead, a defined 

medium was used, containing the following supplements added to XI F 14 

medium: 2 mM glutamine, 0,35% bovine serum albumin (Pathocyte-4, ICN), 60 

ng/ml progesterone, 16 pg/ml putrescine, 400 ng/ml L-thyroxine, 38 ng/ml 

sodium selenite and 340 ng/ml tri-iodo-thyronine. The use of this medium was 

employed as it was not conducive for the growth of non-neuronal cells. 

Generally, mouse neurons were not separated from their non-neuronal 

counterparts using differential sedimentation, owing to their similaiity in size.

113



Seeding the neurons.

To carry out a dose response to a neurotrophic factor, a suitable range of 

dilutions was first set up in culture medium at double the required final 

concentration.

The culture medium was removed from the washed dishes and 1 ml of each 

dilution was placed in triplicate dishes. Control dishes (usually at least four) 

each received 1 ml of medium. To avoid possible observer bias, dishes were 

often coded.

The most reliable results were obtained when the neurons were plated at 

a density of between 400 and 800 per dish. The suspension of neurons was 

placed in a suitable volume of medium in a large screw-top tube (e.g. 50 ml 

centrifuge tube) and the neurons were evenly distributed in the medium by 

gently rocking the tube end-over-end several times. The neurons were dispersed 

within each dish using a microlitre pipette, in two lots of 0,5 ml (to ensure even 

distiibution). It was important to avoid touching the medium in the dishes with 

the pipette tip, otherwise small quantities of neurotrophic factor could be 

transferred to other dishes. Dishes were returned to a humidified CO2 incubator 

at 370  C (4% CO2 was used for F I4 medium). Because of the veiy low neuron 

density required, the most reliable method of estimating the correct neuron 

density at the time of plating neurons was observation by eye. For this purpose, 

a 1ml aliquot of the cell suspension was placed in a test culture dish and the 

resulting neuronal suspension was examined with a phase contrast microscope.
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Quantification of neuronal survival.

To quantify neuronal survival, a standard graticule for examining the 

same ai*ea of each culture dish was used. These were made from the base of a 90 

mm plastic dish using a scalpel blade to inscribe a 12 xl2 mm squaie divided 

into 2 mm squares, using graph paper as a template.

1. The graticule was mounted on the stage of an inverted phase contrast 

microscope with the inscribed surface uppeimost.

2. To determine the number of neurons seeded per dish, several dishes were 

examined after 6 hours in culture. Each dish was centred over the graticule, and 

the number of neurons within the inscribed area was counted. A small 

percentage of neurons (usually less than 10%) are damaged during dissociation, 

and do not attach to the substratum. These neurons were ignored and only those 

that had attached were counted.

3. The number of surviving neurons in all dishes was counted after at least 48 

hours in culture. In almost all cases, long neurites had grown from these 

neurons. Viable neurons were those neurons with rounded, phase bright cell 

bodies with a neurite length > 5 times the diameter of the cell body (Fig 2.11)

4. The survival responses of neurons to a particular neurotrophic factor are 

expressed as percentage survival. This is, the quotient of the number of attached 

neurons in the graticule area at six hours and the number surviving in this same 

area at 48 hours.
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B.

Figure 2.11 A. Phase contrast photomicrograph of an ElO DMTG neuron after 48 hrs in culture 

in the presence of NGF. B. Phase contrast micrograph of an ElO DMTG neuron after 48 hrs in 

culture in the absence of trophic factors. Scale bar = 25.0|im.
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Neurotrophic Factors,

The neurotrophins used in this study were obtained from the following 

som'ces.

Recombinant human NGF, was bacterially expressed in Eschericia coli, 

a gift of Dr. Arnon Rosenthal, Genentech Inc. Recombinant human NGF- 

mutant, was bacterially expressed in Eschericia coli, a gift of Dr. Arnon 

Rosenthal, Genentech Inc., USA. Recombinant human BDNF, was bacterially 

expressed in Eschericia coli, a gift of Dr. Arnon Rosenthal, Genentech Inc., 

USA. Recombinant human NT-4/5, was bacterially expressed in Eschericia 

coli, a gift of Dr. Arnon Rosenthal, Genentech Inc., USA. Recombinant 

Xenopus NT-4, was bacterially expressed in Eschericia coli, a kind gift of Prof. 

Yves Bai'de, Max-Planck Institute, Munich, Gerrmany

The neurotrophic cytokines used in this study were obtained from the 

following sources. Recombinant human CNTF, was bacterially expressed in 

Eschericia coli, a gift of Dr. Arnon Rosenthal, Genentech Inc., USA. 

Recombinant human LIF, was bacterially expressed in Eschericia coli, a kind 

gift of Dr. Perry Bartlett, Walter and Eliza Hall Institute, Melbourne, Western 

Australia. Recombinant human OSM, was bacterially expressed in Eschericia 

coli, a kind gift of Dr. Perry Bartlett, Walter and Eliza Hall Institute, Melbourne, 

Western Australia. Recombinant human IL-6, was bacterially expressed in 

Eschericia coli, a kind gift of Dr. Perry Baitlett, Walter and Eliza Hall Institute, 

Melbourne, Western Australia. Recombinant human CT-1, was bacterially 

expressed in Eschericia coli, a gift of Dr. Dianne Pennica, Genentech Inc., USA.
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CHAPTER 3

THE ROLE OF NEUROTROPHIN-4/5 DURING CRANIAL 
SENSORY NEURON DEVELOPMENT.

3.1 Introduction

The neurotrophins NGF, BDNF and NT-3 have been structurally and 

functionally conserved during evolution. NGF, BDNF, and NT-3 from frog and 

mammals share 90-95% of their primary structure (Hallbook et al., 1991) and 

neurons from aves, reptiles amphibians and rodents respond equally well to the 

mammalian factors (Thoenen and Baide, 1980; Levi-Montalcini and Aloe, 1985; 

Barde et al., 1987; Hohn et al, 1990; Maisonpierre et al., 1990b; Rosenthal et 

al., 1990; Buchman et al., 1993). NT-4/5 is a recently identified member of the 

neurotrophin family that has been isolated from both Xenopus and mammalian 

tissues (Hallbook et al., 1991; Berkemeier et al., 1991; Ip e? al., 1992a). The 

biological activity of NT-4/5 had been examined in several previous studies 

(Henderson et al., 1993; Ibanez et al., 1993; Zheng et a l, 1995a; Zheng et al., 

1995b), however, a detailed compaiison of the species specificity and biological 

activity of Xenopus NT-4 and mammalian NT-4/5 had not been undertaken.

Cranial sensory neurons have been useful in studying the specificity of 

neurotrophins (Davies, 1987). In contrast to the functional heterogeneity of 

neurons in dorsal root ganglia (DRG), cranial sensory neurons are segregated 

into populations that deal with different kinds of sensation. As a possible 

consequence of this functional segregation, discrete populations of cranial 

sensory neurons require different neurotrophins when cultured during the period 

of naturally occurring cell death. In the chick embryo, the small diameter 

cutaneous sensory neurons of the jugulai' ganglion and the dorsomedial pai t of 

the trigeminal ganglion (DMTG) are supported by NGF (Davies and Lindsay, 

1985), but show little response to BDNF (Davies et a l, 1986b) or NT-3 (Hohn
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et aL, 1990). The large diameter cutaneous sensoiy neurons of the ventrolateral 

part of the trigeminal ganglion (VLTG) aie supported by BDNF (Davies et a l, 

1986b), but show a negligible response to NGF (Davies and Lumsden, 1983) or 

NT-3 (Hohn et al., 1990). The proprioceptive neurons of the trigeminal 

mesencephalic nucleus (TMN) are supported by BDNF or NT-3 (Davies et al., 

1986a; Hohn et al., 1990), but are unresponsive to NGF (Davies et al., 1987). 

The enteroceptive neurons of the nodose ganglion contain subpopulations of 

neurons that are supported by either BDNF or NT-3 (Lindsay et al., 1985; 

Davies et al., 1986b; Hohn et al., 1990), but aie unresponsive to NGF (Lindsay 

and Rohrer, 1985). Cranial sympathetic and parasympathetic neurons also have 

distinct neurotrophin requirements. Superior cervical sympathetic ganglion 

(SCG) neurons aie supported by NGF and NT-3 (Chun and Patterson, 1977; 

Greene, 1977; Rosenthal et al., 1990), and the parasympathetic neurons of the 

ciliary ganglion are supported by ciliaiy neurotrophic factor (CNTF), but not by 

NGF, BDNF, NT-3 or NT-4/5 (Baibin et a l, 1984; Davies et a l, 1986b; Hohn 

et a l, 1990). Additionally, recent studies have shown that the survival of NGF- 

dependent cranial sensory neurons is transiently supported by BDNF and NT-3 

during the early stages of target field innervation before the onset of naturally 

occurring neuronal death (Buchman et a l, 1993; Buj-Bello et a l, 1993).

Comparing NT-4/5 to other neurotrophins, I show that NT-4/5 and 

BDNF are survival factors for the same populations of mouse cranial neurons 

and that they are equipotent. In addition, I demonstrate that Xenopus NT-4 

(hereafter referred to as xNT-4) and mammalian NT-4/5 are much less effective 

than mammalian BDNF as survival factors for chick neurons, and that some 

populations of neurons respond to both xNT-4 and NT-4/5, while others respond 

solely to xNT-4.
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3.2 Results.

3.2.1 NT-4/5 is a Survival Factor for Specific Mouse Embryo Neurons

Low-density, dissociated cultures of trigeminal, nodose, and superior 

cervical ganglion (SCG) neurons were established from mouse embryos that 

were between 10 and 18 days gestation (ElO to E18). These neurons were 

grown either in medium alone (control cultures) or in medium supplemented 

with NGF, BDNF or NT-4/5. Except for nodose neurons at a very eaiiy stage of 

their development, virtually all neurons died in control cultures by 48 hours. 

Thus, the effects of neurotrophins on neuronal survival could be clearly 

observed at this time. Furthermore, because the serum-free medium used in 

these cultures prevented the growth of fibroblasts and glial cells, neuronal 

survival was not influenced by the release of growth factors from non-neuronal 

cells. For each experiment the number of neurons that initially attached to the 

plates was determined 6-9 hours after plating, and the percentage of neurons 

surviving after 48 hours was calculated. As depicted in Figure 3.1, similar 

numbers of trigeminal, nodose, and SCG neurons survived in the presence of 

BDNF and NT-4/5, whereas the survival response to NGF was markedly 

different. BDNF and NT-4/5 were both potent survival factors for E l l  

trigeminal neurons, but were unable to support the survival of this neuronal 

population at E15. In contrast, NGF did not support the survival of E ll  

trigeminal neurons but was a potent survival factor for these neurons from E l3 

onward. The majority of nodose neurons were supported by BDNF and NT-4/5 

throughout their development from E ll  to E18. Less than 5% of the SCG 

neurons were supported by either BDNF or NT-4/5 at E18, whereas the majority 

of these neurons were supported by NGF.

To determine whether BDNF and NT-4/5 act on the same subsets of 

trigeminal ganglion neurons, cultures of these neurons were grown in the
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presence of saturating concentrations (2ng/ml) of BDNF or (50ng/ml) NT-4/5 

alone and with both neurotrophins. Cultures of E l l  neurons containing 

individual factors or a combination of BDNF and NT-4/5 sustained the survival 

of a similar' number of neurons for 48 hours (Fig. 3.1 and data not shown). The 

lack of an additive effect indicates that BDNF and NT-4/5 promote the survival 

of the same neuronal populations.

To determine if the early suiwival-promoting effects of BDNF and NT- 

4/5 on NGF-dependent cutaneous sensory neurons are exerted over the same 

period of development, I compared the ability of BDNF and NT-4/5 to prevent 

the death of cultured trigeminal neurons at ages ranging from ElO to E15. 

Figure 3.2 shows that age-related changes in the response of trigeminal neurons 

to NT-4/5 and BDNF are very similar. ElO and E ll  neurons were the most 

responsive. There was a four-fold decrease in the number of responding 

neurons between E l l  and E l2, and there was a further smaller decrease in 

responsiveness at later ages. This indicates that BDNF and NT-4/5 aie active on 

trigeminal neurons over the same period of development.

To investigate the relative potencies of BDNF and NT-4/5,1 conducted a 

series of dose response experiments. Trigeminal and nodose neurons were 

cultured in the presence of different concentrations of BDNF or NT-4/5 and the 

number of surviving cells was determined 48 hours later. BDNF and NT-4/5 

supported the survival of ElO and E ll  trigeminal neurons to the same extent 

over a broad range of factor concentrations (Figs 3.3 and 3.4). Likewise, there 

was no significant difference in the dose responses of nodose neurons to BDNF 

and NT-4/5 in cultuies set up at E12 (Fig. 3.5).

Cultures of sensory ganglia from early developmental stages often 

contain progenitor cells that proliferate and differentiate in vitro (Rohrer et al., 

1985; Wright et al., 1992). It is therefore possible that the increase in the 

number of neurons in E ll  cultures following neurotrophin treatment was due to
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enhanced proliferation or differentiation of progenitor cells and not due to the 

survival of post-mitotic neurons. To exclude this possibility, cohorts of neurons 

were identified by their bipolai* morphology 6  hours after plating, BDNF or NT- 

4/5 was then added and the fate of the individual neurons was monitored for the 

next 42 hours. In these cohort experiments, 85 ± 3.8 % (mean ± SEM, n = 3) of 

neurons grown with BDNF and 89.7 ± 5.2 % (mean ± SEM, n = 3) of neurons 

grown with NT-4/5 survived from 6  to 48 hours in culture. In control cultures, 

none of the neurons identified at 6  hours survived to 48 hours. This indicates 

that BDNF and NT-4/5 have a direct survival-promoting effect on early 

trigeminal neurons. The fact that eaily trigeminal and nodose neurons cultured 

with BDNF or NT-4/5 contained more neurons at 48 hours than at 6  hours after 

plating (Figs. 3.1 and 3.2) suggests that proliferation or differentiation of 

progenitor cells occur in these cultures. It is therefore feasible that, in addition 

to their survival-promoting effects, BDNF or NT-4/5 act as mitogens or 

differentiation accelerating factors for neuronal progenitors in these cultures. 

Finally, although I did not undertake a quantitative study of neuronal 

moiphology, there were no obvious differences in cell body size, or in neurite 

length or branching, between neurons surviving with BDNF and neurons 

surviving in parallel cultures with NT-4/5.
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Mouse Neurons
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F igu re  3.1 Survival of m ouse em bryo  neurons in response to neuro troph ins.

The bar graph shows the percentage of neurons surviving after 48 hours in low-density, 

dissociated cultures containing 2 ng/ml of NGF, BDNF or NT-4/5. The mean ± SEM of 

triplicate cultures are shown.
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Mouse Trigeminal Neurons
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Figure 3.2 The survival of ElO to E15 mouse trigeminal neurons in cultures containing 

BDNF or NT-4/5.

The graph shows the number of neurons surviving after 48 hrs incubation with 2 ng/ml BDNF 

(filled circles) or 2 ng/ml NT-4/5 (open circles) expressed as a percentage of the number of 

neurons identified 6  to 9 hours after plating. The mean ± SEM of triplicate cultures from three 

separate experiments at each age are shown in both graphs.
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Figure 3.3 Dose response of embryonic mouse trigeminal neurons to BDNF and NT-4/5.

The graph shows the percentage of ElO trigeminal neurons surviving after 48hrs incubation with 

different concentrations of BDNF or NT-4/5. The number of neurons identified 6  to 9 hours and 

48 after plating were used to calculate the percentage. The mean ±  SEM of triplicate cultures 

from a representative experiment is shown.
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Figure 3.4 Dose response of embryonic mouse trigeminal neurons to BDNF and NT-4/5.

Graph depicting the percentage of E l l  trigeminal neurons surviving after 48hrs incubation with 

different concentrations of BDNF or NT-4/5. The mean ± SEM of triplicate cultures from a 

representative experiment is shown.
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Figure 3.5 Dose response of embryonic mouse nodose neurons to BDNF and NT-4/5.

The graph shows the percentage of 1312 nodose neurons surviving after 48hrs incubation with 

different concentrations of BDNF or NT-4/5. The mean ±  SEM of triplicate cultures from a 

representative experiment is depicted.

127



3.3.2 Effect of NT-4/5 on Chick Embryo Neurons, Comparison with xNT-4

The specificity and the potency of NT-4/5 was also tested on cranial 

sensory and autonomic neurons from ElO chick embryos and was compared 

with that of xNT-4. At this developmental age, cranial chick embryo neurons 

can be dissected as homogeneous populations and can be separated from non­

neuronal cells by differential sedimentation (see previous chapter). 

Furthermore, these neurons have an absolute dependence on neurotrophins for 

survival, and without exogenously added factors will all die by 48 hours. 

Surprisingly, NT-4/5 had little effect on any embryonic chick cranial neurons at 

a concentration which is above saturation for responsive embryonic mouse 

neurons (2 ng/ml). I therefore examined the efficacy of NT-4/5 at 50 ng/ml. As 

shown in figure 3.6, addition of NT-4/5 at this concentration had a negligible 

effect on the survival of NGF-dependent DMTG neurons. In cultures of ElO 

BDNF-dependent VLTG, nodose, and TMN neurons, approximately 10% were 

supported by 50ng/ml of NT-4/5 (Figs. B.7-3.9). The percentage of surviving 

neui'ons in these cultures was however, lower than that seen with the equivalent 

concentration of xNT-4 (consistently -  30%). When BDNF and xNT-4 were 

added in combination, no additional survival was observed beyond that seen 

with saturating concentrations of BDNF alone (Figs. 3.7 and 3.8), indicating that 

BDNF and xNT-4 act on the same subsets of trigeminal and nodose neurons. In 

the same experiments, the majority of neurons in cultures containing the most 

effective neurotrophic factor alone or in combination with NT-4/5 (at 50 ng/ml) 

sustained the survival of similai* numbers of neurons (Figs. 3.6 - 3.8).
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Figure 3.6 Survival of ElO chick DMTG neurons in response to neurotrophins.

The bar graph shows the percentage of neurons surviving after 48 hours in low density, 

dissociated, glia-free cultures containing no neurotrophic factors (control), 50 ng/ml of xNT-4 or 

NT-4/5, 2 ng/ml of NGF or combinations of these factors. The mean + SEM of triplicate 

cultures are shown (N = NGF, 4 = xNT-4, 4/5 = NT-4/5).
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Figure 3.7 Survival of ElO chick VLTG neurons in response to neurotrophins.

Bar graph showing the percentage of neurons surviving after 48 hours in low density, 

dissociated, glia-free cultures containing no neurotrophic factors (control) or 50 ng/ml of xNT-4 

or NT-4/5, 2 ng/ml of BDNF, or combinations of these factors. The mean ±  SEM of triplicate 

cultures from a representative experiment are shown. (B = BDNF, 4 = xNT-4,4/5 = NT-4/5)
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Figure 3.8 Survival of ElO chick nodose neurons in response to neurotrophins.

The bar graph shows the percentage of neurons surviving after 48 hours in low density, 

dissociated, glia-free cultures containing no neurotrophic factors (control), or 50 ng/ml of xNT-4 

or NT-4/5, 2 ng/ml of BDNF or combinations of these factors. The mean ±  SEM of triplicate 

cultures from a representative experiment are shown. (B -  BDNF, 4 = xNT-4, 4/5 = NT-4/5)
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Figure 3.9 Survival of ElO chick TMN neurons in response to neurotrophins.

Bar graph showing the percentage of neurons surviving after 48 hours in low density, 

dissociated, glia-free cultures containing no factors (control), or 50 ng/ml of xNT-4, NT-4/5, or 

2 ng/ml of BDNF. The mean ±  SEM of triplicate cultures are shown. (B = BDNF, 4 = xNT-4, 

4/5 = NT-4/5)
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Although ElO chick neurons generally did not respond well to xNT-4 or 

NT-4/5, E6  DMTG neurons, which are BDNF-dependent at this age (Buj-Bello 

et al., 1993), do respond to 50 ng/ml of these factors. I therefore compaied the 

responses of these neurons to the three factors (Fig. 3.10). Although a similar 

number of neurons survived in the presence of saturating concentrations of 

either xNT-4, NT-4/5 or BDNF, xNT-4 and NT-4/5 were far less potent than 

BDNF. For BDNF, the effective concentration at half-maximal survival (EC50) 

was 8 pg/ml, while for xNT-4, the EC50 was 2 2 0  pg/ml, and for NT-4/5, half- 

maximal survival was obtained at 8 ng/ml (calculated by interpolation of the 

data). This data suggests that xNT4 is an order of magnitude, and NT-4/5 three 

orders of magnitude less potent than BDNF as a survival factor for E6  DMTG 

neurons. Similar dose-response experiments were conducted using ElO TMN 

neurons, also revealing striking differences in the efficacy of these 

neurotrophins (see Fig. 3.11). In this case, NT-4/5 was virtually ineffective as a 

survival factor for ElO TMN neurons, and the maximal survival obtained with 

xNT-4 was ~ 60% of that obtained with BDNF.

Thus, unlike other neurotrophins, NT-4/5 can discriminate between 

mouse and chick embryonic neurons. Furthermore, although all the BDNF- 

responsive neurons I tested in the mouse embryo aie supported equally well by 

NT-4/5, certain populations of BDNF-responsive neurons are more effectively 

supported by NT-4/5 than others in the chick embryo. Furthermore, I have 

shown that xNT-4 is more effective in promoting the survival of BDNF 

responsive chick embryo neurons than mammalian NT-4/5.
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Fig.ure 3.10 Dose-responses of embryonic chick DMTG neurons to BDNF, xNT-4 and NT- 

4/5.

The number of E6  DMTG neurons surviving after 48 hrs incubation with different 

concentrations of BDNF (filled circles), xNT-4 (open circles) or NT-4/5 (open squares), are 

expressed as a percentage of the number of neurons identified 6  to 9 hours after plating. The 

mean ± SEM of triplicate cultures from representative experiments are shown.
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Fig.ure 3.11 Dose-responses of embryonic chick TMN neurons to BDNF, xNT-4 and NT- 

4/5. The number of ElO TMN neurons surviving after 48 hrs incubation with different 

concentrations of BDNF (filled circles) or xNT-4 (open circles) are expressed as a percentage of 

the number of neurons identified 6  to 9 hours after plating. The mean ± SEM of triplicate 

cultures from representative experiments are shown. The effective concentration at half- 

maximal survival was; 26 pg/ml for BDNF and 7 ng/ml for xNT-4 (NT-4/5 - not done).
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3.3 Discussion.

I have quantitatively determined the ability of NT-4/5 to promote the 

survival of sensory and autonomic neurons of mouse and chick embryos in low- 

density, glia-free cultures. Furthermore, I have extended this study to compare 

the survival promoting effects of mammalian NT-4/5 with Xenopus NT-4.

NT-4/5 promoted the survival of mouse E ll  trigeminal neurons, which 

are transiently dependent on BDNF at this developmental stage, and of mouse 

E l l  to E l8 nodose neurons, which also depend on BDNF (Fig 3.1). NT-4/5, at 

the concentration tested, had negligible effect on the survival of mouse E15 

trigeminal neurons which are NGF-dependent at this embryonic stage. 

Surprisingly, although NT-4/5 and BDNF were equipotent in promoting the 

survival of mouse neurons, NT-4/5 was 3 orders of magnitude less potent than 

BDNF as a survival factor for homologous populations of chick embryo 

neurons. Furthermore, NT-4/5 had negligible effect on the survival of some 

populations of chick neurons. Thus, NT-4/5 appears to be a species-specific 

nem'otrophin. It displays the same activities as BDNF on mammalian cranial 

neurons and can discriminate between different BDNF-responsive chick 

neurons.

One explanation for the specificity of NT-4/5 among vertebrates is that 

the structure of NT-4/5 was not as conserved between mammals and birds as 

that of other neurotrophins (Ip et al., 1992a). I therefore compared the responses 

of human NT-4/5 with Xenopus NT-4, which bear 65% sequence homology at 

the amino acid level (Ip et al., 1992a). Interestingly, the Xenopus derived NT-4 

is more effective at promoting the survival of BDNF-responsive chick neurons 

than mammalian NT-4/5. There remains the possibility that an avian 

homologue of NT-4/5 exists which is more closely related to xNT-4, however at
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this juncture, none has been identified. Thus, the increased potency of xNT-4 

may arise from a greater affinity for the avian trkB receptor than that of NT-4/5.

Although NT-4/5 is a highly potent neurotrophin for certain populations 

of embryonic mouse neurons, its neuronal specificity is not unique. In this study 

of different populations of neurons at stages throughout their early development, 

NT-4/5 displayed identical neuronal specificity and potency to BDNF. In 

contrast, the neuronal specificity of NGF and NT3 , although partially 

overlapping with that of BDNF and NT-4/5 on early trigeminal neurons, was 

clearly different (Fig 3.1; Hohn et aL, 1990; Rosenthal et al., 1990; Buj-Bello et 

al., 1993). The apparent redundancy in function of NT-4/5 observed here could 

be explained in several ways. First, NT-4/5 may possess unique activities on 

neuronal populations that have not been tested in this study. Second, although 

BDNF and NT-4/5 promote the survival of identical neuronal populations in 

culture, they may each have distinct activities in vivo due to modulation by 

accessory factors. Third, it is possible that the only difference between BDNF 

and NT-4/5 is their distinct tissue distribution. If correct, this possibility implies 

that amino acids which are not conserved between the two proteins are not 

essential for function.

The common neuronal specificity of BDNF and NT-4/5 in mouse embryos 

may be a consequence of the binding of these neurotrophins to the same cell 

surface receptor. Two classes of neurotrophin receptors have been identified: 

p75 and the trk family of tyrosine kinases of which three members, trJcA, trkB 

and trkC, have been identified (Chao, 1992; Meakin and Shooter, 1992). 

Considerable evidence suggests that trk receptors are directly involved in 

neurotrophin signal transduction and ligand discrimination. Neurotrophins 

promote rapid autophosphorylation of trk tyrosine kinases (Kaplan et al., 1991a, 

1991b; Klein et al., 1991a; 1991b; Soppet et ah, 1991) and elicit responses in 

oocytes (Nebreda et al., 1991), cell lines (Cordon-Cardo et al., 1991; Glass et
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ah, 1991; Lamballe et ah, 1991b; Loeb et ah, 1991; Squinto et ah, 1991) and 

embryonic neurons transfected or microinjected with trk cDNAs (Allsopp et ah, 

1993a). In contrast, p75 is probably not a functional neurotrophin receptor 

alone (Bothwell, 1991) and binds NGF, BDNF, NT-3 and Xenopus NT-4 with 

similar affinity (Sutter et ah, 1979; Rodriguez-Tébai* and Barde, 1990; Hallbôôk 

et ah, 1991; Rodriguez-Tebar et ah, 1992).

Using proliferation (Ip et ah, 1992a) and tyrosine phosphorylation 

(Berkemeier et ah, 1991) assays in 3T3 fibroblasts expressing either trkA or 

trkB, NT-4/5 was shown to be a potent activator of trkB and a weak activator of 

tj'JcA . Like NT-4/5, BDNF also promotes rapid phosphorylation of trkB and 

elicits a mitogenic response in trkB-expvess'mg fibroblasts (Glass et ah, 1991; 

Klein et ah, 1991b; Soppet et ah, 1991; Squinto et ah, 1991) but is inactive on 

tJ'JcA and trkC (Lamballe et ah, 1991b). Thus, it seems likely that BDNF and 

NT-4/5 exert their common effects on the survival of embryonic mouse neurons 

by acting via trkB,

NT-4/5 at 50 ng/ml did not show any survival promoting effects on 

either E l8  SCG neurons or E l5 trigeminal neurons, both of which were 

supported by NGF (Fig. 3.1). Therefore, although NT-4/5 at high 

concentrations can activate the trkA high affinity NGF receptor (Hempstead et 

ah, 1991; Kaplan et ah, 1991a, 1991b; Klein et ah, 1991a; Lamballe et ah, 

1991b; Meakin et ah, 1992) in fibroblasts (Berkemeier et ah, 1992; Ip et ah, 

1992a), this activation does not appear to have any physiological relevance for 

the survival of developing mouse neurons.

Previous studies of the biological activity of NT-4/5 reported that it 

promoted the survival of substantial numbers of embryonic chick DRG (Ip et 

ah, 1992a), and sympathetic (Berkemeier et ah, 1991) neurons grown in 

dissociated culture. The discrepancy between these findings and my results may 

have been due to differences in the purity, processing or concentration of NT-
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4/5 used. The previous studies used partially purified conditioned media from 

mammalian cell lines that contained an unknown concentration of NT4/5 and 

could possibly carry aggregated or truncated forms of this protein. In contrast, 

in this study I used highly purified recombinant NT-4/5 and xNT-4 at known 

concentrations that were produced by Eschericia coll

Although BDNF and NT-4/5 display identical specificity and potency as 

survival factors for mouse neurons, they differ in their ability to prevent the 

death of chick embryo neurons. NT-4/5, at a coneentration of 50 ng/ml, 

promoted the survival of E6  DMTG neurons but was an ineffective survival 

factor for ElO TMN neurons. In contrast, BDNF displays similar potency in 

promoting the survival of both of these neuronal populations and is more potent 

than NT-4/5. Thus, NT-4/5 and BDNF differ in both specificity and potency as 

survival factors for chick embryo neurons. Although E6  DMTG neurons 

respond to NGF (Buj-Bello et al., 1993) whereas ElO TMN neurons are 

unresponsive to NGF (Davies et al., 1987), it is unlikely that NT-4/5 exerts its 

effects on E6  DMTG neurons via a regular trkA receptor because it does not 

support the survival of other NGF-dependent neurons. Alternatively, it is 

possible that E6  DMTG and ElO TMN neurons express different forms of the 

tr1<A or trkB receptors or of p75-like accessory molecules. Multiple trkB 

transcripts and at least three distinct trkB  receptors that differ in their 

cytoplasmic domains have already been identified (Klein et al., 1989; Klein et 

al., 1990; Middlemas et al., 1991; Allen et al., 1994). Recently, the 

developmentally regulated expression of truncated trkB  isoforms was 

demonstrated in trigeminal sensory neurons (Ninkina et al,, 1996). These 

isoforms of trkB are up-regulated concomitant with down-regulation of the fully 

functional trkB receptor, at a time when trigeminal neurons lose their 

responsiveness to BDNF (Ninkina et al., 1996). It therefore seems unlikely that 

differences in the specificity of xNT-4 or NT-4/5 are conferred by differential 

activation of the truncated trkB isoforms. The extracellular region of the Trk
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receptors has previously been implicated in discrimination between ligands, and 

several studies have suggested that either the immunoglobulin-like domains of 

trkB or alternatively the leucine-rich motifs of the receptor are involved in this 

discrimination (Urfer et a l, 1995; Windisch et al., 1995a; Windisch et al., 

1995b;Windisch et a l, 1995c; Ninkina et al., 1997). Another recent study has 

shown that a long and a short isoform of chick trkB exist which differ in the 

extracelluar domain (Strôhmaier et al., 1996). Whereas the long and short t?'kB 

isoforms bind BDNF equally well, the short isoform has a markedly reduced 

binding capacity for xNT-4 and NT-4/5 (Strôhmaier et al., 1996). Furthermore, 

differences in the binding capacity of these isoforms were observed which 

suggest that Xenopus NT-4 has greater affinity than mammalian NT-4/5 

(Strôhmaier e/fl/., 1996).

I therefore propose that the observations I have made in the latter part of 

this study can be accounted for in two ways. First, that differences in the 

survival promoting effects of BDNF, xNT-4 and NT-4/5 that I observed on 

cultured BDNF-responsive neurons, are due to the different binding affinities of 

these proteins for trkB, thus; BDNF > xNT-4 > NT-4/5. Second, that the higher 

concentrations of xNT-4 required to support the survival of ElO TMN neurons 

compaied with E6  DMTG neurons (see Figs. 3.10 and 3.11) can be accounted 

for by proposing that the later stage TMN neurons express greater levels of a 

trkB isoform that binds xNT-4 and NT-4/5 with reduced affinity.

Given more time, I would have extended the scope of this study to 

analyse the expression of chick trkB receptor isoforms in different avian cranial 

sensory ganglia at different stages of their development.
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CHAPTER 4

NGF BINDING TO P75 ENHANCES THE SENSITIVITY OF 
SENSORY AND SYMPATHETIC NEURONS TO NGF AT 

DIFFERENT STAGES OF DEVELOPMENT.

4,1 Introduction.

The sensitivity of neurons to neurotrophins is primaiily controlled by the 

expression of their receptors, TrkA, TrkB, TrkC and p75. The Trk family of 

receptor tyrosine kinases are signalling receptors that undergo rapid 

transphosphorylation following neurotrophin binding. Expression studies in cell 

lines have shown that TrkA is a receptor for NGF, TrkB is a receptor for BDNF 

and NT4/5 and TrkC is a receptor for NT3, although NT3 can also bind and 

signal less efficiently via TrkA and TrkB (Bothwell, 1995). The finding that the 

distinctive neuronal deficiencies in mice with null mutations in the trkA, trkB 

and trkC genes aie similai’ to those observed in mice with null mutations in the 

NGF, BDNF and NT3 genes, respectively, suggests that Trks play a key role in 

mediating the specific survival-promoting actions of neurotrophins (Davies, 

1994b; Snider, 1994; Lewin and Bai’de, 1996).

p75 is a transmembrane glycoprotein that binds all neurotrophins with 

the same affinity but with different rate constants. Although p75 is not essential 

for the survival response of neurons to neurotrophins, considerable evidence 

suggests that it plays an important role in modulating the sensitivity of neurons 

to different neurotrophins during development. The finding that embryonic 

sensory and postnatal sympathetic neurons, but not embryonic sympathetic 

neurons, from p757- mice are less sensitive to NGF than wild type neurons 

suggests that p75 selectively enhances the sensitivity of neurons to NGF at 

certain stages of development (Davies et a l, 1993b; Lee et al., 1994). Although 

reductions in the sensitivity of p75-deficient PNS neurons to other neurotrophins
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has not been observed, sympathetic neurons from postnatal p75-deficient mice 

are more sensitive to NT3 than sympathetic neurons from wild type animals 

(Lee et al., 1994). Likewise, the ability of NT3 to activate TrkA in the PC 12 

pheochi'omocytoma cell line is enhanced when NT3 binding to p75 to prevented 

by function-perturbing antibodies or when p75 expression is very low (Benedetti 

et al., 1993; Claiy and Reichardt, 1994), suggesting that p75 reduces the ability 

of NT3 to signal via TrkA. Furthermore, studies with mutated BDNF and 

NT4/5 proteins that bind TrkB normally but fail to bind p75 suggest that p75 

plays a role in TrkB ligand discrimination. Whereas the BDNF mutant activates 

TrkB as effectively as wild type BDNF, the NT4/5 mutant activates TiicB less 

effectively than wild type NT4/5 (Ryden et al., 1995). How p75 selectively 

modulates neuronal responsiveness to neurotrophins is not understood. In 

particular, since p75 and TrlcA cluster independently of NGF in cultured cells 

(Ross et al., 1996), it is unclear whether p75 affects NGF signalling by a direct 

interaction between p75 and TrkA that is independent of NGF binding to p75.

Recently, an additional level of complexity has been added to the 

controversy, involving a novel p75 signalling mechanism mediated by 

sphingomyelin (reviewed by Chao, 1995). Sphingomyelin is a ubiquitous 

sphingolipid residing in the outer leaflet of the cell membrane, which upon 

hydrolysis by a sphingomyelinase enzyme, produces the second messenger 

ceramide (Chaterjee, 1994). The second messenger function of ceramide is 

known to influence both cell growth and gene activation by the transcription 

factor NF-kB (Carter et al., 1996). Ceramide has been shown to induce 

apoptosis in the leukaemic U937 cell line (Obeid et a l, 1993), in the neuron-like 

PC 12 cell line (Hartfield et al., 1997), and in primary cultures of rat embryo 

mesencephalic neurons (Bragg et al., 1996). In contrast, ceramide has also been 

implicated in neuronal survival, and has been shown to rescue cultured 

sympathetic neurons from cell death induced by NGF deprivation (Ito and 

Horigome, 1995). The production of ceramide initiated by NGF thiough the p75
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receptor, has recently been demonstrated in the T9 glioma cell line (Dobrowsky 

et a l, 1994). Ceramide induction through p75 is specifically dependent on NGF 

binding and is mediated by the intracellular domain of the receptor (Dobrowsky 

etal., 1994).

Several studies have implicated the cytoplasmic domain of p75 in 

intracellulai* signalling. For example, when PC 12 cells expressing receptor 

chimeras with an EGF extracellular domain fused with the p75 cytoplasmic 

region are treated with EGF, these cells show a response similar to that seen 

when p75 expressing cells are treated with NGF (Yan et al., 1991). EGF 

treatment of T9 glioma cells expressing these receptor chimeras has been shown 

to mediate an increase in sphingomyelin hydrolysis (Dobrowsky et al., 1994) 

and addition of NGF, BDNF, or NT-3 to p75 expressing NIH 3T3 cells also 

activates this pathway (Dobrowsky et al., 1995). Furtheimore, the transcription 

factor NF-kB is activated in p75 expressing Schwann cells after treatment with 

NGF, an effect which is mimicked by the addition of cell permeable ceramide 

analogs (Carter etal., 1996).

To clarify the role of p75 in enhancing the survival response of sensory 

and sympathetic neurons to NGF at certain stages of development, I have 

compaied the response of these neurons to NGF and an NGF mutant that binds 

TrkA normally, but has negligible binding to p75. I demonstrate here that 

sensory and sympathetic neurons are less responsive to the NGF mutant than 

wild type NGF at the same stages of development at which sensory and 

sympathetic neurons from p75-/- mice are less responsive to wild type NGF than 

neurons from wild type embryos. This confirms, by an alternative approach, the 

stage-specific modulation of NGF sensitivity by p75 in developing sensory and 

sympathetic neurons and demonstrates that this effect requires NGF binding to 

p75. Furthermore, the demonstration that there are similai’ levels of p75 and 

TrkA mRNAs expressed at the stages of maximal NGF sensitivity has
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implications for the formulation of models to explain how p75 modulates NGF 

signalling via TrkA. In addition, I have compaied the survival responses of 

NGF and the NGF mutant in the presence of a cell permeable analogue of the 

lipid second messenger ceramide, demonstiating that the p75 modulated survival 

response is independent of this lipid second messenger pathway.

4.2 Production of the NGF mutant and binding to TrkA and p7S

Mutagenesis, expression and protein chaiacterisation of the NGF mutant 

was performed as described elsewhere (Shih et al., 1994). Oligonucleotide- 

directed mutagenesis of human NGF (Künkel, 1985) was modified according to 

the BioRad Mutagene kit (BioRad). NGF and the mutant protein concentration 

was determined by two independent enzyme-linked immunoassays (ELISA). 

One of these assays utilised a purified rabbit anti-human NGF polyclonal 

antibody and the other utilised a purified murine monoclonal antibody to NGF. 

Each assay was repeated at least three times for NGF and the NGF mutant and 

the results varied by less than 20% in a single transfection. Between separate 

transfections, the concentration of NGF and the mutant ranged between 3 and 8  

mg/ml. Pai'allel metabolic labelling experiments (Shih et al., 1994) indicated 

that >90% of the NGF or NGF mutant was represented in the fully processed 14 

kDa form.

It has been shown previously that mutations within variable region 1 

(residues 25-35) of murine NGF can result in significant loss of p75 binding 

while binding to TrkA is minimally affected (Ibanez et al., 1992). To explore 

the role of p75 in modulating the survival response of developing neurons to 

NGF, I used a bacterially synthesised and expressed mutant form of human NGF 

in which Lys 32, Lys 34 and Glu35 were replaced by Ala (K32A, K34A, E35A).
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The affinity of this mutant for TrkA and p75 was determined by competition 

binding of [125I]ngF to TrkA and p75 immunoadhesion proteins (Fig. 4.1).

The binding of the NGF mutant relative to wild type NGF was 

determined by competition displacement of [^^^I]NGF from TrkA and p75 

receptor immunoadhesion proteins (Shelton et al., 1995). Briefly, detachable 

96-well strips (Corning) were assembled and coated overnight at 4®C with 100 

ng of goat F(Ab')2  fragments of anti-human IgGi Fc domain (Chappel) diluted 

in 0.1 M Tris, pH9. After washing with PBS, 10 ng of trkA-lgG or p75-IgG 

immunoadhesion proteins (gifts of Drs. David Shelton and Avi Ashkenazi, 

Genentech) comprising the Fc portion of human IgGl Human [^^^I]NGF and the 

extracellulai* receptor domains of TrkA or p75, respectively, were incubated in 

each well for 90 minutes at room temperature in binding buffer (LI5 medium, 

20 mM HEPES, pH7.2, 1 mg/ml Fraction V BSA (Sigma) and 0.5 mg/ml 

cytochrome C). The plate was then washed with PBS and increasing 

concentrations of NGF or NGF mutant diluted in binding buffer were added to 

each well together with 25 pM human NGF. Binding was carried out at 

room temperature for 90 minutes. The plates were then washed with PBS plus 

0.05% Tween 20, after which the wells were detached and counted. Human 

[125JJNGF was iodinated by the lactoperoxidase-Enzymobead method (Escandon 

et al., 1993); the specific activity was approximately 60 mCi/mg as determined 

by TCA precipitation. The relative 50% inhibitory concentrations (IC50) for 

human NGF and TrkA (39 ±11 pM, n = 3) or human NGF and p75 (205 ± 85 

pM, n = 3) are within a factor of 2 to 3 of the IC50 and Kd values for mouse 

NGF binding to these receptors reported previously (Sutter et al., 1979; Klein et 

al., 1991a; Kahle etal., 1992; Vroegop etal., 1992).

Production of the NGF mutant and the binding studies referred to in this 

study were cairied out by Dr. John Winslow of Genentech Inc. USA, and are 

reproduced by permission.
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Figure 4.1 Receptor binding of human NGF and the NGF mutant to TrkA and p75. The relative 

affinity of NGF (solid squares) and the mutant (open squares) for TrkA (top panel) and p75 

(bottom panel) receptor immunoadhesion proteins are compared by competitive binding of 

[125I]ngF. The data presented is one representative experiment out of three. Each data point was 

determined in duplicate and the error is between 2-7% of the mean values shown. In this 

particular experiment, the IC5 0  (concentration of NGF or mutant that results in 50% inhibition of 

[125I]ngf binding) for NGF is 28 pM whereas the IC5 0  for the mutant is 45 pM. For p75 

binding, the IC5 0  for NGF is 106 pM while there is no IC5 0  for the mutant even at the highest 

concentration (4,500 pM).

(Courtesy of Dr. John Winslow, Genentech Inc.)
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4.3 Results

To determine if the NGF mutant differs in its effectiveness in promoting 

neuronal survival compared with NGF, I compared the dose-responses of two 

populations of NGF-responsive neurons of developing mice to wild type NGF 

and the NGF mutant. Trigeminal neurons were studied at E14, the age at which 

p75 deficient trigeminal neurons undergo a shift in survival responsiveness, 

requiring higher concentrations of NGF to support their survival (Davies et a l, 

1993). Similarly, sympathetic neurons were studies at two ages, E17 and P4, 

ages at which p75 deficient neurons show differing responses to NGF. Virtually 

all neurons (> 99%) in control (neurotrophin-free ) cultures died by 48 hours of 

incubation.

4.3,1 Influence of the NGF mutant on sensory neuron survival

The dose response of E14 trigeminal neurons to the mutant NGF was 

consistently shifted to higher concentrations compared with the dose response of 

these neurons to NGF (Fig. 4.2). Interpolation of the data from three separate 

dose response experiments on E14 trigeminal neurons showed that there was a 

four-fold difference between the concentration of NGF that elicited half- 

maximal survival (36 pg/ml) and the concentration of the NGF mutant that 

elicited half-maximal survival (146 pg/ml).
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Figure 4.2 Graph of the survival response of E14 mouse trigeminal ganglion neurons to

NGF and the NGF mutant. The means and standard errors of the percentage survival after 48 

hours. The combined dose data from three separate experiments (n = 9) are shown.
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4.3.2 Influence of the NGF mutant on sympathetic neuron survival

In conti*ast to trigeminal neurons, E17 SCG neurons responded similaiiy 

to the NGF mutant and NGF (Fig.4.3). The dose response curves for the NGF 

mutant and NGF were very close together. Interpolation of the data from three 

separate dose response experiments on EI7 SCG neurons showed that the 

concentrations of NGF and the NGF mutant that elicited half-maximal survival 

were very similar (78 pg/ml and 94 pg/ml, respectively).

Although embryonic SCG neurons responded equally well to the NGF 

mutant and NGF, by the fourth postnatal day the NGF mutant was less effective 

in promoting the survival of SCG neurons than NGF (Fig. 4.4). Interpolation of 

the data from three separate dose response experiments on P4 SCG neurons 

showed that there was a five-fold difference between the concentration of NGF 

that elicited half-maximal survival (44 pg/ml) and the concentration of the NGF 

mutant that elicited half-maximal survival (234 pg/ml).
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Figure 4.3 Graph of the survival response of E17 mouse SCG neurons to NGF and the

NGF mutant. The means and standard errors of the combined dose data from three separate 

experiments are shown (n = 9).
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Figure 4.4 Graph of the survival response of P4 mouse SCG neurons to NGF and the NGF

mutant. The means and standard errors of the combined dose data from three separate 

experiments aie shown (n = 9 ).
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4.3.3 Influence of the NGF mutant on chicken sensory and sympathetic 

neuron survival.

In addition to comparing the effects of wild type NGF and the NGF 

mutant on the survival response of developing mouse sensory and sympathetic 

neurons, I cairied out similar* studies using embryonic chicken neurons. Like 

E14 embryonic mouse trigeminal ganglion neurons, the NGF-dependent neurons 

of the dorsomedial part of the ElO embryonic chicken trigeminal ganglion 

(DMTG neurons) were less sensitive to the mutant NGF than wild type NGF 

(Fig. 4.5). A three-fold difference in the dose response curve was observed in 

the mid-concentration range between wild type NGF (concentration at half- 

maximal survival = 26 pg/ml) and the NGF mutant (concentration at half- 

maximal survival = 75 pg/ml). Like mouse SCG neurons, the neurons of the 

chicken lumbar* sympathetic chain showed an age-related change in the survival 

response to the NGF mutant (Figs. 4.6 -4.8). At ElO the dose responses of these 

neurons to wild type NGF and the NGF mutant were very similar* (the 

concentrations of NGF and the NGF mutant that promoted half-maximal 

survival were 6.3 pg/ml and 7.4 pg/ml respectively) (Fig. 4.6). Similar* results 

were obtained in chicken sympathetic neuron cultures set up at E 12  

(concentration at half-maximal survival = 16 pg/ml for* NGF, and 20 pg/ml for* 

the NGF mutant) (Fig. 4.7). By E14, the NGF mutant was less effective in 

promoting the survival of these neurons compared with wild type NGF. The 

concentrations of NGF and the NGF mutant that promoted half-maximal 

survival were 17 pg/ml and 130 pg/ml, respectively (Fig. 4.8). These results 

suggest that the age-related modulation of the NGF survival response by p75 is 

conserved between the two classes of ver tebrates.
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Figure 4,5 Graph of the survival response of ElO chicken DMTG neurons to NGF and the

NGF mutant. The means and standard errors of the combined dose data from three separate 

experiments (each set up in tiiplicate) are shown (n = 9).
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Figure 4.6 Graph of the survival response at 48 hours of ElO chicken lumbar sympathetic 

neurons to NGF and the NGF mutant. The means and standard errors of the combined dose 

data from two separate experiments (each set up in triplicate) are shown (n = 6),
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Figure 4.7 Graph of the survival response at 48 hours of E12 chicken lumbar sympathetic 

neurons to NGF and the NGF mutant. The means and standard errors of the combined dose 

data from two separate experiments (each set up in triplicate) are shown (n = 6 ).
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Figure 4.8 Graph of the survival response at 48 hours of E14 chicken lumbar sympathetic 

neurons to NGF and the NGF mutant. The means and standard errors of the combined dose 

data from three separate experiments (each set up in triplicate) are shown (n = 9 ).
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4.3.4 Influence of the lipid second messenger ceramide on the p75 

modulated survival response.

Since the p75 receptor is known to initiate sphingomyelin hydrolysis to 

produce ceramide upon binding to NGF (Dobrowsky et «/., 1994), I investigated 

whether the cell permeable ceramide analogue A^-acetylsphingosine (C2- 

ceramide) can influence the survival response of ElO DMTG neurons (Fig. 4.9). 

A concentration of lOpM ceramide was used in these experiments, as this has 

previously been shown to be within the effective concentration range for 

mimicking the effects of NGF on cultured T9 glioma cells (Dobrowsky et al., 

1994). Interpolation of the combined data from two separate dose-response 

experiments indicated that C2-ceramide does not significantly enhance the 

survival response of trigeminal neurons in the presence of the NGF mutant (the 

concentration at half-maximal survival for the NGF mutant and the NGF mutant 

+ C2-ceramide = 76 pg/ml and 79 pg/ml respectively). Interestingly, when dose 

response experiments were carried out combining NGF with C2-ceramide, the 

half-maximal survival response was enhanced 1.7 fold (concentration at half- 

maximal survival for NGF and NGF 4- C2-ceramide = 33 pg/ml and 19 pg/ml 

respectively). Similar results were obtained using E l4 mouse trigeminal 

neurons (data not shown), suggesting an additional level of complexity is 

involved in the p75 modulated survival response to NGF.
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Figure 4.9 Graph of the survival response at 48 hours of ElO chicken DMTG neurons to 

NGF and the NGF mutant ±  Cg-ceramide. The means and standard errors of the combined 

dose data from two separate experiments (each set up in triplicate) are shown (n = 6 ).
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4.4 Discussion

I have studied the function of the p75 receptor in developing sensory and 

sympathetic neurons by comparing the survival response of these neurons to 

NGF and an NGF mutant that binds TrkA normally, but shows negligible 

binding to p75.

The binding affinity of human NGF to p75, reported here is slightly 

higher than previously reported values of mouse NGF binding to p75 (Kd = 1 to 

2 X 10-9M), was observed. However, similai’ results have also been reported for 

human NGF binding to p75 (Vrdegop et ah, 1992). Regaidless of the absolute 

affinity within the binding assays, in three separate binding experiments, the 

NGF mutant displayed minimal decrease in TrkA binding relative to the NGF 

control (1.44 +/- 0.22-fold). In contrast, no inhibition of [125I]ngF binding to 

p75 occurred with concentrations of the same mutant as high as 10 nM, 

indicating at least a 100- to 1,000-fold loss of affinity. Similai' relative binding 

affinities for human NGF and the mutant were observed in cell lines expressing 

full-length TrkA and p75 (data not shown). These data suggest that any loss of 

potency or efficacy of neuronal responses in the presence of the NGF mutant can 

be ascribed to loss of interaction with the p75 receptor (J. Winslow, personal 

communication).

In this study, saturating concentrations of the NGF mutant were as 

effective as NGF in promoting neuronal survival, indicating that p75 is not 

essential for NGF signal transduction. This result contrasts with studies using 

tumour cell lines transfected with p75 which suggested that p75 is necessary for 

NGF responsiveness (Hempstead et ah, 1989; Matsushima and Bogenmann, 

1990; Pleasure et ah, 1990; Berg et ah, 1991; Hempstead et ah, 1991). 

However, this data supports a growing body of evidence that signalling via TrlcA 

is sufficient for eliciting responses to NGF. In addition to the demonstration that
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NGF elicits a mitogenic response in fibroblasts expressing TrkA without p75 

(Klein et al, 1991a), previous studies with NGF mutants that bind to TrkA but 

not p75 have shown that saturating levels of these mutants elicit typical NGF 

responses from PC 12 cells and sympathetic neurons (Drinkwater et al., 1991; 

Ibanez et al., 1992).

To assess whether p75 affects neuronal survival at limiting ligand 

concentrations, I compared the dose responses of sensory and sympathetic 

neurons to NGF and the NGF mutant. Although the dose responses of 

embryonic mouse sympathetic neurons to NGF and the NGF mutant were not 

significantly different, the dose responses of postnatal sympathetic and 

embryonic sensory neurons to the NGF mutant were consistently shifted to 

higher concentrations compared with the dose responses of these neurons to 

NGF. Both embryonic sensory and postnatal sympathetic neurons were 4- to 5- 

fold less sensitive to the NGF mutant compared with NGF in the mid 

concentration range. These findings are strikingly consistent with the NGF 

response of sensory and sympathetic neurons obtained from mice with a null 

mutation in the p75 gene (Davies et al., 1993b; Lee et ah, 1994). Whereas the 

p75 mutation does not affect the dose response of embryonic sympathetic 

neurons to NGF, p75-deficient embryonic sensory and postnatal sympathetic 

neurons are less sensitive to NGF than wild type neurons. Remarkably, p75- 

deficient embryonic sensory and postnatal sympathetic neurons were 4- to 5-fold 

less sensitive to NGF than wild type neurons. Thus, my results demonstrate by a 

complementary experimental approach that p75 enhances the survival response 

of embiyonic sensoiy and postnatal sympathetic neurons to NGF.

The data presented here show that the presence of p75 does not in itself 

increase the survival response of neurons to NGF. It is clear that the modulation 

of the NGF survival response by p75 necessitates direct binding of NGF to p75. 

Although p75 and TrkA appear to cluster independently of NGF in cultured cells
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(Ross et al., 1996), an interaction between these receptors is not sufficient to 

enhance NGF responsiveness, because the dose response of neurons co­

expressing p75 and TrkA to the NGF mutant is highly similar to that of p75- 

deficient neurons to wild type NGF.

In addition to showing developmental changes in the responsiveness of 

mouse sympathetic neurons to NGF and the NGF mutant, I have observed a 

similar phenomenon in developing chicken sympathetic neurons. Between ElO 

and E14, chicken sympathetic neurons become less responsive to the NGF 

mutant compared with wild type NGF. Also, like embryonic mouse trigeminal 

neurons, mid-embryonic chicken DMTG neurons were less sensitive to the NGF 

mutant than wild type NGF. These results indicate that p75 plays a similar role 

in modulating the survival response of sensoiy and sympathetic neurons to NGF 

during development in both classes of vertebrates.

Because neurotophin binding to p75 results in the production of ceramide 

(Dobrowsky et al., 1994), I tested whether this lipid second messenger had the 

ability to enhance the survival responses of cultured chick embryo DMTG 

neurons at sub-saturating concentrations of NGF and the NGF mutant. A cell 

permeable analogue of ceramide (C2 ceramide), did not significantly enhance the 

survival of these cells when cultured in the presence of sub-saturating 

concentrations of the NGF mutant. This result indicates that at this stage of 

neuronal development, modulation of neuronal survival by p75 is not dependent 

upon activation of the sphingomyelin pathway. Additionally, since the survival 

response of ElO DMTG neuions was moderately enhanced by €% ceramide in 

the presence of sub-saturating levels of NGF, the sphingomyelin pathway may 

involve further signalling interactions, the investigation of which aie beyond the 

scope this study.

To explain the age-related change in the role of p75 in enhancing the 

NGF survival response in sympathetic neurons the relative levels of p75 and

160



TrkA mRNA in embryonic and postnatal mouse sympathetic neurons have been 

measured (Fig. 4.10). In neurons purified from embryonic sympathetic ganglia 

at the stage when p75-deficient neurons and wild type neurons respond similarly 

to NGF (Davies et ah, 1993b), and the dose responses of wild type neurons to 

NGF and the NGF mutant aie similar, the level of p75 mRNA is five-fold lower 

than TrkA mRNA. However, by the fifth postnatal day when p75-deficient 

neurons are less responsive to NGF than wild type neurons (Lee et al, 1994) and 

the NGF mutant is less effective than NGF in promoting the survival of wild 

type neurons, the relative levels of p75 and TrkA mRNA are similar. The 

relative levels of these mRNAs are also similar in purified E14 trigeminal 

neurons, which, like postnatal sympathetic neurons, are less responsive to the 

NGF mutant than wild type NGF. These measurements of the relative levels of 

p75 and TrkA mRNA in purified neurons obtained from trigeminal and 

sympathetic ganglia are similar to the relative levels of the mRNAs measured in 

whole ganglia (Wyatt and Davies, 1993; Wyatt and Davies, 1995), suggesting 

that the neurons of these ganglia largely account for the expression of p75 and 

TrkA.
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Figure 4.10 Bar chart of the relative levels of p7S mRNA in purified E14 trigeminal 

ganglion neurons, E17 SCG neurons and postnatal day 4 SCG neurons expressed as 

percentage of the level of TrkA mRNA in these neurons. In each of three separate 

preparations of neurons there was less than 1% contamination by satellite cells. The mean ±  

SEM for three separate estimations of p75 mRNA and TrkA mRNA in purified neurons are 

plotted.

(Courtesy of Dr. Sean Wyatt, St. Andrews University)
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Although estimates of mRNA levels may not necessarily reflect p75 and 

TrkA mRNA receptor levels, due to the rate of protein translation, prior 

estimates of the p75:TrkA ratio are in the range of 6-20:1 for PC12 cells (Verdi 

et al., 1994; Verdi and Anderson, 1994), and primary sympathetic neurons 

(Sutter et al, 1979). However, these estimates have been largely determined 

from the ratio of low to high affinity NGF binding sites which may not truly 

represent the true ratio of p75:TrkA. For example, high and low affinity 

neurotrophin binding has been determined for the Trk receptors alone (IClein et 

al, 1991a; Tsoulfas et al, 1993, Dr. John Winslow, personal communication) 

and therefore binding affinity alone may not be sufficient for the quantitative 

determination of co-expressed TrkA and p75 receptors.

Quantitative mRNA determination suggests that the p75:TrkA ratio 

approaches one in primary neurons during the period of programmed cell death, 

at a time when p75 appeals to modulate TrkA function. This ratio may be 

effective in enhancing neuronal survival by increasing TrkA activation or 

signalling thimigh TrkA substrate proteins. Increased TrlcA activation may occur 

at higher ratios of p75:TrlcA, as observed in transfected MAH cells (Verdi et al., 

1994), although in this context mitogenesis and not survival is enhanced. Thus, 

although the higher p75;TrkA ratios produced by gene transfer in cell lines can 

result in enhanced TrkA responsiveness, modulation of the NGF neuronal 

survival response by p75 in vivo occurs over a much narrower range, and when 

the ratio is close to 1:1.

How p75 enhances the survival response of NGF-dependent neurons to 

NGF is not cleai". The finding that the binding of NGF to TrkA in PC 12 cells is 

reduced by dismpting NGF binding to p75 by an anti-p75 antibody or by excess 

BDNF, suggests that p75 enhances the binding of NGF to TrlcA (Barker and 

Shooter, 1994). Furthermore, co-expression of TrkA and p75 in fibroblasts 

results in the formation of a class of high-affinity receptors that is not appaiently
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present in cells expressing TrkA alone (Battleman et al, 1993), and expression 

of high levels of p75 in MAH cells enhances NGF-induced TrkA 

phosphorylation compared with cells expressing TrkA alone (Verdi et al., 1994). 

Recently, p75 has been shown to accelerate TrkA-mediated signalling in 

cultured PC 12 cells (Canossa et al., 1996). In addition, p75 forms a complex 

with TrkA on the cell surface (Wolf et al., 1995; Ross et al., 1996) and is 

immunoprecipitated in a complex with TrkA in the presence of [125I]nGF 

(Huber and Chao, 1995). These studies suggest that p75 enhances binding of 

NGF to TrkA which in turn increases the efficiency of TrkA signalling.

Several models have been proposed to explain how p75 might increase 

the efficiency of TrkA signalling. For example, p75 may act to concentrate 

NGF locally in the microenvironment surrounding cell surface TrkA receptors 

(Barker and Shooter, 1994). However, in this model, TrkA receptors are 

envisioned to be surrounded by larger numbers of p75, and it has not been 

demonstrated that there is a large excess of p75 molecules available to surround 

TrkA molecules at the cell surface. In addition to modulating TrkA signalling 

by interacting directly or indirectly with TrkA, it is possible that p75 may 

modulate the survival response of TrkA-expressing neurons by activating certain 

intracellular- signalling pathways directly. For example, NGF has recently been 

shown to promote sphingomyelin hydrolysis (Dobrowsky et al., 1994) and NF- 

kB activation (Carter et a l, 1996) by binding to p75 in certain non-neuronal 

cells that do not express Trks. In addition, p75 signalling activated by NGF 

binding in cells lacking TrkA can promote apoptosis in early retinal cells (Frade 

et a l, 1996) and in cultured oligodendrocytes (Casaccia-Bonnefil et a l, 1996). 

The occurrence of p75-dependent signalling events in neurotrophin-dependent 

neurons and their significance in promoting the survival of sensory neurons has 

not been established. Furthermore, the results of experiments where the lipid 

analog Cz-ceramide was administered to cultured trigeminal sensory neurons
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(Fig. 4.10) argue against a direct involvement of this pathway in the p75 

mediated survival response of sensory neurons.

In conclusion, I have demonstrated that p75 modulates the survival 

response of sensory and sympathetic neurons to NGF at the stages of their 

development when these neurons express similar levels of p75 and TrkA. 

Furthermore, I have shown that modulation of the NGF survival response by p75 

is dependent on NGF binding to p75 rather than on interactions that occur 

between p75 and TrkA independent of NGF binding. The modulation of NGF 

sensitivity by p75 is only observed at low, limiting concentrations of NGF. This 

together with the fact that p75 exerts this effect during the period of naturally 

occurring neuronal death in the trigeminal (Davies and Lumsden, 1984) and 

sympathetic ganglia (Wright et ah, 1983) suggests that p75 expression plays an 

important role in governing the number of neurons that survive to maturity.
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CHAPTER 5

CYTOKINES PROMOTE THE SURVIVAL OF CRANIAL 
SENSORY NEURONS AT DIFFERENT STAGES OF THEIR

DEVELOPMENT.

5.1 Introduction.

Different neurotrophins can co-operate in regulating the survival of a 

paiticular population of neurons by either acting on neurons at the same stage 

during development or by acting sequentially. Examples of concurrent 

neurotrophin action include BDNF and NT3 supporting the survival of the 

proprioceptive neurons of the trigeminal mesencephalic nucleus during the 

period of naturally occurring neuronal death (Davies et a l, 1986a; Hohn et a l, 

1990; Ernfors et a l, 1994a, 1994b; Jones et a l, 1994) and NGF and NT3 acting 

together on sympathetic neurons during an equivalent stage of their development 

(Zhou and Rush, 1995, Wyatt and Davies, 1997). The clearest evidence for the 

sequential action of neurotrophins in regulating the survival of developing 

neurons comes from studies of the embryonic mouse trigeminal ganglion. In 

culture, early trigeminal ganglion neurons show a transient survival response to 

BDNF and NT3 before becoming dependent on NGF for survival (Buchman and 

Davies, 1993; Paul and Davies, 1995). Neuronal apoptosis is mai'kedly elevated 

in the early trigeminal ganglia of mice that are homozygous for a null mutation 

in the trkB gene, which encodes the BDNF receptor tyrosine kinase, whereas 

neuronal apoptosis is markedly elevated later in development in the trigeminal 

ganglia of mice that aie homozygous for a null mutation in the tr1<A gene, which 

encodes the NGF receptor tyrosine kinase (Pinon et a l, 1996). Neuronal 

apoptosis is also markedly elevated in the early trigeminal ganglia of NT3”/" 

mice (Wilkinson et a l,  1996), although the loss of neurons in the early 

trigeminal ganglia may be due in part to the death of progenitor cells (ElShamy 

and Ernfors, 1996).
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In addition to the neurotrophins, several other proteins have been shown 

to promote the survival of neurons during development. Ciliary neurotrophic 

factor (CNTF), leukaemia inhibitory factor (LIF), cardiotrophin-1 (CT-1), 

oncostatin-M (OSM) and interleuldn-6 (IL-6), comprise a family of cytokines 

that although showing less than 15% amino acid sequence identity, share several 

characteristic structural features (Bazan, 1991; Robinson etaL, 1994; McDonald 

et al., 1995) and signal via oligomeric receptor complexes that have one or more 

components in common (Stahl and Yancopoulos, 1994; Wollert et al., 1996). 

These cytokines have multiple actions on cells of the nervous system, including 

promoting survival of some neurons. For example, CNTF promotes the survival 

of sympathetic, parasympathetic, motorneurons and some sensory neurons in 

vitro (Barbin et al., 1984; Arakawa et al., 1990; Oppenheim et al., 1991; 

Burnham et al., 1994), and is involved in promoting the survival of some adult 

motorneurons in vivo (Masu et al., 1993). LIF promotes the survival of 

motorneurons, sympathetic neurons and some sensory neurons in vitro 

(Martinou et a l, 1992; Murphy et a l, 1993; Kotzbauer et al, 1994; Thaler et al, 

1994) and plays a role in promoting the survival of embryonic motorneurons in 

vivo (Li et a l, 1995). CT-1 promotes the survival of cultured ciliary ganglion 

neurons, midbrain dopaminergic neurons and motorneurons (Pennica et a l, 

1995b; Pennica et a l, 1996). IL-6 enhances the in vitro survival of a proportion 

of forebrain cholinergic and midbrain catecholaminergic neurons (Hama et a l, 

1989; Kushima et a l, 1992). OSM promotes the survival of a subset of late 

embryonic DRG neurons in culture (Ware et al, 1995).

Studies of the neurotrophic actions of individual cytokines have been 

restricted to one or just a few stages of development. The purpose of the present 

study was to carry out a comprehensive, compar ative study of the neurotrophic 

effects of cytokines on sensory neurons at closely staged developmental 

intervals to determine when these factors exert their effects, and to determine the 

relationship between cytokine and neurotrophin responsiveness. Cutaneous
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sensory neurons of the trigeminal ganglion, which switch their survival 

requirements from BDNF/NT-3/NT-4/5 to NGF during the early stages of tar get 

field innervation (Davies et al., 1993a; Buchman and Davies, 1993; Paul and 

Davies, 1995; Pinon et al., 1996), and enteroceptive neurons of the nodose 

ganglion, which retain dependence on BDNF throughout embryonic 

development, were chosen for this study (Davies et al., 1993a; Buj-Bello et a l, 

1994). I show that whereas nodose neurons survive in response to CNTF, LIF, 

OSM and CT-1 throughout development, trigeminal neurons do not begin to 

respond to these factors until the late embryonic period. Nodose neurons 

additionally show a survival response to IL-6 in the late embryonic period. 

These findings indicate that cytoldnes are able to influence the survival of 

different populations of sensory neurons at different stages in their development. 

Together with earlier studies, my results indicate that trigeminal neurons pass 

thi'ough several sequential stages during which they have different neurotrophic 

factor survival requirements: an early period of BDNF/NT3 dependence, 

followed by a phase of NGF dependence and a late stage of cytokine 

responsiveness.
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5.2 Results.

5.2.1 Nodose neurons

The survival of the great majority of nodose neurons was promoted by 

BDNF in cultures set up at stages from E ll to E l9, whereas in control cultures 

very few neurons were surviving by 48 hours (Figs. 5.1-5.4). A clear survival 

response to CNTF, LIF, OSM and CT-1 was observed at all ages studied. The 

proportion of neurons responding to these factors increased from between 20% 

and 40% at E l 1 (after subtraction of the small number of neurons surviving in 

control cultures) to between 50% and 80% at E19. In E ll  (Fig. 5.1) and E14 

(Fig 5.2) cultures, there were two to three times more neurons surviving with 

BDNF compared with these cytokines, whereas in E17 (Fig 5.3) and E19 (Fig. 

5.4) cultures, similar numbers of neurons survived with BDNF and these 

cytokines. Although there was no difference in the number of neurons in control 

cultures and cultures supplemented with IL-6 at El 1 and E14, there was a clear 

survival response to IL-6 in E17 cultures, and the number of neurons surviving 

with IL-6 had risen to over 40% in E19 cultures. These results show that nodose 

neurons respond to CNTF, LIF, OSM and CT-1 throughout development and 

exhibit a late survival response to IL-6. Because the serum-free medium used in 

these experiments was not conducive for the survival of non-neuronal cells, the 

survival of neurons was unlikely to be influenced by neurotrophic factors other 

than those added to the cultures.
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Figure 5.1. Bar chart of the percentage survival of E l l  nodose ganglion neurons.

Neurons were cultured for 48 hours with saturating concentrations of BDNF (10 ng/ml ), CNTF, 

LIF, OSM, IL- 6  or CT-1 (50 ng/ml). Control = no added neurotrophic factors. The number of 

neurons surviving at 48 hours is expressed as a percentage of the number of neurons identified 6 - 

9 hours after plating. Tlie mean and standard errors of two experiments are shown (n = 6 ).
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Figure 5.2. Bar chart of the percentage survival of E14 nodose ganglion neurons.

Neurons were cultured for 48 hours with saturating concentrations of BDNF (10 ng/ml ), CNTF, 

LIF, OSM, IL- 6  or CT-1 (50 ng/ml). Control = no added neurotrophic factors. The mean and 

standard errors of two experiments are shown (n = 6 ).
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Figure 5.3 Bar chart of the percentage survival of E17 nodose ganglion neurons.

Neurons were cultured for 48 hours with saturating concentrations of BDNF (10 ng/ml ), CNTF, 

LIF, OSM, IL- 6  or CT-1 (50 ng/ml). Control = no added neurotrophic factors. The mean and 

standard errors of two experiments are shown (n = 6 ).
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Figure 5.4 Bar chart of the percentage survival of E19 nodose ganglion neurons.

Neurons were cultured for 48 hours with saturating concentrations of BDNF (10 ng/ml ), CNTF, 

LIF, OSM, IL- 6  or CT-1 (50 ng/ml). Control = no added neurotiophic factors. The mean and 

standard errors of two experiments are shown (n = 6 ).
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When nodose neurons were cultured with saturating concentrations of 

different neurotrophic factors in combination the overall survival did not 

increase at either E14 or E19 (Fig. 5.5). This indicates that the neurons which 

respond to cytoldnes comprise a subset of those that respond to BDNF early on, 

whereas BDNF, CNTF, LIF, OSM and CT-1 act on the same neurons later in 

development. The lack of any additional survival in E14 cultures containing two 

different cytokines also shows that these cytokines act on the same subset of 

neurons at this age. Interestingly, in E14 cultures there were fewer neurons 

surviving with BDNF plus cytokines compaied with BDNF alone. Statistical 

analysis of the data revealed that whereas the survival response of BDNF 

compared with BDNF and IL-6 in combination did not show a significant 

difference (P = 0.364, Student's /-test), BDNF in combination with other 

cytokines does display a significantly reduced survival response (P = 0.009 for 

BDNF + CNTF, 0.013 for BDNF + LIF, 0.041 for BDNF + CT-1, Student's f- 

test).
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Figure 5.5. Bar charts of the percentage survival of E14 and E19 nodose ganglion neurons.

Neurons were cultured for 48 hours with saturating concentrations of BDNF and cytokines alone 

and in combination. Control = no added neurotrophic factors. In each case, the mean and 

standard errors of two experiments are shown (n = 6 ).
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Dose response analysis (Fig. 5.6) showed that BDNF was the most 

potent neurotrophic factor for nodose neurons at E l9. The concentration of 

BDNF that elicited half maximal survival (EC5 0) was estimated at 181.5 + 23.3 

pg/ml by interpolating the data from 3 sepaiate experiments. CNTF, LIF, OSM 

and CT-1 were slightly less potent; EC5 0 values: 205 + 13.2 pg/ml (9.0 pM), 

462 ± 5 pg/ml (10.2 pM), 357 ± 73 pg/ml (12.7 pM) and 462 ± 99 pg/ml (21.5 

pM), respectively. IL- 6  was the least potent of the cytokines; EC5 0  = 822 + 96 

pg/ml (31.6 pM).
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F igure  5.6 G ra p h  o f the  dose responses o f E19 nodose neurons to  BDNF an d  cytokines.

Concentrations ranging from 3.2 pg/ml to 50 ng/ml were used. The combined mean and 

standard errors of three experiments are shown (n = 9).
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5.2.2 Trigeminal neurons

The influence of cytokines on the survival of trigeminal ganglion 

neurons was compared with that of neurotrophins at stages throughout 

development. Because the survival dependence of trigeminal neurons switches 

from BDNF to NGF during the early stages of taiget field innervation (Buchman 

and Davies, 1993), E ll  cultures were grown with BDNF and E14 and older 

neurons were grown with NGF. In the presence of these neurotrophins, the 

majority of neurons survived for 48 hours (Figs. 5.7 - 5.10). The reason for the 

overall increase in the number of identified neurons in E ll  cultures between 6 

and 48 hours incubation in the presence of BDNF was due to the enhanced 

survival of neurons that differentiate from progenitor cells in these eaiiy cultures 

(Paul and Davies, 1995). Cytokines had no effect on neuronal survival in E ll  

and E14 cultures (Figs 5.7 and 5.8). At these ages virtually all neurons were 

dead in cytoldne-supplemented cultures by 48 hours incubation. In E17 cultures 

(Fig. 5.9) a small proportion of the neurons were supported by CNTF, LIF, OSM 

and CT-1, and this increased to approximately 40% by E19 (Fig. 5.10). There 

was no response to IL-6 throughout development, although 5% of the neurons 

were surviving with this factor in E19 cultures. There was no additional suiwival 

in cultures supplemented with NGF and cytokines (Figure 5.11), indicating that 

a proportion of NGF-responsive neurons acquire responsiveness to cytokines 

during the late embryonic period.
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Figure 5.7 Bar chart of the percentage survival of E l l  trigeminal ganglion neurons.

Neurons were cultured for 48 hours with saturating concentrations of BDNF (10 ng/ml ), CNTF, 

LIF, OSM, IL-6 or CT-1 (50 ng/ml). Control = no added neurotrophic factors. The number of 

neurons surviving at 48 hours is expressed as a percentage of the number of neurons identified 6- 

9 hours after plating. The mean and standard enors of two experiments are shown (n = 6).
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Figure 5.8 Bar chart of the percentage survival of E14 trigeminal ganglion neurons.

Neurons were cultured for 48 hours with saturating concentrations of NGF (10 ng/ml ), CNTF, 

LIF, OSM, IL-6 or CT-1 (50 ng/ml). Control = no added neurotrophic factors. The mean and 

standard errors of two experiments are shown (n = 6).
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Figure 5,9 Bar chart of the percentage survival of E17 trigeminal ganglion neurons

Neurons were cultured for 48 hours with saturating concentiations of NGF (10 ng/ml ), CNTF, 

LIF, OSM, IL-6 or CT-1 (50 ng/ml). Control = no added neurotrophic factors. The mean and 

standard errors of two experiments are shown (n = 6).
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Figure 5.10 Bar chart of the percentage survival of E19 trigeminal ganglion neurons.

Neurons were cultured for 48 hours with saturating concentrations of NGF (10 ng/ml ), CNTF, 

LIF, OSM, IL-6 or CT-1 (50 ng/ml). Control = no added neurotrophic factors. The mean and 

standard errors of two experiments are shown (n = 6).
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F igure  5.11. B a r ch a r t of the  percen tage survival of E19 trigem inal ganglion neurons.

Neurons were cultured for 48 hours with saturating concentrations of NGF and cytokines both 

alone and in combination. Control = no added neurotrophic factors. The number of neurons 

surviving at 48 hours is expressed as a percentage of the number of neurons identified 6-9 hours 

after plating. The mean and standard errors of two experiments are shown (n = 6).
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5.4 Discussion.

Previous work has shown that the neurotrophin survival requirements of 

embryonic trigeminal ganglion neurons switch from BDNF and NT3 to NGF 

eaiiy in development and that they retain dependence on NGF throughout the 

period of natmally occurring neuronal death (Buchman and Davies, 1993; Paul 

and Davies, 1995a; Pinon et a l, 1996; Wilkinson et a l, 1996). Here I 

demonstrate that trigeminal neurons acquire survival responses to CNTF, LIF, 

OSM and CT-1 after the majority of these neurons have become dependent on 

NGF for survival. Because there is no additional survival in cultures containing 

cytokines plus NGF compared with NGF alone, the cytokine-responsive neurons 

do not constitute a separate population of trigeminal neurons but comprise a 

major subset of the NGF-responsive neurons. Since the cytokine survival 

response is evident by E17 and the period of naturally occurring neuronal death 

is not over until birth (Davies and Lumsden, 1984), it is possible that these 

cytokines play a role in regulating the final number of neurons in the trigeminal 

ganglion or are important for sustaining the survival of trigeminal neurons after 

selection of the appropriate number of neurons has taken place as a result of 

competition for target-derived NGF (Davies et al, 1987). Together with 

previous work, my results demonstrate that the responsiveness of trigeminal 

neurons to neurotrophic factors passes through several phases during 

development. After a brief period of neurotrophin independent survival, the 

neurons have a transient dependence on BDNF and NT3 before becoming NGF 

dependent, and subsequently acquire responsiveness to cytoldnes.

In contrast to the late survival response of trigeminal neurons to 

cytokines, I have shown that nodose ganglion neurons respond to CNTF, LIF, 

OSM and CT-1 as early as El l ,  and show a marked survival response to these 

cytokines throughout development. Although a previous in vitro study of rat 

nodose ganglion neurons at a single developmental stage (El6.5) showed that a
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proportion of these neurons survive in response to CNTF and LIF, it was 

reported that these cytokines and BDNF have a partially additive effect on 

survival, suggesting that they act in part on different subsets of neurons (Thaler 

et ah, 1994). In contrast, I found no additive effects of BDNF in combination 

with CNTF, LIF, OSM or CT-1 at either E14 or E19, suggesting that BDNF- 

responsive and cytokine-responsive neurons are completely overlapping. In 

addition, my study has revealed that a subset of nodose neurons acquire a 

survival response to IL-6 at late embryonic stages. Although the IL-6 receptor 

shaies one component in common with the receptors for CNTF, LIF, OSM or 

CT-1 (namely, gpl30), it also comprises a specific receptor component termed 

IL-6Ra. Thus, it is likely that the late response of nodose neurons to IL-6 is a 

consequence of the expression of IL-6Ra at this stage of development.

In vitro studies of mouse dorsal root ganglion (DRG) neurons have 

shown that a small percentage of these neurons respond to LIF with enhanced 

survival in the late embryonic period and that the majority are LIF-responsive 

postnatally (Murphy et a l, 1993). The finding that there is a significant 

reduction in the number of DRG neurons in mice that are homozygous for a 

targeted null mutation in the lifrP gene, which encodes a LIF receptor 

component that is essential for signalling, suggest that the in vitro response of 

DRG neurons to LIF is physiologically relevant (P. Bartlett, personal 

communication). Because LIFRp is also a signalling component of the 

oligomeric receptors for CNTF, OSM and CT-1 (Stahl and Yancopoulos, 1994; 

Wollert et aL, 1996), it is uncleai* which of these cytokines is the physiologically 

relevant LIFRP ligand required for the survival of DRG neurons and the cranial 

sensoiy neurons examined in the present study. Although analysis of mice that 

have targeted mutations in the genes encoding these cytokines may resolve this 

issue, this is already additional circumstantial evidence that LIF may play a role 

in promoting the survival of sensory neurons in vivo. LIF mRNA in skin and 

gut from E l5 onwards (Muiphy et a l, 1993), and the retrograde transport of
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iodinated LIF from the periphery (Hendry et aL, 1992) raises the possibility that 

LIF may function as a taiget-derived neurotrophic factor for late embryonic and 

newborn DRG. Alternatively, because LIF mRNA is also expressed within 

embryonic DRG (Murphy et al„ 1993; Fan and Katz, 1993), it is possible that it 

may also act locally on these neurons.

Several investigators have focused on the ability of various cytoldnes to 

influence the neuropeptide and neurotransmitter expression in sympathetic 

neurons. CNTF, LIF, and CT-1 have been observed to alter the expression of 

neurotransmitters in sympathetic neurons (Fan and Katz, 1993; Pennica et aL, 

1995b). These factors can induce cholinergic function concomitant with a 

reduction of noradrenergic expression, and can also influence the expression of 

several neuropeptides, including substance P, somatostatin, CGRP and VIP (Rao 

et aL, 1990; Pennica et aL, 1995b), Previous in vitro studies have also 

demonstrated that both LIF and CNTF can function to regulate neurotransmitter 

synthesis in rat sensory neurons (Nawa et aL, 1990; Ip et aL, 1991; Murphy et 

aL, 1991; Rao et aL, 1992, Fan and Katz, 1993; Thaler, 1994; Waie et aL, 1995). 

LIF and CNTF were shown to partially inhibit the expression of the 

catecholamine-synthesising enzyme, tyrosine hydroxlyase (TH), in low density 

cultures of E l6.5 rat trigeminal neurons (Fan and Katz, 1993). In contrast, a 

comparison of TH-immunostained nodose and trigeminal ganglia from E13.5, 

E17.5 and E18.5 wild type (WT) and LIFRP"/" mutant mice revealed no obvious 

differences in the numbers of catecholaminergic neurons (Ware et aL, 1995).

In a recent study, Qiu and co-workers have suggested that iodinated LIF 

(i25i_LiF) binds to trigeminal and nodose ganglia of the developing rat (Qiu et 

aL, 1994). Furthermore, they suggest that binding to different types of sensory 

ganglia is detectable in vaiying magnitudes at different developmental stages. 

Although the results produced were semi-quantitative, they suggest that the 

magnitude of bound '^^I-LIF increases between the ages E15/16 and E18/P0. In
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addition, this study demonstrated differences in the amount of bound 

between E18 sensory and sympathetic ganglia, suggesting that the magnitude of 

binding is lower in sympathetic ganglia. This finding is consistent with 

experiments I conducted using E19 SCG neurons, which did not survive in the 

presence of any of the cytokines tested (data not shown). Likewise, E21 

sympathetic neurons could not be supported by either CNTF or LIF, but after 5 

days in culture with NGF could be supported by either of these factors on NGF 

withdrawal (ICotzbauer et al., 1994). P6 sympathetic neurons also survive in the 

presence of LIF and CNTF in dissociated cultures (Kotzbauer et at., 1994). 

Taken together these results indicate that cytokine regulated cell survival may be 

dependent upon the timing of receptor synthesis in cytokine responsive neurons.

In summary, my work has demonstrated clear differences in the 

responses of different populations of cranial sensory neurons to cytokines during 

development. Whereas trigeminal neurons survive in response to CNTF, LIF, 

OSM or CT-1 late in development, most nodose neurons respond to these 

cytokines throughout the greater part of their embryonic development and 

additionally acquire responsiveness to IL-6 at late embryonic stages. These 

results suggest complex interactions between neurotrophins and cytokines in 

regulating the survival of different kinds of sensory neurons during 

development.
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The data presented in this thesis show that during development, different 

populations of sensory neurons can respond differently to survival factors. 

Whereas certain populations of neurons can respond to several factors from the 

eaiiy stages of target innervation, other populations undergo a developmental 

switch in their trophic factor requirements.

I have demonstrated that the enteroceptive neurons of the nodose 

ganglion of the mouse survive in the presence of both neurotrophins, BDNF and 

NT-4/5 and the structurally related cytoldnes CNTF, LIF, OSM, and CT-1 from 

the earliest stages of target encounter throughout development and at later stages 

respond to an additional cytokine, IL-6 (see Fig. 6).

Neurotrophin
Independence
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LIF-responsive

GSM-responsive

CT-1-responsive

r
E9

T "
E llElO E12 El 3 E14

“T "
E15 El 6 E17 E18 E19

Figure 6. Summaiy of the developmental responsiveness of mouse nodose ganglion neurons to 

different neurotrophic factors shown in this study. Developmental time is represented from left 

to right in the diagram.
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The cutaneous sensory neurons of the mouse trigeminal ganglion show 

different neurotrophic factor survival requirements to those of the nodose 

ganglion. After their initial period of neurotrophin independence, these neurons 

initially respond transiently to BDNF and NT4/5 (these neurons are also 

transiently responsive to NT-3 during this period (Buchman and Davies, 1993)). 

Trigeminal neurons then undergo a switch in their survival requirements, 

becoming NGF responsive and finally, begin to respond to the structurally 

related cytokines much later in development (see Fig. 7).

Neurotrophin
independence

E9
“T “
ElO
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CT-1-responsive
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Figure 7. Summary of the developmental changes in neurotrophic factor responsiveness 

through which trigeminal ganglion neurons pass. Developmental time is represented from left to 

right in the diagram.

Studies of neurons from p75“/“ mice have shown that during the mid- 

embryonic period, the common low affinity receptor p75 enhances the survival 

responses of trigeminal sensory neurons to NGF (Davies et aL, 1993b).
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Similarly, p75 enhances the sensitivity of neurons from the superior cervical 

sympathetic ganglion to NGF, however in this case these neurons show the 

enhanced response postnatally (Lee et aL, 1994). In this study I have 

investigated the p75 modulated NGF survival response using an alternative 

approach. Using a mutated form of NGF that does not significantly bind p75,1 

have shown that p75 also plays a role in mediating the réponse of embryonic 

trigeminal and postnatal superior cervical sympathetic neurons to NGF. The 

reduced survival response of these neurons is not enhanced by addition of cell 

permeable analogues of the lipid second messenger ceramide, which is generated 

by NGF binding to p75 in other cell types (Dobrowsky et aL, 1994). 

Measurement of the relative levels of p75 and trkA mRNA suggest that 

endogenous p75 enhances the NGF survival response when the levels of p75 and 

trIcA mRNA are similai'.

BDNF responsive neurons from chick embryos are not as effectively 

supported by mammalian NT-4/5 or Xenopus NT-4, as with BDNF due to the 

lack of evolutionary conservation of NT-4/5 compared with other neurotrophins. 

The different activity of NT4/5 among different populations of chick neurons 

may be due to the expression of different isoforms of trkB.

In conclusion, the differing developmental survival responses displayed 

by NGF-dependent and BDNF-dependent neurons may be consequence of the 

functional segregation of the different populations of neurons studied.

190



References

Acheson, A., Conover, J. C., Fandl, J, P., DeChiara, T. M., Russell, M., 

Thadani, A., Squinto, S. P., Yancopoulos, G. D. and Lindsay, R. M. (1995). 

A BDNF autocrine loop in adult sensory neurons prevents cell death. Nature 

374,450-453.

Adler, R., Landa, K. B., Manthorpe, M, and Varon, S. (1979). Cholinergic 

neuronotrophic factors: intraocular distribution of trophic activity for ciliary 

neurons. Science 204, 1434-1436.

Airaksinen, M. S., Koltzenburg, M., Lewin, G. R., Masu, ¥ ., Helbig, €., 

Wolf, E,, Brem, G., Toyka, K. V., Thoenen, E. and Meyer, M. (1996). 

Specific subsets of cutaneous mechanoreceptors require neurotrophin-3 

following peripheral tai get innervation. Neuron 16,287-295.

Albers, K. M., Perrone, T. N., Goodness, T. P., Jones, M. E., Green, M. A, 

and Davis, B. M, (1996). Cutaneous overexpression of NT-3 increases senosry 

and sympathetic neurons number and enhances touch dome and hair follicle 

innervation. J. Cell Biol 134,487-497.

Albers, K. M., Wright, D. E. and Davis, B. M. (1994). Overexpression of 

nerve growth factor in epidermis of transgenic mice causes hypertrophy of the 

peripheral nervous system. J Neurosci.

Alessi, D. R., Saito, ¥ ., Campbell, D. G., Cohen, P., Sithanandam, G., Rapp, 

U., Ashworth, A., Marshall, C. J. and Cowley, S. (1994). Identification of the 

sites in MAP kinase kinase-1 phosphorylated by p74raf-l. EMBO J 13, 1610- 

1619.

Allen, S. J,, Dawbarn, D., Eckford, S. D., Wilcock, G. K., Ashcroft, M., 

Colebrook, S. M,, Feeney, R. and MacGowan, S. H. (1994). Cloning of a

191



non-catalytic form of human tiicB and distribution of messenger RNA for trkB in 

human brain. Neuroscience 60, 825-834.

Allendoerfer, K. L., Cabelii, R. J., Ëscandon, E., Kaplan, D. R., Nikolics, K. 

and Shatz, C, J. (1994). Regulation of neurotrophin receptors during the 

maturation of the mammalian visual system. J Neurosci.

Allsopp, T. E., Robinson, M., Wyatt, S. and Davies, A. M. (1993b). Ectopic 

trkA expression mediates a NGF survival response in NGF-independent sensory 

neurons but not in paiasympathetic neurons. J. Cell Biol 123,1555-1566.

Allsopp, T. E,, Wyatt, S., Paterson, H. F. and Davies, A. M. (1993a). The 

proto-oncogene bcl-2 can selectively rescue neurotrophic factor-dependent 

neurons from apoptosis. Cell 73, 295-307.

Angeletti, R. H. and Bradshaw, R. A. (1971). Nerve growth factor from 

mouse submaxillary gland: amino acid sequence. Proc Natl Acad Sci U SA  68, 

2417-2420.

Angeletti, R. H., Mercanti, D. and Bradshaw, R. A. (1973). Amino acid 

sequences of mouse 2.5S nerve growth factor. I. Isolation and characterization of 

the soluble tryptic and chymotryptic peptides. Biochemistry 12,90-100.

Arakawa, ¥ ., Sendtner, M. and Thoenen, H. (1990). Survival effect of ciliary 

neurotrophic factor (CNTF) on chick embryonic motoneurons in culture: 

comparison with other neurotrophic factors and cytokines. J Neurosci 10, 3507- 

15.

Arenas, E. and Persson, H. (1994). Neurotrophin-3 prevents the death of adult 

central noradrenergic neurons in vivo. Nature 367, 368-71.

Arumae, Ü,, Pirvola, U., Palgi, J., Kiema, T. R,, Palm, K., Moshnyakov, M., 

¥likoski, J. and Saarma, M. (1993). Neurotrophins and their receptors in rat

192



peripheral trigeminal system during maxillaiy nerve growth. J Cell Biol 122, 

1053-65.

Averill, S., McMahon, S. B., Clary, D. O., Reichardt, L. F. and Priestley, J. 

V. (1995). Immunocytochemical localization of trk A receptors in chemically 

identified subgroups of adult rat sensory neurons. Eur. J. Neurosci. 7, 1484- 

1494.

Ayer-LeLievre, C., Olson, L., Ebendal, T., Seiger, A. and Persson, H, 

(1988). Expression of the beta-nerve growth factor gene in hippocampal 

neurons. Science 240, 1339-1341.

Baeuerie, P. A. and Henkel, T. (1994). Function and activation of NF-kappa B 

in the immune system. Annu Rev Immunol 12,141-179.

Baloh, R. H., Tansey, M, G., Golden, J. P., Creedon, D. J., Heuckeroth, R. 

O., Keck, C. L., Zimonjic, D, B., Popescu, N. C., Johnson, E. M. J. and 

Milbrandt, J. (1997). TrnR2, a novel receptor that mediates neurturin and 

GDNF signaling through Ret. Neuron 18,793-802.

Bamber, B. A., Masters, B. A., Hoyle, G. W., Brinster, R. L. and Palmiter, 

R. D. (1994). Leukemia inhibitory factor induces neurotransmitter switching in 

ti'ansgenic mice. Proc Natl Acad Sci U SA91,  7839-7843.

Bandtlow, C. E., Heumann, R., Schwab, M, E. and Thoenen, H. (1987). 

Cellulai* localization of nerve growth factor synthesis by in situ hybridization. 

EMBO J 6, 891-9.

Banner, L. R. and Patterson, P. H. (1994). Major changes in the expression of 

the mRNAs for cholinergic differentiation factor/leukemia inhibitory factor and 

its receptor after injury to adult peripheral nerves and ganglia. Proc. Natl. Acad. 

Sci. t/5A 91, 7109-7113.

193



Barbin, G,, Manthorpe, M. and Varon, S, (1984). Purification of the chick 

eye ciliary neuronotrophic factor. J Neurochem 4 3 ,1468-78.

Barde, Y. A., Edgar, D. and Thoenen, ÏÏ. (1980). Sensoiy neurons in culture: 

changing requirements for survival factors during embryonic development. 

Proc Natl Acad Sci US A l l ,  1199-1203.

Barde, Y. A., Edgar, D. and Thoenen, H. (1982). Purification of a new 

neurotrophic factor from mammalian brain. EMBO J. 1, 549-553.

Barde, Y. A., Davies, A. M., Johnson, J. E., Lindsay, R. M. and Thoenen, H.

(1987). Brain derived neurotrophic factor. Prog Brain Res 11, 185-9.

Barker, P. A., Lomen-Hoerth, C., Gensch, E. M,, Meakin, S. O., Glass, D. J. 

and Shooter, E. M, (1993). Tissue-specific alternative splicing generates two 

isoforms of the trkA receptor. J. Biol Chem. 268, 15150-15157.

Barker, P. A. and Shooter, E. M, (1994). Disruption of NGF binding to the 

low affinity neurotrophin receptor p75LNTR reduces NGF binding to TrkA on 

PC12 cells. Neuron 13, 203-215.

Barkley, D. S., Rakic, L. L,, Chaffee, J. K. and Wong, D. L. (1973). Cell 

separation by velocity sedimentation of postnatal mouse cerebellum. J Cell 

Physiol 81, 271-279.

Barres, B. A., Raff, M. C., Gaese, F., Bartke, L, Dechant, G. and Barde, Y. 

A. (1994). A crucial role for neurotrophin-3 in oligodendrocyte development. 

Nature 367, 371-5.

Barrett, G. L. and Bartlett, P. F. (1994). The p75 nerve growth factor receptor 

mediates survival or death depending on the stage of sensory neuron 

development. Proc. Natl. Acad. Sci. USA 91, 6501-6505.

194



Battleman, D. S., Geller, A. I. and Chao, M. V. (1993). HSV-1 vector- 

mediated gene transfer of the human nerve growth factor receptor p75hNGFR 

defines high-affinity NGF binding. J. Neurosci. 13, 941-951.

Baumann, H., Ziegler, S. F., Mosley, B., Morelia, K. K., Pajovic, S. and 

Gearing, D. P. (1993). Reconstitution of the response to leukemia inhibitory 

factor, oncostatin M, and ciliary neurotrophic factor in hepatoma cells. J Biol 

Chem 268, 8414-7.

Baumann, M., Baumann, H, and Fey, G. H. (1990). Molecular cloning, 

characterization and functional expression of the rat liver interleukin 6 receptor. 

J Biol Chem 265(52), 19853-19862.

Bazan, J. F. (1991). Neuropoietic cytoldnes in the hematopoietic fold. Neuron 

7,197-208.

Benedetti, M., Levi, A. and Chao, M, V. (1993). Differential expression of 

nerve growth factor receptors leads to altered binding affinity and neurotrophin 

responsiveness. Proc. Natl. Acad. Sci. USA9&,  7859-7863.

Berg, D, K. and Fischbach, G. D. (1978). Enrichment of spinal cord cell 

cultures with motoneurons. J Cell Biol 77, 83-89.

Berg, M, M., Sternberg, D. W., Hempstead, B. L. and Chao, M. V, (1991). 

The low-affinity p75 nerve growth factor (NGF) receptor mediates NGF-induced 

tyrosine phosphorylation. Proc. Natl. Acad. Sci. USA 88,7106-7110.

Berkemeier, L. M., Winslow, J. W., Kaplan, D. R., Nikolics, K., Goeddei, D. 

V. and Rosenthal, A. (1991). Neurotrophin-5: a novel neurotrophic factor that 

activates trk and trkB. Neuron 7, 857-866.

Bhatt, H., Brunet, L, J. and Stewart, C. L. (1991). Uterine expression of 

leukemia inhibitory factor coincides with the onset of blastocyst implantation. 

Proc Natl Acad Sci U SA  88(24), 11408-11412.

195



Biffo, S., Offenhauser, N., Carter, B. D, and Barde, Y. A, (1995). Selective 

binding and internalisation by truncated receptors restrict the availability of 

BDNF during development. Development 121, 2461-2470.

Birren, S. J., Lo, L. and Anderson, D. J, (1993). Sympathetic neuroblasts 

undergo a developmental switch in trophic dependence. Development 119, 597- 

610.

Bloch-Gallego, E., Huchet, M., El M'Hamdi, H., Xie, F. K., Tanaka, H. and 

Henderson, C. E. (1991). Survival in vitro of motoneurons identified or 

purified by novel antibody-based methods is selectively enhanced by muscle- 

derived factors. Development 111, 221-32.

Bothwell, M. (1991). Keeping track of neurotrophin receptors. Cell 65, 915-8.

Bothwell, M. (1995). Functional interactions of neurotrophins and neurotrophin 

receptors. Ann. Rev. Neurosci. 18,223-253.

Boulton, T. G., Stahl, N. and Yancopoulos, G. D. (1994). Ciliaiy neurotrophic 

factor/leukemia inhibitoiy factor/interleukin 6/oncostatin M family of cytokines 

induces tyrosine phosphoiylation of a common set of proteins overlapping those 

induced by other cytokines and growth factors. J Biol Chem 269 (15), 11648- 

11655.

Boulton, T. G,, Zhong, Z., Wen, Z., Darnell, J. E. J., Stahl, N. and 

Yancopoulos, G. D. (1995). STAT3 activation by cytokines utilizing gpl30 

and related transducers involves a secondary modification requiring an H7- 

sensitive kinase. Proc Natl Acad Sci U SA  92 (15), 6915-6919.

Bruce, A. G., Hoggatt, I. H. and Rose, T. M. (1992). Oncostatin M is a 

differentiation factor for myeloid leukemia cells. J Immunol 149,1271-1275.

Brugg, B., Michel, P. P., Agid, Y. and Ruberg, M. (1996). Ceramide induces 

apoptosis in cultured mesencephalic neurons. J Neurochem 66, 733-739.

196



Buchman, V. L. and Davies, A, M. (1993). Different neurotrophins are 

expressed and act in a developmental sequence to promote the survival of 

embryonic sensory neurons. Development 118,989-1001.

Buj-Bello, A., Buchman, V. L., Horton, A., Rosenthal, A. and Davies, A. M.

(1995). GDNF is an age-specific survival factor for sensory and autonomic 

neurons. Neuron IS, 821-828.

Buj-Bello, A., Pinon, L. G. and Davies, A. M. (1994). The survival of NGF- 

dependent but not BDNF-dependent cranial sensory neurons is promoted by 

several different neurotrophins eaily in their development. Development 120, 

1573-1580.

Buj-Bello, A., Adu, X, Pinon, L. G., Horton, A., Thompson, J., Rosenthal,

A., Chinchetru, M., Buchman, V. L. and Davies, A. M. (1997). Neurturin 

responsiveness requires a GPI-linked receptor and the Ret receptor tyrosine 

kinase. Nature 381.

Burnham, P., Louis, J. C., Magal, E, and Varon, S. (1994). Effects of ciliary 

neurotrophic factor on the survival and response to nerve growth factor of 

cultured rat sympathetic neurons. Dev Biol 161, 96-106.

Cabelli, R, J., Hohn, A. and Shatz, C. J. (1995). Inhibition of ocular 

dominance column formation by infusion of NT-4/5 or BDNF. Science 267, 

1662-1666.

Cadman, E, D., Witte, D. G. and Lee, C. M. (1994). Regulation of the release 

of interleukin-6 from human astrocytoma cells. J. Neurochem 63, 980-987.

Canossa, M., Tvyiss, J. L., Verity, A. N. and Shooter, E. M. (1996). 

p75NGFR and TrkA receptors collaborate to rapidly activate a p75NGFR- 

associated protein kinase. EMBO J. 15, 3369-3376.

197



Carroll, P., Sendtner, M., Meyer, M. and Thoenen, H. (1993). Rat ciliary 

neurotrophic factor (CNTF): gene structure and regulation of mRNA levels in 

glial cell cultures. Glia9, 176-187.

Carter, B. D., Kaltschmidt, C., Kaltschmidt, B., Offenhauser, N., Bohm- 

Matthaei, R., Baeuerle, P. A, and Barde, Y. A. (1996). Selective activation of 

NF-kappa B by nerve growth factor through the neurotrophin receptor p75. 

Science 272, 542-545.

Casaccia-Bonnefil, P., Carter, B. D., Doforowsky, R, T. and Chao, M. V.

(1996). Death of oligodendrocytes mediated by the interaction of nerve growth 

factor with its receptor p75. Nature 383,716-719.

Cattaneo, E. and McKay, R. (1990). Proliferation and differentiation of 

neuronal stem cells regulated by nerve growth factor. Nature 347,762-5.

Cavicchioli, L., Flanigan, T. P., Yantini, C., Fusco, M., Polato, P., Toffano, 

G., Walsh, F. S. and Leon, A. (1989). NGF amplifies expression of NGF 

receptor messenger RNA in forebrain cholinergic neurons of rats. Eur. J. 

NeuroscL 1,258-262.

Chao, M. (1994). The p75 neurotrophin receptor. J. Neurobiol. 25, 1373-1385.

Chao, M. V. (1992). Growth factor signaling: where is the specificity? Cell 68, 

995-7.

Chao, M. V. (1995). Ceramide: A potential second messenger in the nervous 

system. Mol. Cell NeuroscL 6, 91-96.

Chao, M, V., Bothwell, M. A., Ross, A. H., Koprowski, H., Lanahan, A. A., 

Buck, C. R. and Sehgal, A. (1986). Gene transfer and moleculai' cloning of the 

human NGF receptor. Science 232, 518-521.

198



Chapman, B. S. (1995). A region of the 75 kDa neurotrophin receptor 

homologous to the death domains of TNFR-I and Fas. FEES I^tt 374, 216-220.

Chatterjee, §. (1994). Neutral sphingomyelinase action stimulates signal 

transduction of tumor necrosis factor-alpha in the synthesis of cholesteryl esters 

in human fibroblasts. J Biol Chem 269 (2), 879-882.

Chesa, P. G., Rettig, W. J., Thomson, T. M., Old, L. J. and Melamed, M. R.

(1988). Immunohistochemical analysis of nerve growth factor receptor 

expression in normal and malignant human tissues. J Histochem Cytochem 36, 

383-389.

Chinnaiyan, A. M. and Dixit, V. M. (1996). The cell-death machine. Curr. 

Biol 6, 555-562.

Chiu, C. P., Moulds, C., Coffman, R. L., Rennick, D. and Lee, F. (1988). 

Multiple biological activities are expressed by a mouse interleukin 6 cDNA 

clone isolated from bone marrow stromal cells. Proc Natl Acad Sci U S A SB, 

7099-7103.

Chomczynski, P. and Sacchi, N. (1987). Single step method of RNA isolation 

by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem. 

162, 156-159.

Chun, L. L. and Patterson, P. H. (1977). Role of nerve growth factor in the 

development of rat sympathetic neurones in vitro. II. Developmental studies. J. 

Cell Biol 75, 705-711.

Clary, D. O. and Reichardt, L, F. (1994). An alternatively spliced form of the 

nerve growth factor receptor TrkA confers an enhanced response to 

neurotrophin-3. Proc. Natl Acad. ScL USA 91, 11133-11137.

199



Cohen, A., Bray, G. M. and Aguayo, A. J, (1994). Neurotrophin-4/5 (NT-4/5) 

Increases Adult Rat Retinal Ganglion Cell Survival and Neurite Outgrowth in 

vitro. J. Neurobiol 25, 953-959.

Cohen, J., Mares, V. and Lodin, Z. (1973). DNA content of purified 
preparations of mouse Purkinje neurons isolated by a velocity sedimentation 
technique. J Neurochem 2Q, 651-657.

Cohen, J., Balazs, R., Hajos, F,, Currie, D. N. and Dutton, G. R. (1978). 

Separation of cell types from the developing cerebellum. Bt'ain Res 148, 313- 

331.

Cohen, S. (1959). Metabolic effects of a specific nerve growth factor (NGF) on 

sensory and sympathetic ganglia: enhancement of lipid biosynthesis. J. Biol 

Chem. 234, 1129-1137.

Cohen, So (1960). Purification of nerve growth factor-promoting protein from 

the mouse salivary gland and its neurocytotoxic antiserum. Proc. Natl Acad. 

Scl 46, 302-311.

Cohen, S. and Levi-Montaicini, R. (1956). Growth regulation of sympathetic 

nerve cells. Proc. Natl Acad. Scl USA 40, 571-574.

Collazo, Do, Takahashi, H. and McKay, R. D. (1992). Cellular targets and 

trophic functions of neurotrophin-3 in the developing rat hippocampus. Neuron 

9, 643-56.

Conover, J. C., Erickson, J. T., Katz, D. M,, Bianchi, L. M., Poueymirou, 

W. T., McClain, J,, Pan, L,, Helgren, M., Ip, N. Y., Boland, P., Friedman,

B., Wiegand, S., Vejsada, R., Kato, A. C., DeClara, T. M. and Yancopoulas, 

G. D. (1995). Neuronal deficits, not involving motor neurons, in mice lacldng 

BDNF and NT4. Nature 375,235-238.

200



Cordon-Cardo, C., Tapley, P., Jing, S. Q., Nanduri, V., O ’Rourke, E., 

Lamballe, F., Kovary, K,, Klein, R., Jones, K. R., Reichardt, L. F. and 

Barbacid, M. (1991). The trk tyrosine protein kinase mediates the mitogenic 

properties of nerve growth factor and neurotrophin-3. Cell 66,173-183.

Cressman, D. E., Greenbaum, L. E., DeAngelis, R. A., Ciliberto, G., Furth, 

E. E., Po!i, V. and Taub, R. (1996). Liver failure and defective hepatocyte 

regeneration in interleuldn-6-deficient mice. Science 274, 1379-1383.

Crowley, C., Spencer, S. D., Nishimura, M. C., Chen, K. S., S., P.-M., 

Armanini, M. P., Ling, L. H., McMahon, S. B., Shelton, D. L., Levinson, A. 

D. and Phillips, H. S, (1994). Mice lacking nerve growth factor display 

perinatal loss of sensory and sympathetic neurons yet develop basal forebrain 

cholinergic neurons. Ce//76, 1001-1011.

Cui, Q. and Harvey, A, R. (1994). NT-4/5 reduces naturally occurring retinal 

ganglion cell death in neonatal rats. Neuroreport 5,1882-1884,

Curtis, R., Adryan, K. M., Zhu, Y., Harkness, P. J., Lindsay, R. M. and 

DiStefano, P. S. (1993). Retrograde axonal transport of ciliary neurotrophic 

factor is increased by peripheral nerve injury. Nature 365, 253-255.

Curtis, R., Scherer, S. S., Somogyi, R., Adryan, K, M., Ip, N. Y., Zhu, Y., 

Lindsay, R. M. and DiStefano, P. S. (1994). Retrograde axonal transport of 

LIP is increased by peripheral nerve injury: correlation with increased LIF 

expression in distal nerve. Neuron 12, 191-204.

D'Arcangelo, G. and Halegoua, S. (1993). A branched signaling pathway for 

nerve growth factor is revealed by Src-, Ras-, and Raf-mediated gene inductions. 

Mol Cell Biol 13,3146-55.

201



Davies, A. M. and Lumsden, A. G. S. (1983). Influence of nerve growth factor 

on developing dorso-medial and vento-lateral neurons of chick and mouse 

trigeminal ganglia. Int J. Devel NeuroscL 1, 171-177.

Davies, A. M. and Lumsden, A. G. S. (1984). Relation of target encounter and 

neuronal death to nerve growth factor responsiveness in the developing mouse 

trigeminal ganglion. 7. Comp. Neurol. 223,124-137.

Davies, A. M, and Lumsden, A. G. (1986). Fasciculation in the early mouse 

trigeminal nerve is not ordered in relation to the emerging pattern of whisker 

follicles. J. Comp. New'ol. 253, 13-24.

Davies, A. M. and Lindsay, R. M. (1985). The cranial sensory ganglia in 

culture: Differences in the response of placode-derived and neur al crest-derived 

neurons to nerve growth factor. Dev. Biol. I l l ,  62-72.

Davies, A. M, (1986). The survival and growth of embryonic proprioceptive 

neurons is promoted by a factor present in skeletal muscle. Dev Biol 115,56-67.

Davies, A. M, (1987). Molecular and cellular aspects of patterning sensory 

nemone connections in the vertebrate nervous system. Development 101, 185- 

208.

Davies, A. M. (1988). Neurotrophic factor bioassay using dissociated neurons. 

In R. Rush (Eds.), Nerve Growth Factors (pp. 95-109).

Davies, A. M. (1989). Intrinsic differences in the growth rate of early nerve 

fibres related to taiget distance. Nature 337, 553-5.

Davies, A. M. (1994a). Role of neurotrophins in the developing nervous 

system. J. Neurobiol. 25, 1334-1348.

Davies, A. M. (1994b). Tracldng neurotrophin function. Nature 368, 193-194.

202



Davies, A. M. (1997). Neurotrophins: the yin and yang of nerve growth factor. 

Curr Biol 7, R38-R40.

Davies, A. M., Bandtlow, C., Heumann, R., Korsching, S., Rohrer, H. and 

Thoenen, H. (1987a). Timing and site of nerve growth factor synthesis in 

developing skin in relation to innervation and expression of the receptor. Nature 

326, 353-358.

Davies, A. M,, Horton, A., Burton, L. E., Schmelzer, C., Vandlen, R. and 

Rosenthal, A. (1993a). Neurotrophin-4/5 is a mammalian-specific survival 

factor for distinct populations of sensory neurons. J. NeuroscL 13,4961-4967.

Davies, A. M., Lee, K. F. and Jaenisch, R. (1993b). p75-deficient trigeminal 

sensory neurons have an altered response to NGF but not to other neurotrophins. 

Neuron 11, 565-74,

Davies, A. M., Lumsden, A. G. and Rohrer, H, (1987b). Neural crest-derived 

proprioceptive neurons express nerve growth factor receptors but are not 

supported by nerve growth factor in culture. Neuroscience 20, 37-46.

Davies, A. M,, Minichiello, L, and Klein, R. (1995a). Developmental changes 

in NT3 signalling via TrkA and TrkB in embryonic neurons, EMBO J. 14, 

4482-4489.

Davies, A. M,, Thoenen, H. and Barde, Y. A. (1986a). Different factors from 

the central nervous system and periphery regulate the survival of sensory 

neurones. Nature 319, 497-499,

Davies, A. M., Thoenen, H, and Barde, Y. A. (1986b). The response of chick 

sensory neurons to brain-derived neurotrophic factor. 7. NeuroscL 6, 1897- 

1904.

203



Davies, A. M., Wyatt, S., Nishimura, M. and Phillips, H. (1995b). NGF 

receptor expression in sensory neurons develops normally in embryos lacking 

NGF. Devel Biol 171,434-438.

Davis, R. J. (1994). MAPKs: new INK expands the group. TIBS 19,470-473.

Davis, S., Aldrich, T. H., Ip, N. Y., Stahl, N., Scherer, S., Farruggella, T., 

DiStefano, P. S., Curtis, R., Panayotatos, N., Gascan, H., Chelalier, S. and 

Yancopoulos, G. D. (1993a). Released form of CNTF receptor alpha 

component as a soluble mediator of CNTF responses. Science 259, 1736-1739.

Davis, S., Aldrich, T. H., Stahl, N., Fan, L., Taga, T., Kishimoto, T., Ip, N. 

Y. and Yancopoulos, G. D. (1993b). LIFR beta and gpl30 as heterodimerizing 

signal transducers of the tripartite CNTF receptor. Science 260, 1805-1808.

Davis, S., Aldrich, T. H., Valenzuela, D. M., Wong, V. V., Furth, M. E., 

Squinto, S. P. and Yancopoulos, G. D, (1991). The receptor for ciliary 

neurotrophic factor. Science 253, 59-63.

Dechant, G., Biffo, S., Okazawa, H., Kolbeck, R., Pottgiesser, J. and Barde, 

Y. A. (1993). Expression and binding characteristics of the BDNF receptor 

chick tiicB. Development 119, 545-558.

DeChiara, T. M., Vejsada, R., Poueymirou, W. T., Acheson, A., Suri, C., 

Conover, J. C., Friedman, B,, McClain, J., Pan, L., Stahl, N., Ip, N. Y., 

Kato, A. and Yancopoulos, G. D. (1995). Mice lacking the CNTF receptor, 

unlike mice lacking CNTF, exhibit profound motor neuron deficits at birth. Cell 

83,313-322.

DiCicco-Bloom, E., Friedman, W, J. and Black, I. B. (1993). NT-3 stimulates 

sympathetic neuroblast proliferation by promoting precursor cell survival. 

Neuron 11, 1101-1111.

204



DiStefano, P. S. and Johnson, E. M. J. (1988). Identification of a truncated 

form of the nerve growth factor receptor. Proc Natl Acad Sci U S A  85, 270- 

274.

Dobrea, G. M., Unnerstail, J. R. and Rao, M. S. (1992). The expression of 

CNTF message and immunoreactivity in the central and peripheral nervous 

system of the rat. Devel Brain Res. 66, 209-219.

Dobrowsky, R. T., W erner, M, H., Castellino, A, M., Chao, M. V. and 

Hannun, Y. A. (1994). Activation of the sphingomyelin cycle thi'ough the low- 

affinity neurotrophin receptor. Science 265, 1596-1599.

Doherty, P., Seaton, P., Flanigan, T. P. and Walsh, F. S. (1988). Factors 

controlling the expression of the NGF receptor in PC12 cells. NeuroscL Lett. 

92, 222-227.

D ostaler, S. M., Ross, G. M., M yers, S. M., W eaver, D. F., 

Ananthanarayanan, V. and Riopelle, R. J. (1996). Characterization of a 

distinctive motif of the low molecular weight neurotrophin receptor that 

modulates NGF-mediated neurite growth. Eur J Neurosci 8, 870-879.

Drinkwater, C. C., Suter, U., Angst, C. and Shooter, E, M. (1991). Mutation 

of tiyptophan-21 in mouse nerve growth factor (NGF) affects binding to the fast 

NGF receptor but not induction of neurites on PC 12 cells. Proc. R. Soc. Lond. 

246, 307-313.

Durbec, P., M arcos-Gutierrez, C. V., Kilkenny, C., Grigoriou, M., 

W artiowaara, K., Suvanto, P., Smith, D., Ponder, B., Costantini, F., 

Saarma, M., Sariola, H. and Pachnis, V. (1996). GDNF signalling through the 

Ret receptor tyrosine kinase. Natut'e 381, 789-793.

Ebendal, T. (1992). Function and evolution in the NGF family and its 

receptors. J Neurosci Res 32, 461-70.

205



Ebendal; T., Larham m ar, D, and Persson, H. (1986). Structure and 

expression of the chicken beta nerve growth factor gene. EMBO J  S, 1483-7.

Eckenstein, F. P., Esch, F., Holbert, T., Blacher, R. W. and Nishi, R. (1990). 

Purification and characterization of a trophic factor for embryonic peripheral 

neurons: comparison with fibroblast growth factors. Neuron 4, 623-31.

Edwards, R. H., Selby, M. J., Mobley, W. C., Weinrich, S. L., Hruby, D. E. 

and Rutter, W, J. (1988). Processing and secretion of nerve growth factor: 

expression in mammalian cells with a vaccinia virus vector. Mol Cell Biol 8, 

2456-64.

Ehrhard, P. B., Erb, P., Graumann, U. and Otten, U. (1993). Expression of 

nerve growth factor and nerve growth factor receptor tyrosine kinase Trk in 

activated CD4-positive T-cell clones. Proc Natl Acad Sci U S A 10984- 

10988.

Ehrhard, P. B. and Otten, U. (1994). Postnatal ontogeny of the neurotrophin 

receptors trk and trkB mRNA in rat sensory and sympathetic ganglia. Neurosci 

Lett 166, 207-10.

ElShamy, W. M. and Ernfors, P. (1996). A local action of neurotrophin-3 

prevents the death of proliferating sensory neuron precursor cells. Neuron 16, 

963-972.

Erickson, J. T., Conover, J. €., Borday, V., Champagnat, J., Barbacid, M., 

Yancopoulos, G. and Katz, D. M. (1996). Mice lacking brain-derived 

neurotrophic factor exhibit visceral sensory neuron losses distinct from mice 

lacking NT4 and display a severe developmental deficit in control of breathing. 

J. Neurosci. 16, 5361-5371.

206



Eriksson, N. P., Lindsay, R. M. and Aldskogius, H. (1994). BDNF and NT-3 

rescue sensory but not motoneurones following axotomy in the neonate. 

NeuroReport 5, 1445-1448.

Ernfors, P., Hallbook, F., Ebendal, T., Shooter, E. M., Radeke, M. J., 

Misko, T. P. and Persson, H. (1988). Developmental and regional expression 

of beta-nerve growth factor receptor mRNA in the chick and rat. . Neuron 1, 

983-996.

Ernfors, P., Ibanez, C. F., Ebendal, T., Olson, L. and Persson, H. (1990a). 

Molecular cloning and neurotrophic activities of a protein with structural 

similarities to nerve growth factor: developmental and topographical expression 

in the brain. Proc, Natl Acad. Scl USA 87, 5454-5458.

Ernfors, P., Lee, K, F. and Jaenisch, R. (1994a). Mice lacking brain-derived 

neurotrophic factor develop with sensory deficits. Nature 368,147-150.

Ernfors, P., Lee, K. F., Kucera, J. and Jaenisch, R. (1994b). Lack of 

neurotrophin-3 leads to deficiencies in the peripheral nervous system and loss of 

limb proprioceptive afferents. Cell 77, 503-512.

Ernfors, P., Merlio, J. and Persson, H. (1992). Cells expressing mRNA for 

neurotrophins and their receptors during embryonic rat development. Euro. J. 

NeuroscL 4, 1140-1158.

Ernfors, P., Wetmore, C., Olson, L. and Persson, H, (1990b). Identification 

of cells in rat brain and peripheral tissues expressing mRNA for members of the 

nerve growth factor family. Neuron 5, 511-26.

Ernfors, P., Van Der W ater, T., Loring, J. and Jaenisch, R, (1995). 

Complementary roles of BDNF and NT3 in vestibular and auditory 

development. Neuron 14, 1153-1164.

207



Ernsberger, U., Edgar, D. and Rohrer, H. (1989). The survival of early chick 

sympathetic neurons in vitro is dependent on a suitable substrate but 

independent of NGF. Devel. Biol. 135, 250-262.

Escandon, E., Burton, L. E., Szonyî, E. and Nikolics, K. (1993). 

Chaiacterization of neurotrophin receptors by affinity crosslinking. J Neurosci 

Res 34, 601-13.

Fan, G. and Katz, D. M. (1993). Non-neuronal cells inhibit catecholaminergic 

differentiation of primary sensory neurons: role of leukemia inhibitory factor. 

Development 118, 83-93.

Fann, M. J. and Patterson, P. H. (1994). Neuropoietic cytoldnes and activin A 

differentially regulate the phenotype of cultured sympathetic neurons. Proc Natl 

Acad Sci USA91AZ-A1.

Farinas, I., Jones, K. R., Backus, C., Wang, X. Y. and Reichardt, L. F.

(1994). Severe sensory and sympathetic deficits in mice lacking neurotrophin-3. 

Nature 369, 658-661.

Feinstein, D. L. and Larhammar, D. (1990). Identification of a conserved 

protein motif in a group of growth factor receptors. FEBS Lett 272, 7-11.

Forger, N. G., Roberts, S. L., Wong, V. and Breedlove, S. M. (1993). Ciliaiy 

neurotrophic factor maintains motoneurons and their target muscles in 

developing rats. J Neurosci 13,4720-6.

Frade, J. M,, Rodriguez-Tebar, A. and Barde, Y. A. (1996). Induction of cell 

death by endogenous nerve growth factor through its p75 receptor. Nature 383, 

166-168.

Francis, N. J., Asmus, S. E. and Landis, S, C. (1997). CNTF and LIF are not 

required for the target-directed acquisition of cholinergic and peptidergic 

properties by sympathetic neurons in vivo. Dev Biol 182,76-87.

208



Frederiksen, K. and McKay, R. D. (1988). Proliferation and differentiation of 

rat neuroepithelial precursor cells in vivo. J Neurosci 4, 1144-1151.

Friedman, B., Kllenfieîd, D., Ip, N. Y., Verge, V. M. K., Moulton, R., 

Boland, P., Zlotchenko, E., Lindsay, R. M. and Liu, L. (1995). BDNF and 

NT4/5 Exert Neurotrophic Influences on Injured Adult Spinal Motor Neurons. 

J. Neurosci. 15, 1044-1056.

Friedman, B., Scherer, S. S., Rudge, J. S., Helgren, M., Morrisey, D., 

McClain, J., Wang, D. Y., Wiegand, S. J., Furth, M, E., Lindsay, R. M, and 

Ip, N. (1992). Regulation of ciliary neurotrophic factor expression in myelin- 

related Schwann cells in vivo. Neuron 9,295-305.

Friedman, W. J., Ernfors, P. and Persson, H, (1991). Transient and persistent 

expression of NT-3/HDNF mRNA in the rat brain during postnatal development. 

J Neurosci 11, 1577-84.

Fukada, K. (1985). Purification and partial characterization of a cholinergic 

neuronal differentiation factor. Proc Natl Acad Sci U SAS2,  8795-8799.

Funakoshi, H., Belluardo, N., Arenas, E., Yamamoto, Y., Casabona, A., 

Persson, H. and Ibanez, C. F, (1995). Muscle-derived neurotrophin-4 as an 

activity-dependent trophic signal for adult motor neurons. Science 268, 1495- 

1499.

Gadient, R. A. and Otten, Ü. (1994). Identification of interleukin-6 (IL-6)- 

expressing neurons in the cerebellum and hippocampus of normal adult rats. 

Neurosci. Letts 182, 243-246.

Gaese, F., Kolbeck, R. and Barde, Y. A. (1994). Sensory ganglia require 

neurotrophin-3 early in development. Development 120, 1613-1619.

Gao, W., Dybdal, N,, Shinsky, N., Murnane, A., Schmelzer, C., Siegel, M., 

Keller, G., HeftI, F., Phillips, H. and Winslow, J. (1995). Neurotrophin-3

209



reverses experimentally induced cisplatin-induced peripheral sensory 

neuropathy. Ann. Neurol. 38, 30-37.

Garner, A. S. and Large, T. H. (1994). Isoforms of the avian TrkC receptor: a 

novel kinase insertion dissociates transformation and process outgrowth from 

survival. Neuron 13, 457-472.

Garner, A. S., Menegay, H. J., Boeshore, IC. L., Xie, X. Y., Vod, J. M., 

Johnson, J. E. and Large, T. H, (1996). Expression of TrkB receptor isoforms 

in the developing avian visual system. J Neurosci 16, 1740-1752.

Gauldie, J., Richards, C., Harnish, D., Lansdorp, F. and Baumann, H. 

(1987). Interferon beta 2/B-cell stimulatory factor type 2 shares identity with 

monocyte-derived hepatocyte-stimulating factor and regulates the major acute 

phase protein response in liver cells. Proc Natl Acad Sci f/ 5 A 84,7251-7255.

Gearing, D. P., Thut, C. J., VandeBos, T., Gimpel, S. D., Delaney, P. B., 

King, J., Price, V., Cosman, D. and Beckmann, M. P. (1991). Leukemia 

inhibitory factor receptor is structurally related to the IL-6 signal transducer, 

gpl30. EMBOJ.  10,2839-2848.

Gearing, D. P., Gough, N. M., King, J. A., Hilton, D. J., Nicola, N. A., 

Simpson, R. J., Nice, E. C., Kelso, A, and Metcalf, D. (1987). Molecular 

cloning and expression of cDNA encoding a murine myeloid leukaemia 

inhibitory factor (LIE). EMBO J  6, 3995-4002.

Gearing, D. P., Ziegler, S. F., Comeau, M. R,, Friend, D., Thoma, B., 

Cosman, D., Park, L. and Mosley, B. (1994). Proliferative responses and 

binding properties of hematopoietic cells transfected with low-affinity receptors 

for leukemia inhibitory factor, oncostatin M, and ciliary neurotrophic factor. 

Proc Natl Acad Sci USA91,  1119-1123.

210



Giovannini, M., Djabali, M., McElligott, D., Selleri, L. and Evans, G. A. 

(1993a). Tandem linkage of genes coding for leukemia inhibitory factor (LIF) 

and oncostatin M (OSM) on human chromosome 22. Cytogenet Cell Genet 64, 

240-4.

Giovannini, M., Romo, A. J. and Evans, G. A. (1993b). Chromosomal 

localization of the human ciliary neurotrophic factor gene (CNTF) to l lq l2  by 

fluorescence in situ hybridization. Cytogenet Cell Genet 63, 62-3.

Glass, D. J., Nye, S. H., Hantzopoulos, P., Macchi, M. J., Squinto, S. P., 

Goldfarb, M. and Yancopoulos, G. (1991). TrlcB mediates BDNF/NT-3- 

dependent sui-vival and proliferation in fibroblasts lacldng the low affinity NGF 

receptor. Cell 66, 405-413.

Golstein, P., Marguet, D. and Depraetere, V. (1995). Homology between 

reaper and the cell death domains of Fas and TNFRl. Cell 81,185-186,

Gorman, C«, Gies, D. and McCray, G, (1990). Transient production of 

proteins using an adenovims transformed cell-line. DNA Protein Eng. Tech. 2.

Gotz, R., Koster, R., Winkler, C., Raulf, P., Lottspeicb, F., Schartl, M. and 

Thoenen, H. (1994). Neurotrophin-6 is a new member of the nerve growth 

factor family. Nature 372, 266-269.

Greene, L. A. (1977). Quantitative in vitro studies on the nerve growth factor 

(NGF) requirement of neurons. I. Sympathetic neurons. Devel. Biol. 58, 96- 

105.

Greene, L. A. and Shooter, E. M. (1980). The nerve growth factor: 

biochemistry, synthesis, and mechanism of action. Annu Rev Neurosci 3, 353- 

402.

Hamburger, V. and Hamilton, H. L. (1951). A series of normal stages in the 

development of the chicken embiyo. J Morphol 88,49-92.

211



Hallbook, F., Ayer, L. C., Ebendal, T. and Persson, H. (1990). Expression of 

nerve growth factor receptor mRNA during early development of the chicken 

embiyo: emphasis on cranial ganglia. Development 108,693-704.

Hallbook, F., Ibanez, C. F., Ebendal, T, and Persson, H. (1993). Cellular 

localization of brain-derived neurotrophic factor and neurotrophin-3 mRNA 

expression in the early chicken embryo. Eur. J. Neurosci. 5, 1-14.

Hallbook, F., Ibanez, C. F. and Persson, H. (1991). Evolutionaiy studies of 

the nerve growth factor family reveal a novel member abundantly expressed in 

Xenopus ovary. Neuron 6, 845-858.

Hama, T., Miyamoto, M., Tsukui, H., Mshio, C. and Hatanaka, H. (1989). 

Interleukin-6 as a neurotrophic factor for promoting the survival of cultured 

basal forebrain cholinergic neurons from postnatal rats. Neurosci. Lett. 104, 

340-4.

Hannun, Y. A. (1994). The sphingomyelin cycle and the second messenger 

function of ceramide. J Biol Chem 269, 3125-3128.

Hannun, Y. A. and Obeid, L, M. (1995). Ceramide: an intracellular signal for 

apoptosis. Trends Biol. Sci. 20, 73-77.

Harper, S. and Davies, A. M. (1990). NGF mRNA expression in developing 

cutaneous epithelium related to innervation density. Development 110, 515-519.

Hartfield, P. J., Mayne, G. C. and Murray, A. W. (1997). Ceramide induces 

apoptosis in PC12 cells. FEBS Lett 401, 148-152.

Hartnick, C. J., Staecker, H., Malgrange, B., P.P., L., Liu, W., Moonen, G. 

and Van de Water, T. R. (1996). Neurotrophic effects of BDNF and CNTF, 

alone and in combination, on postnatal day 5 rat acoustic ganglion neurons. J. 

Neurobiol. 30, 246-254.

212



Hatanaka, H., Tsukui, H. and Nihonmatsu, ï. (1988). Developmental change 

in the nerve growth factor action from induction of choline acetyltransferase to 

promotion of cell survival in cultured basal forebrain cholinergic neurons from 

postnatal rats. Brain Res 467, 85-95.

Heller, S., Huber, J., Finn, T. P., Nishi, R. and Rohrer, H. (1993). GPA and 

CNTF produce similar effects in sympathetic neurones but differ in receptor 

binding. Neuroreport 5, 357-60.

Hempstead, B. L., Schleifer, L. §. and Chao, M. V. (1989). Expression of 

functional nerve growth factor receptors after gene transfer. Science 243, 373-5.

Hempstead, B. L., Martin, Z. D., Kaplan, D. R., Parada, L. F. and Chao, M. 

V. (1991). High-affinity NGF binding requires coexpression of the trk proto­

oncogene and the low-affinity NGF receptor. Nature 350, 678-683.

Hempstead, B. L., Patil, N., Thiel, B. and Chao, M. V. (1990). Deletion of 

cytoplasmic sequences of the nerve growth factor receptor leads to loss of high 

affinity ligand binding. J Biol Chem 265, 9595-9598.

Hempstead, B. L., Rabin, S. J., Kaplan, L., Reid, S., Parada, L. F. and 

Kaplan, D. R. (1992). Overexpression of the trk tyrosine kinase rapidly 

accelerates nerve growth factor-induced differentiation. Neuron 9, 883-896.

Henderson, C. E., Camu, W., Mettling, C., Gouin, A., Poulsen, K., Karlaloo, 

M., Rullamas, J., Evans, T., McMahon, S. B., Armanini, M. P., Berkemeier, 

L., Phillips, H. S. and Rosenthal, A. (1993). Neurotrophins promote motor 

neuron survival and are present in embryonic limb bud. Nature 363, 266-270.

Hendry, I. A., Murphy, M., Hilton, D. J., Nicola, N. A. and Bartlett, P. F.

(1992), Binding and retrograde transport of leukemia inhibitory factor by the 

sensory nervous system. J. Neurosci. 12, 3427-3434.

213



Hendry, I. A., Stoeckel, K,, Thoenen, H. and Iversen, L, L. (1974). 

Retrograde tiansport of nerve growth factor. Brain Res. 68, 103-121.

Hengartner, M. O. (1996). Programmed cell death in invertebrates. Curr Opin 

Genet Dev 6, 34-38.

Herzog, K. H., Bailey, K. and Barde, Y. A. (1994). Expression of the BDNF 

gene in the developing visual system of the chick. Development 120, 1643-9.

Heuer, J. G., Fatemie, N. S., Wheeler, E. F. and Bothwell, M. (1990). 

Structure and developmental expression of the chicken NGF receptor. Dev Biol 

137,287-304.

Heumann, R., Korsching, S., Scott, J. and Thoenen, H. (1984). Relationship 

between levels of nerve growth factor (NGF) and its messenger RNA in 

sympathetic ganglia and peripheral target tissues. EMBO J  3, 3183-9.

Heumann, R., Korsching, S., Scott, J. and Thoenen, H. (1984). Relationship 

between levels of nerve growth factor (NGF) and its messenger RNA in 

sympathetic ganglia and peripheral target tissues. EMBO J 3, 3183-9.

Hibi, M., Murakami, M,, Saito, M., Hirano, T., Taga, T. and Kishimoto, T.

(1990). Molecular cloning and expression of an IL-6 signal transducer, gpl30. 

Cell 63, 1149-1157.

Higgins, G, A., Koh, S., Chen, K. S. and Gage, F. H, (1989). NGF induction 

of NGF receptor gene expression and cholinergic neuronal hypertrophy within 

the basal forebrain of the adult rat. Neuron 3, 247-56.

Hirano, T., Yasukawa, K., Harada H, Taga, T., Watanabe, Y., Matsuda, T., 

Kashiwamura, S., Nakajima, K., Koyama, K., Iwamatsu, A., Tsunusawa, S., 

Sakayima, F., Matsui, H., Takahara, Y., Taniguchi, T. and Kishimoto, T. 

(1986). Complementary DNA for a novel human interleukin (BSF-2) that 

induces B lymphocytes to produce immunoglobulin. Nature 324, 73-76.

214



Hirota, H., Kiyama, H., Kishimoto, T, and Taga, T. (1996). Accelerated 

Nerve Regeneration in Mice by upregulated expression of interleukin (DL) 6 and 

IL-6 receptor after trauma. J Exp Med 183, 2627-2634.

Hofer, M. M. and Barde, Y. A, (1988). Brain-derived neurotrophic factor 

prevents neuronal death in vivo. Nature 331,261-2.

Hohn, A., Leibrock, J., Bailey, K. and Barde, Y. A, (1990). Identification and 

characterization of a novel member of the nerve growth factor/brain-derived 

neurotrophic factor family. Nature 344, 339-341.

Holtzman, D. M,, Li, Y., Parada, L. F., Kinsman, S., Chen, C. K., Valletta, 

J. S., Zhou, J., Long, J. B. and Mobley, W. C. (1992). pl40trk mRNA marks 

NGF-responsive forebrain neurons: evidence that trk gene expression is induced 

by NGF. Neuron 9,465-78.

Horton, A. M., Davies, A. M,, Buj-Bello, A., Bartlett, P. and Murphy, M. 

(1996). Leukemia inhibitory factor and ciliary neurotrophic factor in sensory 

neuron development. Perspect Dev Neurobiol 4, 35-38.

Hory-Lee, F., Russell, M., Lindsay, R. M. and Frank, E. (1993). 

Neurotrophin 3 supports the survival of developing muscle sensory neurons in 

culture. Proc Natl Acad Sci U S A W ,  2613-7.

Huber, L. J. and Chao, M. V. (1995). A potential interaction of p75 and trk A 

NGF receptors revealed by affinity crosslinking and immunoprécipitation. J  

Neurosci Res 40, 557-563.

Huntley, G. W., Benson, D. L., Jones, E. G. and Isackson, P, J. (1992). 

Developmental expression of brain derived neurotrophic factor mRNA by 

neurons of fetal and adult monkey prefrontal cortex. Brain Res Dev Brain Res 

70, 53-63.

215



Hyman, C., Hofer, M., Barde, Y, A., Jnhasz, M,, Yancopoulos, G, D., 

Squinto, S. P. and Lindsay, R. M. (1991). BDNF is a neurotrophic factor for 

dopaminergic neurons of the substantia nigra. Nature 350, 230-2.

Hynes, M. A., Poulsen, K., Armanini, M., Berkemeier, L., Phillips, H. and 

Rosenthal, A. (1994). Neurotrophin-4/5 is a survival factor for embryonic 

midbrain dopaminergic neurons in enriched cultures. J Neurosci Res 37, 144- 

54.

Ibanez, C. F., Hallbook, F., Ebendal, T. and Persson, H. (1990). Structure- 

function studies of nerve growth factor: functional importance of highly 

conserved amino acid residues. EMBO J. 9, 1477-1483.

Ibanez, C, F,, Ebendal, T. and Persson, H. (1991). Chimeric molecules with 

multiple neurotrophic activities reveal structural elements determining the 

specificities of NGF and BDNF. EMBO J 10, 2105-10.

Ibanez, C. F., Ebendal, T., Barbany, G., Murray, R. J., Blundell, T. L. and 

Persson, H. (1992). Disruption of the low affinity receptor-binding site in NGF 

allows neuronal survival and differentiation by binding to the trk gene product. 

Cell 69, 329-341.

Ibanez, C. F., Ernfors, P., Timmusk, T., Ip, N. ¥ ., Arenas, E., Yancopoulos, 

G. D. and Persson, H. (1993). Neurotrophin-4 is a taiget-derived neurotrophic 

factor for neurons of the tiigeminal ganglion. Development 117, 1345-53.

Ip, N. Y., Ibanez, C. F., Nye, S. H., McClain, J., Jones, P. F., Gies, D. R., 

Belluscio, L., Le, B. M., Espinosa, R. 3., Squinto, S. P., Persson, H. and 

Yancopoulas, G. D, (1992a). Mammalian neurotrophin-4: structure, 

chromosomal localization, tissue distribution, and receptor specificity. Proc. 

Natl Acad. Scl C/5 A 89, 3060-3064.

216



Ip, N, Y., Li, Y., Yancopoulos, G. D. and Lindsay, R. M. (1993a). Cultured 

hippocampal neurons show responses to BDNF, NT-3, and NT-4, but not NGF. 

J Neurosci 13, 3394-405.

Ip, N. Y., Li, Y. P., van, d. S. I., Panayotatos, N., Alderson, R. F. and 

Lindsay, R. M. (1991). Ciliary neurotrophic factor enhances neuronal survival 

in embryonic rat hippocampal cultures. J Neurosci 11, 3124-34.

Ip, N. Y., McClain, J., Barrezueta, N. X., Aldrich, T. H., Pan, L., Li, Y., 

Wiegand, S. J., Friedman, B., Davis, S. and Yancopoulos, G. D. (1993c). 

The alpha component of the CNTF receptor is required for signaling and defines 

potential CNTF targets in the adult and during development. Neuron 10, 89- 

102.

Ip, N, Y,, Nye, S. H., Boulton, T. G., Davis, S., Taga, T., Li, Y., Birren, S. J., 

Yasukawa, K., Kishimoto, T., Anderson, D. J. and et, a. I. (1992b). CNTF 

and LIF act on neuronal cells via shared signaling pathways that involve the IL- 

6 signal transducing receptor component gpl30. Cell 69, 1121-32.

Ip, N. Y., Wiegand, S. J., Morse, J. and Rudge, J. S. (1993b). Injury-induced 

regulation of ciliary neurotrophic factor mRNA in the adult rat brain. Eur J  

Neurosci 5, 25-33.

Ito, A. and Horigome, K, (1995). Ceramide prevents neuronal programmed 

cell death induced by nerve growth factor deprivation. J Neurochem 65, 463- 

466.

Jacobson, M. D., Weil, M. and Raff, M. C. (1997). Programmed cell death in 

animal development. Cell 88, 347-354.

Jaiswal, R. K., Murphy, M. B. and Landreth, G. E. (1993). Identification and 

characterization of a nerve growth factor-stimulated mitogen-activated protein 

Idnase activator in PC12 cells. J Biol Chem 268,7055-63.

217



lessen, K. R. and Mirsky, R. (1992). Schwann cells: early lineage, regulation 

of proliferation and control of myelin formation. Curr Opin Neurobiol 2, 575- 

581.

Jing, S., Tapley, P. and Barbacid, M. (1992). Nerve growth factor mediates 

signal tiansduction thiough trk homodimer receptors. Neuron 9, 1067-79.

Jing, S., Wen, D., Yu, Y., Holst, P, L,, Luo, ¥ ,, Fang, M., Tamir, R., 

Antonio, L., Hu, Z., Cupples, R., Louis, J. C., Hu, S., Altrock, B. W. and 

Fox, G. M. (1996). GDNF-induced activation of the ret protein tyrosine kinase 

is mediated by GDNFR-alpha, a novel receptor for GDNF. Cell 85, 1113-1124.

Johnson, D., Lanahan, A., Buck, C. R., Sehgal, A., Morgan, C., Mercer, E., 

Bothwell, M. and Chao, M. (1986b). Expression and structure of the human 

NGF receptor. Cell 47, 545-54.

Johnson, E. J., Gorin, P. D., Osborne, P. A., Rydel, R. E. and Pearson, J. 

(1982). Effects of autoimmune NGF deprivation in the adult rabbit and 

offspring. Brain Res 240, 131-40.

Johnson, J. E., Barde, Y. A., Schwab, M. and Thoenen, H. (1986a). Brain- 

derived neurotrophic factor supports the survival of cultured rat retinal ganglion 

cells. J Neurosci 6, 3031-8.

Jones, IC. R., Farinas, L, Backus, C. and Reichardt, L, F. (1994). Targeted 

dismption of the BDNF gene perturbs brain and sensory neuron development 

but not motor neuron development. Cell 76, 989-99.

Jones, K. R. and Reichardt, L. F. (1990). Moleculai* cloning of a human gene 

that is a member of the nerve growth factor family. Proc. Natl. Acad. Sci. U SA  

87, 8060-8064.

218



Kahle, P., Burton, L. E., Schmelzer, C. H. and Hertel, C. (1992). The amino 

terminus of nerve growth factor is involved in the interaction with the receptor 

tyrosine kinase pl40trkA. J Biol Chem 267, 22707-10.

Kalcheim, C, and Gendreau, M. (1988). Brain-derived neurotrophic factor 

stimulates survival and neuronal differentiation in cultured avian neural crest. 

Brain Res. 469, 79-86.

Kalcheim, C., Barde, Y. A., Thoenen, H. and Le Douarin, N. (1987). In vivo 

effect of brain-derived neurotrophic factor on the survival of developing dorsal 

root ganglion cells. EMBO J. 6, 2871-2873.

Kalcheim, €., Carmeli, C. and Rosenthal, A. (1992). Neurotrophin 3 is a 

mitogen for cultured neural crest cells. Proc. Natl. Acad. Sci. USA 89, 1661- 

1665.

Kaplan, D. R., Hempstead, B. L., Martin, Z. D., Chao, M. V. and Parada, L.

F. (1991a). The trk proto-oncogene product: a signal transducing receptor for 

nerve growth factor. Science 252, 554-8.

Kaplan, D. R., M artin, Z. D. and Parada, L. F. (1991b). Tyrosine 

phosphorylation and tyrosine kinase activity of the trk proto-oncogene product 

induced by NGF. Nature 3B0, 158-160.

K err, J. F., Wyllie, A. H. and Currie, A. R. (1972). Apoptosis: a basic 

biological phenomenon withwide-ranging implications in tissue kinetics. Br. J. 

Cancer 26, 239-257.

Kiefer, R,, Lindholm, D. and Kreutzberg , G. W. (1993). Inteiieukin-6 and 

transforming growth factor-beta 1 mRNAs are induced in rat facial nucleus 

following motoneuron axotomy. Eur J Neurosci 5,775-781.

219



Kishimoto, T., Hibi, M., Murakami, M., Narazaki, M., Saito, M. and Taga, 

T, (1992). The molecular biology of interleuldn 6 and its receptor. Ciba Found 

Symp 167, 5-16.

Klein, R., Conway, D., Parada, L. F. and Barbacid, M. (1990). The trkB 

tyrosine protein kinase gene codes for a second neurogenic receptor that lacks 

the catalytic kinase domain. Cell 61, 647-656.

Klein, R., Jing, S, Q,, Nanduri, V., O'Rourke, E. and Barbacid, M. (1991a). 

The trk proto-oncogene encodes a receptor for nerve growth factor. Cell 65, 

189-197.

Klein, R., Nanduri, V., Jing, S, A., Lamballe, F., Tapley, P., Bryant, S., 

Cordon, C. C,, Jones, K. R., Reichardt, L. F, and Barbacid, M. (1991b). The 

trkB tyrosine protein Idnase is a receptor for brain-derived neurotrophic factor 

and neurotrophin-3. Cell 66, 395-403.

Klein, R., Parada, L. F., Coulier, F. and Barbacid, M. (1989). trkB, a novel 

tyrosine protein kinase receptor expressed during mouse neural development. 

EMBOJ.  8, 3701-3709.

Klein, R., Lamballe, F,, Bryant, S. and Barbacid, M, (1992). The trkB 

tyrosine protein kinase is a receptor for neurotiophin-4. Neuron 8, 947-956.

Klein, R., Smeyne, R. J,, Wurst, W., Long, L. K,, Auerbach, B. A., Joyner,

A. L. and Barbacid, M. (1993). Targeted disruption of the trlcB neurotrophin 

receptor gene results in nervous system lesions and neonatal death. Cell 75, 

113-122.

Klein, R., Silos, S. L, Smeyne, R. J., Lira, S. A., Brambilla, R., Bryant, S., 

Zhang, L,, Snider, W. D. and Barbacid, M, (1994). Disruption of the 

neuroti’ophin-3 receptor gene trkC eliminates la muscle afferents and results in 

abnormal movements. Nature 368,249-251.

220



Klein, R. D., Sherman, D., Ho, W. H,, Stone, D., Bennett, G. L., Moffat, B., 

Vandlen, M., Simmons, L., Gn, Q., Hongo, J. A., Devaux, B., Poulsen, K., 

Armanini, M., Nozaki, C., Asai, N., Goddard, A., Phillips, H., Henderson, C. 

E., Takahashi, M. and Rosenthal, A. (1997). A GPI-linked protein that 

interacts with Ret to form a candidate neurturin receptor. Nature 387, 717-721.

Knusel, B., Winslow, J. W., Rosenthal, A., Burton, L, E., Seid, D. P., 

Nikolics, 1C and Hefti, F. (1991). Promotion of central cholinergic and 

dopaminergic neuron differentiation by brain-derived neurotrophic factor but not 

neurotrophin 3. Proc Natl Acad Sci C/ 5 A 88, 961-5.

Kolesnick, R. and Golde, D. W. (1994). The sphingomyelin pathway in tumor 

necrosis factor and interleuldn-1 signaling. Cell 77, 325-328.

Koliatsos, V. E., Clatterbuck, R. E., Winslow, J. W., Cayouette, M. H. and 

Price, D. L. (1993). Evidence that brain-derived neurotrophic factor is a trophic 

factor for motor neurons in vivo. Neuron 10, 359-67.

Koliatsos, V. E., Cayouette, M. H., Berkemeier, L. R., Clatterbuck, R. E., 

Price, D. L, and Rosenthal, A. (1994). Neurotrophin 4/5 is a trophic factor for 

mammalian facial motor neurons. Proc Natl Acad Sci 17 5 A 91, 3304-8.

Kopf, M., Baumann, H., Freer, G., Freudenberg, M., Lamers, M., 

Kishimoto, T., Zinkernagel, R., Bluethmann, H. and Kohler, G. (1994). 

Impaired immune and acute-phase responses in interleukin-6-deficient mice. 

Nature 368, 339-342.

Korsching, S., Auburger, G., Heumann, R., Scott, J. and Thoenen, H.

(1985). Levels of nerve growth factor and its mRNA in the central nervous 

system of the rat correlate with cholinergic innervation. EMBO J  4, 1389-93.

221



Korsching, §. and Thoenen, H, (1983a). Nerve growth factor in sympathetic 

ganglia and corresponding target organs of the rat: correlation with density of 

sympathetic innervation. Proc. Natl Acad. Scl USA 80, 3513-3516.

Korsching, §. and Thoenen, H. (1983b). Quantitative demonstration of the 

retrograde axonal transport of endogenous neiwe growth factor. Neurosci Lett 

39, 1-4.

Korsching, S. and Thoenen, H. (1988). Developmental changes of nerve 

growth factor levels in sympathetic ganglia and their target organs. Devel Biol 

126,40-46.

Kotzbauer, P. T., Lampe, P. A., Estus, S., Milbrandt, J. and Johnson, E. M.

(1994). Postnatal development of survival responsiveness in rat sympathetic 

neurons to leukemia inhibitory factor and ciliary neurotrophic factor. Neuron 

12, 763-773.

Kotzbauer, P. T., Lampe, P. A., Heuckeroth, R. O., Golden, J. P., Creedon, 

D. J., Johnson, E. M. J. and Milbrandt, J. (1996). Neurturin, a relative of 

glial-cell-line-derived neurotrophic factor. Nature 384,467-470.

Krieglstein, K., Suter-Crazzolara, C., Fischer, W, H. and Unsicker, K.

(1995). TGF-beta superfamily members promote survival of midbrain 

dopaminergic neurons and protect them against MPP+ toxicity. EMBO J 1995 

14, 736-742.

Kunkel, T. A. (1985). Rapid and efficient site-specific mutagenesis without 

phenotypic selection. Proc. Natl Acad. Scl USA 82,488-492.

Kushima, Y., Hama, T. and Hatanaka, H. (1992). Interleukin-6 as a 

neurotrophic factor for promoting the survival of cultured catecholaminergic 

neurons in a chemically defined medium from fetal and postnatal rat. Neurosci 

Res 13, 267-280.

222



Kushima, Y. and Hatanaka, H. (1992). Interleukin-6 and leukemia inhibitoiy 

factor promote the survival of acetylcholinesterase-positive neurons in culture 

from embryonic rat spinal cord. Neurosci Lett 143, 110-114.

Lam, D. M. (1972). Biosynthesis of acetylcholine in turtle photoreceptors. 

Proc Natl Acad Sci U S A 6 9 , 1987-1991.

Lam, A., Fuller, F., Miller, J., Kloss, J., Manthorpe, M., Varon, S. and 

Cordell, B, (1991). Sequence and structural organization of the human gene 

encoding ciliary neurotrophic factor. Gene 102, 271-6.

Lamballe, F., Klein, R. and Barbacid, M. (1991a). The trk family of 

oncogenes and neurotrophin receptors. Princess Takamatsu Symp 22, 153-70.

Lamballe, F., Klein, R. and Barbacid, M. (1991b). trkC, a new member of the 

trk family of tyrosine protein kinases, is a receptor for neurotrophin-3. Cell 66, 

967-979.

Lamballe, F., Tapley, P. and Barbacid, M. (1993). trkC encodes multiple 

neurotrophin-3 receptors with distinct biological properties and substrate 

specificities. EMBO J. 12, 3083-3094.

Lamballe, F., Smeyne, R. J. and Barbacid, M. (1994). Developmental 

expression of trkC, the neurotrophin-3 receptor, in the mammalian nervous 

system. J. Neurosci. 14, 14-28.

Large, T, ÏÏ., Weskamp, G., Helder, J. € ., Radeke, M. J., Misko, T. P., 

Shooter, E. M. and Reichardt, L. F. (1989). Structure and developmental 

expression of the nerve growth factor receptor in the chicken central nervous 

system. Neuron!, 1123-1134.

Larkfors, L., Lindsay, R. M, and Alderson, R. F. (1994). Ciliary 

neurotrophic factor enhances the survival of Purkinje cells in vitro. Bur J 

Neurosci 6, 1015-1025.

223



Le Douarin, N. (1973). A biological cell labeling technique and its use in 

experimental embryology. Dev. Biol. 30,217-222.

Le Douarin, N. (1986). Cell line segregation during peripheral nervous system 

ontogeny. Science 1515-1522.

Le Douarin, N. M. (1982). The Neural Crest. Cambridge: Cambridge 

University Press.

Le Douarin, N. M,, Kaicheim, C. and Teilîet, M. A. (1992). The cellular and 

molecular* basis of early sensory ganglion development. In S. A. Scott (Eds.), 

Sensory Neurons (pp. 143-170). Oxford: Oxford University Press.

Lee, F. (1992). The role of interleukin-6 in development. Dev Biol 151, 331- 

338.

Lee, K. F., Li, E,, Huber, L. J., Landis, S. C., Sharpe, A. H., Chao, M. V. 

and Jaenisch, R. (1992). Targeted mutation of the gene encoding the low 

affinity NGF receptor p75 leads to deficits in the peripheral sensory nervous 

system. Cell 69,737-749.

Lee, K, F., Davies, A. M. and Jaenisch, R. (1994). p75-deficient embryonic 

dorsal root sensory and neonatal sympathetic neurons display a decreased 

sensitivity to NGF. Developtnent 120, 1027-1033.

Lefcort, F., Clary, D. O., Rusoff, A. C. and Reichardt, L. F. (1996). 

Inhibition of the NT3 receptor TrkC, early in chick embryogenesis, results in 

severe reductions in multiple neuronal subpopulations in the dorsal root ganglia. 

J. Neurosci. 16, 3704-3713.

Leibrock, J., Lottspeich, F., Hohn, A., Hofer, M., Hengerer, B., 

MasiakowskI, P., Thoenen, H. and Barde, Y. A. (1989). Molecular* cloning 

and expression of brain-derived neurotrophic factor*. Nature 341,149-152.

224



Leingartner, A. and Lindholnn, D. (1994). Two promoters direct the 

expression of the mouse NT-3 gene. Eur. J. Neurosci. 6, 1149-1159.

Leung, D. W., Parent, A. S., Cachlanes, G., Esch, F., Coulombe, J. N., 

Nikolics, K., Eckenstein, F. P. and Nishi, R. (1992). Cloning, expression 

during development, and evidence for release of a trophic factor for ciliary 

ganglion neurons. Neuron^, 1045-1053.

Levi»MontalcinI, R, and Angeletti, P. (1968). Nerve growth factor. Physiol 

Rev 48, 534-569.

Levi-Montaîcini, R. and Aloe, L. (1985). Differentiating effects of murine 

nerve growth factor in the peripheral and central nervous system of Xenopus 

laevis tadpoles. Proc. Natl. Acad. Sci. USA 82,7111-7115.

LevLMontalcini, R. (1987). The nerve growth factor 35 years later. Science 

237, 1154-1162.

Lewin, G. R. and Barde, Y, A. (1996). The physiology of Neurotrophins. 

Ann. Rev. Neurosci. 19, 289-317.

Li, L., Oppenheim, R. W., Lei, M. and Houenou, L. J. (1994). Neurotrophic 

agents prevent motoneuron death following sciatic nerve section in the neonatal 

mouse. J Neurobiol 25,159-66.

Li, M., Sendtner, M. and Smith, A. (1995). Essential function of LIE receptor 

in motor neurons. Nature 378, 724-727.

Lin, L. F., Mismer, D., Lile, J. D., Armes, L. G., Butler, E. 3., Vannice, J. L. 

and Collins, F. (1989). Purification, cloning, and expression of ciliary 

neurotrophic factor (CNTF). Science 246, 1023-1025.

225



Lin, L. H., Doherty, D. H., Lile, J. D., Bektesh, S. and Collins, F. (1993). 

GDNF: A glial cell-derived neurotrophic factor for midbrain dopaminergic 

neurons. Science 260,1130-1132.

Lindholm, D., Castren, E,, Tsoulfas, F., Kolbeck, R., Berzaghi, M. D. P., 

Leingartner, A., Heisenberg, C. P., Tesarollo, L., Parada, L. F. and 

Thoenen, H. (1993b). Neurotrophin-3 induced by tri-iodothyronine in 

cerebellar granule cells promotes Purkinje cell differentiation. J Cell Biol 122, 

443-50.

Lindholm, D,, Dechant, G., Heisenberg, C.-P. and Thoenen, H. (1993a). 

Brain-derived neurotrophic factor is a survival factor for cultured rat cerebellar 

granule neurons and protects them against glutamate-induced neurotoxicity. 

Euro. J. Neurosci. 5, 1455-1464.

Lindsay, R. (1979). Adult rat brain astrocytes support survival of both NGF- 

dependent and NGF-insensitive neurones. Nature 282,80-82.

Lindsay, R. M. and Rohrer, H. (1985). Placodal sensory neurons in culture: 

nodose ganglion neurons are unresponsive to NGF, lack NGF receptors but are 

supported by a liver-derived neurotrophic factor. Devel. Biol. 112, 30-48.

Lindsay, R. M., Thoenen, H. and Barde, Y. A. (1985). Placode and neural 

crest-derived sensory neurons are responsive at early developmental stages to 

brain-derived neurotrophic factor. Devel. Biol. 112, 319-328.

Lindsay, R. M., Shooter, E. M., Radeke, M, J., Misko, T. P., Dechant, G., 

Thoenen, H. and Lindholm, D. (1990). Nerve growth factor regulates 

expression of the nerve growth factor receptor gene in adult sensory neurons. 

Euro. J. Neurosci. 2, 389-396.

Lindsay, R. M. and Yancopoulos, G. D. (1996). GDNF in a bind with loiown 

orphan: accessory implicated in new twist. Neuron 17, 571-574.

226



Liu, X., Ernfors, P., Wu, H. and Jaenisch, R. (1995). Sensory but not motor 

neuron deficits in mice lacking NT4 and BDNF. Nature 375, 238-241.

Loeb, D. M., Maragos, J., Martin, Z. D., Chao, M. V., Parada, L. F. and 

Greene, L. A. (1991). The trk proto-oncogene rescues NGF responsiveness in 

mutant NGF-nonresponsive PCI2 cell lines. Cell 66,961-6.

Loeb, D. M., Stephens, R. M., Copeland, T., Kaplan, D. R. and Greene, L.

A. (1994). A Trk nerve growth factor (NGF) receptor point mutation affecting 

interaction with phospholipase C-gamma 1 abolishes NGF-promoted peripherin 

induction but not neurite outgrowth. J Biol Chem 269, 8901-10.

Lomen-Hoerth, C. and Shooter, E. M. (1995). Widespread neurotrophin 

receptor expression in the immune system and other nonneuronal rat tissues. J. 

Neurochem. 64, 1780-1789.

Longo, A. (1978). Synthesis of nerve growth factor in rat glioma cells. Dev 

Biol 65, 260-270.

Longo, F. M., M anthorpe, M. and Varon, S. (1982). Spinal cord 

neuronotrophic factors. I Bioassay of schwannoma and other conditioned media. 

Develop Brain Res 3, 277-294.

Louis, J. C., Magal, E., Burnham, P. and Varon, S. (1993). Cooperative 

effects of ciliary neurotrophic factor and norepinephrine on tyrosine hydroxylase 

expression in cultured rat locus coeruleus neurons. Dev Biol 155, 1-13.

Lumsden, A. G. and Davies, A. M. (1983). Eailiest sensory nerve fibres are 

guided to peripheral targets by attractants other than nerve growth factor. 

Nature 306, 786-8.

Lumsden, A. G, and Davies, A. M. (1986). Chemotropic effect of specific 

target epithelium in the developing mammalian nervous system. Nature 323, 

538-539.

227



Lust, J. A., Jelinek, D. F., Donovan, K. A., Frederick, L. A., Huntley, B, K., 

Braaten, J. K. and Maihle, N. J. (1995). Sequence, expression and function of 

an mRNA encoding a soluble form of the human interleukin-6 receptor (sIL- 

6R). Curr Top Microbiol Immunol 194, 199-206.

Magal, E., Burnham, P., Varon, S. and Louis, J. C. (1993). Convergent 

regulation by ciliary neurotrophic factor and dopamine of tyrosine hydroxylase 

expression in cultures of rat substantia nigra. Neuroscience 52, 867-881.

Maisonpierre, P. C., Belluscio, L., Friedman, B,, Alderson, R. F., Wiegand, 

§. J., Furth, M. E., Lindsay, R. M. and Yancopoulos, G. D. (1990b). NT-3, 

BDNF, and NGF in the developing rat nervous system: parallel as well as 

reciprocal patterns of expression. Neuron 5,501-9.

Maisonpierre, P. C., Belluscio, L., Squinto, S., Ip, N. Y., Furth, M. E., 

Lindsay, R. M. and Yancopoulos, G. D. (1990a). Neurotrophin-3: a 

neurotrophic factor related to NGF and BDNF. Science 247, 1446-1451.

Malik, N., Haugen, H. S., Modrell, B., Shoyab, M. and Clegg, C. H. (1995). 

Developmental abnormalities in mice transgenic for bovine oncostatin M. Mol 

Cell Biol 15, 2349-2358.

Malik, N., Kallestad, J. C., Gunderson, N. L., Austin, S. D., Neubauer, M. 

G., Ochs, V., M arquardt, H., Zarling, J. M,, Shoyab, M., Wei, C. M., 

Linsley, P, S. and Rose, T. M. (1989). Molecular cloning, sequence analysis, 

and functional expression of a novel growth regulator, oncostatin M. Mol Cell 

Biol 9 ,2847-2853.

Manthorpe, M., Nieto«Sampedro, M., Skaper, S. D., Lewis, E. R., Barbin,

G., Longo, F. M., Cotman, C. W. and Varon, S. (1983). Neuronotrophic 

activity in brain wounds of the developing rat. Correlation with implant survival 

in the wound cavity. Brain Res 267,47-56.

228



Manthorpe, M., Skaper, S. D., Barbin, G, and Varon, S. (1982). Cholinergic 

neuronotrophic factors. Concurrent activities on certain nerve growth factor- 

responsive neurons. J Neurochem 38, 415-421.

M anthorpe, M., Skaper, S. D., Williams, L. R. and Varon, S. (1986). 

Purification of adult rat sciatic nerve ciliaiy neuronotrophic factor. Brain Res 

367, 282-6.

Martin-Zanca, D., Barbacid, M. and Parada, L. F. (1990). Expression of the 

trk proto-oncogene is restricted to the sensory cranial and spinal ganglia of 

neural crest origin in mouse development. Genes Dev 4, 683-94.

M artin-Zanca, D., M itra, G., Long, L. K. and Barbacid, M, (1986). 

Molecular characterization of the human trk oncogene. 51, 983-992.

Martin-Zanca, D., Oskam, R., Mitra, C., Copeland, T. and Barbacid, M. 

(1989). Molecular and biochemical chaiacterisation of the human trk proto­

oncogene. Mol. Cell. Biol. 9, 24-33.

M artinou, J. C., M artinou, I, and Kato, A. C. (1992). Cholinergic 

differentiation factor (CDF/LIF) promotes survival of isolated rat embryonic 

motoneurons in vitro. Neuron 8, 737-44.

Marty, S., Carroll, P., Cellerino, A., Castren, E., Staiger, V., Thoenen, H. 

and Lindholm, D. (1996). Brain-derived neurotrophic factor promotes the 

differentiation of various hippocampal nonpyramidal neurons, including Cajal- 

Retzius cells, in organotypic slice cultures. J. Neurosci. 16, 675-687.

Marz, P., Gadient, R. A. and Otten, U, (1996). Expression of interleukin-6 

receptor (IL-6R) and gpl30 mRNA in PC 12 cells and sympathetic neurons: 

modulation by tumor necrosis factor alpha (TNF-alpha). Brain Res 706, 71-79.

MasiakowskI, P., Liu, H. X., Radziejewski, C., Lottspeich, F., Oberthuer, 

W,, Wong, V., Lindsay, R. M., Furth, M. E. and Panayotatos, N. (1991).

229



Recombinant human and rat ciliary neurotrophic factors. J Neurochem 57, 

1003-12.

Massague, J., Attisano, L, and Wrana, J. L. (1994). The TGF-|3 Family and 

its composite receptors. Trends in Cell Biology 4, 172-177.

Masu, Y.; Wolf, E., Holtmann, B., Sendtner, M., Brem, G. and Thoenen, H.

(1993). Disruption of the CNTF gene results in motor neuron degeneration. 

Nature 365, 27-32.

Matsushima, H. and Bogenmann, E. (1990). Nerve growth factor (NGF) 

induces neuronal cell differentiation in neuroblastoma cells transfected with the 

NGFcDNA. Mol Cell Biol 10,5015-5020.

McAllister, A. K., Lo, D C. and Katz, L. C. (1995). Neurotrophins regulate 

dendritic growth in developing visual cortex. Neuron IS, 791-803.

McCormick, F. (1994). Activators and effectors of ras p21 proteins. Curr 

Opin Genet Dev 4,71-76.

McDonald, N. Q., Panayotatos, N. and Hendrickson, W. A. (1995). Crystal 

structure of dimeric human ciliary neurotrophic factor determined by MAD 

phasing. EMBO J. 14,2689-2699.

McDonald, N. Q., Lapatto, R., M urray, R. J., Gunning, J., Wlodawer, A. 

and Blundell, T. L. (1991). New protein fold revealed by a 2.3-A resolution 

crystal structure of nerve growth factor. Nature 354,411-414.

McMahon, S. B., Armanini, M. P., Ling, L. H. and Phillips, H. S. (1994). 

Expression and coexpression of Trk receptors in subpopulations of adult primary 

sensory neurons projecting to identified peripheral targets. Neuron 12, 1161- 

1171.

230



Meakin, S. O. and Shooter, E. M. (1992). The nerve growth factor family of 

receptors. Trends Neurosci 15, 323-31.

Meakin, S. O., Suter, U., Drinkwater, C. C., Welcher, A. A. and Shooter, E. 

M. (1992). The rat trk protooncogene product exhibits properties characteristic 

of the slow nerve growth factor receptor. Proc Natl Acad Sci U SA%9,  2374-8.

Meier, R., Becker, A. M., Gotz, R., Heumann, R., Shaw, A. and Thoenen, H.

(1986). Molecular cloning of bovine and chick nerve growth factor (NGF): 

delineation of conserved and unconserved domains and their relationship to the 

biological activity and antigenicity of NGF. EMBO J  5, 1489-93.

Merlio, J. P., Ernfors, P., Jaber, M. and Persson, H. (1992). Molecular 

cloning of rat trkC and distribution of cells expressing messenger RNAs for 

members of the trk family in the rat central nervous system. Neurosci. 51, 513- 

532.

Metsis, M., Timmusk, T., Arenas, E. and Persson, H. (1993). Differential 

usage of multiple brain-derived neurotrophic factor promoters in the rat brain 

following neuronal activation. Proc Natl Acad Sci t/ 5 A 90, 8802-6.

Meyer, M., Matsuoka, I., Wetmore, C., Olson, L. and Thoenen, H, (1992). 

Enhanced synthesis of brain-derived neurotrophic factor in the lesioned 

peripheral nerve: different mechanisms are responsible for the regulation of 

BDNF and NGF mRNA. J. Cell Biol. 119,45-54.

Middlemas, D. S., Lindberg, R. A. and Hunter, T. (1991). tiicB, a neural 

receptor protein-tyrosine kinase: evidence for a full-length and two truncated 

receptors. Mol Cell Biol 11, 143-53.

Middlemas, D. S., Meisenhelder, J. and Hunter, T. (1994). Identification of 

TrkB autophosphorylation sites and evidence that phospholipase C-gamma 1 is a 

substrate of the TrkB receptor. J Biol Chem 269, 5458-66.

231



Miller, R. G. and Phillips, R. A. (1969). Separation of cells by velocity 

sedimentation. J Cell Physiol 73, 191-201.

Miller, F. D., Mathew, T. C. and Toma, J. G. (1991). Regulation of nerve 

growth factor receptor gene expression by nerve growth factor in the developing 

peripheral nervous system. J Cell Biol 112, 303-12.

Miller, F, D., Speelman, A., Mathew, T. C., Fabian, J., Chang, E., Pozniak, 

C, and Toma, J. G. (1994). Nerve growth factor derived from terminals 

selectively increases the ratio of p75 to trk A NGF receptors on mature 

sympathetic neurons. Dev Biol 161, 206-17.

Minichiello, L., F., P., Vazquez, E., Schimmang, T., Hokfelt, T., Represa, J. 

and Klein, R. (1995). Differential effects of combined trk receptor mutations 

on dorsal root ganglion and inner ear* sensory neurons. Development 121, 4067- 

4075.

Mitsumoto, H., ïkeda, K., Klinkosz, B,, Cedarbaum, J. M., Wong, V. and 

Lindsay, R. M. (1994). Arrest of motor neuron disease in wobbler mice 

cotreated with CNTF and BDNF. Science 265,1107-10.

M urakami, M., Hibi, M., Nakagawa, N., Nakagawa, T., Yasukawa, K., 

Yamanishi, K., Taga, T. and Kishimoto, T. (1993). IL-6-induced 

homodimerization of gpl30 and associated activation of a tyrosine kinase. 

Science 260, 1808-10.

M urakam i, M., Narazaki, M., HIM, M., Yawata, H., Yasukawa, K., 

Hamagucht, M., Taga, T. and Kishimoto, T. (1991). Critical cytoplasmic 

region of the interleukin 6 signal transducer gpl30 is conserved in the cytokine 

receptor family. Proc Natl Acad Sci U S ASS,  11349-11353.

232



M urphy, M,, Reid, K., Brown, M. A. and Bartlett, P. F. (1993 a). 

Involvement of leukemia inhibitory factor and nerve growth factor in the 

development of dorsal root ganglion neurons. Development 117, 1173-1182.

Murphy, M., Reid, K,, Ford, M., Furness, J. B. and Bartlett, P. F. (1994). 

FGF2 regulates proliferation of neural crest cells, with subsequent neuronal 

differentiation regulated by LIOF or related factors. Development 120, 3519- 

3528.

Murphy, M., Reid, K., Hilton, D. J. and Bartlett, P. F. (1991). Generation of 

sensory neurons is stimulated by leukemia inhibitory factor. Proc. Natl. Acad. 

Sci. USA 88, 3498-3501.

Nagata, S. (1997). Apoptosis by death factor. Cell 88, 355-365.

Nawa, H. and Patterson, P. H. (1990). Separation and partial characterization 

of neuropeptide-inducing factors in heart cell conditioned medium. Neuron 4, 

269-77.

Nebreda, A. R., M artin, Z. D., Kaplan, D. R., Parada, L. F. and Santos, E. 

(1991). Induction by NGF of meiotic maturation of Xenopus oocytes expressing 

the trk proto-oncogene product. Science 252, 558-61.

Negro, A., Corona, G., Bigon, E., Martini, I., Grandi, €., Skaper, S. D. and 

Callegaro, L. (1991). Synthesis, purification, and characterization of human 

ciliary neuronotrophic factor from E. coli. J Neurosci Res 29, 251-60.

Negro, A., Corsa, V., Corona, G., Grandi, C., Skaper, S. D. and Callegaro, 

L. (1994). Structure-function studies of human ciliary neurotrophic factor. 

Neurochem Res 19, 223-7.

Ninkina, N., Adu, J., Fischer, A., PInon, L., Buchman, V. and Davies, A. M.

(1996). Expression and function of TrkB variants in developing trigeminal 

neurons. EMBO J. 15,6385-6393.

233



Ninkina, N., Grashchuck, M., Buchman, V. L. and Davies, A. M. (1997). 

TrkB variants with deletions in the leucine-rich motifs of the extracellular 

domain. J B C l l l ,  13019-13025.

Nishi, R, and Berg, D. K. (1981). Two components from eye tissue that 

differentially stimulate the growth and development of ciliary ganglion neurons 

in cell culture. J Neurosci 1, 505-513.

Northemann, W., Braciak, T. A., Hattori, M., Lee, F, and Fey, G. H. (1989). 

Structure of the rat interleukin 6 gene and its expression in macrophage-derived 

cells. J Biol Chem 264, 16072-16082.

Oakley, R. A., Garner, A. S., Large, T. H. and Frank, E. (1995). Muscle 

sensory neurons require neurotrophin-3 from peripheral tissues during the period 

of normal cell death. Development 121, 1341-1350.

Obeid, L. M., Linardic, C. M., Karolak, L. A. and Hannun, Y. A. (1993). 

Programmed cell death induced by ceramide. Science 259, 1769-1771.

Obermeier, A., Bradshaw, R. A., Seedorf, K., Choidas, A., Schlessinger, J. 

and Ullrich, A. (1994). Neuronal differentiation signals are controlled by nerve 

growth factor receptor/Trk binding sites for SHC and PLC gamma. EMBO J 13, 

1585-90.

Ockel, M., Lewin, G. R. and Barde, Y. A. (1996). In vivo effects of 

neuroti'ophin-3 during sensory neurogenesis. Development 122, 301-307.

Ohmichi, M., Matuoka, K., Takenawa, T. and Saltiel, A, R, (1994). Growth 

factors differentially stimulate the phosphorylation of She proteins and their 

association with Grb2 in PC-12 pheochromocytoma cells. J Biol Chem 269, 

1143-8.

Ohsawa, F., Widmer, H. R., Knusel, B., Denton, T. L. and Hefti, F. (1993). 

Response of embryonic rat hippocampal neurons in culture to neurotrophin-3,

234



brain-derived neurotrophic factor and basic fibroblast growth factor. 

Neuroscience 57, 67-77.

Oppenheim, R. W. (1991). Cell death during development of the nervous 

system. Ann. Rev. Neurosci. 14, 453-501.

Oppenheim, R. W., Brevette, D., Yin, Q. W., Collins, F. and MacDonald, J.

(1991). Control of embryonic motoneuron survival in vivo by ciliary 

neurotrophic factor. Science 251,1616-1618.

Oppenheim, R. W., Qin-Wei, Y., Brevette, D. and Yan, Q. (1992). Brain- 

derived neurotrophic factor rescues developing avian motoneurons from cell 

death. Nature 360, 755-757.

Paul, G. and Davies, A, M. (1995). Trigeminal sensory neurons require 

extrinsic signals to switch neurotrophin dependence during the early stages of 

target field inneiwation. Devel. Biol. 171, 590-605.

Pennica, D., Arce, V., Wsanson, T. A., Vejsada, R., Pollock, R. A,, 

Armanini, M., Dudley, K,, Phillips, H. S., Rosenthal, A., Kato, A. C. and 

Henderson, C. E. (1996). Caidiotrophin-1, a cytokine present in embryonic 

muscle, supports long-term survival of spinal motoneurons. Neuron 17, 63-74.

Pennica, D., King, K. L., Shaw, K. J., Luis, E., Rullamas, J., Luoh, S., 

Darbonne, W. €., Knutzon, D. S., Yen, R., Chien, K. R., Barker, J. B. and 

Wood, W. I, (1995a). Expression cloning of cai'diotrophin-1, a cytokine that 

induces cardiac myocyte hypertrophy. Proc. Natl. Acad. Sci. USA 92, 1142- 

1146.

Pennica, D., Shaw, K. J., Swanson, T, A., Moore, M. W., Shelton, D., 

Zioncheck, K. A., Rosenthal, A., Taga, T., Paoni, N. F. and Wood, W. I. 

(1995b). Cardiotrophin-1. Biological activities and binding to the leukemia

235



inhibitory factor receptor/gpl30 signaling complex. J. Biol Chem. 270, 10915- 

10922.

Peters, M., Roeb, E., Pennica, D., K.H., M. z. B. and Rose-John, §. (1995). 

A new hepatocyte stimulating factor: cardiotrophin-1 (CT-1). FEBS Lett 372, 

177-180.

Phillips, H. §,, Hains, J, M., Laramee, G. R., Rosenthal, A. and Winslow, J. 

W. (1990). Widespread expression of BDNF but not NT3 by target areas of 

basal forebrain cholinergic neurons. Science 250, 290-4.

Pinon, L, G. P., Minichiello, L,, Klein, R. and Davies, A. M. (1996). Timing 

of neuronal death in trJcA, trlcB and trkC mutant embryos reveals developmental 

changes in sensory neuron dependence on Trk signalling. Development 122, 

3255-3261.

Piquet-Pellorce, C., Grey, L., Merean, A. and Heath, J. K. (1994). Are LIF 

and related cytokines functionally equivalent? Exp Cell Res 213, 340-347.

Pirvola, U., Ylikoski, J., Palgi, J., Lehtonen, E., Arumae, U. and Saarma, M.

(1992). Brain-derived neurotrophic factor and neurotrophin 3 mRNAs in the 

peripheral target fields of developing inner ear* ganglia. Proc. Natl Acad. Sci U 

5 A 89,9915-9919.

Pleasure, S. J,, Reddy, Ü. R., Venkatakrishnan, G., Roy, A. K., Chen, J., 

Ross, A. H., Trojanowski, J, Q., Pleasure, D. E. and Lee, V. M. (1990). 

Introduction of nerve growth factor (NGF) receptors into a medulloblastoma cell 

line results in expression of high- and low-affinity NGF receptors but not NGF- 

mediated differentiation. Proc. Natl Acad. Set USA 87, 8496-8500.

Poll, V., Balena, R,, Fattori, E., Markatos, A., Yamamoto, M., Tanaka, H., 

Ciliberto, G., Rodan, G. A. and Costantini, F. (1994). Interleukin-6 deficient

236



mice are protected from bone loss caused by estrogen depletion. EMBO J  13, 

1189-1196.

Poulsen, K, T., Armanini, M. P., Klein, R. D., Hynes, M. A., Phillips, H. S. 

and Rosenthal, A. (1994). TGF beta 2 and TGF beta 3 are potent survival 

factors for midbrain dopaminergic neurons. Neuron 13,1245-1252.

Purves, D., Snider, W. D, and Yoyvodic, J. T. (1988). Trophic regulation of 

nerve cell morphology and innervation in the autonomic nervous system. 

Nature 336, 123-128.

Qin-Wei, Y., Johnson, J., Brevette, D. and Oppenheim, R. W. (1994). Cell 

death of spinal motoneurons in the chick embryo following deafferentation: 

rescue effects of tissue extracts, soluble proteins, and neurotrophic agents. J. 

Neurosci. 14, 7629-7640.

Qiu, L., Bernd, P. and Fukada, K. (1994). Cholinergic neuronal 

differentiation factor (CDF)/leukemia inhibitoiy factor (LIF) binds to specific 

regions of the developing nervous system in vivo. Dev Biol 163, 516-520.

Rabizadeh, S., Oh, J., Zhong, L, T., Yang, J., Bitler, C. M., Butcher, L. L. 

and Bredesen, D. E. (1993). Induction of apoptosis by the low-affinity NGF 

receptor. Science 261, 345-348.

Radeke, M. J., Misko, T. P., Hsu, C., Herzenberg, L. A. and Shooter, E, M.

(1987). Gene transfer and molecular cloning of the rat nerve growth factor 

receptor. Nature 325, 593-597.

Radziejewski, C., Robinson, R, C., Di, S. P. and Taylor, J. W. (1992). 

Dimeric structure and conformational stability of brain-derived neurotrophic 

factor and neurotrophin-3. Biochemistry 31,4431-6.

Rao, M. S. and Landis, S. C. (1990). Characterization of a target-derived 

neuronal cholinergic differentiation factor. Neuron 5, 899-910.

237



Rao, M. S., Sun, Y., Escary, J. L., Perreau, J., Tresser, S., Patterson, P. H., 

Zigmond, R. E., Brulet, P. and Landis, S. C. (1993). Leukemia inhibitory 

factor mediates an injury response but not a target-directed developmental 

transmitter switch in sympathetic neuions. Neuron 11, 1175-1185.

Rao, M. S., Tyrrell, S., Landis, S. C. and Patterson, P. H. (1992). Effects of 

ciliary neurotrophic factor (CNTF) and depolarization on neuropeptide 

expression in cultured sympathetic neurons. Dev Biol 150, 281-93.

Reichert, F., Levitzky, R. and Rotshenker, S. (1996). Interleukin 6 in intact 

and injured mouse peripheral nerves. Eur J Neurosci 8, 530-535.

Richards, L» J., Kilpatrick, T. J., Dutton, R., Tan, S. S., Gearing, D. P., 

Bartlett, P. F. and Murphy, M. (1996). Leukaemia inhibitory factor or related 

factors promote the differentiation of neuronal and astrocytic precursors within 

the developing murine spinal cord. Eur J Neurosci 8 ,291-299.

Riddle, D. R., Lo, D. C. and Katz, L. C. (1995). NT-4 mediated rescue of 

lateral geniculate neurons from effects of monoculai* deprivation. Nature 9,189- 

191.

Robinson, R. C., Grey, L. M., Staunton, D., Vankelecom, H., Vernallis, A.

B., Moreau, J, F., Stuart, D. I., Heath, J, K, and Jones, E, Y. (1994). The 

crystal structure and biological function of leukemia inhibitory factor: 

implications for receptor binding. Cell 77,1101-16.

Rodriguez=Tebar, A, and Barde, Y. A. (1988). Binding chaiacteristics of 

brain-derived neurotrophic factor to its receptors on neurons from the chicken 

embryo. J. Neurosci. 8, 3337-3342.

Rodriguez-Tebar, A. and Barde, Y. (1990). Binding characteristics of brain- 

derived neurotrophic factor to its receptors on neurons from the chick embryo. 

J. Neurosci. 8, 3337-3342.

238



Rodriguez-Tebar, A., Dechant, G. and Barde, Y. A. (1990). Binding of 

brain-derived neurotrophic factor to the nerve growth factor receptor. Neuron 4, 

487-492.

Rodriguez-Tebar, A., Dechant, G., Gotz, R. and Barde, Y. A. (1992). 

Binding of neurotrophin-3 to its neuronal receptors and interactions with nerve 

growth factor and brain-derived neurotrophic factor. EMBO J. 11, 917-922.

Rohrer, H., Henke, F. S., el, S. T., Lux, H. D. and Thoenen, H. (1985). 

Progenitor cells from embryonic chick dorsal root ganglia differentiate in vitro 

to neurons: biochemical and electrophysiological evidence. EMBO J 4, 1709-14.

Rose, T. M. and Bruce, A. G. (1991). Oncostatin M is a member of a cytoldne 

family that includes leukemia-inhibitory factor, granulocyte colony-stimulating 

factor, and interleukin 6. Proc Natl Acad Sci U SAIS.

Rosenthal, A., Goeddel, D. V., Nguyen, T., Lewis, M., Shih, A., Laramee, G. 

R., Nikolics, K. and Winslow, J. W. (1990). Primary stmcture and biological 

activity of a novel human neurotrophic factor. Neuron 4, 767-773.

Rosenthal, A., Goeddel, D. Nguyen, T,, Martin, E., Burton, L. E., Shih,

A., Laramee, G. R., Wurm, F., Mason, A., Nikolics, K. and et, a. L (1991). 

Primaiy structure and biological activity of human brain-derived neurotrophic 

factor. Endocrinology 129, 1289-94.

Ross, A. H., DaoU; M, C., McKinnon, C. A., Condon, P. J., Lachyankar, M.

B., Stephens, R. M., Kaplan, D. R. and Wolf, D, E. (1996). The neurotrophin 

receptor, gp75, forms a complex with the receptor tyrosine Idnase TrkA. J. Cell 

Biol. 132, 945-953.

Rovelli, G., Heller, R. A., Canossa, M. and Shooter, E. M. (1993). Chimeric 

tumor necrosis factor-TrkA receptors reveal that ligand-dependent activation of

239



the TrkA tyrosine kinase is sufficient for differentiation and survival of PC 12 

cells. Proc Natl Acad Sci C7 5 A 90, 8717-21.

Ryden, M., Murray-Rust, J., Glass, D., Hag, L. L., Trupp, M., Yancopoulos,

G. D., McDonald, N. Q. and Ibanez, C. F. (1995). Functional analysis of 

mutant neurotrophins deficient in low-affinity binding reveals a role for 

p75LNGFR in NT-4 signalling. EMBO J. 14, 1979-1990.

Saadat, S., Sendtner, M. and Rohrer, H. (1989). Ciliary neurotrophic factor 

induces cholinergic differentiation of rat sympathetic neurons in culture. J. Cell 

Biol 108, 1807-1816.

Saito, M., Yoshida, K., Hibi, M., Taga, T. and Kishimoto, T. (1992).

Molecular cloning of a murine IL-6 receptor-associated signal transducer, 

gpl30, and its regulated expression in vivo. J. Immunol 148,4066-4071.

Saito, Y., Gomez, N., CampbeM, D. G., Ashworth, A., Marshall, C. J. and 

Cohen, P, (1994). The threonine residues in MAP kinase kinase 1 I
phosphorylated by MAP Idnase in vitro are also phosphorylated in nerve growth |

I
factor-stimulated rat phaeochromocytoma (PC 12) cells. FEBS Lett 341, 119- '

124. ■

Sato, M. (1985). Different effects of nerve growth factor on cultured 

sympathetic and sensory neurons. Brain Res 345,192-5.

Satoh, T,, Nakamura, S., Taga, T., Matsuda, T., Hirano, T., Kishimoto, T. 

and Kaziro, Y. (1988). Induction of neuronal differentiation in PC12 cells by 

B-cell stimulatory factor 2/interleukin 6. Mol Cell Biol 8, 3546-3549.

Sawai, H., Clarke, D, B., Kittlerova, P., Bray, G, M. and Aguayo, A. J.

(1996). Brain-derived neurotrophic factor and neurotrophin-4/5 stimulate 

growth of axonal branches from regenerating retinal ganglion cells. J. Neurosci 

16, 3887-3894.

240



Schecterson, L. C. and Bothwell, M. (1992). Novel roles for neurotrophins are 

suggested by BDNF and NT-3 mRNA expression in developing neurons. 

Neuron 9, 449-463.

Schimmang, T., Minichiello, L., Vazquez, E., Joac, I. S., Giraldez, F., Klein, 

R. and Represa, J. (1995). Developing inner eai* sensoiy neurons require TrkB 

and TrkC receptors for innervation of their peripheral taigets. Development 121, 

3381-3391.

Schneider, R, and Schweiger, M. (1991). A novel modular mosaic of cell 

adhesion motifs in the extracellular domains of the neurogenic trk and trlcB 

tyrosine kinase receptors. Oncogene 6,1807-1811.

Schnell, L., Schneider, R., Kolheck, R., Barde, Y. A. and Schwab, M. E. 

(1994). Neurotrophin-3 enhances sprouting of corticospinal tract during 

development and after adult spinal cord lesion. Nature 367,170-3.

Schobitz, B., Voorhuis, D, A. and De Kloet, E. R, (1992). Localization of 

interleukin 6 mRNA and interleukin 6 receptor mRNA in rat brain. Neurosci 

Lett 136, 189-192.

Schobitz, B., De Kloet, E.R., Sutanto, W., Holsboer, F., (1993). Cellular 

localisation of interleukin-6 mRNA in rat brain. Eur. J. Neurosci 5 ,1426-1435.

Schropel, A., von Shack, D., Dechant, G. and Barde, Y. A. (1995). Early 

expression of the nerve growth factor receptor trkA in chick sympathetic and 

sensory ganglia. Mol. Cell Neurosci. 6, 544-556.

Schwarz, M. A., Fisher, D., Bradshaw, R. A. and Isackson, P. J. (1989). 

Isolation and sequence of a cDNA clone of beta-nerve growth factor from the 

guinea pig prostate gland. J Neurochem 52, 1203-9.

241



Scott, J.; Selby, M., Urdea, M., Quiroga, M., Bell, G. I. and Rutter, W. J. 

(1983). Isolation and nucleotide sequence of a cDNA encoding the precursor of 

mouse nerve growth factor. Nature 302, 538-40.

Segal, R. A., TakahashI, H. and McKay, R. D. (1992). Changes in 

neurotrophin responsiveness during the development of cerebellar granule 

neurons. Neuron 9,1041-1052.

Selby, M. J., Edwards, R., Sharp, F, and Rutter, W. J. (1987). Mouse nerve 

growth factor gene: structure and expression. Mol Cell Biol 7, 3057-64.

Sendtner, M., Carroll, P., Holtmann, B., Hughes, R. A. and Thoenen, H. 

(1994). Ciliary neurotrophic factor. J. Neurobiol. 25, 1436-1453.

Sendtner, M., Gotz, R., Holtmann, B., Escary, J. L., Masu, Y., Carroll, P., 

Wolf, E., G., B., Brulet, P. and Thoenen, H. (1996). Cryptic physiological 

trophic support of motoneurons by LIF revealed by double gene targeting of 

CNTF and LIF. Curr Biol 6, 686-694.

Sendtner, M., Holtmann, B., Kolbeck, R., Thoenen, H. and Barde, Y.-A. 

(1992a). Brain-derived neurotrophic factor prevents the death of motoneuions in 

newborn rats after nerve section. Nature 360,757-759.

Sendtner, M., Kreutzberg, G. W. and Thoenen, H, (1990). Ciliary 

neurotrophic factor prevents the degeneration of motor neurons after axotomy. 

Nature 345,440-441.

Sendtner, M., Stockli, K. A. and Thoenen, H, (1992b). Synthesis and 

localization of ciliaiy neurotrophic factor in the sciatic nerve of the adult rat after 

lesion and during regeneration. J Cell Biol 118, 139-48.

Seniuk, N., Altares, M., Dunn, R. and Richardson, P. M. (1992). Decreased 

synthesis of ciliary neurotrophic factor in degenerating peripheral nerves. Brain 

Res 572, 300-302.

242



Shelton, D. L. and Reichardt, L. F. (1984). Expression of the beta-nerve 

growth factor gene correlates with the density of sympathetic innervation in 

effector organs. Proc. Natl. Acad. Sci. USA 81, 7951-7915.

Shelton, D. L., Sutherland, J., Gripp, J., Camerato, T., Armanini, M, P., 

Phillips, H. S., Carroll, K., Spencer, S. D. and Levinson, A. D. (1995). 

Human trks: Molecular cloning, tissue distribution, and expression of 

extracellular domain immunoadhesions. J. Neurosci. 15,477-491.

Sheng, Z., Pennica, D., Wood, W. I. and Chien, K. R. (1996). Cardiotrophin- 

1 displays early expression in the murine heart tube and promotes cardiac 

myocyte survival. Development 122, 419-428.

Shih, A., Laramee, G. R., Schmelzer, C. H., Burton, L. E. and Winslow, J. 

W. (1994). Mutagenesis identifies amino-terminal residues of nerve growth 

factor necessaiy for Trk receptor binding and biological activity. J Biol Chem 

269,27678-27686.

Shintani, A., One, Y., Kaisho, Y., Sasada, R. and Igarashi, K. (1993). 

Identification of the functional regulatory region of the neurotrophin-3 gene 

promoter. Brain Res Mol Brain Res 17, 129-34.

Sieber-BIum, M. (1991). Role of the neurotrophic factors BDNF and NGF in 

the commitment of pluripotent neural crest cells. Neuron 6, 949-955.

Silos-Santiago, I., Molliver, D, C., Ozaki, S., Smeyne, R. J., Fagan, A. M,, 

Barbacid, M. and Snider, W. D. (1995). Non-TrkA-expressing small DRG 

neurons ar e lost in TrkA deficient mice. J Neurosci 15, 5929-5942.

Smeyne, R. J., Klein, R., Schnapp, A,, Long, L, K., Bryant, S., Lewin, A,, 

Lira, S. A. and Barbacid, M. (1994). Severe sensory and sympathetic 

neuropathies in mice canying a disrupted Trlc/NGF receptor gene. Nature 368, 

246-249.

243



Snider, W. D. (1994). Functions of the neurotrophins during nervous system 

development: what the knockouts are teaching us. Cell 77, 627-638.

Soppet, D.; Escandon, E., Maragos, J., Middlemas, D. S., Reid, S. W., Blair, 

J., Burton, L. E., Stanton, B. R,, Kaplan, D. R., Hunter, T., Nikolics, K, and 

Parada, L. F. (1991). The neurotrophic factors brain-derived neurotrophic 

factor and neurotrophin-3 are ligands for the tilcB tyrosine kinase receptor. Cell 

65, 895-903.

Sporeno, E., Paonessa, G., Salvati, A. L., Graziani, R., Delmastro, P., 

Ciliberto, G. and Toniatti, C. (1994). Oncostatin M binds directly to gpl30 

and behaves as interleukin-6 antagonist on a cell line expressing gpl30 but 

lacking functional oncostatin M receptors. JBiol Chem 269,10991-10995.

Squinto, S. P., Aldrich, T. H,, Lindsay, R. M., M orrissey, D. M., 

Panayotatos, N., Bianco, S. M., Furth, M. E. and Yancopoulos, Go D. (1990). 

Identification of functional receptors for ciliaiy neurotrophic factor on neuronal 

cell lines and primary neurons. Neuron 5,757-66.

Squinto, S. P., Stitt, T. N., Aldrich, T. H,, Davis, S., Bianco, S. M., 

Radziejewski, C., Glass, D. J., MasiakowskI, P., Furth, M. E., Valenzuela, 

Do Mo, DiStefano, P. S. and Yancopoulos, G. D. (1991). trlcB encodes a 

functional receptor for brain-derived neurotrophic factor and neurotrophin-3 but 

not nerve growth factor. Cell 65, 885-893.

Stahl, J., Gearing, D. P., Willson, T. A., Brown, M. A., King, J, A. and 

Gough, N. M. (1990). Structural organization of the genes for murine and 

human leukemia inhibitory factor. Evolutionaiy conservation of coding and non­

coding regions. J Biol Chem 265, 8833-8841.

Stahl, N., Boulton, T. G., Farruggella, T., Ip, N. Y., Davis, S., Witthuhn, B. 

A., Quelle, F. W., Silvennoinen, O., Barbieri, G., Pellegrini, S., Ihle, J. N.

244



and Yancopoulos, G. D. (1994). Association and activation of Jak-Tyk kinases 

by CNTF-LIF-OSM-IL-6 beta receptor components. Science 263, 92-95.

Stahl, No, Farruggella, T. J., Boulton, T. G., Zhong, Z., Darnell, J. E. J. and 

Yancopoulos, G. D. (1995). Choice of STATs and other substrates specified by 

modular* tyrosine-based motifs in cytokine receptors. Science 267, 1349-1353.

Stahl, N. and Yancopoulos, G. D. (1994). The tripartite CNTF receptor 

complex: activation and signalling involves components shared with other 

cytokines. /. Neurobiol. 25, 1454-1466.

Steininger, T. L., Warner, B. H., Klein, R., Barbacid, M. and Palfrey, H. C.

(1993). High-affinity nerve growth factor receptor (Trk) immunoreactivity is 

localized in cholinergic neurons of the basal forebrain and striatum in the adult 

rat brain. Brain Res 612, 330-5.

Stephens, R. M., Loeb, D. M,, Copeland, T. D., Pawson, T., Greene, L. A. 

and Kaplan, D. R. (1994). Trk receptors use redundant signal transduction 

pathways involving SHC and PLC-gamma 1 to mediate NGF responses. Neuron 

12, 691-705.

Stewart, C. L., Kasper, P., Brunet, L. J., Bhatt, H., Gadi, I., Kontgen, F, and 

Abbondanzo, S. J. (1992). Blastocyst implantation depends on maternal 

expression of leukemia inhibitoi*y factor. Nature 359,76-79.

Stockli, K. A., Lottspeich, F., Sendtner, M., MasiakowskI, P., Carroll, P., 

Gotz, R., Lindholm, D. and Thoenen, H. (1989). Molecular cloning, 

expression and regional distribution of rat ciliary neurotrophic factor. Nature 

342, 920-923.

Strohmaier, C., Carter, B. D., Urfer, R., Barde, Y, A. and Dechant, G. 

(1996). A splice variant of the neurotrophin receptor trkB with increased 

specificity for brain-derived neurotrophic factor. EMBO J. 15, 3332-3337.

245



Studer, L., Spenger, C., Seiler, R. W., Altar, C. A., Lindsay, R. M. and 

Hyman, C. (1995). Comparison of the effects of the neurotrophins on the 

morphological structure of dopaminergic neurons in cultures of rat substantia 

nigra. Eur J Neurosci 7, 223-233.

Suen, K. L., Bustelo, X. R., Pawson, T. and Barbacid, M. (1993). Molecular 

cloning of the mouse grb2 gene: differential interaction of the Grb2 adaptor 

protein with epidermal growth factor and nerve growth factor receptors. Mol 

Cell Biol 13, 5500-12.

Sutter, A., Riopelle, R. J., Harris»Warrick, R. M. and Shooter, E. M. (1979). 

Nerve growth factor receptors. Characterization of two distinct classes of 

binding sites on chick embiyo sensory ganglia. J. Biol. Chem. 254, 5972-5982.

Taga, T., Hibi, M., Hirata, Y., Yamasaki, K., Yasukawa, K., Matsuda, T., 

Hirano, T, and Kishimoto, T. (1989). Interleukin-6 triggers the association of 

its receptor with a possible signal transducer, gpl30. Cell 58 58, 573-581.

Takahashi, J. B., Hoshimaru, M., Kikuchi, H. and Hatanaka, M. (1993). 

Developmental expression of trkB and low-affinity NGF receptor in the rat 

retina. Neurosci Lett 151, 174-7.

Tessarollo, L., Tsoulfas, P., M artin, Z. D., Gilbert, D. J., Jenkins, N. A., 

Copeland, N. G. and Parada, L, F. (1993). trkC, a receptor for neurotrophin-3, 

is widely expressed in the developing nervous system and in non-neuronal 

tissues. Development 118, 463-75.

Tessarollo, L., Vogel, K, S., Palko, M. E., Reid, S. W. and Parada, L. F.

(1994). Targeted mutation in the neurotrophin-3 gene results in loss of muscle 

sensory neurons. Proc. Natl. Acad. Sci. USA 91,11844-11848.

246



Thaler, C. D., Suhr, L., Ip, N. and Katz, D, M. (1994). Leukemia inhibitory 

factor and neurotrophins support overlapping populations of rat nodose sensory 

neurons in culture. Dev Biol 161, 338-44.

Thanes, S. and Vanselow, J. (1989). Adult retinal ganglion cells retain the 

ability to regenerate their axons up to several weeks after axotomy. J. Neurosci. 

Res. 22 ,144-149.

Theiler, K. (1972). The House Mouse ^Development and normal stages from 

fertilisation to 4 weeks! Berlin: Springer-Verlag.

Thoenen, H. and Barde, Y. (1980). Physiology of nerve growth factor. 

Physiol Rev. 60, 1284-1335.

Thoenen, H. (1991). The changing scene of neurotrophic factors. Trends 

Neurosci 14, 165-70.

Thoma, B., Bird, T. A., Friend, D. J., Gearing, D. P. and Dower, S. K.

(1994). Oncostatin M and leukemia inhibitory factor trigger overlapping and 

different signals through partially shared receptor complexes. J Biol Chem 269, 

6215-6222.

Thompson, S. J., Schatteman, G. C., Gown, A. M. and Bothwell, M. (1989). 

A monoclonal antibody against nerve growth factor receptor. 

Immunohistochemical analysis of normal and neoplastic human tissue. Am J 

Clin Pathol 92,415-23.

Timmusk, T., Belluardo, N., Metsis, M. and Persson, H. (1993b). 

Widespread and developmentally regulated expression of neurotrophin-4 mRNA 

in rat brain and peripheral tissues. Eur J Neurosci 5, 605-13.

Timmusk, T., Palm, K., Metsis, M,, Reintam, T., Paalme, V., Saarma, M. 

and Persson, H. (1993a). Multiple promoters direct tissue-specific expression 

of the rat BDNF gene. Neuron 10,475-89.

247



Treanor, J., Goodman, L,, de Sauvage, F,, Stone, D., Poulsen, K,, Beck, K., 

Gary, C., Armanini, M., Pollock, R., Hefti, F., Phillips, H., Goddard, A., 

Moore, M,, Buj-Bello, A., Davies, A. M., Asai, N., Takahashi, M., Yandlen, 

R., Henderson, C. and Rosenthal, A. (1996). Characterization of a receptor 

for glial cell line-derived neurotrophic factor. Nature 382, 80-83.

Tsoulfas, P., Soppet, D., Escandon, E., Tessarollo, L., Mendoza, R. J., 

Rosenthal, A., Nikolics, K. and Parada, L. F. (1993). The rat trkC locus 

encodes multiple neurogenic receptors that exhibit differential response to 

neurotrophin-3 in PC12 cells. Neuron 10, 975-990.

Ullrich, A., Gray, A., Berman, C, and Dull, T. J. (1983). Human beta-nerve 

growth factor gene sequence highly homologous to that of mouse. Nature 303, 

821-825.

Ure, D. R., Campenot, R. B. and Acheson, A. (1992). Cholinergic 

differentiation of rat sympathetic neurons in culture: effects of factors applied to 

distal neurites. Dev Biol 154, 388-395.

Urfer, R., Tsoulfas, P., O'Connell, L., Shelton, D, L., Parada, L. F, and 

Presta, L. G. (1995). An immunoglobulin-like domain determines the 

specificity of neurotrophin receptors. EMBO J. 14,2795-2805.

Urfer, R., Tsoulfas, P., Soppet, D., Escandon, E., Parada, L. F. and Presta, 

L. G. (1994). The binding epitopes of neurotrophin-3 to its receptors trkC and 

gp75 and the design of a multifunctional human neurotrophin. EMBO J. 13, 

5896-5909.

Valenzuela, D, M., Maisonpierre, P. €., Glass, D. J., Rojas, E., Nunez, L., 

Kong, Y., Gies, D. R., Stitt, T. N», Ip, N. Y. and Yancopoulos, G. D. (1993). 

Alternative forms of rat TrkC with different functional capabilities. Neuron 10, 

963-974.

248



Varoîî, S., Nomura, J. and Shooter, E. M. (1968). Biochemistry 7, 1296-1303.

Vazquez, M. E. and Ebendal, T, (1991). Messenger RNAs for trk and the low- 

affinity NGF receptor in rat basal forebrain. Neuroreport 2, 593-6.

Vejsada, R., Sagot, Y. and Kato, A. C. (1995). Quantitative comparison of the 

transient rescue effects of neurotrophic factors on axotomized motoneurons in 

vivo. Eur. J. Neurosct 7, 108-115.

Venero, J. L. and HeftI, F. (1993). Trk A NGF receptor expression by non- 

cholinergic thalamic neurons. Neuroreport 4, 959-62.

Verdi, J. M. and Anderson, D. J. (1994). Neurotrophins regulate sequential 

changes in neurotrophin receptor expression by sympathetic neuroblasts. 

Neuron 13, 1359-1372.

Verdi, J. M., Birren, S. J., Ibanez, C. F., Persson, H., Kaplan, D. R., 

Benedetti, M., Chao, M. V. and Anderson, D. J. (1994). p75LNGFR 

regulates Trk signal transduction and NGF-induced neuronal differentiation in 

MAH cells. Neuron 12,733-745.

Verge, V. M., Merlio, J. P., Grondin, J., Ernfors, P., Persson, H., Riopelle, 

R. J., Hokfelt, T. and Richardson, P. M. (1992). Colocalization of NGF 

binding sites, trk mRNA, and low-affinity NGF receptor mRNA in primary 

sensory neurons: responses to injury and infusion of NGF. J. Neurosct 12, 

4011-4022.

Vogel, K. §. and Davies, A. M. (1993). Heterotopic transplantation of 

presumptive placodal ectoderm influences the fate of sensory neuron precursors. 

Development 119, 263-277.

Volonté, C.; Angelastro, J. M. and Greene, L. A. (1993). Association of 

protein kinases ERKl and ERK2 with p75 nerve growth factor receptors. J. 

Biol Chem. 268, 21410-21415.

249



Von Bartheld, C. S., Williams, R., Lefcort, F., Clary, D. O., Reichardt, L. F. 

and Bothwell, M. (1996). Retrograde transport of neurotrophins from the eye 

to the brain in chick embryos: roles of the p75NTR and trkB receptors. J. 

Neurosct 16, 2995-3008.

Von Kuppfer, C. (1894). Studien zur vergliechenden Entwicklungsgeschiste 

des Kopfes der Cranioten. II. München: Lehmann

Vroegop, S, M,, Crumm, E. and Bnxser, §. E. (1992). Characterization of 

ultra-high affinity monoclonal antibodies with a dimeric, symmetrical antigen: 

inhibition of the receptor recognition site of nerve growth factor. Mol Immunol 

29,411-23.

Ware, C. B., Horowitz, M, C., Renshaw, B. R., Hunt, J. S., Liggit, D., 

Koblar, S. A., Gliniak, B. C., McKenna, H. J., Papayannopoulou, T., 

Thoma, T., Linzhao, C,, Donovan, P. J., Peschon, J. J., Bartlett, P. F., Willis, 

C. R., Wright, B, D., Carpenter, M. K., Davison, B. L. and Gearing, D. P.

(1995). Targeted disruption of the low-affinity leukemia inhibitory factor 

receptor gene causes placental, skeletal, neural, and metabolic defects and results 

in perinatal death. Development 12% 1283-1299.

Welcher, A. A., Bitler, C. M., Radeke, M. J. and Shooter, E. M. (1991). 

Nerve growth factor binding domain of the nerve growth factor receptor. Proc 

Natl Acad Sci U SA  88,159-63.

Weston, J. A. (1962). A radioautographic analysis of the migration and 

localization of trunk neural crest cells in the chick. Dev. Biol. 6, 279-310.

Wetmore, C., Ernfors, P., Persson, H. and Olson, L. (1990). Localization of 

brain-derived neurotrophic factor mRNA to neurons in the brain by in situ 

hybridization. Exp Neurol 109, 141-52.

250



White, IC, Grether, M. E., Abrams, J. M., Young, L., Farrell, K. and 

Steller, H. (1994). Genetic control of programmed cell death in Drosophila. 

Science 264, 677-683.

White, K., Tahaoglu, E, and Steller, H. (1996). Cell killing by the Drosophila 

gene reaper. Science 27, 805-807.

Whittemore, S. E., Friedman, P. L., Larhammar, D., Persson, H., Gonzalez,

C. M. and Holets, V. R. (1988). Rat beta-nerve growth factor sequence and site 

of synthesis in the adult hippocampus. J. Neurosct Res. 20,403-10.

Wiesner, D. A. and Dawson, G. (1996). Staurosporine induces programmed 

cell death in embryonic neurons and activation of the ceramide pathway. J  

Neurochem 66, 1418-1425.

Wilkinson, G. A., Farinas, I., Backus, C., Yoshida, C, K. and Reichardt, L. 

F. (1996). Neurotrophin-3 is a survival factor in vivo for early mouse trigeminal 

neurons. J. Neurosct 16, 7661-7669.

Williams, L. R., Manthorpe, M., Barbin, G., Nieto-Sampedro, M., Cotman,

C. W. and Varon, S, (1984). High ciliaiy neuronotrophic specific activity in rat 

peripheral nerve. Int. J. Dev. Neurosct 2, 177-180.

Windisch, J. M., Auer, B., Marksteiner, R., Lang, M. E., Schneider and R. 

(1995a). Specific neurotrophin binding to leucine-rich motif peptides of Trk A 

and TrkB. FEBS Lett. 374, 125-129.

Windisch, J. M., Marksteiner, R., Lang, M. E., Auer, B. and Schneider, R. 

(1995b). Brain-derived neurotrophic factor, neurotrophin-3, and neurotrophin-4 

bind to a single leucine-rich motif of TrkB. Biochem, 34,11256-11263.

Windisch, J. M., Marksteiner, R. and Schneider, R. (1995c). Nerve growth 

factor binding site on TrkA mapped to a single 24-amino acid leucine-rich motif. 

J. Biol. Chem. 270,28133-28138.

251



Wolf, D. E., McKinnon, C. A., Daon, M. C., Stephens, R, M,, Kapian, D. R. 

and Ross, A. H. (1995). Interaction with TrkA immobilizes gp75 in the high 

affinity nerve growth factor receptor complex. J. Biol. Chem. 270, 2133-2138.

W ollert, K. C., Taga, T., Salto, M., Narazaki, M., Kishimoto, T., 

Glembotski, C, C., Vernallis, A, B., Heath, J. K., Pennica, D., Wood, W. I. 

and Chien, K. R. (1996). Cardiotrophin-1 activates a distinct foim of cardiac 

muscle cell hypertrophy. Assembly of sarcomeric units in series via 

gp 130/leukemia inhibitory factor receptor-dependent pathways. J. Biol. Chem. 

271,9535-9545.

Wong, ¥ ., Arriaga, R., Ip, N. Y. and Lindsay, R. M. (1993). The 

neurotrophins BDNF, NT-3 and NT-4/5, but not NGF, up-regulate the 

cholinergic phenotype of developing motor neurons. Eur J Neurosci 5, 466-74.

Wright, L. L., Cunningham, T, J. and Smolen, A. J. (1983). Developmental 

neuronal death in the rat superior cervical sympathetic ganglion: cell counts and 

ulti'astructure. J. Neurocytol. 12, 727-738.

Wong, V., Pearsall, D., Arriaga, R., Ip, N. Y., Stahl, N. and Lindsay, R. M.

(1995). Binding characteristics of ciliary neurotrophic factor to sympathetic 

neurons and neuronal cell lines. J Biol Chem 270, 313-318.

Wright, E, M., Vogel, K, S, and Davies, A. M, (1992). Neuiotrophic factors 

promote the maturation of developing sensory neurons before they become 

dependent on these factors for survival. Neuron 9, 139-150.

Wyatt, S. and Davies, A. M. (1993). Regulation of expression of mRNAs 

encoding the nerve growth factor receptors p75 and trkA in developing sensory 

neurons. Development 119, 635-648.

252



Wyatt, S. and Davies, A. M. (1995). Regulation of nerve growth factor 

receptor gene expression in sympathetic neurons during development. J. Cell 

Biol 130, 1435-1446.

Wyatt, S., Shooter, E. M. and Davies, A. M. (1990). Expression of the NGF 

receptor gene in sensory neurons and their cutaneous targets prior to and during 

innervation. VewroM 4,421-7.

Wyatt, S., Pinon, L., Ernfors, P. and Davies, A. M. (1997). Sympathetic 

neuron survival and TrkA expression in NT3-deficient mouse embryos. EMBO 

y. 16,3115-3123.

Wyllie, A. H., Kerr, J. F. R. and Currie, A. R. (1980). Cell death: the 

significance of apoptosis. Int. Rev. Cytol 68,251-306.

Y am am ori, T. (1991). Localization of cholinergic differentiation 

factor/leukemia inhibitory factor mRNA in the rat brain and peripheral tissues. 

Proc Natl Acad Sci US ASS,  7298-7302.

Yamasaki, K., Taga, T., Hirata, Y., Yawata, H., Kawanishi, Y., Seed, B., 

Taniguchi, T., Hirano, T. and Kishimoto, T. (1988). Cloning and expression 

of thehuman interleukin-6 (BSF-2/IFN beta 2) receptor. Science 241, 825-828.

Yan, H. and Chao, M. V. (1991). Disiuption of cysteine-rich repeats of the p75 

nerve growth factor receptor leads to loss of ligand binding. J Biol Chem 266, 

12099-104.

Yan, Q., Elliott, J. and Snider, W. D. (1992). Brain-derived neurotrophic 

factor rescues spinal motor neurons from axotomy-induced cell death. Nature 

360, 753-755.

Yan, Q. and Johnson, E. M. J. (1989). Immunohistochemical localization and 

biochemical characterization of nerve growth factor receptor in adult rat brain. 

J. Comp. Neurol 290, 585-589.

253



Yao, G. L., Kato, H., Khalil, M., Kiryu, S. and Kiyama, H. (1997). Selective 

upregulation of cytokine receptor subchains and their intracellular signalling 

molecules after peripheral nerve injury. Eut' J  Neurosci 9, 1047-1054.

Yoshida, K., Taga, T., Saito, M., Suematsn, S., Kumanogoh, A., Tanaka, T., 

Fujiwara, H., Hirata, M., Yamagami, T., Nakahata, T., Hirabayashi, T., 

Yoneda, Y., Tanaka, K., Wang, W. Z., Mori, C., Shiota, K., Yoshida, N. and 

Kishimoto, T, (1996). Targeted disruption of gpl30, a common signal 

transducer for the interleukin 6 family of cytokines, leads to myocardial and 

hematological disorders. Proc Natl Acad Sci U SA93,  407-411.

Yuan, J., Shaham, S., Ledous, S., Ellis, H. M. and Horvitz, H. R. (1993). 

The C. elegans cell death gene ced-3 encodes a protein similar to mammalian 

interleukin-1 beta-converting enzyme. Cell 75, 641-652.

Zheng, J, L., Stewart, R. R. and Gao, W, Q. (1995a). Neurotrophin-4/5 

enhances survival of cultured spiral ganglion neurons and protects them from 

cisplatin induced neurotoxicity. J. Neurosci. 15, 5079-5087.

Zheng, J. L., Stewart, R. R. and Gao, W. Q. (1995b). Neurotrophin-4/5, brain 

derived neurotrophic factor, and neurtrophin-3 promote survival of cultured 

vestibular ganglion neurons and protect them against neurotoxicity of ototoxins.

Zhou, X. and Rush, R. A. (1995). Sympathetic neurons in neonatal rats require 

endogenous neurotrophin-3 for survival. J. Neurosci. 15, 6521-6530.

Zurn, A. D. and Werren, F. (1994). Development of CNS cholinergic neurons 

in vitro: selective effects of CNTF and LIF on neurons from mesencephalic 

cranial motor nuclei. Dev Biol 163, 309-15.

254



Appendix I

MEDIA AND SOLUTIONS

Liebovits’s L-15

This is a medium used for the purpose of dissection only. It is air buffered, and 

is made up from a powdered stock solution supplied by Gibco (Gibco Cat. No. 

41300-021). IL of medium is made up from the powdered stock using double 

distilled de-ionized water (ddH20), and to this add:

lOOmg Streptomycin sulphate 

60mg Penicillin G

The pH is adjusted to 7.3 using HCl or NaOH and the medium is then filter 

sterilised using a 0.22-|im filter.

Ham's F-12

This is an air buffered general puipose medium supplemented with L-glutamine 

which is used for rinsing cells and dishes. The medium is supplied by Gibco as 

a powdered concentrate (Gibco Cat. No. 21700-026). IL of medium is made up 

from powdered stock using ddH20 to this add:

lOOmg Streptomycin sulphate 

60mg Penicillin G

Heat Inactivated Horse Semm (Gibco 26050-039) to 10%

The pH is adjusted to 7.3 using HCl or NaOH the medium is then filter sterilised 

using a 0.22-p,m filter.

255



Ham's F“14

This is a specially formulated bicarbonate buffered growth medium used for 

culturing embryonic sensory neurons . The formulation of this medium is based 

on that of Ham's F-12 but contains several modifications. The constituents of 

the medium are as follows.

Amino Acids

L-Alanine 
L-Arginine HCl 
L-Asparagine H2 O 
L-Aspartic Acid 
L-Cysteine HCI.H2 O 
L-Glutamic Acid 
L-Glutamine 
Glycine
L-ffistidineHCl.H20
L-Isoleucine
L-Leucine
L-Lysine HCl
L-Methionine
L-Phenylalanine
L-Proline
L-Serine
L-Threonine
L-Tryptophan
L-Tyrosine
L-Valine

mg/I

17.70
422.00 
30.01 
26.50 
70.32
29.30
292.00
14.90
41.96 
7.94 
26.10
72.90 
8.88
9.96
68.90
20.90
23.90 
4.04 
15.58
23.30

Vitamins

Ascorbic Acid 
d-Biotin
D-Ca Pantothenate 
Choline Chloride 
Folic Acid 
i-Inositol 
Lipoic Acid 
Nicotinamide 
Pyridoxine HCl 
Riboflavin 
Thiamine HCl 
Vitamin B 1 2

mg/1

15.00 
0.00073 
0.48 
13.96 
1.30
18.00 
0.21 
0.037 
0.062 
0.038 
0.34 
1.36

Inorganic Salts

CaCl2.2H2.0
CUSO4 .5 H2 .O
FeS0 4 .7 H2 . 0

KCl
MgS0 4 .6H2.0
M gS 04.7H 2.0
NaCl
NaHCOs

mg/1

283.22
0.000249
0.834
372.80
174
37.00
7599.00
1176.00
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Na2HP04 142.04
ZnS04.7H2.0 0.863

Other Componenets

D-Glucose 1981.80
Hypoxanthine 4.00
Linoleic Acid 0.084
Phenol Red 1.20
Putrescine 2HC1 0.161
Sodium Pyruvate 220.00
Thymidine 0.73

Source: Bai'de et a l (1980)

The medium is supplied by Imperial Laboratories (Cat No. 3-791-35) as a 

powdered concentrate and is made up to IL (from a lOL stock preparation) 

using ddH20, and is stored at -40°C in 50ml aliquots.

To 500ml of F-14 add:

50mg Streptomycin sulphate 

30mg Penicillin G

Alternatively, these antibiotics can be added to the stock preparation.

To make up 500ml F-14 add to the 50ml stock:

450ml ddH20 

Ig NaHCOs

Heat Inactivated Horse Serum to 10%

The pH is adjusted to ~7.0 using CO2  (dry ice) and the medium is filter 

sterilised using a 0.22-p.m filter.
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SATO

SATO medium is a specially formulated defined medium used for culturing 

embiyonic neurons.

To malce up a 222ml stock solution add the following:

Pathocyte-4-BSA

(ICN Biomedicals Cat. No. 810101)

Putrescine (160mg/100ml H2 O)

(Ig) (Sigma P-7505)

Progesterone (lmg/1.6ral EtOH)

(Img) Sigma P-6149

L-Thyroxine (4mg/10ml EtOH)

(4mg) Sigma T- 0397

Sodium selenite (lmg/2.6ml PBS)

(Img) Sigma S-9133

Tri-iodo-thyronine (16.8mg/50ml EtOH) 

(lOOmg) Sigma T-6397

100ml

100ml

1ml

10ml

1ml

10ml

The above ingredients are aliquoted in 11.1ml aliquots, stored at -40"C. Sato 

aliquots (11.1 ml) are added to 500ml Ham's F-14 medium containing Ig 

NaHCOg and 5ml of 200mM glutamine (Gibco Cat. No. 25030-024). The 

medium is then equilibrated to a pH of -7.0 using dry ice. Source Sato, (1985).
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General Solutions 

Borate buffer (0.15M)

4.6g boric acid (Sigma) are dissolved in 500ml ddH20 (pH 8.4 with NaOH). 

This solution is used to dissolve the poly ornithine.

HBSS

Hank's balanced salt solution (Gibco, Cat No. 1410-070) is supplied Ca and Mg 

free. This solution is used to dilute aliquots of laminin and trypsin, and is used 

to trypsinize and suspend dissociated cells prior to placing them on a dropping 

funnel.

KOH

5M KOH 140g KOH pellets (Sigma) in 500ml ddH20. This solution is used for 

making tungsten wire needles.

Laminin

(Sigma L2020) This is a basement membrane protein required for cell 

attatchment. Stored at -70°C. Remove 1ml from freezer and defrost in fridge for 

Ihr. Aliquot 20ml in 1.5ml eppendorfs . This solution is reconstituted with 1ml 

of medium and used to coat 35 mm culture dishes prior to neuronal culture.

Polyornithine (P-ORN)

(Sigma P-8638) Stored at 4“C. 250mg are added to 500ml borate buffer. Filter 

sterilise into 100ml bottles, with 0.22-|im filter. This solution is used for coating 

35 mm tissue culture dishes, prior to adding laminin.

Trypsin

Supplied by Worthington Inc. 50mg are added to 5ml of Ca/Mg free HBSS 

(Gibco). Filter sterilise using a 0.22- pm filter. This solution is used for the 

enzymatic dissociation of ganglionic tissues and is inactivated using Ham's F-12 

+ 10% HIHS.
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Appendix II

SEQUENCE ALIGNMENTS OF THE NEUROTROPHIC FACTORS 

AND THEIR RECEPTORS

I Protein sequence comparisons between the different members of the 

neurotrophin family used in this study,

10 20 30 40 50 60
I I I I I I

' I I I I I
Human NGF MSMLFYTLITAFLIGIQAEPHSESNVPAGHTIP QVHVWIOjQHSLDTALRRARSAPAAAIAAR
Human BDNF MTILFLTMVISYFGCMECAAPMKEANIRGQGGLAYPGVRTHGTLESVNGPKAGSRGLTSLADTFEHV
Human NT-4/5 M-LPL--------- PSCSLPIL------- LLFLL--PSVPIESQPPPS-----------TLPPF
Xenopus NT4 MILRLYAM7ISY-CCAICAAPFQSRT TDLDYGPDKTSEASDRQSVPN---------- NFSHV

70 80 90 100 110 120 130

Human NGF VAG QTRNITVDPRLFKKRRLRSPRVLFSTQPPREAAD TQDLDFEVGGAAPFNRTHRSKRS
Human BDNF lEELLDEDQKVRPNEENNKDADLYTSRVMLSSQVPLEPPLLFLLEEYKNYLDAANMSMRVRRHSDP
Human NT-4/5 L--------------- APEWDLLSPRWLSRGAPAGPPLLFLLEAGAFRESAGAPANRSRRGV-S
Xenopus NT4 LQNGFFPDLSSTYSSMAGKDWNLYSPRVTLSSEEPSGPPLLFLSEETWHPEPANKTSRLKRASGS

140 150 160 170 180 190
I I I I I I

| a o o | | o * « | | |  *  a  a  |  a  a  a  a  a a |  |  |  |  a  a  a | a  a | a

Human NGF SSHPIFHRGEFSVCDSVSVW— GDKTTATDIKGKEVMVLGEVNINN-SVFKQYFFETKCRDPNPV
Human BDNF  ARRGELSVCDSISEWVTAADKKTAVDMSGGTVTVLEKVPVSKG-QLKQYFYETKCNP-
Human NT-4/5 ETAPASRRGELAVCDAVSGWVT— DRRTAVDLRGREVEVLGEVPAAGGSPLRQYFFETRCKADNAE 
Xenopus NT4 DSVSLSRRGELSVCDSVNVWVT— DKRTAVDDRGKIVTVMSEIQTLTG-PLKQYFFETKCNP---

200 210 220 230 240 250
I I I I I I

a  a  a  I a  | | a  a  a  j | | | a | e a e  a | |  |  a  a  a a a a a j a a a  a  | a  |

Human NGF DSG------ CRGIDSKHWNSYCTTTHTFVKALTMDGKQ-AAWRFIRIDTACVCVLSRKAVRRA
Human BDNF  MGYTKEGCRGIDKRHWNSQCRTTQSYVRALTMDSKKRIGWRFIRIDTSCVCTLTIKRGR
Human NT-4/5 EGGPGAGGGGCRGVDRRHWVSEa<AKQSYVRALTADAQGRVGWRWIRIDTACVCTLLSRTGR-A 
Xenopus NT4  SGSTTRGCRGVDKKQWISECKAKQSYVRALTIDANKLVGWRWIRIDTACVCTLLSRTGR-T
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II Protein sequence comparisons between the different members of the 

neurotrophin receptor tyrosine kinase family of proteins.

10 20 30 40 50 60
• I »  « • •  | j * a « » | | *  I «

Human TrkA MLRGGRRGQIiGWHSWAAGPGSLL AWLILA-SAGAAPCPDAC-CPHGSSGIJlCTRDGA-IiDSDHHIi
Human TrkB MS--------- SWIRWHQPAMAKL.WGFCWI1WGFWRAAPACPTSCKCSASR— IWCSDPSPGIVAPPRL
Human TrkC MDVSLCPAKCSF— WR IPLLGSVWD— DYVGSVLACPANCVC— SKTEINCRRPDDG-NIjFPLL

70 80 90 100 110 120 130

Human TrJcA 
Human TrkB 
Human TrkC

Human TrkA 
Human TrkB 
Human TrkC

Human TrkA 
Human TrkB 
Human TrkC

Human TrkA 
Human TrkB 
Human TrkC

I «  | . | o « j o ] | |  «  I . | | . . .  «  I I • •
P  GAEN-------------- IiTErjYIENQQHLQHriELRDBRGLGELRNBTIVKSGLRFVAPDAFHF
EPNSVDPEN-------------- ITEIFIANQKRI,ElINEDDVEAyVGI.BKIIiTIVnSGI.KFVAHKAFI»K
EGQDSGNSNGNANINITDISRNITSIHIENWRSLHTUNAVDMELYTGLQKLTIKNSGBRSIQPRAPAK
140 150 170

I

180 
. I

190
.1

200160
I I »  I «  I I '  "  I " I I I » » » . .  . | . , . ] » | |  I »  I I

TPRLSRLNIjSFNAIiESLSWKTVQGLSLQELVI.SGNPIjHCSCAIjRWIjQRWEEEGL.GGVPEQKLQCHGQG
NSNLQHINFTRNKI.TSLSRKHFRHIjDIjSEIiILVGWPFTCSCDIMWIKTL.QE-AKSSPDTQDLYCrJSIES
NPHLRYIuriSSNRLTTLSWQLFQTLSIjRELQriEQNFFNCSCDIRWMQLWQEQGEAItlJSfSQMLYCINAD

210 2 2 0 230 240 250
1*1

260 270

 PLAHMPNASCGVPTBICVQVPNASVDVGDDVtiLRCQVEGRGLEQAGWILTELEQSATV MKSG
SKNIPIiANrjQIPNCGLPSANtiAAPNLTVEEGKSITLSCSVAGDPVPNMYWDVGNL— VSKH MNET
GSQLPtiFRMNISQCDLPEISVSHVNLTVREGDNAVXTCNGSGSPLPDVDWIVTGLQSINTHQTNLNWT

280 290 300
1*1

310 320 330 340
. I

I I « I I I I « I I I
GIiPSLGIiTLANVTSDIiNRKNLTCWAENDVGRAEVSVQVNVSPPASVQ-LHTAVEMHHWSIPFSVDGQP
SHTQGSLRITNISSDDSGKQISCVAENI.VGEDQDSVNLTVHPAPTITFLESPTSDHHWC1PFTVICGNP
NVHAINLTLVNVTSEDNGFTLTCIAENWGMSNASVALTVYSTPPRWSLEEPELRriEHCIEFWRGNP

350 360 370 380 390 400
“ ' I I *  I I * * *  i l l * ' *  * * * | * » » | *  * I *  » I

Human TrkA APSLRWLFNGSVLNETSFIFTEFBEPAflJSTETVRHGCBRLNQPTHVNNGiSIYTLLjAANPFGQASASIMAA 
Human TrkB KPALQWFYNGAIIiNESICYICTKI— HVTNHTEYHGCLQLDNPTHMNNGDYTLIAKNEYGKDEKQISAH 
Human TrkC PPTLHWIiHNGQPLRESKIIHVEYYQEG EISEGCLLFNKPTHYNNGNYTLIAKNPIiGTANQTINGH

410 420 430 460
I

470440 450
• I  .  I i l  '  I '  ...................................Human TrkA FMDNP-FEFNPEDPIPD---------TNSTSGDPVEKKDETP------------------FGVSVAVGLAVF

Human TrkB FMGWPGIDDGANPNYPDVIYEDYGTAANDIGDTTNRSNEIPSTDVTDKTGREHLSVYAVWIASWGF Human TrkC FLKEP-FPESTDNF ILFDEVSPT---------------- PPITVTHKPEED---TFGVSIAVGIAAF
480 490 500 510 520 530 540
' I I I  I I I  I I * I I ' "  I I *  * 1 1  i l l  '  I "  I '  I '  I I I  I I  IHuman TrlcA ACLFLSTLLLVLNKCGRRNKFGINRPA-VIAPEDGLAMSIJHFMTBGGSSLSPTEGKGSGL----- QGH

Human TrlcB -CLLVMLFLLKL ARHSKPGMKGPASVISNDDDSASPLHHISMGSNTPSSSEGGPDAVI IGMTKl P
Human TrkC ACVBriWLFVMINKYGRRSKPGMKGPVAVISGEEDSASPLHHINHGITTPSSIjDAGPDTVVIGMTRIP

Human TrkA 
Human TrkB 
Human TrkC

Human TrkA 
Human TrkB 
Human TrkC

550 560 570 580 590 600 610
I »  «  » » » « « * 1 '  * 1 1 1  t i l l *  * * l
I lENPQYFS--------- DACVHHIKRRDIVriKWEDGEGAFGKVFLAECHNLEiPEQDKMIjVAVKAriKEA
VIENPQYFGITNSQLKPDTFVQHIKRHKIVLKREIiGEGAFGKVFIiAEC'XNLCPEQDKILVAVKTLKDA 
VIENPQYFRQGHNCHKPDTWV---------------------FSNI------------DNHGIL NLKD-

620
I

630
I ,

640 650
I

660 670 680

SESARQDFQREAELLTMLQHQHIVRFFGVCTEGRPLLMVFEYMRHGDLNRFLRSHGPDAKLLAGGEDV 
SDNARKDFHREAELLTNIjQHEHlVKFYGVCVEGDPLIMVFEYMKHGDIiNKFBRAHGPDAVBMAEGN—  
 --------------------NRDHXjV --------------------------------------PSTHYl YEEPEV

690 700
I

710
I

720 740730
I * I '  I I '  '  I 1 1 * 1  I I 'Human TrkA APGPLGLGQLLAVASQVAAGMVYIoAGLHFVHRDLATRNCI.VGQGt.WKIGDFGMSRDIYSTDYYR.VGG 

Human TrkB PPTELTQSQMLHIAQQIAAGMVYLASQHFVHRDLATRNCLVGENLLVKIGDFGMSRDVYSTDYYRVGG Human TrkC QSGEVS------------------ YPRSHGF-REIMLNPISLPGHSKPLNHGIYVEDVNVY----------
750 760 770 780 790 800

I - I

810

Human TrkA RTMLPIRWMPPESILYRKFTTESDVWSFGWLVJEIFTYGKQPWYQLSNTEAIDCITQGRELERPRACP 
Human TrkB HTMLPIRV®ÏPPESIMYRKFTTESDVWSLGWLWEIFTYGKQPWYQLSNNEVÏECITQGRVLQRPRTCP Human TrkC ----------------------------------------- FSKGRHGF

820
I

830 840 850
o«B»»oo| « j » * I I » I •»

Human TrlcA PEVYAÎMRGCWQREPQQRHSIKDVHARLQALAQAPPVYLDVLG 
Human TrkB QEVYELMLGCWQREPHMRKNIKGIHTLLQNLAKASPVYLDILG 
Human TrkC
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I l l  Protein sequence compaiisons between the neurotrophic cytokines used in 

this study.

10 20 30 40 50 60

Human CNTF 
Human LIF 
Human GSM 
Human IL-6 
Human CT-1

Human CNTF 
Human LIF 
Human GSM 
Human IL-6 
Human CT-1

MA— FTEHSPLTLHRRDL----------- CSRSIWL------ ARKIRSDLTALTESYVKHQGLNKN
 GSPLPITPV-------- NATCAIRHPCHNNLMNQIRSQLAQ-LNGSANALFILYYTAQG-EPF
MGVLLTQRTLLSLVLALLFPSMASMAAIGSCSKEYRVLLGQLQKQTDLMQDTSRLLDPYIRIQGLDVP 
MNSFSTSAPGPVAFSLGLLLVLPAAFPAPVPPGEDSKDVAAPHRQP-LTSSERIDKQIRYILDGISAL 
MSRREGSLEDPQT-------- DSSVSL-LPHLEAKIRQTHSIAHL-LTKYAEQLLQEYVQLQG-DPF

70
I

80
I

90 100 110 120 130

INLDSADC3ÆPVA— STDQWSELTEA-- ERLQENLQ-AYRTFHVLLARLLEDQQVH FTPTEGDFH
— PN-NLDKL--- CGPNVTDFPPFHANGTEKAKLVELYRIWYLGTSLGNITRDQKI-LNPSALSLH
KLREHCRERPGAFPSEETLRGLGRRGFLQTLNATLGCVLHRLADLEQRLPKAQDLERSGLNIEDLEKL
RKETCNKSNM CESSKEALAENNLNLPKMAEKDGCFQSGFNEETCLVKIITGLLE-FEVYLEYLQ
GLPSFSPPRL PVAGLSAPAPSHAGLPVHERLRLDAAALAALPPLLDAVCRRQAE-LNPRAPRLL

140 150 160 170 180 190 200

Human CNTF QAIHTLLLQVAAFAYQIEELMILLEYKIPANEADGM PINVGDGGLFENKLWGLKVLQE------
Human LIF SKLNATADILRGL LSNVLCRLCSKYHVGHVD— VTYGPDTSGKDVFQKKKLGCQLLG--K----
Human GSM QMARPNILGLRNNIYCMAQLLDNSDTAEPTKAGRGASQPPTPTPASDAFQRKLEGCRFLHGYHRFMHS
Human IL-6 NRFESSEEQARAVQMSTKVLIQFL— QKKAKNLDAITTPDPTTNASLLTKLQAQNQWLQD--MTTHL
Human CT-1 RRLEDAARQARALGAAVEALLAALGAANRGPRAEPPAATASAASATGVFPAKVLGLRVCG--L----

210 220 230 240

Human CNTF  LSQWTVRSIHDLRFISSHQTGIPARGSHYIANNKKM
Human LIF  YKQ IIAVLA-------------------- QAF
Human GSM VGRVFSKWGESPNRSRRHSPHQALRKGVRRTRPSRKGKRLMTRGQLPR
Human IL-6 ILRSFKEFLQSSLRALR-------------------- QM
Human CT-1  YREWLSRTEGDLG-------------------- QLLPGG— SA
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