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Abstract

Neuronal development and maintenance of function in the adult nervous system 

are both influenced by soluble trophic factors derived from target tissues. Nerve growth 

factor (NGF), is the prototypic growth factor that defines the properties and functions of 

the neurotrophins. It regulates survival, neurite growth, and the chemical phenotype of 

certain neuronal populations including sympathetic neurons, a subpopulation of primary 

sensory neurons, and basal forebrain cholinergic neurons.

I have investigated the role of NGF in the control of the chemical phenotype of 

sensory neurons by studing capsaicin sensitivity, whose expression is dependent on the 

presence of NGF. A retrograde labelling technique combined with a cobalt uptake assay 

in cultured DRG neurons has been used to study the distribution of capsaicin sensitivity 

in relation to different peripheral targets. I have found regional differences between skin, 

skeletal muscle and bladder with respect to capsaicin- sensitive afferent innervation.

I have also looked at the expression of a growth related protein: GAP-43 and 

neurite outgrowth in relation to NGF. NGF promotes neurite outgrowth in cultured DRG 

cells and regulates GAP-43 mRNA levels in PC 12 cells. In order to determine whether 

NGF modifies GAP-43 expression in adult neurons, a technique using non-isotopic in situ 

hybridization with an alkaline phosphatase-linked oligo probe was undertaken on cultured 

DRG neurons. No difference in the expression of GAP-43 mRNA was found between 

neurons cultured in the presence or absence of NGF. In contrast, cultures of neurons that 

had been pre-axotomized showed substantial increases in GAP-43 gene expression. NGF 

did increase neurite outgrowth compared to cells cultured in the presence of anti-NGF, 

but this effect was substantially less than that resulting from pre-axotomy, which initiated 

an early and profuse neurite outgrowth.



To study the distribution of the high affinity NGF receptor, I have raised 

antibodies (anti-peptide trk 1, 2 and 3) to 3 distinct peptide sequences of the human 

p l4 0 trk with no homology to trkB or trkC, but with partial homology with rat pl40^^^. 

These antibodies recognize a 140-150k protein from extracts of PC 12 cells and rat 

cerebellum. In addition, a distinct immunocytochemical staining pattern was found for 

these antibodies. The majority of adult DRG, nodose and SCG neurons are 

immunoreactive. In the CNS high levels of staining are found in motoneuron pools, 

hippocampal cells and Purkinje cells in the cerebellum. In situ hybridization using 

oligonucleotide probe complementary to the mRNA of peptide trk 1 cDNA sequences is 

in general agreement with the immunocytochemical results. This distribution is not fully 

congruent with the distribution of NGF responsive cells, NGF high affinity binding sites 

or in situ hybridization for pl40^^k mRNA. Cross-linking of [^^^IJNGF to p i40^^^ and 

immunoblotting has shown that the novel antigen is not rat pl40^^^ , nor its isoform. 

Neverless, the 140-150k molecular weight of the antigen, a size similar to those of the trk 

family of tyrosine protein kinase and the sequence homology to p i40^^^, together with the 

similarities to trkB and trkC distribution patterns in the central nervous system suggests 

that the novel antigen is a novel member of or closely related to the trk family of 

transmembrane proteins.
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Chapter 1 : Introduction

Primary sensory neurons originate from progenitors that migrate from the neural 

crest and certain ectodermal placodes to form the spinal and autonomic ganglia, the 

central ganglia of the relevant cranial nerves, the glial cells of the peripheral nervous 

system and some non-neuronal tissues. Two axonal processes grow in opposite directions 

from the cell bodies of these early neurons to reach their peripheral and central target 

fields.

1.1 Neurotrophins and their receptors

1.1.1 The NGF family of neurotrophins

From 20 to 80% of the neurons generated in sensory ganglia die shortly after they 

innervate their targets. Experimental manipulation of target field size (Oppenheim, 1981) 

as well as disruption of target field innervation (Yip and Johnson, 1984) have shown that 

both the peripheral and central target fields of sensory neurons play a role in regulating 

neuronal number. The proposal by Levi-Montalcini and Hamburger that target fields 

regulate their innervation density by the provision of limiting amounts of neurotrophic 

factors that the neurons require for their survival has been substantiated by the 

identification of the first neurotrophin, nerve growth factor (NGF) (Levi-Montalcini, 

1987). NGF promotes the survival of sympathetic neurons and certain neural-crest- 

derived sensory neurons in culture and prevents loss of these neurons in vivo (for review, 

see Thoenen and Barde, 1980). Anti-NGF antibodies injected into newborn rats 

completely destroy the sympathetic nervous system (Cohen, 1960), and prenatal exposure 

to NGF antibodies also cause the death of 70-85% of dorsal root ganglion (DRG) neurons 

(Johnson et al., 1980; Goedert et al., 1984). In addition to a requirement for the survival 

and differentiation of sympathetic and developing neural crest-derived sensory neurons.



NGF has also been found to support basal forebrain and striatal cholinergic neurons 

(Thoenen et al., 1987; Barde, 1989).

NGF is expressed in the brain (Whittemore et al., 1986) and is widely distributed 

in peripheral tissues (Heumann et al., 1984; Shelton and Reichardt, 1984). In situ 

hybridization shows that NGF is synthesized by a variety of cell types, including 

Schwann cells, epithelial cells, smooth muscle cells and fibroblasts (Bandtlow et al.,

1987). It is conveyed from the periphery by fast axonal transport to the perikarya of 

sympathetic (Hendry et al., 1974) and sensory neurons (Stoeckel et al., 1974). Studies of 

the most densely innervated cutaneous target field of the mouse embryo (the maxillary 

process) have shown that NGF synthesis only commences with the arrival of the earliest 

sensory axons (Davies et al., 1987), and the survival and growth of .sensory neurons has 

been found to be independent of NGF and other target-derived neurotrophic factors prior 

to target field innervation (Davies and Lumsden, 1984). Moreover, the amounts of NGF 

and NGF mRNA have been found to correlate with the density of neuronal innervation 

(Korsching and Thoenen, 1983; Heumann et al., 1984; Davies et al., 1987). This 

observation together with the demonstration that NGF is not present in the target field 

prior to its innervation suggest that NGF is unlikely to be a chemotropic factor for the 

guidence of early sensory axons.

The findings that the male mouse submaxillary gland is a potent source of NGF 

and NGF is a protein (Cohen, 1960) led to the purification and sequence detemination of 

NGF (Angeletti and Bradshaw, 1971; Angeletti et al., 1973). NGF is synthesized as a 305 

amino acid prepro-NGF (Whittemore et al., 1988), and the mature NGF protein is 

generated by proteolytic cleavage. The nucleotide sequences encoding NGF have been 

determined in several species. The high level of homology in the amino acid sequences 

among NGF from different species indicates that this protein has been highly conserved 

during evolution (for review, see Greene and Shooter, 1980).



A second neurotrophin, brain-derived neurotrophic factor (BDNF), was isolated 

from the pig brain in extremely small amounts (Barde et al., 1982). This protein promotes 

the survival of embryonic DRG neurons in culture (Lindsay et al., 1985), and rescues 

DRG neurons if administered to embryos during the period of natural neuronal death 

(Hofer and Barde, 1988). Although the majority of DRG neurons have been found to 

respond to both BDNF and NGF in vitro in the early stages of their development 

(Ernsberger and Rohrer, 1988), BDNF-dependent and NGF-dependent neurons were 

found to be largely distinct as development progresses (Lindsay et al., 1985).

The amino acid sequence of BDNF has been shown to share 50% homology with 

that of NGF (Leibrock, 1989). These identical amino acids are not randomly distributed, 

but are concentrated in conserved domains that include six cysteine residues which form 

three intrachain disulfide bonds necessary for the preservation of the biological activity of 

both NGF and BDNF (Levi-Montalcini, 1987; Barde, 1989; Leibrock, 1989). In addition, 

as for NGF, BDNF is synthesized as a larger, precursor molecule. BDNF is expressed 

mainly in CNS (Barde, 1989), high levels of its mRNA have been found in hippocampus, 

cortex, cerebellum, diencephalon and mesencephalon (Ernfors et al., 1990). Beside retinal 

ganglion cells (Johnson et al., 1986b), basal forebrain cholinergic neurons are responsive 

to BDNF (Alderson et al., 1990). Moreover, BDNF also supports the proprioceptive 

mesencephalic trigeminal neurons, placode- and neural crest-derived sensory neurons that 

are not responsive to NGF (Barde, 1989).

Based on cloning strategies utilizing the partial sequence similarities between 

NGF and BDNF, a third member of the NGF family named neurotrophin-3 (NT-3), or 

hippocampal derived neurotrophic factor, was isolated (Rosenthal et al., 1990; 

Maisonpierre et al., 1990; Ernfors et al., 1990; Kaisho et al., 1990). It is the first member 

of the NGF gene family to have its sequence determined by molecular techniques without 

prior purification of the protein from natural sources. The mature NT-3 reveals more than



50% amino acid identity with NGF and BDNF, including the strictly conserved domains 

that contain the six cysteine residues.

In contrast to BDNF mRNA, NT-3 mRNA expression in the CNS shows a high 

degree of regional specificity. It is predominantly expressed in a subset of pyramidal and 

granular neurons in the hippocampus (Ernfors et al., 1990). In addition , it is expressed in 

many peripheral tissues such as skeletal muscle, and liver (Hohn et al., 1990; 

Maisonpierre et al., 1990; Ernfors et al., 1990). It is a survival factor for cultured 

sympathetic and peripheral sensory neurons. Proprioceptive sensory trigeminal 

mesencephalic neurons, which respond to BDNF (Barde, 1989), has also been shown to 

respond to NT-3 (Hohn et al., 1990). Moreover, BDNF and NT-3 have an additive effects 

on nodose ganglion neurons (Hohn et al., 1990).

Further use of the conserved regions of NGF, BDNF, and NT-3 for PGR searches 

for additional members of the NGF gene family has led to the identification of 

neurotrophin-4 (NT-4) (also known as NT-5 or NT-4/5)(Hallbbbk et al., 1991; 

Berkemeier et al., 1991). NT-4 has been detected in Xenopus ovary "and has been shown 

to stimulate neurite outgrowth in cultured peripheral sensory neurons (Hallbbbk et al.,

1991). Its amino acid sequence shows more than 50% homology to NGF (Berkemeier et 

al., 1991). The tissue specificity and developmental expression of NT-4 remains to be 

determined.

NGF, BDNF, NT-3, NT-4 are structually and functionally related proteins, they 

are thus collectively referred to as neurotrophins. These factors are produced in limiting 

amounts in the target tissues and regulate neuronal survival during the period of naturally 

occurring cell death in development. The release of these proteins not only regulates the 

survival of neurons but also the outgrowth of neuronal processes and promotes the 

expression of neural differentiation markers.
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Neurotrophins generally mediate their actions on the responsive neurons by 

binding to the cell surface receptors, which in turn regulate the activity of key cellular 

proteins by posttranslational modification. Binding and cross-linking studies have 

identified two distinct classes of neurotrophin receptors: p75, which was originally 

identified as the low affinity NGF receptor, and the trk family of tyrosine protein kinases, 

which have been identified as the functional receptors for the neurotrophins (Sutter et al., 

1979; Landreth and Shooter, 1980; Schechter and Bothwell, 1981;* Klein et al., 1991a; 

Kaplan et al., 1991).

1.1.2 The low affinity p75 receptor

Two classes of NGF receptors were originally identified on chick embryonic 

sensory neurons by binding and kinetic measurements (Sutter et al., 1979; Landreth and 

Shooter, 1980; Schechter and Bothwell, 1981). Approximately 10-15 % of the receptors 

displayed high affinity binding, with a Kd of lO'^^M, were resistant to trypsin treatment 

and were capable of internalizing NGF (for review, see Meakin and Shooter, 1992). 

These high affinity receptors can only be found in those cells responsive to NGF. The 

remainder of NGF receptors displayed low affinity binding, with a kd of 10"^ M, were 

sensitive to trypsin treatment and did not internalize NGF (Meakin. and Shooter, 1992). 

These low affinity receptors are expressed in a wide variety of cell types, many of which 

do not respond to NGF (Ernfors et al., 1988). Crosslinking of NGF to

sympathetic, sensory neurons revealed that the high affinity receptors ranged in size from 

130kDa to 150kDa, and the low affinity receptors ranged in size from 75kDa to 80kDa 

(Meakin and Shooter, 1992).

The gene encoding the low affinity NGF receptor and the sequences containing 

the NGF receptor locus were subsequently identified (Chao et al., 1986; Johnson et al., 

1986; Radeke et al., 1987). This low affinity NGF receptor gene encodes a 75 kDa cell
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surface glycoprotein, designated p75, which contains 427 amino acid residues, with one 

transmembrane domain, a relatively short cytoplasmic domain, and an extracellular 

domain consisting of four cysteine repeats, which bind NGF, since disruption of these 

cysteine-rich repeats leads to loss of ligand binding (Yan and Chao, 1991). In addition to 

NGF, p75 has been found to serve as a receptor for each of the other members of 

neurotrophin family, BDNF, NT-3 and NT-4 (Rodriguez-Tebar et al., 1990; Hallbôôk et 

al., 1991). Although these neurotrophins bind to p75 with low affinity dissociation 

constants, a recent study has found that p75 can interact with the high affinity receptors 

(see below) of these neurotrophins to potentiate their functional responses (Hantzopoulos 

et al., 1994).

Transfection of p75 cDNA clones into NGF-non responsive NR18 cells, a variant 

of PC I2 cells that lacks low and high affinity NGF receptors, generated both low and 

high affinity NGF binding and rendered these cells functionally responsive to NGF with 

regard to gene induction and enhanced neurite outgrowth (Hampstead et al., 1989). 

However, polyclonal antibodies against p75 do not prevent NGF-induced neuronal 

survival or neurite outgrowth of PC 12 cells and peripheral sensory neurons, even though 

they effectively block all low affinity binding sites (Weskamp and Reichardt, 1991) and 

the differentiation and survival of the NGF-dependent sympathetic neurons in mutant 

mice lacking an intact p75 gene were not affected (Lee et al., 1992). In addition, binding 

assays show that the concentrations of NGF required for half-maximal survival of, or 

neurite outgrowth from, the chick sensory neurons were significantly below the Kd of the 

low affinity receptors (Sutter et al., 1979). Many investigators therefore conclude that p75 

is not the functional receptor for NGF signaling, and NGF response is mediated by a 

subpopulation of high affinity receptors that are antigenically distinct from p75.

Although p75 is generally believed not to mediate NGF signaling, whether p75 is 

required for the formation of the functional high affinity NGF receptors remains a subject
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of debate. High and low affinity binding have been defined in embryonic sensory neurons 

(Sutter et al., 1979), sympathetic neurons (Godfrey and Shooter, 1986), and PC 12 cells 

(Schechter and Bothwell, 1981). One group of investigators found that expression of 

either p i40^^^ (see below) or p75 individually in COS, 3T3, melanoma cells and NR 18 

cells yields cell membranes with only low affinity for NGF, while fusion of membranes 

containing pl40 î"k  ̂with membranes containing p75 generated a binding profile with both 

high and low affinity components (Kaplan et al., 1991a; Hempstead et al., 1991). They 

concluded that the functional high affinity NGF receptor represents a complex of p75 and 

p l4 0 trk, while the individual components bind NGF with low affinity. Furthermore, 

some investigators suggest that p75 participates in NGF-induced signal transduction 

through increasing the binding of NGF to p i40^^. Coexpression of excess of p75 

substantially enhances the NGF-induced tyrosine autophosphorylation of p i40^^ and 

neuronal differentiation in MAH cells, compared with cells expressing p i40^^^ alone 

(Verdi et al., 1994) and treatment of PC 12 cells with a monoclonal antibody directed 

against p75 results in reduced NGF binding to p i40^^^ and attenuated p i40^^^ activation 

(Barker and Shooter, 1994). On the other hand, several experimental results have 

indicated that p l4 0 ^̂ k: can function independently of p75. Klein et al., (1991) have shown 

that high affinity binding of NGF to pl40^^^ can occur in the absence of p75, at least in 

nonneuronal cells. Experiments using chimeric tumor necrosis factor (TNF)-pl40^^^ 

receptors, which contain the extracelluar domains of TNF receptor and the 

transmembrane and cytoplasmic domains of pl40^rk to transfect PC 12 cells (Rovelli et 

al., 1993), have shown TNF-dependent neuronal differentiation and cell survival, whereas 

the TNF-p75 chimeras, which contain the cytoplasmic domain of p75 have no function. 

In addition, studies using blocking antibodies directed against p75 (Weskamp and 

Reichardt, 1991) and site-directed mutagenesis to alter the region of NGF responsible for 

the interaction between NGF and p75, producing a total loss of binding of the mutant 

NGF to p75 (Ibanez et al., 1992), failed to affect binding to the p i40^^^ receptor.
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The p75 receptors are widely expressed in the central and peripheral nervous 

system (Ernfors et al., 1988; Yan and Johnson, 1988). Genetic disruption of the p75 gene 

in mice has revealed that homozygous animals lacking p75 are viable, but show 

decreased pain sensitivity and cutaneous innervation. In contrast, sympathetic neurons 

and most tissues appear normal during development (Lee et al., 1992). Furthermore, 

cultured sensory neurons from these mice are less sensitive to NGF than wild-type 

neurons (Davies et al., 1993). These studies suggest that p75 has some role in the 

development and function of sensory neurons.

1.1.3 The trk family of tyrosine protein kinases

Crosslinking of NGF to rabbit sympathetic neurons, chick embryo sensory 

neurons and PC I2 cells revealed two different sizes of receptor complexes with 

molecular weights of 160kd and lOOkd (Massague et al., 1981; Hosang and Shooter, 

1985). These two complexes were found to be derived from high affinity as well as low 

affinity binding sites, with receptor molecular weights of approximately 140kd and 80kd, 

respectively (Hosang and Shooter, 1985). Meakin and Shooter subsequently found that 

the high affinity NGF receptor could be immunoprecipitated with anti-phosphotyrosine 

antibodies (Meakin and Shooter, 1991), implying that it might participate in a tyrosine 

kinase signalling pathway.

The identification of p i40^^^ as an NGF receptor was made after it was noted that 

the distribution of p i40̂ 1"̂ , originally identified as an oncogene fusion protein with 

tropomyosin (Martin-Zanca et al., 1986), was restricted to NGF-responsive neurons such 

as DRG, cranial sensory ganglia that originates from the neural crest (Martin-Zanca et al., 

1990; Verge et al., 1992), sympathetic ganglia (Schecterson and Bothwell, 1992) and 

basal forebrain cholinergic neurons (Holtzman et al., 1992). Studies examining the 

function of p l4 Qtrk have found that NGF binds to pl40^^K with high affinity and results
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in activation of its intrinsic tyrosine kinase activity in PC 12 cells (Kaplan et al., 1991a; 

Klein et al., 1991).This discovey suggested that p i40^^^ was the NGF high affinity 

receptor, and that its function is essential for NGF signal transduction.

Binding of NGF to trk receptors ectopically expressed in NIH3T3 fibroblasts led 

to their biochemical activation, measured by their autophosphorylation on tyrosine 

residues, and initiated a flow of signal transduction that resulted in the induction of c-fos 

expression, DNA synthesis and morphological transformation of the cells (Klein et al.,

1991). In addition, when a pl40^^^ cDNA was introduced into a mutant PC12 line that is 

unresponsive to NGF, the cells displayed increased neurite outgrowth and cell survival 

following treatment with NGF (Loeb et al., 1991). Furthermore, overexpression of 

p l4 Qtrk in PC I2 cells rapidly accelerated NGF induced differentiation (Hempstead et al.,

1992). These observations suggested that the expression of p i40^^^ and activation of its 

tyrosine kinase activity are the mechanisms underlying the induction of either a 

differentiation or a survival response by NGF. Since NGF acts directly through trk 

tyrosine phosphorylation, many other crucial actions of NGF (Thoenen and Barde, 1980; 

Levi-Montalcini, 1987), such as neurotransmitter synthesis and regulation, alteration in 

the cytoskeleton, and neurite outgrowth may be mediated by protein phosphorylation.

The trk proto-oncogene encodes a 140kd glycoprotein with the structural features 

of a receptor tyrosine kinase. It contains 790 amino acid residues with a single 

membrane-spanning domain, a large extracellular ligand binding domain, and a 

cytoplasmic tyrosine kinase catalytic domain which identifies it as a member of the large 

family of tyrosine kinase receptors (Martin-Zanca et al., 1989). Using gene-targeting 

techniques to generate p i40^^^ mutant mice by deleting sequences encoding the kinase 

domain revealed that these mutant mice had severe sensory and sympathetic neuropathies 

and most died within one month of birth. In addition, they had extensive neuronal cell 

loss in trigeminal, sympathetic and dorsal root ganglia, as well as a decrease in the
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cholinergic basal forebrain projections to the hippocampus and cortex (Smeyne et al., 

1994). These findings demonstrate that p i40^^^ is the primary mediator of the trophic 

actions of NGF in vivo.

Using low stringency hybridization with a segment of trk transmembrane and 

tyrosine kinase domain resulted in the isolation of cDNA clones of trkB and trkC (Klein 

et al., 1989; Lamballe et al., 1991). Recent studies have demonstrated that the trkB 

tyrosine protein kinase is a signaling receptor for BDNF and NT-4 (Soppet et al., 1991; 

Squinto et al., 1991; Berkemeier et al., 1991; Ip et al., 1992; Klein et al., 1992) and trkC 

binds preferentially to NT-3 (Cordon-Cardo et al., 1991; Lamballe et al., 1991). These trk 

family members bear considerable resemblance to p l4 0 ^̂ k̂  not only in the kinase 

domains which share approximately 85% sequence homology, but also in the extracelluar 

binding domains which share 50 % homology.

In culture, there is evidence for some cross-activities between neurotrophins and 

trk members. For instance, NT-3 has been found to be as efficient in inducing tyrosine 

phosphorylation of p l4 Qtrk and trkB receptors in vitro as their cognate ligands NGF and 

BDNF (or NT-4), respectively (Soppet et al., 1991; Squinto et al., 1991). In addition, 

some investigators have reported that NT-3 as well as NT-4/NT^5 are also primary 

ligands for the p i40^^^ receptor and can induce the neuronal differentiation of PC I2 cells 

(Rosenthal et al., 1990; Berkemeier et al., 1991).

The trkB gene also encodes a non-catalytic receptor isoform, p9 5 trkB which has 

extracellular and tranmembrane domains identical with trkB, but contains a short 

cytoplasmic region of 23 amino acid residues (Klein et al., 1990b). Nucleotide sequence 

analysis of rat trkB cDNA clones suggests the existence of a second non-catalytic isoform 

with a 21 amino acid cytoplasmic tail (Middlemas et al., 1991). These truncated receptors 

do not mediate BDNF or NT-4 signal transduction. In addition, the truncated trkC or full-

16



lengh forms of trkC with different-sized inserts in their kinase domain have also been 

reported (Valenzuela et al., 1993).

In situ hybridization has shown that trkB is widely expressed in multiple 

structures of the central and peripheral nervous system (Klein et al., 1989; Klein et al.,

1990). In particular in the central nervous system, trkB transcripts have been observed in 

the cortex, hippocampus, thalamus, cerebellum, brain stem and spinal cord. Likewise, 

trkC transcripts have also been found to be widely expressed in the nervous system 

including cranial ganglia, spinal ganglia, sympathetic ganglia, cortex, thalamus, 

hippocampus and cerebellum (Ernfors et al., 1992; Tessarollo et al., 1993). Furthermore, 

studies examining the expression of trks on adult sensory neurons projecting to different 

peripheral targets (McMahon et al., 1994) have revealed that visceral afferents do not 

express trkC, but express p i40^^^ and trkB in nearly all neurons. In contrast, p i40^^^ is 

rarely found in muscle afferents, whereas trkB and trkC were abundant in muscle 

afferents. The size distribution of cells labelled for the trks also indicates that pMO^rk - 

and trkC-positive neurons are distinct populations, whereas almost all trkB expressing 

cells also express pl40^^^ or trkC.

In studies using gene targeting to generate mice lacking a functional trkB tyrosine 

protein kinase, the mice did not display feeding activity and most died by P I, and had 

neuronal deficiencies in the central (facial motor nucleus and spinal cord) and peripheral 

(trigeminal and dorsal root ganglia) nervous systems (Klein et al., 1993). The trigeminal 

ganglia of these mutant mice were found to be smaller than those of their normal 

littermates, and the cellular density of the nucleus of the facial nerve was reduced. In 

addition, there were neuronal loss in DRG and motor neurons (Klein et al., 1993). In 

contrast, mutant mice having a disrupted BDNF gene developed symptoms of nervous 

system dysfunction, including ataxia and reduced numbers of cranial and spinal sensory 

neurons, but motor neurons were not affected (Jones et al., 1994). This may be explained
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by the fact that other neurotrophins such as NT-3 or NT-4, both of which have been 

shown to activate the trkB receptor (Ip et al., 1993), may compensate for the loss of 

BDNF. Similar studies showed that mutant mice lacking BDNF had severe deficiencies 

in coordiation and balance, associated with excessive degeneration in several sensory 

ganglia including the vestibular ganglion (Ernfors et al., 1994). Furthermore, studies in 

which trkC mutant mice were generated by deleting sequences encoding the kinase 

domain revealed that these mice lack la muscle afferent projections to spinal motor 

neurons and had fewer large myelinated axons in the dorsal root and posterior columns of 

the spinal cord. In addition, these mice display abnormal movements and postures (Klein 

et al., 1994). These results indicate that NT-3/ trkC responsive sensory neurons may play 

a primary role in proprioception.

1.2 Factors associated with axonal growth and GAP-43.

1 .2.1 neurite outgrowth-promoting factors

During the development of the nervous system, nerve cells extend neurites that 

grow over long distances, navigating by means of growth cones (see below) toward their 

targets to establish synaptic contacts. This axonal growth is regulated by the intrinsic 

growth capacity of the individual neuron, which can be monitored by the expression of 

certain growth-associated proteins (see below), and also by the extrinsic factors which 

interact with cell-surface receptors on the growth cone. The extrinsic influences include 

cell-cell, cell-substrate and cell-soluble factor interactions. These can operate as positive 

signals directly initiating a response that will contribute to or inhibit axonal growth, or 

alternatively as negative signals, where the absence of a factor that is normally present, 

initiates a response. These extrinsic factors include soluble trophic factors secreted by
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target tissues of the innervating neurons, various constituents of the extracellular matrix 

(ECM) and cell adhesion molecules (CAMs) expressed on the surface of cells.

The soluble growth-promoting factors so far identified are the neurotrophic 

factors. The best characterized of these is the neurotrophin family that includes NGF, 

BDNF, NT-3 and NT-4/5. These members of the neurotrophin family have all been 

shown to promote neurite outgrowth from sensory neurons in vitro (Levi-Montalcini and 

Angeletti, 1968; Barde, 1982; Maisonpierre et al., 1990; Hallbôôk et al., 1991). In 

addition, fibroblast growth factor, which is a member of a family of heparin-binding 

growth factors (Burgess and Maciag, 1989), has been found to be a potent effector of 

neuronal survival and neurite outgrowth in vitro (Unsicker et al., 1987; Williams et al., 

1994a).

ECM components that are present in non-neural tissues and in developing neural 

tissues include fibronectin (FN), Laminin (LM), vitronectin, collagens, proteoglycans 

(PCs), tenascin, and thrombospondin (for review, see Reichardt and Tomaselli, 1991). 

They have all been implicated in cell migration and axon elongation (for review, see 

Letourneau et al., 1994). They can mediate cell adhesion by binding between specific cell 

surface receptors and cell binding domains of ECM components, or exist as cell adhesive 

molecules (CAMs) to mediate cell-cell and cell-ECM interactions (for review, see 

Damsky and Werb, 1992). The neural cell-ECM interactions can generate signals that 

directly regulate locomotory activities, such as the extension or withdraw of growth cone, 

alternatively, the interactions can generate transmembrane signals that regulate the 

cytoskeletal and membrane activities associated with neuronal elongation or migration 

(for review, see Letourneau et al., 1994).

Many of CAMs are members of the immunoglobulin (Ig) superfamily. These 

molecules can be either integral membrane proteins, or linked to the membrane through
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glycophosphatidylinositol (GPI). They can be subdivided into at least three groups of 

related molecules based on the number of immunoglobulin-like domains, fibronectin type 

ni-like repeats and the mode of membrane attachment (see Table 1, Doherty and Walsh,

1992).

Table 1.1 Subfamilies of the CAMs

Features NCAM LI TAG-1

Immunoglobulin domains

FN III repeats

GPI or transmembrane both transmembrane only GPI only

other members Fasciclin II Nr CAM Axonin-1

apCAM G4/8D9/NgCAM Fll/contactin

Neuroglian F3

The first group includes N-CAM, fasciclin II, and apCAM. They are transmembrane 

proteins with a GPI anchor. The second group include L I, NrCAM, G4/8D9/NgCAM 

and Neuroglian. All of which are transmembrane proteins. The third group includes 

TAG-1, Axonin-1, Fll/contactin and F3. which are all GPI-linked proteins. Each of the 

three groups of proteins can directly promote axonal growth (Doherty et al., 1989; 

Lagenaur and Lemmon, 1987; Furley et al., 1990). The mechanisms underlying the axon 

growth promoted by CAMs have been most extensively studied with regard to N-CAM.
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Alternative splicing of the N-CAM gene can generate both GPI-linked and 

transmembrane N-CAM isoforms (Doherty et al., 1990; Doherty et al., 1992a, b). 

Transfection studies have shown that neurons can recognise and respond (by increased 

neurite outgrowth) to both GPI-linked and transmembrane N-CAM isoforms expressed 

on the surface of non-neuronal cells following transfection with appropriate cDNAs and 

that the major determinant of growth was the level of N-CAM expression rather than the 

mechanism of membrane association (Doherty et al., 1990; Walsh and Doherty, 1991). 

Furthermore, recent studies (Williams et al., 1994b) have shown that the activation of 

fibroblast growth factor receptor which in turn activates tyrosine phosphorylation 

underlies the neurite outgrowth-promoting activities of N-CAM, LI, and N-cadherin.

The members of the Ig superfamily mentioned above belong to the general class 

of Ca^+-independent CAMs. A second major group of CAMs is the Ca^+-dependent 

CAMs, or cadherins (Takeichi,1990). The major cadherin in the nervous system has been 

found to be N-cadherin. It has been implicated in neurite outgrowth by the inhibition of 

neurite outgrowth by antibodies to the protein (Bixby et al., 1987), by enhancing the 

neurite-promoting activity of cells transfected with the N-cadherin cDNA (Matsunaga et 

al., 1988), and by using the purified protein for induction of neurite growth (Bixby and 

Zhang, 1990).

The specific cell-surface receptors on the growth cone that recognize and 

transduce the positive growth signals present on the surface of the growth cone's 

environment include neurotrophic receptors such as trk family tyrosine kinase proteins, 

ECM receptors such as integrins which belong to a superfamily of cell-surface 

heterodimers (Ruoslahti and Pierschbacher, 1987), and CAM receptors which include 

homophilic and heterophilic receptors. Integrins are segregated into families based on 

different a  subunits that have a common p subunit. Antibodies to the p i integrin subunit 

have been shown to inhibit neurite outgrowth on laminin, fibronectin, collagens, and
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complex ECMs (Bozyczko and Horwitz, 1986; Tomaselli et al., 1986). Members of the Ig 

superfamily often bind to other Ig superfamily molecules (Williams and Barclay, 1988), 

either to a second member protein (heterophilic interation), or to themselves (homophilic 

interaction). Of the CAMs mentioned above, N-CAM, LI and G4 have been suggested to 

mediate neurite outgrowth via a homophilic binding mechanism, whereas it has been 

suggested that fasciclin II exerts it's neurite outgrowth promoting acitivity via a 

heterophilic mechanism (for review, see Doherty and Walsh, 1992).

1.2.2 GAP-43

During target-directed axonal outgrowth, the growing 'axon elaborates a 

prominent, growth-specific structure at its leading edge. This " growth cone" is able to 

translocate over a substrate and to make synaptic contacts with appropriate target 

neurons, and is highly specialized to perform a variety of functions, including those of 

motility, pathfinding, and adhesion to the substrate (for review, see Bray and Hollenbech,

1988).

The molecular mechanisms that control growth cone formation and that regulate 

its function are unknown. A potential clue is that certain proteins, designated growth- 

associated proteins (GAPs), are much more abundant in neurons that are growing axons 

during development or regeneration than in neurons where synaptic connections have 

already been established, suggesting that they may be intimately involved in axonal 

outgrowth (Skene and Willard, 1981). One of these, GAP-43, has been found to be a 

principle component of the growth cone, and is highly enriched there (Meiri et al., 1986; 

Skene et al., 1986).

GAP-43 is a membrane-bound polypeptide which is synthesized in the cell body 

of developing, regenerating and virtually all mature neurons (Jacobson et al., 1986; Meiri 

et al., 1986; Benowitz et al., 1988), albeit at much reduced levels in the adult, and
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transported via fast axonal transport (Skene and Willard, 1981; Tetzlaff et al., 1989). Its 

anomolous migration on SDS-polyacrylamide gels has led to a range of reported 

molecular weight from 43-67 kDa, depending on the species tested and the total 

acrylamide concentration of the gel (for review, see Coggins and Zwiers, 1991). The true 

size of the protein in the presence of detergent was calculated by biophysical methods to 

be about 30kDa (Benowitz et al., 1987). Direct sequencing of cDNA clones showed that 

this protein is even smaller, with a molecular size of about 24 kDa (Basi et al., 1987; 

Karns et al., 1987; Rosenthal et al., 1987). The amino acid sequence of GAP-43 is highly 

conserved between species (human and bovine GAP-43 have an identical 10-amino-acid 

insert, in addition to several other point additions, almost in the centre of the rat primary 

sequence) (Wakim et al., 1987; Ng et al., 1988). It has an extremely high fraction of 

acidic amino acids (25%) and alanine (20%), and a small quantities of hydrophobic 

residues (Basi et al., 1987; Kams et al., 1987). Despite its hydrophilicity, GAP-43 is 

firmly anchored to the plasma membrane and resists most conventional attempts to 

remove it (Perrone-Bizzozero et al., 1988). There is evidence that the extreme N-terminus 

is largely responsible for membrane association. Zuber et al (1989b) transfected COS 

cells with GAP-43 plasmid constructs that contained the 10 N-terminal amino acids 

linked to a reporter protein, and these transfected cells expressed membrane-associated 

proteins as determined by expression of the GAP-43 reporter-gene fusion protein. The 

mechanism of membrane attachment involves covalent thioester bonds between a 

membrane fatty acid and one or both cysteine residues in GAP-43 (Zuber et al., 1989b). 

On the other hand, Baudier et al (1989) reported that GAP-43 can form a disulfide bridge 

with the calcium and zinc binding protein SlOO-p and that formation of this covalent 

complex is dependent on the presence of calcium. Therefore, it appears that indirect 

membrane attachment of GAP-43 via interactions with other proteins is also a possibility. 

Furthermore, transgenic experiments have shown that the GAP-43 5'-flanking sequences
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and 11 kb of first intron are the regulatory elements responsive to neuronal growth signals 

that regulate both during development and regeneration (Vanselow et al., 1994).

The suggestion that GAP-43 is closely involved in axonal outgrowth comes from 

the following observations: it is expressed at high levels in neurons during development, 

and the levels fall following synaptogenesis or when innervation of targets is achieved 

(Jacobson et al., 1986; Benowitz et al., 1988; Kalil and Skene, 1986; Fitzgerald et al.,

1991). Injury to the central and peripheral nervous system in non-mammalian species and 

in the mammalian peripheral nervous system produces sustained re-expression of GAP- 

43 (Skene and Willard, 1981; Bisby 1988; Van der Zee et al., 1989; Woolf et al., 1990; 

Chong et al., 1992), but little re-expression occurs after injury to the mammalian central 

nervous system where neurons do not normally regenerate (Skene and Willard, 1981b; 

Reh et al., 1987). In addition, transfection of GAP-43 cDNA into non-neuronal cells 

results in process formation (Zuber et al., 1989; Yankner et al., 1990). Blockade of GAP- 

43 expression with antisense probes results in a suppression of neurite outgrowth (Jap 

Tjoen San et al., 1992) and when antibodies to GAP-43 enter neurons they interrupt 

process growth (Shea et al., 1991).

While the correlation of GAP-43 synthesis with axon development and 

regeneration was being investigated, an independent set of investigations identified the 

same protein as a potential mediator of synaptic plasticity in adult brain. Zwiers et al

(1976) described a synaptic membrane protein (B-50) whose phosphorylation was

inhibited in the presence of adrenocorticotropic hormone (1-24) (ACTH^"^^). Nelson and 

Routtenberg (1985) found that phosphorylation of protein FI was correlated with

synaptic long-term potentiation (LTP) in rat hippocampus. In both cases, the

phosphorylation was shown to be carried out by the calcium/phospholipid-dependent 

protein kinase C (Aloyo et al., 1983; Nelson and Routtenberg 1985). The realization that 

these phosphoproteins are in turn the same as GAP-43 (also called pp46 by Kate et al.,
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1985) carries the implication that, although diminishing greatly in overall brain levels 

after birth, the protein persists in certain presynaptic membranes throughout life (see 

below), where its functional regulation by protein kinase C may contribute to influence 

the properties of these synapses. Indeed, changes in the phosphorylation state of GAP- 

43/Fl have been found to accompany plastic changes in hippocampal functioning that can 

be induced by direct physiological stimulation of the perforant pathway, and bursts of 

high frequency stimulation that lead to an enhanced postsynaptic response in the dorsal 

hippocampus result in a selective increase in the phosphorylation of GAP-43/F1 when 

phosphate incorporation into synaptic membrane proteins was examined in vitro (Akers 

et al., 1985; Lovinger et al., 1985).

A clue that may be critical for understanding the role of this protein comes from 

the finding that GAP-43/B-50 phosphorylation modulates phosphatidylinositol turnover 

(Jacobson et al., 1986). This second-messenger system begins with the receptor-activated 

hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2 ) to produce diacylglycerol 

(DAG) and inositol 1,4,5-triphosphate (IP3 ). DAG, in turn, specifically activates protein 

kinase C, while IP3 stimulates the release of free calcium from intracellular sources. The 

precursor for PIP2  is phosphatidylinositol 4-phosphate (PIP) (reviewed in Berridge, 

1987). ACTH-related peptides that decrese a GAP-43/B-50 phosphorylation have been 

shown to increase the phosphorylation of PIP to PIP2  (Jolies et al., 1980) and antibodies 

directed against GAP-43/B-50 have been shown to enhance the formation of PIP2  from 

PIP (Oestreicher et al., 1983). It was therefore suggested that GAP-43/B-50 acts as a 

feedback inhibitor of kinase C activation and calcium mobilization (Jolies et al., 1980: 

Oestreicher et al., 1983). Phospholipid metabolism has been implicated in such 

membrane processes as receptor transduction and transmembrane signalling, and thus the 

phosphorylation of GAP-43/B-50 can be inferred to be important in regulating these as 

well.
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GAP-43 may also modulate signal transduction via the calcium/CaM pathway. 

Storm and his colleagues first described the binding of a neuron-specific protein to 

calmodulin (CaM)-Sepharose and originally called the protein p57 (Andreason et al., 

1983), later renamed neuromodulin (Alexander et al., 1988). The p57/neuromodulin 

primary sequence data revealed that this protein was identical to GAP-43 (Kams et al., 

1987) and therefore to B-50. GAP-43/p57 binds to CaM selectively in the absence of 

calcium, and releases CaM at higher calcium concentrations (Andreason et al., 1983). On 

the basis of its abundance, membrane binding, and its "reversed" pattern of CaM binding, 

GAP-43/p57 has been proposed to act under low calcium conditions to sequester CaM in 

certain regions of neuronal membrane, releasing CaM upon influx or mobilization of free 

calcium (Andreason et al., 1983). An alternative regulator of CaM binding to GAP- 

43/p57 is protein kinase C. Phosphorylation of GAP-43/p57 by protein kinase C strongly 

inhibits binding of the protein to CaM (Alexander et al., 1987). The antagonistic 

interactions of protein kinase C and CaM with GAP-43/B-50 are particularly intriguing, 

because CaM and protein kinase C participate in separate branches of a bifurcating 

second-messenger system in many cells (e.g. Berridge, 1987). The possible sequestering 

of CaM by GAP-43 and the potential capability of phosphorylated GAP-43 to terminate 

calcium mobilization suggest that GAP-43 may play a critical role in modulating 

intracellular signaling by calcium.

In addition to modulating signal transduction via protein kinase C and/or 

calcium/CaM pathways, GAP-43 has also been shown to regulate G protein directly. 

Strittmatter et al (1990) reported that the G-protein subunit Gq, a major component of 

neuronal growth cone membranes (Simkowitz et al., 1989), is regulated by GAP-43. 

GAP-43 stimulates the binding of [^^SjGTP-y-S to Gq in a concentration-and structure- 

dependent manner. In addition, the sequences of GAP-43 required for the stimulation of 

Go has been found to be the first 10 amino acids (Strittmatter et al., 1994). A synthetic
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peptide composed of the 1-10 amino acids of GAP-43 has been shown to induce growth 

cone collapse and inhibit neurite extension from embryonic chick DRG and retinal 

neurons via G-protein activation, whereas mutant peptides that do not activate Gq have 

no effects (Strittmatter et al., 1994a). G-proteins are composed of a , p, and 7  subunits, 

and it is the a  subunit that binds GTP and transduces signals to various second messenger 

system (Gilman, 1987). Using point mutations to introduce constitutively activated G- 

protein a  subunit in PC12 or N lE -115 cells, the number of neurites per cell was found to 

increase (Strittmatter et al., 1994b).

The specificity of the GAP-43 protein and its mRNA to the nervous system and to 

neurons in particular (Neve et al., 1987), have been demonstrated in several studies. In 

developing neurons, the protein is seen throughout the length of the axon, but is 

particularly enriched in growth cones (Meiri et al., 1986), whereas in the adult nervous 

system, it appears to be confined to the presynaptic terminals of some, but not all, 

neurons (Gispen et al., 1985). In the adult rat brain, highest levels of GAP-43 are found in 

layer 1 of the neocortex, in certain paleocortical structures including the CAl field of the 

hippocampus and the internal molecular layer of the dentate gyrus, and in a continuum of 

subcortical structures that includes the olfactory tubercle, nucleus accumbens, caudate- 

putamen, bed nucleus of the stria terminalis, and portions of the amygdala, medial 

preoptic area and hypothalamus; the cerebellum and brainstem show almost no 

immunoreactivity, with the exception of ascending viscerosensory areas and the central 

grey (Benowitz et al., 1988). In addition, northen blot analysis has demonstrated that the 

mRNA for GAP-43 in the adult human brain is expressed at high levels in most 

associative cortical regions throughout life, whereas neurons of primary and secondary 

sensory areas, motor cortex, basal ganglia, and brainstem express much lower levels of 

GAP-43 mRNA (Neve et al., 1987). Although GAP-43 has been considered as a neuron- 

specific protein, its immunoreactivity has also been found in some central and peripheral
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glia such as type 2 astrocytes, immature oligodendrocytes (Vitkovic et al., 1988; da 

Cunha and Vitkovic, 1990; Curtis et al., 1991) and Schwann cells (Woolf et al., 1990; 

Curtis et al., 1992).

The signals responsible for controlling GAP-43 levels in developing or injured 

adult neurons are not yet known. However, these are likely to be target-related since 

denervation and reinervation of the target results respectively in up or down regulation of 

GAP-43 levels (Hoffman, 1989; Bisby, 1988; Chong et al., 1992). This hypothesis is 

consistent with a model in which some of the molecular processes important for axon 

growth become repressed or down-regulated in many neurons as they innervate the 

targets, but may be reinduced while their axons lose the contact with targets. In this 

respect, the expression of GAP-43 is very similar to that of immediate early gene-c-y’Mn 

(Jenkins and Hunt, 1991; Leah et al., 1991).

1.3 The expression of immediate early genes in the nervous system.

1.3.1 Immediate early genes

Neuronal gene expression can be modulated by neurotransmitters, membrane 

electrical activity, and neurotrophic growth factors. The immediate early genes (lEGs) 

were first characterized in nonneuronal cells through efforts to identify growth factor- 

responsive genes that might control the reentry of Gq resting cells into the cell cycle 

(Cochran et al., 1983). This work resulted in the discovery of a class of genes whose 

expression is low or undetectable in quiescent cells, but is rapidly induced at the 

transcriptional level within minutes of extracellular stimulation, and this transcriptional 

induction is transient and independent of new protein synthesis. The c-fos and c-myc 

proto-oncogenes were among the first lEGs to be identified (Kelly et al., 1983; Greenberg 

and Ziff, 1984) and are prototypic members of this family. In addition to c-fos and c-myc, 

a large number of other lEGs have been identified by the differential screening of cDNA
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libraries from growth factor-stimulated cells (for review, see Herschman, 1991). The total 

number of lEGs is now thought to be close to 100, though relatively few of these genes 

have been extensively characterized.

Evidence that lEGs have a regulatory function has come from the finding that 

many encode transcription factors which are regulatory proteins that bind to specific 

DNA sequence elements to interact with each other or with the RNA polymerase enzyme 

in order to modulate gene transcription. This is best established for the lEGs c-fos and c- 

jun, both of which were initially identified as proto-oncogenes and code for 

transcriptionally active nuclear proteins (for review, see Ransone and Verma, 1990). It 

has been demonstrated that the products of these two lEGs interact with each other to 

form a heterodimeric transcription factor complex (Halazonetis et al., 1988; Kouzarides 

and Ziff, 1988). This interation occurs through a conserved dimerization domain, referred 

to as the "leucine zipper" that is present in both Fos and Jun proteins (Landschulz et al., 

1988; Kouzarides and Ziff, 1988). The leucine zipper domain is an a-helical structure 

composed of leucine residues spaced 7 amino acids apart so that they are aligned along 

one face of the helix. The side chains of the leucines extending from the Fos helical 

domain interact with those of the Jun helix, thereby promoting dimerization (Landschulz 

et aL, 1988). A highly basic stretch of amino acids is located adjacent to the leucine 

zipper domain of Fos and Jun and is required for the interaction of Fos/Jun heterodimer 

with DNA (Kouzarides and Ziff, 1988; Gentz et al., 1989). The resulting Fos/Jun 

heterodimer binds with high affinity and specificity to DNA elements of the consensus 

sequence-TGACTCA- and stimulates the transcription of nearby promoters by an 

unknown mechanism (for review, see Curran and Franza, 1988). The sequence - 

TGACTCA- was identified as a phorbol ester-inducible promoter element and the 

binding site for a transcription factor activity termed AP-1 (Angel et al., 1987; Lee et al..
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1987). Fos and Jun were recently shown to be the major constituents of API (Bohmann et 

al., 1987; Rauscher et al., 1988).

The best-known example of regulatory interaction between lEGs is the 

interactions between the fos  and jun  families. Protein products of members of these two 

lEG families can dimerize both with themselves and with other members of the fo s  and 

jun  families (Sonnenberg et al., 1989; Sheng and Greenberg, 1990). -Since there are three 

mammalian Jun proteins (c-Jun, Jun-B, Jun-D) and at least four Fos family members (c- 

Fos, Fos-B, Fra-1, Fra-2) (for review, see Robertson, 1991), there exists a large number 

of possible combinations of Fos-Jun proteins. Although such an interaction very often 

results in the activation of transcription, a number of cases have now been shown to result 

in transcriptional repression. For instance, while c-Fos/c-Jun complexes activate 

transcription of genes containing AP-1 sites, c-Fos-Jun-B complexes appear to repress 

them (Chiu et al., 1989; Schiitte et al.,1989). Moreover, c-Jun has been found to be an 

efficient activator of the c-jun promoter, whereas Jun-B inhibits activation of the c-jun 

promoter (Chiu et al., 1989). Although the exact role of these transcription factors is not 

known, it is clear that they have both positive and negative regulatory capacity, and these 

functions may be employed in distinctive cell type specific functions,

1.3.2 Induction of lEGs in the nervous system.

A potential role for lEGs in the nervous system was originally suggested by 

studies in the pheochromocytoma cell line PC 12. Transcription of many lEGs in PC 12 

cells is markedly induced by neurotransmitters, electrical stimulation, and by growth 

factors (Greenberg et al., 1986; Bartel et al., 1989). The initial studies that suggested an 

important role for lEGs in the brain described activation of c-fos, c-jun and other lEGs 

following drug-induced seizure activity (Morgan et al., 1987; Saffen et al, 1988; 

Sonnenberg et al., 1989). c-fos mRNA was also found to be induced by direct electrical
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stimulation of the motor/sensory cortex (Sagar et al., 1988). The induction of fos protein 

and the mRNA and protein for a large number of other genes, including c-jun, was found 

within superficial and deep neurons of the dorsal horn of the spinal cord following 

peripheral sensory stimulation (Hunt et al., 1987; Wisden et al., 1990). In these latter two 

studies, the investigators also found that the activation of non-nociceptive low threshold 

afferents results in the induction of fos in a subpopulation of neurons in the intermediate 

layers of the dorsal horn which are not generally labelled following noxious stimulation. 

Taken together, these studies indicate that c-fos and other lEGs play some role in the 

response of postmitotic neurons to trans-synaptic stimulation. Whether these genes form 

part of the neuronal cell's metabolic response to electrical excitation or trauma, or are 

involved in specific neuronal plasticity processes remains to be determined. Moreover, 

the induction of c-fos and c-jun was never seen within sensory neurons in the DRG after 

noxious stimulation, or even following electrical stimulation of the nerve. However, 

when the nerve was either crushed or sectioned, a massive increase in c-jun, but not c-fos, 

expression occured at 24 hours (Jenkins and Hunt, 1991).

1.3.3 The mechanism of induction of lEGs.

Transcription of many lEGs in PC 12 cells is notably induced by growth factors, 

electrical excitation, and neurotransmitters (Greenberg et al., 1986; Bartel et al., 1989). 

The regulatory element responsible for the induction of c-fos in PC 12 cells by growth 

factors has been identified as the serum response element (SRE) (Treisman, 1985). The 

nucleotide sequence of the SRE is located at -310 relative to the initiation codon. It 

functions in mediating transcriptional responses to serum, insulin (Stumpo and 

Blackshear, 1986), epidermal growth factor (Fisch et al., 1987) and NGF (Visvader et al.,

1988) stimuli via the protein kinase C pathway (Gilman, 1988). Another regulatory 

element at -60 which is similar to the cAMP-responsive elements (CRE) also functions as 

a basal and inducible regulatory element (Gilman et al., 1986; Fisch et al., 1987).
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Although it can function as a CRE in c-fos (Berkowitz et al., 1989), this element also acts 

as a calcium responsive element (CaRE) which mediates the induction of c-fos by 

depolarizing stimuli in PC I2 cells (Sheng et al., 1990). The induction of c-fos in PC 12 

cells by voltage-gated calcium influxes and by neurotransmitters has been shown to act 

through this CRE/CaRE sequence (Morgan and Curran, 1986; Greenberg et al., 1986) 

with cAMP and calcium signals converging on it (Sheng et al., 1990). Induction of c-fos 

also requires the phosphorylation of a cAMP-response element binding protein (CREE) 

which is a nuclear protein that binds specifically to the CRE/CaRE (Sheng et al., 1990). 

Thus, there appears to exist a complex interaction among several second messenger 

signals and the c-fos nucleotide sequence. Moreover, the CRE/ CaRE-like sequences has 

been found in the promoter regions of other depolarization-responsive genes (Bartel et al., 

1989; Christy et al., 1988; Changelian et al., 1989). This suggests that the pathway by 

which depolarization activates c-fos may be common to other genes.

1.3.4 Damage-induced activation of c-jun.

Following stimulation of neurons with growth factors, specific pharmacological 

agents or neurotransmitters the expression of c-jun and c-fos mRNA may follow the 

pattern of immediate early genes expression (McNaughton and Hunt, 1992; Sheng and 

Greenberg, 1990) which is characterized by a rapid but transient expression following 

stimulation. However, in certain situations the induction of c-jun expression can be both 

delayed and prolonged. Damage to the sciatic nerve or block of axopal transport induced 

by the application of colchicine to the sciatic nerve results in a delayed expression of c- 

jun  protein and mRNA in the peripheral primary sensory or motor neurons in the rat, and 

this expression was maintained until the nerve had fully regenerated and reinnervated its 

peripheral target (Jenkins and Hunt, 1991; Leah et al., 1991). Similar expression of c-jun 

is also seen in nigrostriatal and rubrospinal neurons following striatal 6 -OHDA lesions or 

axotomy (Jenkins et al., 1993a; Jenkins et al., 1993b). Experimental manipulations of
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four lesion paradigms associated with different degrees of primary sensory axon growth 

to see whether the expression of c-jun protein is related to axon injury per se or to the 

process of axon growth has shown that : (1) after peripheral sciatic nerve section, which 

allows for the successful regeneration of damaged axons, most cells .in L4/L5 DRG were 

c-Jun positive; (2) section of the central processes of the DRG cells, which is associated 

with a slow regrowth of some of the damaged axons, resulted in a significant expression 

of c-Jun in a small number of L4/L5 DRG cells; (3) after section of the peripheral nerve, 

which allows nearby intact sensory neurons to sprout collaterally into adjacent denervated 

peripheral tissue, a small but significant number of cells were c-Jun-positive (L3 DRG); 

(4) after dorsal root section, which allows nearby intact dorsal root axons to sprout 

collaterally into the adjacent denervated CNS neuropil, no significant change in c-Jun 

expression was seen (L3 DRG)(Jenkins et al., 1993c). The demonstration that c-Jun 

expression is elevated in the nearby intact sensory neurons after peripheral nerve section, 

but not following dorsal root section (collateral sprouting is very limited) lead these 

investigators to suggest that c-Jun expression is closely correlated with growth and 

regeneration, and is not simply a consequence of neuronal injury.

After cutting or crushing the peripheral nerve, GAP-43 re-expression can be seen 

in almost all the DRG neurons (Hoffmann, 1989; Wiese et al., 1992; Chong et al., 1992; 

Woolf et al., 1990). Blockade of axon transport in the sciatic nerve with vinblastine or 

capsaicin produces a pattern of GAP-43 immunoreactivity in the DRG neurons and in the 

superficial laminae of the dorsal horn identical to that found with crush (Woolf et al.,

1990). In contrast, central axotomy does not upregulate GAP-43 mRNA in DRG neurons 

except if the axotomy is near the cell bodies (Chong et al., 1994; Doster et al., 1991). 

Central axotomy also fail to elevate GAP-43 level either in the dorsal horn or in the 

neighboring intact DRG (Chong et al., 1994), unless the dorsal root injury is 

accompanied by a peripheral injury, which increases GAP-43 levels (Anderson et al..
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1992; but see Oblinger and Lasek, 1984). In addition, GAP-43 mRNA was found to 

increase in collaterally sprouting DRG neurons (Mearow et al., 1994). The expression of 

c-jun in DRG neurons is similar to that of GAP-43 in terms of peripheral injury, axonal 

blockade, and collateral sprouting (either induction by peripheral or central axotomy). 

However, the induction of c-jun expression following central axotomy does not correlate 

exactly with that of GAP-43, since the expression of GAP-43 in this case is transient and 

depends on the distance from the cell soma (Chong et al., 1994), whereas significant 

expression of c-jun can be found in a subpopulation of DRG neurons (Jenkins et al., 

1993c). In addition, the elevation of GAP-43 protein following peripheral injury occures 

initially in small diameter sensory neurons, then followed by the larger diameter neurons 

(Sommervaille et al., 1991). In contrast, the induction of c-jun was rapid and appeared 

simultaneously in both small and larger diameter DRG neurons (Jenkins and Hunt, 1991; 

Leah et al., 1991).

1.3.5 The expression of c-jun in vitro

The observation that blockade of axonal transport was as effective as axon 

damage in causing an increased expression of c-jun in neurons (Jenkins and Hunt, 1991; 

Leah et al., 1991) has suggested that the c-Jun response may have resulted in part from 

deprivation of axonally transported target factors (Jenkins et al., 1993a, b, c) such as NGF 

and BDNF. In order to test this theory, a study using primary cultures of adult DRG cells 

and their satellite cells as well as Schwann cells as model systems to examine the 

expression of c-Jun in vitro has shown that high levels of c-jun protein and mRNA were 

found in both neurons and Schwann cells when cultured in either defined medium or in 

the presence of serum (De Felipe et al., 1994). This has been suggested that the axotomic 

response of both neurons and glial cells in vivo could be maintained in vitro. However,
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addition of NGF, acidic fibroblast growth factor, transforming growth factor, platelet- 

derived growth factor, or epidermal growth factor had no effect on c-jun protein and 

mRNA levels at any time point measured in either neurons or Schwann cells (De Felipe 

et al., 1994). These investigators therefore suggested that the expression of c-jun is not 

related to growth factor starvation but to loss of unknown target derived factors which act 

to repress c-jun expression in the intact nerve. This is consistent with the idea that the 

stimulus for regeneration is the loss of transported factors that follows axon damage.

Although the target-derived growth factor NGF is not responsible for the 

damage-induced activation of c-jun in sensory neurons, recent studies have shown that it 

contributes to the generation of inflammatory sensory hypersensitivity (Woolf et al., 

1994), apart from its role as neurotrophic factor. The response of sensory neurons to 

inflammatory reactions is considered in the next section.

1.4 Inflammation and sensory neurons.

1.4.1 Mediators of the inflammatory response. For general reviews, see Biochemistry of 

Inflammation, 1992 (eds: Whicher and Evans); Inflammation-Mediators and

Mechanisms, 1987 (ed: Willoughby); Inflammation-Basic Principles and Clinical 

Correlates, 1992 (eds: Gallin et al).

Inflammation normally occurs as a defensive response to invasion of the host by 

foreign materials. Responses to mechanical trauma, and neoplasia may also include 

inflammatory reactions. Inflammation is characterized in the acute form by the classical 

signs of redness, swelling, heat, pain, and loss of function. The essential features of the 

early stages of inflammation are: (1) dilation of arterioles, capillaries, and venules, with 

increased permeability and blood flow; (2 ) exudation of fluids, including plasma proteins; 

and (3) leukocytic migration into the inflammatory focus.
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The molecules participating in the inflammatory reactions can generally be 

considered to fall into two categories: ( 1) soluble components of inflammation which 

include histamine and 5-hydroxytryptamine (5-HT), kinins, eicosanoids, the complement 

system, the platelet-activating factor (PAF) and cytokines (2) cellular components of 

inflammtion (Leukocytes).

Most histamine is stored in cytoplasmic granules of mast cells and basophils in 

close association with proteoglycans comprising the granule matrix. Release of histamine 

by mast cells or basophils can be induced by a variety of stimuli (see-Table 1.2).

Table 1.2 Stimuli which cause the release of histamine

IgE receptor-mediated: antigen, lectin 

Complement: C3a, C5a

Neuropeptides: substance P, vasoactive intestinal polypeptide (VIP), somatostatin

Interleukins: IL 1, IL3, IL 8 , granulocyte/macrophage colony-stimulating factor

Amines: morphine, codeine, compound 48/80

Adenosine triphosphate

lonophore: A23187, ionomycin

Physical stimuli: vibration, heat, cold

In the processes of inflammation, the released histamine binds to receptors and 

induces vasodilation as well as increasing vascular permeability by stimulation of specific 

receptors on endothelial cells. These events lead to the formation of gap junctions and 

subsequent extravasation of macromolecules from the circulation into the inflamed tissue.
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The release of histamine also influences the release and actions of neurotransmitters in a 

variety of organ systems, and products of the nervous system likewise influence the 

secretion of histamine from its major cellular location, the tissue mast cell. In addition, 

histamine has been shown to induce the production of prostaglandin and modulate the 

activity of immunological and inflammatory cells in the inflammatory reactions. The 

other noncatechol-based vasoactive amine found in significant quantities in peripheral 

tissues is 5HT (also known as serotonin). This compound is synthesised in neurons, but it 

is also found in the blood platelets of all mammalian species, and in other cells such as 

enterochromaffin cells, and mast cells of some species. Serotonin functions as a 

neurotransmitter in the central and peripheral nervous systems and has been suggested to 

play a role in autoregulation of vascular tone and permeability.

Kinins (bradykinin and kallidin) are a family of small peptides formed in blood 

and biological fluids by the actions of kallikreins on large protein substrates, the 

kininogens. In general, the concentration of kinins in circulating blood and tissues is low. 

In inflammatory reactions, kinin generation appears to be accentuated and the locally 

generated kinins contribute to the inflammatory reactions by producing vasodilation, 

local oedema and pain. They act on blood vessels (particularly through bradykinin 

receptors on endothelial cells), through which they produce both vasodilation by 

promoting the release of a smooth muscle relaxing factor and increase of capillary 

permeability. They also act on various cell types, notably mast cells, from which they 

promote the release of histamine, and fibroblasts, from which they increase the synthesis 

and release of prostaglandins. In addition, they activate primary sensory afferent neurons 

by a direct stimulation of bradykinin receptors.

The unsaturated fatty acid, arachidonic acid, is the precursor for the synthesis of 

the major classes of both prostaglandins and leukotrienes. Among the prostaglandins, the 

most important molecules in inflammation are prostaglandin E2  (PGE2 ) and prostacyclin
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(PGÏ2 ). They are potent vasodilator and hyperalgestic agents. They act in concert with 

mediators such as bradykinin and histamine to increase vascular permeability. Similarly, 

the combination of PGE2  or PGI2  with chemotactic factors result in plasma leakage from 

the microcirculation. Furthermore, they do not cause overt pain but they may sensitise 

sensory nerve endings to the actions of histamine and bradykinin. In addition, PGE2  is 

also a potent pyrogenic agent and its production is thought to potentiate the fever induced 

by interleukin-1. Among the leukotrienes, leukotriene B4  (LTB4 ) is the strongest 

candidate as an inflammatory mediator. It is a potent chemotactic and degranulating agent 

for polymorphonuclear leukocytes (PMNs) in vitro and causes PMN accumulation in 

vivo. In the presence of prostaglandin, it may contribute to plasma exudation which is 

mediated by its effect on circulating PMNs.

The complement system comprises a group of about 20 distinct plasma proteins 

which play key roles in host defence against infection and in mediating inflammation. 

The system is a proteolytically activated cascade which generates a number of key 

mediators. Three products of the activation cascade, C5a, C3a and C4a have been found 

to increase blood vessel permeability, produce vasodilation, and promote oedema 

formation. C5a, and possibly C3a and C4a, also increase the adherence of neutrophils to 

the endothelium of small blood vessels. The neutrophils then stimulate the production of 

eicosanoids (such as prostaglandins and Leukotrienes) which in turn act to increase 

vasodilation, and vascular permeability. In addition, neutrophils also release oxygen 

radicals and lysosomal enzymes following stimulation with C5a and immune complexes 

incorporating C3b at the sites of inlammation. This probably directly contributes to the 

tissue damage. C3a, C4a, and C5a also stimulate inflammatory cell chemotaxis. In 

addition, components C5b to 9 form the membrane attack complex* responsible for cell 

lysis and platelet derived pro-coagulant activity.
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Cytokines are a group of protein cell regulators released from a variety of 

cell types, which activate, modulate and control various aspects of body defence and 

repair. They include epidermal growth factor, fibroblast growth factor, transforming 

growth factor-p, interleukin-1, interleukin-2 , interleukin-6 , tumor necrosis factor, and 

NGF. Interleukin-1 (IL-1) and tumor necrosis factor (TNF) are the prototypic 

proinflammatory cytokines. They induce the expression of a variety of genes and the 

synthesis of several proteins which, in turn, induce acute and chronic inflammatory 

changes. IL-1 is produced by a variety of cells in response to infection, microbial toxins, 

inflammation and immune-mediated diseases. IL-1 a  and IL -lp  are two distinct molecules 

which act on the same receptors. Important pro-inflammatory activity of IL l include: 

induction of fever, activation of PMN, activation of epithelial cells leading to increased 

adhesion molecule expression and eicosanoid synthesis, stimulation of cytokine 

production by T lymphocytes and production of IL 1 itself by a variety of cells, 

stimulation of the production of proteinases by resident tissue macrophages and 

chondrocytes, and the induction of acute phase protein synthesis by the liver. TNF 

includes TNFa and TNFp. They are distinct molecules, and preferentially produced by 

different cells (TNFa by monocytes and TNFP by lymphocytes). Virtually all nucleated 

eukaryotic cells express receptors for TNF. TNF has a wide variety of biological 

activities in vitro: stimulation of acute phase protein synthesis, activation of macrophages 

for the production of IL l, granulocyte-monocyte colony stimulating factors, and 

prostaglandins, release of free fatty acids from adipose cells, enhanced expression of 

endothelial cell and PMN adhesion molecules. In addition, TNF acts in concert with 

interferony to enhance MHC class I antigen expression on a variety of cells. In vivo, TNF 

has been reported to mediate fever, cachexia and acute phase protein synthesis.

Platelet-activating factor (PAF) is a biologically active phospholipid formed by 

the stimulation of inflammatory cells, such as neutrophils, platelets, macrophages.
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eosinophils and vascular endothelial cells. It has many actions in addition to activation of 

platelets: activation of PMN and eosinophils, enhancing cytokine responsiveness of PMN 

and eosinophils, alteration of vascular permeability, blood pressure, and stimulation of 

the production of IL l by monocytes and of TNF by macrophages. In addition, PAF is a 

potent modulator of lymphocyte proliferation and IL 2 production.

There are five types leukocytes and these are subdivied into two main classes: 

granulocytes and agranulocytes. The granulocytes are characterized by prominent 

cytoplasmic granules and a single multilobed nucleus. The highly variable shape of 

granulocyte nuclei has given rise to the common name of polymorphonuclear leukocytes 

(PMN) or polymorphs. The granulocytes comprise three different types of cells: 

neutrophils, eosinophils and basophils, named according to the staining characteristics of 

their specific granules. The granules of neutrophils have little affinity for either acidic or 

basic dyes whereas those of eosinophils are stained strongly by acidic dyes, and those of 

basophils are stained intensely by basic dyes. The agranulocytes, which comprise the 

lymphocytes and monocytes (macrophages), are so named since they do not contain 

cytoplasmic granules readily visible with light microscopy. Neutrophils and monocytes 

are highly phagocytic and engulf microorganisms, cell debris and particulate matter in a 

non-specific manner, this activity may be enhanced and directed by immune responses to 

specific foreign agents. Lymphocytes play the key role in all adaptive immune responses 

and, in contrast to the other leukocytes, their activity is always directed against specific 

foreign agents. In general, all the leukocytes perform their functions in the tissues and 

merely use the blood as a vehicle for passage between sites of formation, storage and 

activity. They exhibit amoeboid movement which provides the means for migration in 

and out of the circulatory system and through the tissues.

For many years, inflammatory processes have always been referred to interactions 

involving cells of the immune system. However, neural elements have increasingly been
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shown to play an important part in the inflammatory processes. Direct evidence of this is 

the apparent involvement of pain and hyperalgesia (the lowering of pain thresholds and 

increased pain by normally painful stimuli) with the inflammation (Dubner, 1991; Hylden 

et al., 1989).

1.4.2 The involvement of the sensory nervous system in inflammation.

On the basis of their responsiveness to low and high intensity stimuli, sensory 

neurons can be classified as having a low or high threshold. Sensory neurons with thickly 

myelinated axons (Ap-fibers) generally respond to very low-threshold stimuli, whereas 

the thinly myelinated sensory neurons (AÔ-fibers) are high-threshold mechanoreceptors 

(HTMRs) and they respond exclusively to noxious stimuli. However, a significant 

proportion of AÔ sensory neurons respond to very low-threshold stimuli, these are often 

called D-hairs (Barde, et al., 1989; Lynn and Carpenter, 1982). Moreover, the majority of 

sensory neurons have unmyelinated axons (C-fibers) and they respond to noxious stimuli 

(Burgess and Perl, 1973; Lynn, 1989). These unmyelinated C-fibers can be subdivided 

into C-mechanoheat (C-MH) (also known as C-fiber polymodal nociceptor, as they 

respond both to noxious mechanical, and heat stimuli), C-mechanoreceptor (C-M), C- 

mechanocold (C-MC) and C-cold (C-C). The AÔ-HTMRs and the unmylinated C-fibers 

with a high threshold are known as nociceptors because they respond only to noxious 

stimuli.

Administration of the neurotoxin capsaicin to neonatal rats results in the 

destruction of a large subpopulation of small-diameter, mainly unmyelinated C fibers 

neurons (Kenins, 1982; Szolcsanyi, 1977). These unmyelinated axons include 

subpopulations that contain the neuropeptides substance P (SP) and calcitonin gene- 

related peptide (CGRP) (Holzer, 1988; Hammond and Ruda, 1989, 1991). The 

undecapeptide SP was the earliest neuropeptide discovered in primary sensory neurons
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(Von Euler and Gaddum, 1931). It is present in about 20% of adult lumbar DRG neurons 

of small and medium diameter (Hokfelt et al., 1975). Immunocytochemical studies 

showed that the highest concentration of SP in the spinal cord was found within the 

superficial dorsal horn, in regions containing the terminals of fine myelinated and 

unmyelinated afferent fibers that were activated by noxious stimuli (Hokfelt et al., 1977). 

Electrophysiological studies also showed that SP was released from the spinal cord when 

nociceptive sensory neurons were activated (Jessell, 1982) and antidromic stimulation of 

these nociceptive fibers resulted in the release of SP from the peripheral terminals (White 

and Helm et al., 1985). In addition, SP was shown to be depleted from dorsal roots, spinal 

cord and DRG neurons by neonatal capsaicin treatment (Lawson, 1987). These 

observations suggest that SP is involved in noceiceptive transmission. Indeed, SP has 

been implicated in many models of inflammatory pain. For example, increases in SP and 

CGRP levels have been found to accompany skin inflammation induced by complete 

Freunds adjuvant or carrageenin (Donnerer et al., 1992; Garry and Hargreaves, 1992) and 

joint inflammation or experimental arthritis (Kuraishi et al., 1989; Hope et al., 1990). 

Other neuropeptides located in the sensory neurons include somatostatin, vasoactive 

intestinal polypeptide, neurokinin A, neurokinin B, and CGRP which co-exists with SP in 

primary afferent nerves.

Evidence suggesting that SP plays a role in the neurogenic inflammation came 

from experiments in which intradermal injection of SP into human skin produced 

vasodilation and plasma extravasation (Hagermark et al., 1978) and SP antagonists could 

inhibit electrically induced oedema in the skin (Lundberg et al., 1984). Furthermore, 

destruction of SP-containing fibers with neonatal capsaicin treatment significantly 

decreased the inflammatory response produced by nerve stimulation (Gamse et al., 1980). 

In addition to mediating the neurogenic inflammatory response, SP has also been found 

to contribute to immune system regulation (Holzer, 1988). For example, SP activates
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macrophages to secrete agents such as prostaglandins and oxygen-free radicals that are 

involved in inflammation. In addition, SP also stimulates macrophage secretion of 

inflammatory mediators such as interleukin-1 (IL-1), tumor necrosis factor-a and 

interleukin-6  (Lotz et al., 1988).

Gene-targeting experiments have shown that homozygous mice lacking the NGF 

gene exhibit a severe depletion of sensory neurons expressing SP and CGRP 

immunoreactivity, and a decreased responsiveness to painful stimuli (Crowley et al., 

1994). The similarity between the neurotoxic effects of capsaicin and of NGF gene 

disruption suggests that they affect the same population of DRG cells. Indeed, anti-NGF 

antibodies produced a marked decrease in SP immunoreactivity in DRG and in their 

central and peripheral terminals when injected to the new-born rats (Otten, 1984). 

Similarly, chronic admistration of NGF to new-born rats resulted in a marked increase in 

SP levels in the DRG and in their central and peripheral terminals (Moskowitz et al., 

1987; Eiden et al., 1984). Furthermore, using adult cultured DRG neurons as model 

systems, the mRNAs encoding the precursors of SP and CGRP have been found to be 

regulated by NGF (Lindsay and Harmar, 1989).

Inflammation is often associated with pain and hyperalgesia. Hyperalgesia is a 

profound hypersensitivity to noxious heat and mechanical stimuli. The elevated levels of 

SP and CGRP in inflamed tissues alone can not account for the heat hyperalgesia, 

because neurogenic extravasation does not sensitize peripheral sensory fibers to heat 

(Reeh et al., 1986). Since the synthesis of SP and CGRP are regulated by NGF, it is 

reasonable to ask whether their elevated levels are due to an excess of production of NGF 

in inflamed tissues, and if so, whether NGF contributes to the generation of heat or 

mechanical hyperalgesia. This suggestion was supported by the studies which showed 

that high concentrations of NGF were detected in inflammatory exudates and inflamed 

tissues (Donnerer et al., 1992; Otten, 1991; Weskamp and Otten et al., 1987; Woolf et al.,
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1994), and the increased levels of SP and CGRP in the skin and DRG after complete 

Freunds adjuvant (CFA) induced inflammation (also results in NGF elevation) could be 

blocked with anti-NGF antibodies (Donnerer et al., 1992; Woolf et al., 1994). In addition, 

systemic injection of NGF to adult rats, they developed heat and mechanical hyperalgesia 

(Lewin et al., 1993), and this could be abolished by administration of anti-NGF (Lewin 

and Mendell, 1992; Woolf et al., 1994).

Studies of the mechanisms underlying NGF production have revealed that 

activated macrophages secrete inflammatory mediators, which in turn, stimulate the 

production of NGF by fibroblasts and vascular smooth muscle cells. These mediators 

include IL l-(3, platelet derived growth factor (PDGF), acidic and basic fibroblast growth 

factor (FGF), tumour necrosis factor (TNF) a , epidermal growth factor (EGF), and 

transforming growth factor (TGF) a  and (3 (Lindholm et al., 1988; Matsuoka et al., 1991). 

The elevated NGF, which may have a cytokine-like function, in turn modifies mast cell 

and basophil function (Horigome et al., 1993; Bischoff and Dahinden, 1992).

An increase in NGF level might have two effects on sensory neurons innervating 

the inflamed tissue. Firstly, NGF may stimulate mast cells to release mediators such as 

histamine, histamine then sensitizes the sensory endings of C-mechanoheat fibers, which 

may explain the hyperalgesia produced by NGF. Secondly, the increased NGF may bind 

to its receptors and be retrogradely transported to the nerve cell body where it upregulates 

the synthesis of SP and CGRP mRNAs. The increased synthesis of SP and CGRP in the 

central terminals may subsequently sensitize the dorsal horn neurons (Lewin et al., 1992), 

producing central sensitization via the N-methyl-D-aspartate (NMDA) receptor (Woolf, 

1983; Woolf and Walters, 1991).

After cutting or crushing a peripheral nerve, a characteristic reaction known as 

"Wallerian degeneration" occurs in the distal stump of the injured nerve. This
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degeneration produces an inflammatory reaction in the distal portion of the nerve- 

macrophages migrate in, glial cells start to proliferate, and axons and myelin debris break 

down (for review, see Fawcett and Keynes, 1990). In addition, the production of NGF is 

increased locally (Heumann et al., 1987). After this acute phase of inflammation, axons 

usually grow back inside the endoneurial tubes which remain after axon and myelin 

debris are removed. These responses are thought to be important in providing a 

favourable environment for the regenerating axons. Although NGF is probably not 

involved in regeneration (Diamond et al., 1987,1992a), it is thought to be important in 

collateral sprouting from uninjured C-fibres (Diamond et al., 1992b).

1.5 The problems under investigation

Primary sensory neurons of the dorsal root ganglion (DRG) subserve a variety of 

specific functions and are chemically heterogeneous. The chemical expression of these 

sensory neurons has been shown to be related to their peripheral targets (O'Brien et al.,

1989). Peripheral target regulation of neuronal phenotypes in sensory neurons is also 

suggested by the reaction to nerve injury. In response to peripheral axotomy which will 

deprive the cells of target related factors, the immediate-early gene c-JUN and the 

growth-associated protein GAP-43 immunoreactivity are upregulated in sensory neurons 

(Herdegen et al., 1992; Jenkins et al., 1991; Woolf, et al., 1990), whereas the expression 

of the neurotranmitters substance P or calcitonin gene-related peptide is reduced (Villar et 

al., 1991; Wong and Oblinger, 1991). Infusion of nerve growth factor (NGF) reverses the 

reduced levels of substance P (Wong and Oblinger, 1991). Moreover, deprivation of NGF 

from DRG cultures renders these neurons unresponsive to capsaicin, but on readdition of 

NGF, the DRG neurons regain capsaicin-sensitivity (Winter et al., 1988). Thus, the 

expression of some chemical phenotypes in sensory neurons appears to be maintained by
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NGF, a target-derived neurotrophic factor, which is required for the survival and 

differentiation of sympathetic and neural crest-derived sensory neurons (for reviews, see 

Barde, 1989; Thoenen et al., 1987).

Selective neurotoxic action of capsaicin in newborn animals revealed the 

existence of a capsaicin sensitive subpopulation of DRG neurons (Jancso et al., 1977). 

Studies using a cobalt uptake assay allowed the direct identification and characterization 

of this population in vitro (Winter, 1987). Although capsaicin-sensitivity is dependent on 

the presence of NGF (Winter et al., 1988), little is known about its distribution in relation 

to the peripheral target innervated. The first question addressed in this thesis is whether 

the chemical expression of the capsaicin-sensitive neurons is characteristic of the 

peripheral target they innervate, and whether this expression could reflect NGF 

dependence in vivo.

A  fundamental approach to investigate the mechanism underlying NGF action in 

the nervous system is to identify the receptors that mediate its biological actions. The 

discovery that the protein product of the proto-oncogene p i40^^^ binds NGF with high 

affinity and exhibits tyrosine kinase activity after NGF binding (Martin-Zanca et al., 

1990; Kaplan et al., 1991) has led to the recognition that it is the receptor responsible for 

NGF's biological action (Klein et al., 1991). This has also enabled the identification of 

NGF responsive cells by studies of cell bodies expressing p l4 Qtrk receptor mRNA in the 

nervous system (Martin-Zanca et al., 1990; Verge et al., 1992; Holtzman et al., 1992; 

Ernfors et al., 1992; Merlio et al., 1992; Ringstedt et al., 1993). The distribution of 

p l4 0 trk immunoreactivity has not, however, been fully characterized (Feinstein et al., 

1993; Pitts and Miller, 1993; Foschini et al., 1993). The second problem addressed in this 

thesis has been an attempt to characterize this protein and study its distribution in the rat 

nervous system.
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Loss of retrogradely transported NGF has been proposed as a possible signal for 

the axon reaction in DRG neurons (Gold et al., 1991a, 1991b). Injury to the peripheral 

nerve produces sustained re-expression of GAP-43 (Bisby, 1988; Van der zee et al., 1989; 

Woolf et al., 1990; Chong et al., 1992), a marker of cell growth which is produced in high 

levels by developing neurons and the levels fall once target innervation is completed 

(Kalil and Skene, 1986; Fitzgerald et al., 1991 ). Using PC12 cells as a model, GAP-43 

levels have been found to be upregulated by NGF (Costello et al., 1990). The evidence 

that NGF regulates GAP-43 expression in DRG neurons, however, is lacking. After 

studying the distribution of the NGF-dependent chemical phenotype in relation to 

peripheral targets, and the characterization of the high affinity NGF receptor in the 

nervous system, the third question addressed in this thesis is whether NGF acts as a 

peripheral signal for the DRG neurons to enter into a growth mode.

1.6 Why the problems were investigated

Neuronal development and maintenance of function in both the peripheral nervous 

system (PNS) and the central nervous system (CNS) are regulated by target-derived 

neurotrophic factors. Apart from NGF, brain-derived neurotrophic factor (BDNF; Barde 

et al., 1992; Leibrock et al., 1989), Neurotrophin-3 (NT-3; Hohn et al., 1990; 

Maisonpierre et al., 1990) and Neurotrophin-4 (NT-4; Hallbook et al., 1991) have 

recently been identified as members of the family of neurotrophins. Although it has been 

shown that all members of the neurotrophin family promote neurite outgrowth from DRG 

explants and dissociated cultures (Lindsay et al., 1985; Leibrock et al., 1989; Hohn et al., 

1990; Maisonpierre et al., 1990; Berkemeier et al., 1991), and NGF, BDNF and NT-3 are 

all retrogradely transported to DRG neurons (Distefano et al., 1992), NGF is the most 

abundant and influential neurotrophin for most DRG neurons in terms of peripheral
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supply. This hypothesis is supported by experiments which show that 70-85% of DRG 

neurons are lost in embryos deprived of NGF by administration of anti-NGF antiserum 

(Johnson et al., 1980; Ruit et al., 1992), and the studies by Mu et al., (1993) which show 

that 40% of DRG neurons express high affinity NGF receptor trk, whereas only 6 % of 

DRG neurons express trkB which is responsible for signal transduction of BDNF (Soppet 

et al., 1991; Squinto et al., 1991), and 8 % of DRG neurons express NT-3 receptor trkC in 

the developing DRG (Lamballe et al., 1991). Thus, NGF represents the best model for 

study of neurotrophins, with respect to their epigenetic regulatory mechanism, their 

receptors, and their specific actions on DRG neurons.

Capsaicin, the pungent ingredient in peppers, has been used as a tool for 

investigating various aspects of peripheral sensory afferents due to its selective actions on 

unmyelinated C-fibers (Fitzgerald, 1983). There were several reasons for selecting 

capsaicin-sensitivity as a model to study the phenotype expression in relation to 

peripheral targets (chapter 2). Firstly, capsaicin-sensitivity is NGF dependent. Secondly, 

the significance of capsaicin-sensitive DRG neruons in a variety of somatovisceral, 

autonomic, homeostatic and immunological functions is well established (Buck and 

Burks, 1986; Maggi and Meli, 1988). Thirdly, most peptide-containing DRG neurons 

belong to the capsaicin-sensitive primary afferents (Buck and Burks, 1986; Holzer, 1988; 

Jancso, 1990). Studies of the capsaicin-sensitive neurons may therefore contribute to an 

understanding of the signals responsible for neuronal specification and response to injury. 

Fourthly, treatment with capsaicin is increasingly used for the relief of pain, 

inflammatory and respiratory disorders (Lynn, 1990; Jancso and Laivson, 1990). Studies 

of capsaicin-sensitivity may provide the basic informations for the changes of peptide- 

containing sensory neurons in response to inflammation and further the development of 

therapeutic strategies utilizing capsaicin and related compounds.
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NGF is synthesized in the peripheral target fields of DRG neurons (Korsching and 

Thoenen, 1983; Weskamp and Otten, 1987). Developmental studies have revealed that 

NGF is expressed in superficial epidermis, BDNF in deeper layers of dermis, and NT-3 in 

muscle (Davies, et al., 1987; Schecterson and Bothwell, 1992). Moreover, retrograde 

transport of l^^I-labeled neurotrophins has shown that NGF, BDNF and NT-3 are all 

retrogradely transported to DRG in the adult rat (DiStefano, et al., 1992). Studies on 

neurotrophin receptor expression have revealed that pl40^^^, trkB and trkC are all 

expressed in the DRG neurons during development and in maturity (Schecterson and 

Bothwell, 1982; Mu et al., 1993; Ernfors, et al., 1993). These studies indicate that all 

three neurotrophins may be constitutively present in the target fields of mature DRG 

neurons and retrogradely transported to the cell bodies where they exert their 

neuromodulatory, rather than survival-promoting effects, by binding to specific trk 

family receptors and initiating changes in specific transcription factors (Wood et al., 

1992).

Retrograde labeling experiments have shown that distinct subsets of the DRG 

neuronal population project to different peripheral targets (O'Brien et al., 1989). Clearly, 

colocalization studies will be required to delineate further target-type distributions of the 

neurotrophin receptors. It is also of interest to examine the extent to which subsets of 

neurotrophin receptor expressing neurons correspond to those that encode distinct 

chemical phenotypes. The first step to answer these questions is to characterize the 

receptor molecules which mediate the biological actions of neurotrophins (chapter 3). An 

immunological study raising antibodies against high affinity NGF receptor p l4 Qtrk 

peptide sequences was therefore undertaken (chapter 4).

Neurons projecting to the PNS are usually able to regenerate in response to injury, 

while neurons confined within the CNS typically do not regenerate (Ramon y Cajal, 

1959). Neuronal capacity and environmental factors have been suggested as reasons for
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this difference (for reviews, see Bray and Aguayo, 1989; Fawcett and Keynes, 1990). 

Peripheral neurons, which are capable of regeneration, respond to injury with a variety of 

biochemical and morphological changes such as cytoskeletal protein synthesis (Oblinger 

and Lasek, 1988; Tetzlaff et al., 1988), as well as the re-expression of GAP-43 (Woolf et 

al., 1990; Chong et al., 1992). In addition to the changes in the neuronal cell body, 

axotomy has been found to lead to an increased synthesis of endogenous NGF in the 

disital segments of injured nerves (Heumann et al., 1987). Furthermore, application of 

exogenous NGF has been shown to prevent or mitigate those axotomy-induced effects 

(Fitzgerald et al., 1985; Rich et al., 1987). Whether NGF could be the peripheral signal 

that switchs on the regenerative responses of DRG neurons needs to be elucidated 

(chapter 5), in view of the potential importance of trophic factors as therapeutic agents for 

nerve injury.
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Chapter 2: Regional differences in the distribution of capsaicin- 

sensitive target-identified adult rat dorsal root ganglion neurons 

Introduction

Although NGF is not required for the survival of adult DRG neurons (Lindsay,

1988), its neuromodulatory actions have been well documented. NGF-depleted animals 

express reduced levels of the neuropeptide substance P in their DRG and spinal cords 

(Schwartz et ah, 1982), whereas the levels of substance P in these structures are elevated 

following NGF injection (Otten et al., 1980). More recently, NGF has been shown to 

regulate capsaicin sensitivity in adult DRG neurons. When cultured with NGF, 

approximately 50% of DRG neurons are capsaicin-sensitive. Conversely, DRG neurons 

grown in the absence of NGF became unresponsive to capsaicin (Winter et al., 1988).

Capsaicin, the pungent ingredient in a variety of hot Capsicum peppers is 

characterized by its specificity of action on certain primary sensory neurons. Topical 

application of low doses of capsaicin exerts an excitatory effect on peripheral sensory 

nerve endings, mainly unmyelinated C fibers of the polymodal nociceptor type (Kenins, 

1982; Szolcsanyi, 1977). At high doses, it is toxic to this subpopulation of sensory 

neurons. The basis of the specificity of capsaicin's action on afferent neurons is unknown 

although it may be related to the presence or absence of capsaicin receptors. Although 

the cellular specificity and species selectivity of capsaicin sensitivity (Szolcsanyi, 1990; 

Wood et al., 1988), as well as the strict chemical requirements for capsaicin- like activity 

(Jancso and Kiraly, 1981), suggest the existence of a capsaicin receptor (Bevan et al.,

1991), this has not yet been identified directly, and therefore indirect techniques are 

required to define capsaicin sensitivity in individual neurons. One approach is a cobalt 

uptake technique (Winter, 1987). The rationale depends on the membrane effects of 

capsaicin. Capsaicin increases calcium uptake in capsaicin- sensitive neurons by opening
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non selective cation channels (Wood et al., 1988). The opening of those channels by 

capsaicin also allows cobalt to enter the cell, where it can be visualized histochemically 

(Winter, 1987).

Studies using anatomical, histochemical and immunocytochemical methods have 

revealed that primary afferent neurons comprise a mixed population of cells (Jessell and 

Dodd, 1986). The chemical expression of these cells has been found to differ 

systematically in relation to the peripheral target they innervate (O'Brien et al., 1989). 

Moreover, there is evidence that the capsaicin-sensitive population has a widespread 

distribution in somatic and visceral tissuses (reviewed by Holzer, 1988). The aim of this 

study has been to investigate whether the cellular specificity of capsaicin is related to the 

peripheral target innervated and whether its distribution reflects local NGF concentration 

since capsaicin sensitivity is regulated by NGF. The approach we have used is to label 

afferents by retrograde tracing from different peripheral tissues, combined with 

identification of capsaicin-sensitive target-identified neurons in culture by cobalt uptake. 

Unlike immunohistochemical studies, cobalt uptake histochemistry cannot be performed 

in fixed tissue in situ, since cobalt cannot accumulate in the neurons without the 

opening of cation channels in living neurons. Culturing target-identified adult neurons is 

a novel technique for examining the behavior and analysing properties of specific neurons 

in vitro.

Materials and methods

Forty Sprague-Dawley rats (200-250g) anaesthetized with Hypnorm (0.3ml/kg, 

i.m.) and Diazepam (2.5 mg/kg, i.p.) were given injections of Fast Blue (FB) (Dr. filing 

Gmbh, West Germany) (5% w/v in ethylene glycol) into the skin, the gastrocnemius 

muscle, or the bladder, using a 30 g needle. For skin injections, the injections were made 

into three areas, the medial thigh (in the region innervated by the saphenous nerve), the
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hairy skin of dorsal hindpaw (the region innervated by the superficial peroneal nerve) and 

the glabrous skin of ventral hindpaw (the region innervated by the tibial nerve). The dye 

was injected intradermally. Several injections were made within an area of up to 1 cm^. 

For muscle injections, the gastrocnemius muscle was exposed under sterile conditions, 

and multiple injections were made in the belly of the muscle taking great care to avoid 

injuring blood vessels. The wound was closed in two layers. For the bladder injections, 

the bladder was exposed in the abdominal cavity and multiple 1 pi injections were made 

into the bladder wall avoiding penetration into the bladder cavity or spillage into the 

peritoneum.

In all cases care was taken to avoid the dye tracking back out of the injection 

puncture site by giving the injection very slowly and by withdrawing the needle slowly. 

Six days after FB labelling, the animals were sacrificed and relevant ganglia dissected for 

cell culture.

A previous study in this laboratory (O'Brien et al., 1989) has shown that the 

optimal labelling in the dorsal root ganglia occurs 6  days after FB injection producing 

cells of high, and low intensity. Control experiments have demonstrated that the high 

intensity cells are target specific while the low intensity are due to systemic spread of the 

dye. (O'Brien 1989). The low intensity cells can be found in dorsal root ganglia outside 

the relevant dermatome, whereas high intensity cells are only present in relevant ganglia 

and such labelling disappears with lesions to nerves innervating the target site.

Relevant DRGs (L2 -4 , medial thigh; dorsal foot and hindpaw;

gastrocnemius; L^-Sj, L%_2 , bladder), and thoracic ganglia (to check for systemic 

spread) from both sides of spinal cord were removed aseptically, and collected as seperate 

pools for each animal. The ganglia were then digested with 0.125% collagenase for 3 hrs 

and 0.25 % trypsin for 30 min, and mechanically dissociated through a flame-polished 

pasteur pipette. Cells were plated in 3.5 mm petri dishes at a density of 15,000- 

20,000/dish and grown in F14 medium with 4% serum substitute Ultraser G (Gibco)
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overnight. (Lindsay, 1988). The following day, capsaicin sensitive neurons in these 

cultures were identified by their ability to take up cobalt. No high intensity FB labelling 

was found in the neurons from thoracic ganglia .

The overnight-cultures were washed in calcium-free assay buffer (5 mM KCl, 

2mM MgCl2 , 12mM glucose, lOmM HEPES (pH 7.4), 137mM sucrose, 5.8mM NaCl ), 

then treated for 10 min in assay buffer containing 5mM C0 CI2 , with or without 10 pM 

capsaicin. The cultures were then washed quickly with assay buffer, developed in 1.2% 

ammonium polysulphide solution to precipitate the cobalt inside the cells, and fixed in 

4% paraformaldehyde. (Hogan, 1982; Winter, 1987).

Cultures were examinated on a Nikon Fluophot microscope with filters 

appropriate for FB (excitation wavelengh 390-420 nm), and with transmitted light for 

cobalt uptake. Counts were made of high intensity FB cells (as specific labelling) and 

brown neurons as cobalt positive (Fig. 1), the staining of cobalt negative cells was light 

yellow which was just enough to be distinguished from background (Fig. 1).

Results

Examination of fixed cultures by FB filter under U.V. light showed that the 

intensity of FB labelling was similar to that observed in vivo. Some neurons were 

labelled seperately, in others the dye had leaked to satellite cells, producing an image like 

the sun surrounded by small planets. The specificity of FB labelling was maintained 

however, since even if a labelled cell was closely apposed to unlabelled cells in a cluster, 

the dye in the labelled cell did not pass to the unlabelled cells. The labelled neurons could 

be graded into two categories according to dye intensity-high and low. This was not 

related to cell diameter. The low intensity labelling was not usually found in cultures 

from skin-injected animals, but was seen in cultures from muscle or bladder-labelled 

animals. It is likely that the low intensity labelling is the result of systemic spread of FB
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(O'Brien et al., 1989), as a few low intensity cells were found in the thoracic ganglia of 

muscle or bladder injected animals. Counts of these cells were omitted from the analysis.

The numbers of high intensity FB labelled neurons varied between individual 

animals. The proportion of these cells in cultures from skin- injected animals were on 

average 0.59%, those from muscle 0.64%, and bladder 0.9% .

Since capsaicin opens a non-selective cation channel, this raises a question 

whether FB will leak out from the open channel during cobalt uptake staining process. 

That this is not the case is indicated by the following observation. Upon experimental 

culture, the percentage of cobalt positive cells in total DRG neurons was 60± 1% 

(including FB labelled cells), whereas that of control cultures (no capsaicin) was less than 

1%. (These figures are consistent with the finding by Winter, (Winter, 1987; Winter et 

al., 1988), who showed that approximately 50% of DRG neurons were capsaicin- 

sensitive in 2-5 day adult DRG cultures grown with nerve growth factor (NGF)). If the 

FB leaked out of the cells during the cobalt-uptake procedures, the number of FB 

labelled cells in experimental dishes would be expected to be much less than in the 

control dishes. No significant difference in term of the number of labelled FB cells 

between experimental and control dishes was, however, found. This also shows that the 

cobalt sulphide does not obscure Fast Blue.

The data on the presence of cobalt uptake in high intensity FB labelled cells from 

skin, muscle and bladder are shown in Table 1. (individual data are shown in Table 1.1, 

1.2, 1.3, 1.4, 1.5). In summary, there are regional differences between skin, skeletal 

muscle and urinary bladder, 20-30% of skin afferents, 40% of muscle afferents and 60% 

of bladder afferents were found to be capsaicin-sensitive. The proportion of capsaicin 

sensitive neurons in the retrogradely labelled population from the three target tissues 

were consistently different in each of the animals studied, with differences between three 

skin areas (hairy skin of dorsal hindpaw, glabrous skin of dorsal hindpaw and medial 

thigh) as well as between skin, muscle and bladder.
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FIGURE 1 A 1 2 ,3  show the identical field. (A%) Phase- contrast micrograph shows 

DRG cells. (A2 ) Fluorescence micrograph shows a FB labelled cell. Note that cobalt 

staining decreases the background fluorescence but does not obscure FB labelling. (A3 ) 

Bright field micrograph shows that the labelled FB cell in (A2 ) is cobalt positive, that is 

capsaicin-sensitive. B % 2,3 show the same field. (B^) Phase- contrast micrograph of 

DRG cells. (B2 ) Fluorescence in the identical field shows a FB labelled cell. (B3 ) Bright 

field shows the FB labelled cell in (B2 ) is cobalt negative. Scale bar =50pm.
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Table 1 Regional difference in Capsaicin- sensitivity detected by cobalt 
uptake in target identified neurons in vitro (summary).

Tissue Number of 
rats

Total FB+ 
cells

Total
cohalt+/FB+

cells

Percentage of 
cobalt+/FB+ 

cells ( per rat )
medial thigh 

(skin)
15 954 196 20.5%

dorsal 
hindpaw 

(hairy skin)

7 862 273 31.7%

ventral
hindpaw
(glabrous

skin)

5 783 226 28.9%

gastrocnemius
muscle

9 863 421 48.8%

bladder 4 718 450 62.7%
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Table 1.1 Capsaicin-sensitive neurons innervating the skin on the 
dorsal foot.
This table shows the number of retrogradely-labelled DRG neurons (FB positive) that 
innervate the hairy skin on the dorsal surface of rat hindpaw (supplied by the superficial 
peroneal nerve), and those that were cobalt positive/ FB positive (capsaicin-sensitive).

superficial 
peroneal nerve

Total cobalt+/FB+ Total FB+ Percentage of 
cobalt+/FB+ in 

FB+
Rat 1 9 34

2 22 96
3 25 102
4 40 126
5 58 223
6 31 89
7 88 192

Total and 
percentage

273 862 31.7%
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Table 1.2 Capsaicin-sensitive neurons innervating the skin of inner 
thigh.
This table shows the number of retrogradely-labelled DRG neurons (FB positive) that 
innervate the skin of rat inner thigh (supplied by the saphenous nerve), and those that 
were cobalt positive/ FB positive (capsaicin-sensitive).

Saphenous nerve Total cobalt+/FB+ Total FB+ Percentage of 
cobalt+/FB+in 

FB+
Rat 1 2 11

2 3 20
3 6 42
4 15 89
5 7 55
6 27 131
7 42 142
8 7 46
9 5 36

10 7 34
11 15 66
12 10 30
13 14 51
14 10 45
15 26 156

Total and 
percentage

196 954 20.5%
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Table 1.3 Capsaicin-sensitive neurons innervating the glabrous skin of 
hindpaw.
This table shows the number of retrogradely-labelled DRG neurons (FB positive) that 
innervate the glabrous skin of rat hindpaw (supplied by the tibial nerve), and those that 

were cobalt positive/ FB positive (capsaicin-sensitive).

Tibial nerve Total cobaIt+/FB+ Total FB+ Percentage of 
cobalt+/FB+ in 

FB+
Rat 1 35 131

2 6 24
3 45 114
4 88 348
5 52 166

Total and 
percentage

226 783 28.9%
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Table 1.4 Capsaicin-sensitive neurons innervating the gastrocnemius 
muscle.
This table shows the number of retrogradely-labelled DRG neurons (FB positive) that 
innervate the gastrocnemius muscle, and those that were cobalt positive/ FB positive 
(capsaicin-sensitive).

Gastrocnemius
muscle

Total cobalt+/FB+ Total FB+ Percentage of 
cobalt+/FB+ in 

FB+
Rat 1 22 60

2 19 41
3 5 10
4 25 77
5 11 39
6 25 61
7 34 67
8 264 468
9 16 40

Total and 
percentage

421 863 48.8%
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Table 1.5 Capsaicin-sensitive neurons innervating the urinary bladder.
This table shows the number of retrogradely-labelled DRG neurons (FB positive) that 
innervate the urinary bladder, and those that were cobalt positive/ FB positive (capsaicin- 

sensitive).

Urinary bladder Total cobalt+/FB+ Total FB+ Percentage of 
cobalt+/FB+ in 

FB+
Rat 1 111 177

2 134 212
3 66 100
4 139 229

Total and 
percentage

450 718 62.7%
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Discussion

Heterogeneity of the chemical phenotype of adult DRG cells has been recognized 

repeatedly from histochemical and immunohistochemical studies of intact dorsal root 

ganglia (Jessell and Dodd, 1986). That this correlates with the target innervated has been 

demonstrated more recently using retrograde tracing techniques (O'Brien et al., 1989). All 

these studies used fixed intact ganglia. The present study shows that it is possible to 

identify the targets of DRG neurons grown in culture. This has enabled us to demonstrate 

regional differences in a phenotypic property of these cells that can only be studied in 

living cells. The technique offers the possibility moreover of investigating the actions of 

neurotrophic or target-derived factors on target-identified neurons.

The present results indicate major regional differences in the distribution of 

capsaicin sensitivity in primary sensory neurons, with maximal sensitivity in a group of 

pelvic visceral afferents, less in skeletal muscle afferents and the smallest proportion in 

skin afferents. It is possibly inappropriate to compare capsaicin sensitivity with the 

neurotoxicity resulting from neonatal capsaicin pretreatment, since the distribution and 

action of receptors may be different in adult and neonatal animals. For instance, neonatal 

pretreatment with capsaicin inhibited 90% of dye exudation in rat's skin whereas only a 

30% inhibition occured after adult pretreatment. (Jancso et al., 1977). A previous study 

of regional differences in capsaicin sensitivity used the plasma extravasation produced by 

systemic capsaicin administration as a marker (Saria et al., 1983). When administered in 

this way capsaicin was found to induce extravasation in the skin and the epithelium of the 

respiratory, gastrointestinal and urinary systems, but not in muscle. The higher proportion 

of capsaicin sensitive muscle than cutaneous afferents that has been found in this study is 

somewhat surprising because while capsaicin sensitivity is NGF dependent (Winter, et 

al., 1988), muscle is reported to have fairly low levels of NGF (Korsching and Thoenen,
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1983). (But an unpublished study using a two-site ELISA (enzyme-linked 

immunosorbent assay) in our laboratory has found NGF in muscle in levels not too 

disimilar to that in skin.). One speculation is that the capsaicin-sensitive population 

probably involve receptors of trk gene family, such as trkA and trkB (Klein et al., 1991; 

Squinto et al., 1991), upon which multiple trophic factors (such as NGF and brain derived 

neurotrophic factor) exert overlapping influences.

A previous study using the cobalt uptake technique in cultured adult DRG cells 

(Winter, 1987) found that while 50% of DRG cells were capsaicin sensitive, up to 90% 

were not immunoreactive for the phosphorylated epitope on neurofilament that is 

recognized by the RT97 antibody which is also a marker for A fibers (Lawson and 

Waddell, 1985). This is reinforced when the present data on the regional difference in 

capsaicin sensitivity in skin, muscle and bladder are compared with the relative numbers 

of C afferents that innervate these tissues. From a retrograde study in the rat using FB 

and RT 97 negativity to recognize C afferents, 6 6 % of cutaneous and 40% of muscle 

afferents were estimated to be C afferents (O'Brien et al., 1989). This shows FB is 

transported by all afferent types. In the cat there are also more cutaneous than muscle C 

afferents (McLachlan and Janig, 1983). An analysis of the axonal composition of pelvic 

visceral nerves in the rat has found that unmyelinated sensory axons represent 70% of the 

total (Hulsebosch and Coggeshall, 1982). Assuming the ratio of A to C fibers in cultured 

cells accurately represent the in vivo situation, we estimate that only from 25% to 40% of 

cutaneous C afferents are capsaicin sensitive, whereas from 6 6 % to 100% of muscle C 

afferents and possibly all bladder C afferents are. The present data, shows that C fibres 

innervating deep tissues (muscle and the bladder) are more likely to be capsaicin sensitive 

than those innervating skin. This may reflect differences in the proportion of 

chemosensitive afferents and therefore may have an important bearing on the effect 

produced by inflammation in these different tissues.
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Chapter 3: Biochemical characterization of antibodies raised against 
human p 1 4 0 trk peptide sequences 

Introduction

NGF is a neurotrophin which is responsible for the survival, differentiation and 

maintenance of sympathetic neurons, neural crest-derived sensory neurons, and 

cholinergic neurons in the basal forebrain (for reviews, see Barde, 1989; Thoenen et al., 

1987). It also induces differentiation of rat pheochromocytoma cells (PC 12 cells) (Greene 

and Tischler, 1976). To understand how NGF promotes neuronal differentiation, and 

survival, it is necessary to study the receptors by which NGF binds to the cell surface of 

nerve terminals after its synthesis and release from their target fields.

Two classes of NGF receptors were originally identified on chick embryonic 

sensory neurons by binding and kinetic measurements (Sutter et al., 1979; Landreth and 

Shooter, 1980; Schechter and Both well, 1981). Approximately 10-15% of the receptors 

displayed high affinity binding, with a Kd of 10"^^ M, while the remainder displayed low 

affinity binding, with a Kd of 10"^ M. The availability of monoclonal antibodies against 

the human and rat low affinity NGF receptors (LNGFR) permitted cloning of these 

receptors by gene transfer and library screening (Chao et al., 1986; Johnson et al., 1986; 

Radeke et al., 1987). The LNGFR gene encodes a 75-80 kd protein (p75) which contains 

427 amino acid residues, with one transmembrane domain, a relatively short cytoplasmic 

domain, and an extracellular domain consisting of four cysteine repeats, which bind NGF, 

since disruption of these cysteine-rich repeats leads to loss of ligand binding (Yan and 

Chao, 1991).

The physiological role of the p75 is still controversial. In addition to NGF, it 

binds to each of the other known members of the neurotrophin family, BDNF (brain- 

derived neurotrophic factor), NT-3 (neurotrophin-3), and NT-4/NT-5 (neurotrophin-4 or 

5) with similar low affinity (Rodriguez-Tebar et al., 1990; Hallbôôk et al., 1991). Gene
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disruption experiments have shown, however, that p75-deficient trigeminal embryonic 

sensory neurons requires higher concentration of NGF for survival but not other 

neurotrophins (Davis et al., 1993). It is distributed in a wide variety of cell types, many of 

which do not respond to NGF nor to any of the other known neurotrophins. Moreover, 

expression of p75 cDNA in fibroblasts and melanoma cells elicits no functional responses 

to NGF treatment (Chao et al., 1986; Johnson et al., 1986). Polyclonal antibodies against 

p75 do not prevent NGF-induced neuronal survival or neurite outgrowth of PC I2 cells 

and peripheral sensory neurons, even though they effectively block all low affinity 

binding sites (Weskamp and Reichardt, 1991). Binding assays showed that the 

concentrations of NGF required for half-maximal survival of, or neurite outgrowth from, 

the chick sensory neurons were significantly below the Kd of the low affinity receptors 

(Sutter et al., 1979). These suggest p75 is not involved in NGF signaling. However, 

expression of p75 in NGF-non responsive NR18 cells, a variant of PC12 cells that lacks 

low as well as high affinity NGF receptors, generated low and high affinity NGF binding 

sites (Hempstead et al., 1989), and addition of NGF to these cells resulted in induction of 

c-fos expression. On the other hand, Klein et al., (1991a) have shown that high affinity 

binding of NGF to pl40^^^ can occur in the absence of p75, at least in nonneuronal cells 

(see below). Using chimeric tumor necrosis factor (TNF)-trkA receptors, which contain 

the extracellular domains of TNF receptor and the tranmembrane and cytoplasmic 

domains of p l4 0 ^rk transfect PC I2 cells have shown TNF-depedent neuronal 

differentiation and cell survival, whereas the TNF-p75 chimeras, which contain the 

cytoplasmic domain of p75 have no function (Rovelli et al., 1993). Whether or not the 

concomitant expression of p75 is necessary for the formation of the functional high 

affinity NGF receptors is debatable.

Crosslinking of [^^^IJNGF to rabbit sympathetic neurons, chick embryo sensory 

neurons and PC 12 cells revealed two different sizes of receptor complexes with 

molecular weights of 160kd and lOOkd (Massague et al., 1981; Hosang and Shooter,
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1985). These two complexes were found to be derived from high affinity as well as low 

affinity binding sites, with receptor molecular weights of approximately 140kd and BOkd, 

respectively (Hosang and Shooter, 1985). In addition, these two binding sites have been 

shown to appear in embryonic sensory cells (Sutter et al., 1979), sympathetic neurons 

(Godfrey and Shooter, 1986), and PC12 cells (Schechter and Bothwell, 1981). Moreover, 

immunoprécipitation studies using antibodies against three distinct p75 epitopes failed to 

immunoprecipitate the 140kd NGF high affinity receptors (Meakin and Shooter, 1991). 

This suggests that an additional component other than p75 is required for the formation of 

high affinity NGF receptors.

The discovery of the human trk proto-oncogene, a novel member of the tyrosine 

kinase gene family, which encodes pl40^^^ (Martin-Zanca et al., 1989) represents a real 

breakthrough in the study of growth factor receptors. The oncogenic activity of trk 

originally resulted from a genomic rearrangement event in which nonmuscle tropomyosin 

sequences were aberrantly fused onto the transmembrane and cytoplasmic domains of trk 

(therefore, it was named "tropomyosin receptor kinase"). The relative abundance of p75 

receptor and low levels of trk in most cells had obscured the identity of trk, except with 

photoaffinity reagents (Massague et al., 1981; Hosang and Shooter, 1985). The trk proto

oncogene encodes a 140kd glycoprotein with the structural features of a receptor tyrosine 

kinase. It contains 790 amino acid residues with a single membrane-spanning domain, a 

large extracellular ligand binding domain, and a cytoplasmic tyrosine kinase catalytic 

domain which identifies it as a member of the large family of tyrosine kinase receptors 

such as the insulin (Ullrich et al., 1985), and the epidermal growth factor receptors 

(Ullrich et al., 1984). The suggestion that pl4Qt^^ was an NGF receptor was made after it 

was noted that pl4Qt^^  ̂ expression is restricted to NGF responsive neurons: sensory 

neurons of spinal ganglia and cranial ganglia of neural crest origin including the 

trigeminal, superior cervical, and jugular ganglia (Martin-Zanca et al., 1990), sympathetic 

ganglia (Schecterson and Bothwell, 1992), and basal forebrain cholinergic neurons
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(Holtzman et al., 1992). Studies by Meakin and Shooter (1991) which showed that the 

140kd high affinity receptor can be immunoprecipitated by anti-phosphotyrosine 

antibodies gave support to this hypothesis. Indeed, NGF has been shown to bind to mouse 

fibroblast NIH 3T3 cells expressing the trk proto-oncogene, and PC 12 cells (Klein et al., 

1991a) which possess endogenous pl40^^^ (Kaplan et al., 1991). Cross-linking of 

[j 125]n g F to NIH 3T3 cells and PC 12 cells, followed by immunoprécipitation of the cell 

extracts with an antiserum directed against the carboxy-terminal domain of p i40^^^ 

(Martin-Zanca et al., 1989) generated a band on a gel which corresponds to cross-linked 

NGF-pl40^^^ complexes (Klein et al., 1991a). Furthermore, NGF has been shown to 

induce tyrosine phosphorylation and tyrosine kinase activity of the p i40^^^ in PC 12 cells 

at picomolar concentrations, indicating that the response is mediated by physiological 

amounts of NGF (Kaplan et al., 1991). Binding of NGF to trk receptors ectopically 

expressed in NIH3T3 fibroblasts led to their biochemical activation, measured by their 

autophosphorylation on tyrosine residues, and initiated a flow of signal transduction that 

resulted in the induction of c-fos expression, DNA synthesis and morphological 

transformation of the cells (Klein et al., 1991). In addition, when a p i40^^^ cDNA is 

introduced into a mutant PC 12 line that is nonresponsive to NGF, the cells displayed 

increased neurite outgrowth and cell survival following treatment with NGF (Loeb et al.,

1991). Hempstead et al (1992) found that overexpression of pl40^^^ in PC 12 cells rapidly 

accelerated NGF induced differentiation. These observations suggested that the 

expression of p i40^^^ and activation of its tyrosine kinase activity are the mechanisms 

underlying the induction of either a differentiation or a survival response by NGF.

The conventional methods for localizing neurons with NGF receptors employed 

the selective uptake, and retrograde axonal transport of radioiodinated NGF, and in vitro 

radioiodinated NGF labelling autoradiography. In the uptake studies, exogenous 

radiolabelled NGF was taken up by the peripheral and central processes of sensory 

neurons (Richardson and Riopelle,1984), and by sympathetic axons (Hendry et al., 1974).
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This technique can not distinguish unambiguously between high and low affinity binding 

sites. Moreover, the limited penetration and rapid degradation of administered NGF 

(Lapchak et al., 1993) may obscure the actual distribution of NGF binding sites. The 

retrograde transport method is applicable only to neurons with long axons. As for in vitro 

radiolabelling autoradiography, the adminstration of ligand concentrations in the range of 

high affinity binding may not produce distinct radioautographic signals. The use of higher 

concentrations will inevitably result in low affinity binding. Furthermore, although 

p l4 0 trk gene transcripts have been identified in various tissues (Martin-Zanca et al., 

1990; Holtzman et al., 1992; Ernfors et al., 1992; Ringstedt et al., 1993), the site of gene 

expression is in cell bodies, and can not give an overall picture of receptor distribution. 

Considering all these technical limitations, it is necessary to exploit every possible 

correlation between data from all complementary methods, such as the distribution of 

p l4 Qtrk immunoreactivity, to characterize this protein and its distribution. The present 

studies were undertaken to raise and characterize antibodies directed against the 

extracellular domains or tyrosine kinase domain of the p i40^^^ peptide sequences. Since 

rat trk proto-oncogene had not been cloned at the time of these studies, the sequences of 

the peptides used to raise antisera were derived from the human p i40^^^ sequences. These 

antibodies were subsequently employed to establish the distribution and developmental 

pattern of p i40^^^ immunoreactivity in the nervous system (Chapter 4).

Materials and methods 

Flow Chart

Production and conjugation of peptides to carrier protein 

Immunisation

ELISA
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Affinity Purification 

Metabolic labelling & immunoprécipitation 

Immunoblotting

Cross-linking of fl^^-labelled NGF & immunoprécipitation/ immunoblotting

Sequences of trk peptide. (All trk peptides were kindly provided by Dr.Gerard Evan). 

Peptide trk 1 (corresponding to amino acid residues 33-57 of human p i40^^^ peptide 

sequence), Ala-Glu-Asn-Leu-Thr-Glu-Leu-T yr-Ile-Glu-Asn-Gln-Gln-His-Leu-Gln-His- 

Leu-Glu-Leu-Arg-Gl (in the extracellular domain), peptide trk 2 (corresponding to amino 

acid residues 373-400 amino acid residues), Ser-Ile-Met-Ala-Ala-Phe-Met-Asp-Asn-Pro- 

Phe-Glu-Phe-Asn-Pro-Glu-Asp-Pro-Ile-Pro-Asp-Thr-Asn-Ser-Thr-Ser-Gly-Asp (in the 

extracellular domain), and peptide trk 3 (corresponding to amino acid residues 532-561 ), 

Lys-Met-Leu-Val-Ala-Val-Lys-Ala-Leu-Lys-Glu-Ala-Ser-Glu-Ser-Ala-Arg-Gln-Asp- 

Phe-Gln-Arg-Glu-Ala-Glu-Leu-Leu-Thr-Met-Leu (in the tyrosine kinase catalytic 

domain).

Conjugation of peptides to carrier protein. (Hancock and Evan, 1990). 20mg fresh 

peptide was mixed with 20mg Keyhole Limpet Haemocyanin (KLH)(Calbiochem) carrier 

protein, and dissolved in O.IM NaHCOg pH 9.6 at a concentration of 2mg KLH/ml. 

Glutaraldehyde (Sigma, Grade 1) was then added to the peptide-carrier solution to a final 

concentration of 0.05%. The solution was mixed in a glass tube, and stirred with a 

magnetic flea at room temperature overnight in the dark. The following day, each 

conjugated peptide solution was dialysed against PBS (phosphate-saline buffer) for 12 

hours. The final solutions were aliquoted, and stored at -20®C.
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Immunisation. (Hancock and Evan, 1990). Prior to priming, all rabbits were bled (from 

the ear) and the sera were collected as preimmune controls. For the priming, 400pg of 

conjugated peptide (2QGpl) was mixed with PBS 0.8ml and 1ml Freund's complete 

adjuvant (FCA, Difco) in two 5ml glass syringes connected by a disposable 3-way tap. 

The oil-water mixture was pumped between the two syringes until it became stiffer and 

stable as an emulsion. The emulsion was then injected subcutaneously into the backs of 

two rabbits (each 1ml) at multiple sites. After 3 weeks, rabbits were immunised again 

with 50pg (25|ol) conjugate in Freund's incomplete adjuvant (FIA, Difco) (975pl PBS, 

1ml Freund's incomplete adjuvant). The rabbits were then immunised repeatly with FIA 

conjugate at 3 week intervals and were bled 10 days after the 3rd and 5th immunisation. 

The collected sera were tested by enzyme linked immunoabsorbance assay (FLISA). The 

rabbits were killed after a further 1-4 immunisations when the maximal anti-peptide titres 

had been reached. The sera were collected and tested.

ELISA for anti-trk peptide antibodies. The original free peptides were diluted to a final 

concentration of lOpg/ml in PBS. 50pl of diluted peptide was coated to each well of 96- 

well multidishes (Nunc) overnight at 4®C, (a control plate which had no coated peptide 

was prepared in parallel). The following day, plates were washed twice in 0.1% Bovine 

Haemoglobin (Sigma) in PBS (Hb/PBS). Then 200pl of blocking buffer (1% Hb/PBS) 

were added per well and left at room temperature for 1 hour. After 1 hour, plates were 

washed twice in 0.1% Hb/PBS. 50pl of antibody diluted in 0.1% Hb/PBS was then added 

to each well in triplicates. (Serially diluted antibody in doubling dilutions, starting from 

1/100, 8 dilutions), and incubated overnight at 4®C. The following day, plates were 

washed 3 times in 0.1% Hb/PBS as before. 50pl of 1/1000 peroxidase conjugated anti

rabbit Ig (Amersham) diluted in 0.1% Hb/PBS were added per well, and left 2 hours at 

room temperature. Plates were then washed 4 times as before in 0.1% Hb/PBS and 

finally, washed with PBS. lOOpl of substrate solution were added to each well, the 

substrate was made of as follows: one lOmg tablet of 2, 2-Azino-bis (3-
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ethylbenzthiazoline-6 -sulfonic acid) (Sigma) was dissolved in 18.2 ml PBS, pH to 4.3, 

and 1/1500 volume of 30% Hydrogen Peroxide (Sigma) was added. The optical density 

of the solution in the wells was determined on an ELISA plate reader after 5-30 minutes 

incubation at room temperature, using a 412 nm filter.

Affinity Purification of anti-peptide antibody. (Hancock and Evan, 1990; Harlow and 

Lane, 1988) Preparation of peptide-Sepharose: 1.5 g CNBr-Sepharose (Pharmacia Fine 

Chemicals) was swollen in 200ml ImM HCl and left 15 minutes at room temperature. 

The slurry was poured into a sintered glass funnel, and drained to a moist cake. The cake 

(5ml) was added to 5ml PBS (pH 7.5-8) containing 500pg peptide. The peptide- 

Sepharose solution was agitated gently for 2 hours at room temperature. After 2 hours, 

the slurry was poured onto a sintered support, washed with 20ml of PBS, followed by 

20ml lOOmM Na acetate pH 4, then followed by 20ml 2M NaCl in PBS, and finally, 

washed with 20ml Tris buffered saline (TBS) (25mM TrisHCl/144mM NaCl pH 8.2). 

The slurry was stored in TBS at a final concentration of 50%, with 0.1% sodium azide at

4 0 c .

Serum was clarified with ammonium sulphate: 5mM EDTA was added to serum, 

then 0.82 volumes of saturated ammonium sulphate was added and the mixture was 

stirred and left for 15 minutes at room temperature. After centrifugation at 10,000 rpm for 

10 minutes at 4°C, the pellet was collected. The pellet was then redissolved to the 

original volume with TBS. 10% NP40 was added to a final concentration of 0.1% and 

samples were spun in a microfuge to clarify.

Affinity chromatography: 2ml of peptide-Sepharose was packed into a Pharmacia 

reversible column in running buffer (TBS/0.1% NP40). The column was then washed 

with 20ml of running buffer over 20 minutes. After 20 minutes, 2ml of the clarified 

serum was run into the column at a 2ml/min flow rate. Then the column was washed with 

20ml of running buffer. The flow through was collected and reapplied to the column 3 

times. The final flow through was collected and stored at -20®C. Then the direction of

73



flow was reversed, and the column was washed with 2 0  ml of running buffer over 10 

minutes, followed by 10 ml of TBS, then followed by 10ml of 0.9 % of NaCl.

Elution of antibody: 1). Low pH elution. Bound antibody was eluted with 8ml of 

lOOmM sodium citrate (BDH) pH 2.5 over 10 minutes. The eluate was collected and 

immediately neutralised to pH 6  with 2M Tris base. Then 8 ml of saturated ammonium 

sulphate was added to the eluate and left for 10 minutes at room temperature. The 

precipitated antibody was collected by centrifugation at 1 0 ,0 0 0  g for 10 minutes at 4®C 

and resuspended in 1ml water, then dialysed against PBS/0.1% sodium azide. 2). High 

pH elution. Bound antibody was eluted with 8ml lOOmM triethylamine (Sigma) (pH 

11.5, freshly prepared). The remaining procedures were followed as 1). 3). Elution with 

4M MgCl2 . Bound antibody was eluted with 8ml of 4M MgCl2  (Sigma). The eluate was 

diluted 10 times with distilled water, and an equal volume of saturated ammonium 

sulphate was added. The remaining procedures were followed as 1). 4). Elution with 5M 

LiCl (Sigma). The eluate was diluted 10 times with distilled water. 5) Elution with 50% 

ethylene glycol (Sigma). 6 ) with 10% dioxane (Sigma). 7) with 3M thiocyanate (Sigma).

8 ) with combination of lOOmM triethy lamine and 10% dioxane, to a final volume of 8 ml.

9) with combination of lOOmM sodium citrate and 50% ethylene glycol, to a final volume 

of 8 ml. 10) with combination of lOOmM sodium citrate, 3M thiocyanate and 50% 

ethylene glycol, to a final volume of 8ml. All the procedures were followed as 1) or 3), 

depending on whether acid, base, salt or organic solvent were used.

The titres of antibody from each preparation and original serum, ammonium 

sulphate clarified serum, flow through, were tested by ELISA.

Checking the cross reactivity and specificity of anti-peptide antibodies hy affinity 

chromatography. Affinity chromatography was used in order to see if there is any cross 

reactivity between anti-peptide trk 1 and 2  antibodies and whether anti-peptide trk 1 

antibody is directed against the epitopes on the peptide trk 1. Anti-peptide trk 1 serum 

was initialy clarified by ammonium sulphate, and its titre was tested. The clarified serum
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was then passed through an affinity column of peptide trk 2 , and the flow through was 

collected (1st flow through), and tested by ELISA. Subsequently, the 1st flow through 

was passed through a second affinity column of peptide trk 1. The 2nd flow through was 

again collected, and the titre was tested by ELISA.

One-dimensional polyacrylamide gel electrophoresis. (Laemmli, 1970). 7.5% SDS- 

polyacrylamide gel comprised a separating gel made of 10ml of 30% acrylamide mix 

(29.2% acrylamide (BDH) and 0.8% N,N'-methylene-bis-acrylamide (BDH) (cross

linker), 10ml of 1.5M Tris-Cl pH 8 .8  with 0.4% SDS (Sodium dodecyl sulfate) (Sigma), 

20 ml of distilled water, 150 pi of 10% ammonium persulphate (APS) (BDH) (initiator) 

and 25|il of N,N,N',N'-Tetramethylethylenediamine (TEMED) (BDH) (accelerator), and a 

3% stacking gel made of 2ml of 30% acrylamide mix, 5ml of 0.5M Tris-Cl pH 6 .8  with 

0.4% SDS, 13ml of distilled water, 60pl of 10% APS and 20pl of TEMED. The 

procedures were performed as follows: The gel plates were assembled, then the 

separating gel solution was poured between the plates far enough below the top of the 

notched plate to allow for the length of the teeth on the comb plus 1cm. 2  ml of isobutyl 

alcohol (H2 0 -saturated) (BDH) was overlayed on top of the separating gel solution, and 

the gel was left to set at room temperature. After the gel had set, the overlay was poured 

off and the top of the separating gel was washed with distilled water and drained. The 

stacking gel solution was prepared and poured directly onto the polymerized separating 

gel. A comb was then placed into the stacking gel solution. The gel was left to set at room 

temperature. After the stacking gel had set, the comb was removed, and the wells were 

washed with distilled water to remove unpolymerized acrylamide. The whole gel 

(separating gel and stacking gel) was then placed in a gel box with running buffer (3.03g 

Trizma base (Sigma), 14.4g glycine (Sigma) , Ig SDS (sodium dodecyl sulphate. Sigma), 

in 1000ml distilled water, pH 8.3) in the bottom reservoir. The running buffer was also 

added to the top reservoir. Samples in sample buffer (10% w/v glycerol, 2.3% SDS , 

62.5mM Tris-Cl pH 6 .8 , 0.0001% bromophenol blue (BDH)) were boiled for 10 minutes,
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spun down for 1 minute in a microcentrifuge, and then loaded into the wells. 

Electrophoresis was carried out at 8mA constant current, overnight, and increased to 

30mA constant current, on the following day.

Metabolic labelling of PC12 cells and immunoprécipitation (Hempstead et al., 1992; 

Harlow and Lane, 1988). Hempstead et al have reported that human p i40^^ could be 

immunoprecipitated with anti-pl40ti"k antibodies from either parental PC 12 cells, or 

PC I2 cells overexpressing p i40^^^ . Experiments were therefore performed to see if anti

peptide trk antibodies recognized pMO^rk in PC 12 cells. Anti-pan-trk (203) antibody 

which was generated against a carboxy-terminal peptide of human trk (Hempstead et al.,

1992) was used as positive control (kindly provided by Dr. Kaplan). 75% confluent 

monolayer PC 12 cultures (2 x 10^ cells) were transferred to six 120mm culture dishes 

overnight. The following day, cells were washed twice with medium lacking methionine. 

30ml methionine free medium supplemented with lOOpl of 500 pCi L-[^^S] methionine 

(Amersham), 150 pi of ImM glutamine (Gibco) and 3ml of dialysed fetal calf serum 

(10%) were added to the six culture dishes (each with 5ml medium, and with 

approximately 15pCi/ml L-[35s] methionine) and incubated for 3 hours at 37®C. After 3 

hours, the cells were washed once in normal medium, then scraped off the dishes into 

PBS and spun down. The PBS was subsequently discarded and cells were resuspended 

into 1ml of ice cold G buffer [25mM Tris-HCl pH7.4, 0.15M NaCl, with O.lmM 

bacitracin (Sigma), 50pg/ml soybean trypsin inhibitor (SBTI) (Sigma) (both added 

freshly)]. Cells were then stored frozen at -70®C until use.

For preparing extract, cells were rapidly thawed and 5ml of G buffer, O.lmM 

bacitracin, 50pg/ml SBTI, 20pg/ml aprotinin (Sigma), 2mM phenylmethylsulfony 

fluoride (PMSF; Sigma; PMSF was made up in methanol as a 200mM stock), 2.5mM 

iodoacetamide (Sigma), and a final concentration of 1% NP40 (Sigma) from a 10% stock 

solution in G buffer were added to the cells. The above mixture was vortexed and gently
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agitated at 4°C for 15 minutes to ensure solubilisation. The extract was subsequently 

centrifuged at 146,000g for 60 minutes at 4®C, and the supernatant was recovered.

To preclear the extract prior to immunoprécipitation, a final concentration of 

Img/ml BSA (stock solution was made of lOmg/ml BSA in G buffer) was added to the 

extract, and an irrelevant antibody (rabbit anti-bradykinin antibody) was added at a final 

dilution of 1/250. The mixture was then incubated at 4^C for 30 minutes. Subsequently, 

200pl of anti-rabbit Ig agarose (the IgG fraction of Goat anti-rabbit IgG antiserum is 

covalently attached to cyanogen bromide activated cross-linked beaded agarose, a 

minimum of 0.6mg/ml of rabbit IgG can be bound; Sigma) was added to the antibody 

mixture, after prewashing the beads with G buffer containing 1% NP40 and 1 mg/ml 

BSA, and resuspending them in the same buffer. The beads-antibody-extract was 

incubated at 4^C with shaking for 2 hours. Subsequently, the mixture was centrifuged 

and the supernatant was recovered.

For immunoprécipitation, the precleared extract was divided into six aliquots. The 

radioactivity per aliquot was approximately 5 X 10^ c.p.m. The antibodies (anti-peptide 

trk l, 2, 3 antibodies, preimmune rabbit serum, anti-bradykinin antibody, anti-pan-trk 

antibody) were then added to the appropriate aliquot at a final concentration 1/250 

(antibody concentration were chosen to be equal to the recommended concentration of the 

control anti-pan-trk antibody), and incubated at 4®C for 2 hours. 1.5ml of the anti-rabbit 

Ig agarose beads were prewashed with G buffer containing 1% NP40, 1 mg/ml BSA as 

previously. The beads were then resuspended in the same buffer and added to the 

precleared extract-antibody (200pl per aliquot). The above was incubated at 4°C with 

agitation for 2 hour. Subsequently, the extract-antibody-beads was washed as follows 

(they were transferred to 15ml conical centrifuge tubes for the washing step, and 10ml of 

buffer was used at each wash, all washes at 4^0): i) 4 washes in G buffer containing 1% 

NP40, Img/ml BSA, ImM EDTA. ii) 1 wash in G buffer containing 1% NP40, ImM 

EOT A, 0.1% SDS. After washing, the beads were transferred to Eppendorf tubes, briefly
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centrifuged, and the supernatants discarded. 200pl of SDS sample buffer with O.IM 

dithiothreitol (added from frozen IM stock, just before use) was subsequently added to 

each tube, and the tubes were boiled for 10 minutes, then centrifuged briefly. An aliquot 

of Ipl supernatant from each tube was removed for scintillation counting, and the 

remainder was frozen for gel electrophoresis.

After electrophoresis, the gel was washed briefly in water and fixed in 42.5% 

methanol/ 7.5% acetic acid/ 50% distilled water for 30 minutes at room temperature, and 

subsequently subjected to fluorography. The fixed gel was rinsed with water and soaked 

in 500ml dimethyl sulphoxide (Me2 SO) for 30 minutes, followed by a second 30-minutes 

immersion in fresh Me2 SO. Subsequently, the gel was transferred into 500ml 22.2% 

(w/v) PPO (2,5-diphenyloxazole. Sigma) in Me2 SO for 3 hours. The gel was then 

inunersed in 500ml 5% acetic acid in H2 O for 1 hour, and carefully placed on top of a 

piece of wet filter paper, and covered with cling film. This cling film- gel-paper assembly 

was dried in a gel dryer for 2 hours at 70°C. The dried gel was exposed to X-ray film for 

2 weeks at -70®C , then developed. (Bonner and Laskey, 1974).

Immunoblotting. (Towbin et al., 1979). Since strong staining was found in Purkinje cells 

and PC 12 cells when anti-peptide trk 1 and 2, though not anti-peptide trk 3 antibodies 

were used for immunocytochemistry (see chapter 4), the nature of the antigen 

recognised by these two antibodies was investigated by immunoblotting. The three anti

peptide trk antibodies and the anti-pan-trk antibody were used to detect the antigen in 

electrophoretically separated proteins from homogenised cerebella of adult rats or P C I2 

cells.

For cerebella, rats were killed by CO2 , and the cerebella immediately recovered 

and pooled in 5 volumes of ice cold 62.5 mM Tris-HCl buffer, pH 6 .8 , containing 

Bacitracin and SBTI as previously described. They were then homogenized and 

immediately frozen on solid CO2  before solubilisation.. For PC 12 cells, 2 x 10^ cells 

were scraped off the flasks and spun down, then the medium was removed and cells were

78



resuspended in 62.5 mM Tris-HCl buffer, pH 6 .8  before solubilisation. To solubilise, an 

equal volume of 2 times concentrated SDS buffer was added to each sample, the mixture 

was boiled for 5 minutes, microcentrifuged, aliquoted and stored at -70®C until gel 

electrophoresis. Protein concentrations were determined by the method of Lowry et al 

(1951). No more than lOOpg of protein were loaded per gel track.

After electrophoresis, a sheet of nitrocellulose (Schleicher and Schull, 0.45 |iim 

pore size, 200 x 200 mm sheet) was briefly wetted with the electrode buffer (25mM Tris 

base, 192 mM glycine, 20% methanol, made up to 1.25L distilled water) and laid on 

wetted filter papers (Whatman 3MM) which were already laid on the top of a scouring 

pad which was supported by a stiff plastic grid. The gel to be blotted was then put on the 

nitrocellulose sheet and care was taken to remove all air bubbles. A second pad with 

wetted filter papers was placed on top of it and a plastic grid was added to hold the 

assembly together. The assembly was placed in an electrophoretic destaining chamber 

containing the electrode buffer with the nitrocellulose sheet facing the anode. The gel was 

then blotted at 0.3 Amp for 2-3 hours. After the blotting, the nitrocellulose was removed 

from the gel, and cut into strips for incubation with appropriate anti-rabbit antibodies. 

The nitrocellulose strips were placed into different containers and soaked immediately in 

3% BSA/ 0.1% Triton-X-100/ 1 mM EDTA/ PBS blocking buffer for 2 hours. 

Subsequently, the blocking buffer was poured off and stored, and the strips were 

incubated with antibodies (anti-peptide trk l, 2, 3 antibodies, anti-pan-trk antibody) 

diluted in same blocking buffer (1:3000) overnight at 4®C. The following day, the strips 

were washed with 0.1% Triton-X-100/ ImM EDTA/ PBS washing buffer at 4°C with 

three changes over 2  hours, and incubated with the second antibody, labelled anti

rabbit IgG (Amersham) diluted (3-4 x 10^ c.p.m./ml) in blocking buffer, for 2 hours at 

room temperature. Subsequently, the strips were washed with ice cold washing buffer 

with three changes over 2 hours. The strips were then dried on filter paper and wrapped in 

cling film, then were exposed to Kodak XS X-ray film at room temperature for 3 nights.
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Cross-linking of followed by immunoprécipitation or immunoblotting.

(Jing et al., 1992). To examine whether anti-peptide antibodies recognize NGF high 

affinity receptor, [I^^^]NGF was cross-linked to NGF receptors in PC I2 cells. The cross- 

linked cells were either subjected to immunoprécipitation using anti-peptide antibodies 

and anti-pan-trk antibody as described previously, or to immunoblotting using anti

peptide antibodies and the alkaline phosphatase staining method followed by 

autoradiography in order to reveal both radiolabelled and immunoreactive proteins on the 

same gel. PC I2 cells were harvested, pelleted, and resuspended in ice-cold binding buffer 

(lOmM HEPES, 137mM NaCl, 4.7mM KCl, 2.5mM CaCl2 , 1.2mM KH2 PO4 , 1.2mM 

MgSOzt, Img/ml glucose, Img/ml BSA , pH7.0 and ImM PMSF added just before use) to 

a concentration of 3.6 xlO^/ ml cells. The cells were incubated with [I^^^jNGF (1000 Ci/ 

mmol, Amersham) at a final concentration of InM with or without excess unlabelled 

NGF (500 nM, murine 2.5S NGF, Sigma) at 4®C for 2 hours. The chemical cross-linker 

disuccinimidyl suberate (Pierce) dissolved in Me2 SO was added to a final concentration 

of 150pM (in a final concentration of 0.5% Me2 SO). The reaction was incubated at room 

temperature for 30 minutes, the cells were subsequently washed three times with 10 ml G 

buffer, then either resuspended with lOOpl of G buffer, and solubilised with 1% NP40 for 

immunoprécipitation, or resuspended with lOOpl 62.5 mM Tris-HCl buffer, pH 6 .8 , and 

solublised with lOOpl 2x SDS sample buffer for electrophoresis only or for 

immunoblotting.

Immunoprécipitation was carried out as described previously, except that the 

preimmune antibody (1:250) was used for preclearing the extract. In addition, anti-NGF 

rabbit polyclonal antibodies (Sigma) (1:250) were used as an additional positive control 

to replace the irrelevant anti-bradykinin antibody. After electrophoresis, the gel was dried 

and visualized by autoradiography.

In order to see whether the band recognized by anti-peptide trk 1, 2 antibodies has 

the same molecular weight as the band labelled by NGF, immunoblotting using the
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alkaline phosphatase staining method followed by autoradiography was carried out as 

follows: after the blotting, the nitrocellulose was removed from the gel, and soaked 

immediately in 3% BSA/ 0.1% Triton-X-100/ ImM EDTA/ PBS blocking buffer for 2 

hours. Subsequently, the blocking buffer was poured off, and the nitrocellulose was cut 

into 2  strips for incubation with anti-peptide trk 1 and 2  antibodies diluted in the same 

blocking buffer (1:3000) overnight at 4°C. The following day, the strips were washed 

with 0.1% Triton-X-100/ ImM EDTA/PBS washing buffer at 4®C with three changes 

over 2 hours, and incubated with the second antibody, biotinylated anti-rabbit IgG 

(Amersham) diluted in the blocking buffer (1:10000) for 1 hour at room temperature. 

Subsequently, the strips were washed with ice cold washing buffer at room temperature 

with 3 changes over 2 hours, and incubated with streptavidin-linked alkaline phosphatase 

(Amersham) diluted in washing buffer (1:50000) for 1 hour at room temperature. 

Subsequently, the strips were washed twice with washing buffer and once with buffer A 

(25 ml of 2M Tris, 2.92g NaCl, 5.07g MgCl2  x 6 H2 O, made up to 500ml distilled water, 

pH 9.5) at room temperature over 2 hours, and visualised in alkaline phosphatase 

substrate solution (45 pi of 4-nitroblue-tetrazolium-chloride (NBT) stock solution and 35 

pi of 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) stock solution in 10 ml buffer A) for 

5-15 minutes at room temperature. NBT (Boehringer) stock solution was made up as 

follow: 75 mg in 1ml of 70% dimethylformamide/ distilled water. BCIP (Boehringer) 

stock solution was made up as follow : 50mg in 1ml of absolute dimethylformamide. The 

colour reaction was stopped by washing with a few changes of distilled water. The 

stained strips were then exposed to X-ray film at -70®C for 2 weeks. ■

Cell culture. PC 12 cells were cultured in DMEM (Dulbecco's modified Eagle's medium, 

with sodium pyruvate, lOOOmg/glucose, Gibco) medium supplemented with 10% fetal 

calf serum (Gibco), 2% 5000 lU/ml penicillin/ 5000 pg/ml streptomycin (Gibco), ImM 

glutamine in 800ml flask at 37^C, 5% CO2 . The medium was changed every 3 days and 

the cells were passaged (1:9) every week.
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Results

Generation of the anti-peptide antibodies directed against peptide sequences of 

human pl40^^^. Two rabbits were immunised with each of the peptides trk 1, 2 and 3. 

One rabbit in each group gave strongly positive antisera (titers > 1/ 50,000) compared to 

the preimmune serum in the ELISA (Figs. 1,2). Thus high titre antibody was produced to 

each of the three peptides.

Elution of antibodies by affinity column. None of the methods applied in this study 

were effective in eluting active antibodies from the column.

Absence of cross reactivity between anti-peptide trk 1 and 2 antibodies. Anti-peptide 

trk 1 serum was clarified by ammonium sulphate precipitation prior to passing it through 

affinity columns of peptide trk 1 and 2. The titre of the ammonium sulphate clarified 

antibody was as high as that of serum from the second and third bleeds. The clarified 

antibody was passed through an affinity column of peptide trk 2 , and the flow through 

from this column (first flow through) retained a high titre for peptide trk 1 antigen. 

However, after passage through of an affinity column of peptide trk 1, the anti-peptide 

activity of the flow through was nearly abolished (Fig. 3, second flow through). These 

observations suggested that no cross reactivity was detected between anti-peptide trk 1 

serum and trk 2  peptide, and the anti-peptide trk 1 antibody was directed against the 

epitopes on peptide trk 1.

Immunoprécipitation of tbe p l4 0 ^̂ k witb anti-pan-trk but not anti-peptide 

antibodies. ELISA analysis has shown that all three anti-peptide trk antibodies 

recognized epitopes on the peptide sequences of human p i40^^^ proto-oncogene product, 

(Fig.2). They were subsequently tested for their ability to immunoprecipitate the intact rat 

p l4 Qtrk proteins in PC12 cells. PC12 cells were metabolically labelled with L-^^S 

Methionine, and subsequently extracted with the non-ionic detergent NP40. PC I2 cell 

extracts were incubated with all anti-peptide antibodies. The negative controls were anti-
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bradykinin antibody and the preimmune serum, anti-pan-trk antibody was used as the 

positive control. The result is shown in Fig. 4.

The immunoprécipitation technique is working at the limit of sensitivity in this 

system, and long exposures of the autoradiograms were necessary to reveal specific 

immunoprecipitates. In spite of extensive washing of the immunoprecipitates, some 

heavily labelled non-specific low molecular weight bands were visible in all tracks, 

including the preimmune serum and the anti-bradykinin control antibodies. Nevertheless, 

a clear specific band was seen at about 140kd in the anti-pan-trk precipitate (lane 8 ), 

corresponding to the rat p i40^^^ protein. This region of the gel is completely free of 

bands in all the remaining lanes, corresponding to the negative control antibodies (lane 3, 

preimmune serum; lane 4, anti-bradykinin antibody), and all three anti-peptide antibodies 

(lane 5, 6 , and 7).

These results indicate that although the anti-peptide antibodies do recognise 

epitopes on peptide sequences taken from the human pl40^^K they did not detect rat 

p l4 Qtrk antigen from PC 12 cells. This may be due to any of three reasons: 1) The rat and 

human trk antigens may differ sufficiently in peptide sequences at the points probed by 

the antibodies that no cross-recognition is possible. 2) The antibodies may recognise the 

intact rat protein, but may be ineffective for immunoprécipitation, for example, because 

they have too low an affinity; although this situation is encountered with mouse 

monoclonal antibodies, it is less frequently observed with rabbit hyper-immune 

antibodies of high titre (Harlow and Lane, 1988). 3) The antibodies may be unable to 

recognise the peptide epitope in the intact protein, because the secondary structure of the 

protein makes these epitopes unavailable to the antibody.

Identification of a 140-150kd antigen using anti-peptide trk 1,2 antibodies by 

immunoblotting. Immunoblotting allows a direct examination of the antigens recognised 

by an antibody. In order to test further the ability of the anti-peptide antisera to recognise 

trk antigen, PC I2 cells and cerebellar homogenates were examined by immunoblotting
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with the antibodies. These two tissues were chosen because PC 12 cells are an authentic 

source of rat trk antigen, and anti-peptide trk antibodies have already been shown to stain 

Purkinje cells in rat cerebellar sections (Chapter 4).

The samples were electrophoresed on a 7.5% SDS gel and transferred to 

nitrocellulose. The blots were stained with all three anti-peptide trk sera, and with anti- 

pan-trk antibody. The result is shown in Fig. 5. All the antibodies stained a number of 

bands in both samples, but the majority of these bands differed in position between the 

different antibodies. A band at 140-150 kd was recognised by both anti-peptide trk 1 and 

2 antibodies in sample of rat cerebellum and PC 12 cells, and this was the only band 

which was common to both tissues and both antibodies. This band was not stained by 

either the anti-pan-trk antibody or the anti-peptide trk 3 antibody. These results are 

consistent with the results of immunocytochemistry (Chapter 4) which showed that only 

anti-peptide trk 1 and trk 2 antibodies stained the cerebellum, while anti-peptide trk 3 did 

not.

There was no band at the position appropriate for rat pMO^rk in the PC 12 sample 

stained by anti-pan-trk antibody, even though this antibody has been shown to 

immunoprecipitate this antigen from radiolabelled PC 12 cell extracts (Klein et al., 1991a; 

Kaplan et al., 1991). This is not surprising, since immunoblotting is a less sensitive 

technique than immunoprécipitation of L-[^^S] methionine labelled proteins, and it was 

difficult to demonstrate the presence of the antigen even with the latter technique. This 

observation has two consequences. First, it is not possible to say from these blotting 

experiments whether or not the anti-peptide trk 1 and 2  antibodies are able to recognise 

rat trk antigen, irrespective of their inability to immunoprecipitate it. It is, for example, 

possible that they do indeed recognise the rat trk antigen on immunoblots, but that the 

amount of antigen present is below the threshhold of detection, as is the case with the 

anti-pan-trk antibody. Second, it seems likely that the antigen detected by anti-peptide trk
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1 and 2  antibodies is a more abundant protein which may correspond to the antigen 

stained in sections of rat cerebellum. This possibility is addressed in the next section.

The 140kd-150kd antigen does not bind to NGF. To investigate further the relationship 

between the 140-150kd antigen detected by anti-peptide trk 1 and 2  antibodies and the trk 

family of antigens, labelled NGF was chemically cross-linked to its receptors on

PC 12 cells. The cross-linked labelled NGF receptor complex was either

immunoprecipitated with anti-peptide antibodies, preimmune serum, anti-NGF antibody 

and anti-pan-trk antibody, or immunoblotted with anti-peptide trk 1 and 2  followed by the 

alkaline phosphatase staining method and then exposure to X-ray film.

When the radiolabelled NGF complex was solubilised in sample buffer and 

loaded onto an SDS-polyacrylamide gel, two distinct diffuse molecular species became 

radiolabelled. One of them exhibited an electrophoretic migration with a molecular 

weight of 150kd to 160kd, and may correspond to NGF-pl40^^^ complex. (Fig. 6 , lane 1) 

The other molecular species displayed a molecular weight of 80kd to 90kd, and is likely 

to correspond to NGF-p75 complex (Fig. 6 , lane 1). The specific labelling could be 

blocked when the cross-linking was carried out in the presence of a 500-fold excess of 

unlabelled NGF (Fig. 6 , lane 2 and Table 1).

When the radiolabelled NGF complexes were immunoprecipitated with 

preimmune serum, anti-pan-trk antibody, anti-NGF antibody and all anti-peptide 

antibodies, both the anti-pan-trk and anti-NGF antibodies recognized a 150k-160k 

molecular species (Fig. 7, lane 2 and lane 6 , Table 2), which corresponded to the cross- 

linked NGF-pl40^**^ complexes. In addition, the anti-NGF antibody also 

immunoprecipitated a molecular species with a molecular weight similar to NGF-p75 

complexes. No immunoprécipitation of labelled material was observed with either 

preimmune serum or any of the three anti-peptide antibodies. (Fig. 7, lane 7 and lane 3, 4, 

5, Table 2).
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To determine whether anti-peptide trk 1 and 2 antibodies can recognize the 

p l4 0 trk in cross-linked NGF complexes, the radiolabelled cells were solubilized in 

sample buffer and loaded directly onto SDS-polyacrylamide gel. Subsequently, the 

proteins were immunostained with those antibodies, and the blots were exposed to X-ray 

film afterwards. This experiment allowed a comparison between the radiolabelled NGF 

receptor and the 140-150 kd antigen recognised by anti-peptide trk 1 and 2 antibodies. 

The results were shown in Fig, 8 . Both antibodies recognized the 140kd-150kd antigen 

which was clearly separated from the radiolabelled NGF-complexes. The above results 

indicate that the novel antigen is not rat p i40^^^, nor its isoform. It is not the NGF 

receptor present on PC 12 cells.
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Table 1. Radioactivity of gel samples. PC 12 cells (3.6 x 10^/ml cells) were equally 

divided into two aliquots. The cells were then cross-linked to [ll^^]NGF (InM, 

1 ,OOOCi/mmol) with or without excess unlabbed NGF (500 nM). The cells were 

solublised with SDS sample buffer and the radioactivity present in each aliquot was 

counted in a gamma counter (Table 1). The lysates were then subjected to gel 

electrophoresis, and an autoradiogram of the dried gel appears in Fig. 6 .

Lanes of gel [I125]n g F cross-linked 

to PC12 cells

C.P.M.

Lane 1 InM [I125] n GF 107245

Lane 2 InM [I125] n GF with 500 

nM unlabelled NGF

58853
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Table 2. Radioactivity of gel samples. [I^^^INGF (InM, l,OOOCi/inmol) was cross- 

linked to the P C I2 cells and the cells were lysed with NP40 described in Materials and 

Methods. The lysate was divided into seven aliquots and immunoprecipited with anti- 

pan-trk antibody, all three anti-peptide antibodies, anti-NGF antibody, and preimmune 

serum. The radioactivity present in the washed immunoprecipitates was then determined 

in a gamma counter prior to electrophoresis of the precipitates (Table 2). The 

immunoprecipitated samples were subsequently subjected to electrophoresis and an 

autoradiogram of the dried gel appears in Fig. 7.

Lanes of gel [I125]n g f  cross-linked 

PC12 cell lysates which 

were immunoprecipitated 

with following antibodies

C.P.M.

Lane 2 anti-pan-trk antibody 1224

Lane 3 anti-peptide trk 1 

antibody

101

Lane 4 anti-peptide trk 2 

antibody

186

Lane 5 anti-peptide trk 3 

antibody

113

Lane 6 anti-NGF antibody 13118

Lane 7 preimmune serum 122



Fig.1 Titres of preimmune sera
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Fig. 2 Titres of anti-peptide antibodies trk l
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Fig. 3 Titres of anti-peptide trk 1 antibody after passing 2
columns
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Fig. 4: Im m unoprécipitation o f the pl40^*'*^ with an ti-p an -trk  but not anti-peptide
antibodies.

M.W. 1 2 3 4 5 6  7

200

97

P C I2 cells were labelled with 500|iC i L-[^^S] m ethionine, and lysed with NP40. Tbe 
lysates were divided into six aliquots and im m unoprecipited with preim m une serum  
(lane 3, negative control), an ti-b radykin in  antibody (lane 4, negative control), tbe three 
anti-peptide rab  1, 2, and 3 antibodies (lane 5, 6 , and  7 respectively) and an ti-p an -trk  
antibody (positive control) (lane 8 ). Tbe im m unoprecipitates were subsequently 
subjected to electrophoresis, and  tbe dried  gel was exposed to X-ray film. Tbe anti-pan- 
trk  antibody recognized a 140kD molecule species in tbe autoradiogram  (indicated by 
an arrow ). M arkers (lane 1, 2).
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Fig. 5: A 140-150 kD p ro te in  recognized by anti-peptide antibodies raised against
hum an  gpMO^**^^ peptide sequences.

P C M  M C P M C P M C P MW

200

97

anti-pan-trk anti-peptide anti-peptide anti-peptide 
rab 1 rab 2 rab 3

PC12 cells (P) and hom ogenates from  cerebellum  (C) were solublised w ith SDS sam ple 
buffer and were subjected to electrophoresis. The gel was subsequently im m unoblotted 
with an ti-pan-trk , anti-peptide antibodies. The im m unoblots were then dried  and 
exposed to X-ray film. Note tha t anti-peptide ra b l ,  rab2  antibodies bu t not an ti-pan -trk  
and anti-peptide rab3  antibodies can recognize a 140-150 kD pro tein  (indicated by 
arrow s). A nti-peptide rab3  gave no positive staining on tissue sections. M : m ark er
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Fig. 6 : The labelling of l^^I-labelled  NGF complex could be blocked by 500-fold excess
of unlabelled NGF.

M.W.

t
200

97

PC 12 cells were equally divided into two aliquots, and  the cells were chemically cross- 
linked to l^^I-labelled  NGF (InM , l,OOOCi/mmol) with or w ithout a 500-fold excess 
unlabelled NGF. The cells were then solublised in sam ple buffer and  the radioactivity 
present in the aliquots were counted in a gam m a counter (Table 1) p rio r to 
electrophoresis. The lysates were subsequently loaded onto SDS-polyacrylam ide gel. 
Two distinct diffuse m olecular species were radiolabelled (lane 1, indicated by 
brackets). One has a m olecular weight of 150-160 kd (indicated by a bigger arrow ) . 
The o ther has a m olecular weight of 80-90 kd (indicated by a sm aller arrow ). There are 
no corresponding bands when the cross-linking was carried  out, in the presence of a 
500-fold excess of unlabelled NGF (lane 2). M ark er (lane 3).
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Fig. 7: The NGF-gp 140̂ ***̂  complexes could be im m unoprecipitated by an ti-pan -trk  and 
anti-N G F antibodies, bu t no t anti-peptide antibodies.

M.W. 1 2 3 4 5 6 7

200

97

12^1-labelled NGF (InM , l,OOOCi/mmol) was cross-linked to PC12 cells. The cells were 
then lysed with NP40 and divided into seven aliquots. The radioactivity present in the 
aliquots was counted (Table 2) and  the lysates w ere im m unoprecipited with anti-pan- 
trk  antibody (lane 2), tbe th ree  anti-peptide antibodies (lane 3, 4, 5), anti-N G F antibody 
(lane 6 ) and preim m une serum  (lane 7). The im m unopricipitates were subsequently 
subjected to electrophoresis. A fter electrophoresis, the gel was dried  and exposed to the 
X-ray film. Note th a t both an ti-pan -trk  and  anti-N G F antibodies recognize NGF- 
gpMOt***  ̂complexes (indicated by big arrow s), in addition, anti-N G F antibody also 
im m unoprecipitates NGF-p75 complexes (indicated by a small arrow ). M ark er (lane 1).
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Fig. 8 : The pro tein  recognized by antibodies raised against hum an  gpl40t**^^ does not
bind to NGF.

P P M P P M P P M P P M  1^25 Label M.W.

* »
4 m

Alkaline I^^Sn GF 
phosphatase exposure

200

NGF-gp 140trk

97

NGF-p75

Alkaline 1125 NGF
phosphatase exposure

rabl (strips 1,2) rab2 (strips 3, 4)

n g F  (InM , l,OOOCi/mmoI) was cross-linked to PC12 cells (P). Tbe cells w ere lysed 
and subjected to electrophoresis. Tbe gel was then cut in h a l f , one half was im m ediately 
exposed to tbe film (strips 2, 4), and  tbe o ther was firstly im m unoblotted w ith a n ti
peptide r a b l ,  ra b 2  antibodies using tbe alkaline phosphatase staining m ethod, followed 
by exposing to tbe film (strips 1, 3). Note th a t tbe band recognized by anti-pep tide  r a b l ,  
rab2  antibodies (indicated by tbe arrow s) has a different mobility from  th a t of tbe N GF 
trk  complex (indicated by brackets).
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Discussion

The advantages of anti-peptide antibodies are that they can be prepared directly 

after determining the amino acid sequence of a protein, without the need to purify the 

protein in large amounts, and that particular regions of a protein can be targeted 

specifically for antibody production. The major problem that is frequently encountered is 

that these anti-peptide antibodies may fail to recognize the native protein. Assays that 

need anti-native antibodies, such as immunoprécipitation, will succeed only when the 

peptide sequence is displayed on the surface of the native molecule in a conformation 

similar to the peptide-carrier conjugate. (Harlow and Lane, 1988). The results presented 

in this study showed that of three anti-peptide trk antibodies directed against different 

peptide sequences of human p i40^^^ protein, two recognized a 140k to 150k protein in 

homogenised adult rat cerebellum and PC 12 cells by immunoblotting, but did not identify 

any proteins in a similar molecular weight range by immunoprécipitation. This 

discrepancy may be explained by the different techniques employed in immunoblotting 

and immunoprécipitation. In immunoblotting, the samples are denatured by boiling in 

SDS sample buffer before being loaded on the gel. This will unfold' proteins and expose 

epitopes which may be inaccessible to the antibody in the native conformation. In 

contrast, immunoprécipitation relies on the formation of the antigen-antibody complex in 

solution at relatively low concentrations of the undenatured antigen before gel 

electrophoresis. Without prior dénaturation, the epitopes recognised by the anti-peptide 

trk 1 and 2 antibodies may be inaccessible, which would explain the inability of the 

antibodies to immunoprecipitate the 140-150 kd antigen.

The amino acid sequences of the peptides chosen to generate the antibodies share 

6 8 % (peptide trk 1) and 75% (peptide trk 2) homology with the rat trk proto-oncogene 

amino acid sequences (Meakin et al., 1992). However, synthetic oligonucleotide probes 

complementary to the mRNA of the rat trk cDNA sequences (Merlio et al., 1992; 

Ringstedt et al., 1993; Ernfors et al., 1992) have failed to detect this mRNA in the rat
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cerebellum in in situ hybridization experiments, irrespective of the age of the rats 

employed. In contrast, the anti-peptide trk 1 and 2 antibodies did reveal a specific pattern 

of staining in the rat cerebellum (Chapter 4). This may be due to that the degree of 

sequence homology between the rat trk antigen and the novel antigen is insufficient to 

allow the detection of the mRNA encoding the novel antigen based on the rat antigen 

sequence.

These present results indicate that a previously unknown antigen has been 

detected by the antibodies raised against the human p i40^^^ peptide sequences. It seems 

likely that the new antigen and the human trk antigen have some fortuitous amino acid 

sequence similarity in the regions represented by these peptides. These similarities lead to 

the expression of similar epitopes at these sites, and these are detected by the anti-peptide 

antibodies. However, the similarities at these localised sites do not necessarily indicate a 

general level of sequence homology between the proteins throughout the entire amino 

acid sequences.

Meakin et al (1992) isolated a rat trk proto-oncogene from a PC I2 cell library. 

The oligonucleotide probes they used were based on amino acids 297-303 and 486-491 of 

the human trk sequences. For comparison, the peptides used to generate the anti-peptide 

trk 1 and 2 antibodies in this study correspond to amino acids 33-57 and 373-400 of the 

human trk sequences. These antibodies were therefore raised against completely different 

regions of the human trk sequences from those represented by the oligonucleotide probes 

of Meakin et al (1992). This is likely to be the reason that Meakin et al failed to detect the 

clones corresponding to the novel antigen detected by the anti-peptide antibodies, since 

the presence of specific regions of high homology between this and the human trk antigen 

does not indicate that such homology exists throughout the entire length of the sequences.

The anti-pan-trk antibody failed to detect p l4 0 ^^k protein in immunoblots of 

PC12 cells. The trk antigen is expressed only at low levels in these cells (Massague et al., 

1981; Hosang and Shooter, 1985), and it is likely that immunoblotting is too insensitive
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to reveal such small amounts of antigen. In contrast, the antigen recognised by the anti

peptide antibodies was readily apparent on immunoblots of both cerebellar and PC 12 

samples, suggesting that it may be more abundant than p i40^^^ in these samples. This 

also suggests that this antigen is distinct from p i40^^^, and this suggestion is confirmed 

by the results of the NGF cross-linking/ immunoblotting experiment which clearly 

demonstrated the different mobilities on the same gel of the cross-linked NGF receptor 

(pl40trk) and the antigen recognized by anti-peptide trk 1 and 2 antibodies. This 

experiment also indicates that the novel antigen is not a prevously undescribed receptor 

for NGF.

The amino acid sequences of the peptides trk 1 and 2 used to generate these 

antibodies do not share any homology to that of trkB which is a physiological receptor 

for BDNF and NT-4 (Soppet et al., 1991; Klein et al., 1991a; Klein et al., 1992), or with 

that of trkC which is a physiological receptor for NT-3 (Lamballe et al., 1991). However, 

immunocytochemical studies (see chapter 4) using anti-peptide trk 1 antibody showed 

that the distribution patterns in the rat nervous system shared some similarity with that of 

trkB or trkC probes. The novel antigen has a molecular weight of 140-150 kd, similar to 

those of the trk family of tyrosine protein kinases (Barbacid et al., 1991). This, together 

with the similarities to trk B and trk C distribution patterns in the nervous system, 

prompts the hypothesis that the novel antigen is the receptor for a yet unfound member of 

the neurotrophin family. The cloning and sequencing of the cDNA encoding the antigen 

will provide a further test of this hypothesis.
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Chapter 4; The distribution and developmental pattern of a novel 

antigen recognized by antibodies raised against human p l4 0 trk peptide 

sequences: immunoreactivity in the rat nervous system 

Introduction

Neuronal development and maintenance of normal function in both the PNS and 

CNS are regulated by target-derived neurotrophic factors. Using a two-site immunoassay 

and Nothern blot analysis, it has been found that NGF, which is the prototype for these 

trophic proteins, is produced predominantly in the innervated organs, and the amounts of 

NGF and messenger RNA encoding it are correlated with the density of innervation 

(Korsching and Thoenen, 1983; Shelton and Reichardt, 1984). In situ hybridization with 

NGF cDNA has provided evidence that NGF in innervated organs is synthesized mostly 

by target cells (Bandtlow et al., 1987). NGF mediates its effects by binding to specific 

receptors located on the nerve terminals of responsive neurons. It is then internalized and 

retrogradely transported to the nerve cell bodies, where its biological actions take place 

(for reviews, see Levi-Montalcini, 1987; Thoenen et al., 1987).

Cells which are responsive to NGF include sympathetic and neural crest-derived 

sensory neurons. In addition, NGF promotes the survival of basal forebrain cholinergic 

neurons both in vivo and in vitro (For reviews, see Thoenen and Barde, 1980; Thoenen et 

al., 1987). Retrograde transport studies using l^^I-labelled neurotrophins injected into 

adult rats have shown that NGF is retrogradely transported in DRG and sympathetic 

neurons (Stockel and Thoenen, 1975; Distefano et al.,1992), but not motor neurons. 

(Distefano et al., 1992). In the CNS, retrograde transport of ^^^I-NGF is observed from 

the dorsal hippocampus to the medial septal nucleus, and the diagonal band of Broca. 

(Distefano et al., 1992). High affinity NGF binding autoradiography studies have 

confirmed that NGF binds selectively to most sympathetic neurons and many primary
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sensory neurons. In addition, labelled neurons are seen in the basal forebrain, the caudate- 

putamen, the medulla oblongate, the ventral cochlear nucleus, and the dorsal nucleus of 

the lateral lemniscus (Richardson et al., 1986).

Neurotrophins mediate their biological actions by binding to high affinity 

neuronal receptors. A protein tyrosine kinase receptor of 140k molecule weight (pl40^^^) 

encoded by the proto-oncogene trk (Martin-Zanca et al., 1989) has been shown to 

constitute an essential component of the high affinity NGF receptor. (Klein et al., 1991a; 

Kaplan et al., 1991). During mouse embryonic development , a single trk transcript of 

3.2kb is first detected at embryonic day (E) 9.5. (Martin-Zanca et al., 1990). In situ 

hybridization has shown that trk expression is confined to sensory cranial ganglia 

(trigeminal, superior, jugular) and DRG of neural crest origin at E l3.5 .(Martin-Zanca et 

al., 1990). In the adult rat, trk mRNA was found in most sympathetic neurons, and in 

40% of DRG neurons, with slightly less labelling in trigeminal ganglion neuorns, and 

only about 5 % in nodose ganglia. (Verge et al., 1992). In the adult rat CNS, trk 

expression is restricted to neurons of the basal forebrain, with features of cholinergic cells 

such as the medial septal nucleus, nucleus of the diagonal band of Broca, substantia 

innominata, nucleus basalis of Meynert, caudate-putaman, and some brainstem nuclei 

including the gigantocellular, paragigantocellular, and prepositus hypoglossal nuclei 

(Merlio et al., 1992).

In previous studies (Chapter 3), the biochemical characterization of anti-peptide 

trk antibodies raised against human pl40^^^ peptide sequences showed that the antigen 

those antibodies recognized was not an NGF receptor. Nevertheless, the 140-150kd 

molecular weight of the antigen, a size similar to those of the trk family of tyrosine 

protein kinase (Barbacid et al., 1991), suggests the possibility that the antigen is a novel 

member of or closely related to the trk family of transmembrane proteins, and encourages 

further investigation of this antigen. The aim of this particular study is, therefore, to
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examine the distribution and developmental pattern of the novel antigen. This has been 

done using the anti-peptide trk antibodies for immunocytochemical staining.

Materials and methods

Antibodies

Rabbit polyclonal anti-peptide trk 1 , 2 , 3  antibodies were raised against peptide 

trk 1 (corresponding to amino acid residues 33-57 of human p l4 Qtrk peptide sequences, 

Martin-Zanca et al., 1989), peptide trk 2 (corresponding to amino acid residues 373-400), 

and peptide trk 3 (corresponding to amino acid residues 532-561).

Preparation of tissue

Tissues were obtained from Sprague-Dawley rats aged E l4, E l7, E21, PO, P3, 

P5, and adults (200-250g). Rats were mated and conception confirmed by observation of 

a vaginal plug. The day the plug was detected was counted as embryonic day (E) 0 and 

the day of birth as postnatal day (P) 0.

Pregnant dams, postnatal pups, and adult rats were anaesthetized with 

pentobarbitone (50 mg/kg, i.p.). The embryos were removed from anaesthetized pregnant 

dams by Caesarian section. The embryos, postnatal pups and adult rats were subsequently 

perfused transcardially with saline until cleared of blood, followed by 4% 

paraformaldehyde in O.IM phosphate buffer (pH 7.4). Tissues of interest were removed 

and postfixed for 4-18 hours before transferring to 20% sucrose solution in 0.1 M 

phosphate buffer for cryoprotection.

Immunocytochemistry

Frozen sections from blocks of embryonic tissues containing the DRG, spinal 

cord and brain, and from ganglia of postnatal and adult animals, were cut at 30 pm
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(embryonic tissues were cut in coronal planes) on a cryostat and thawed on to gelatin 

coated slides. Coronal sections from spinal cord and brains of postnatal and adult animals 

were cut at 50 pm on a freezing microtome and collected in 0,1 M phosphate-buffered 

saline (PBS), and stained free-floating.

The sections were preincubated in 0.3% H2 O2  in PBS for 20 minutes to reduce 

endogenous peroxidase activity and then washed thoroughly with buffer. Subsequently, 

sections were incubated with 10% normal goat serum (Vector) in PBS containing 0.2% 

Triton X-100 for 1 hour, followed by anti-peptide trk 1, 2, and 3 antibodies at dilutions 

ranging from 1:5000 to 1:15000 for 24 hours at 4®C. Dilutions were made in PBS 

containing 1% goat normal serum and 0.2% Triton X-100. After washing with several 

changes of PBS/ 0.2% Triton X-100 washing buffer for 1-2 hours» the following steps 

were carried out at room temperature with washing buffer washes after each step. 

Sections were incubated with biotinylated anti-rabbit IgG (Vector) (1:250, diluted with 

washing buffer) for 1-2 hours, followed by Vectastain ABC Elite kit (Vector), both for 1 

hour at room temperature. The stain was visualized using 0.05% 3,3'-diaminobenzidine 

tetrahydrochloride (Sigma) in 0.05M Tris-HCl, pH 7.6 plus 0.01 % H2 O2  After staining, 

free-floating sections were mounted on gelatinized slides, dehydrated, cleared in 

Histoclear and coverslipped using DPX mountant.

Nonspecific staining was assessed by substitution of the primary antibodies with 

either preimmune serum or irrelevant bradykinin antibodies for all the sets of tissue, and 

in each case these controls were negative (Figs. 1, 2, 3). The specificity of anti-peptide 

antibodies was checked by the pre-absorption of primary antibodies with lOOjiM anti-trk 

1 peptide (negative control) and irrelevant bradykinin peptide (positive control)(Figs, 4, 

5).

Results
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Of three anti-peptide trk antibodies, anti-peptide trk 1 and 2 gave similar pattern of 

positive staining. In contrast, anti-peptide trk 3 did not stain any tissue at all. Several 

anatomical regions at different stages of development were studied but, unless specified 

in the text, results refer to the staining using anti-peptide trk 1 antibody.

Immunoreactivity of the novel antigen in the adult peripheral ganglia and spinal 

cord. In DRG sections, immunoperoxidase staining was found in cell bodies of all sizes, 

with a varying intensity. Heavily labeled neurons tended to be small diameter, which 

occasionally overlayed on top of the lightly stained large neurons. The reaction product 

was concentrated in the cytoplasm and the axons were free of staining. No 

immunoreactivity was found in the perineuronal satellite cells (Fig. 6 ). In sections of 

superior cervical and nodose ganglia, the staining pattern was similar to that of DRG 

sections. The majority of neurons were immunoreactive, and the labeling intensity again 

was heterogeneous (Figs. 7, 8). In spinal cord sections, the ventral horn motorneuron pool 

was densely stained. No immunoreactivity was found in the white matter (Fig. 9). Some 

preganglionic neurons were observed at the thoracic level of the spinal cord segments 

(data not shown).

Immunoreactivity of the novel antigen in the adult rat hrain. The distribution of 

immunoreactivity in various parts of the rat brain was examined on 50 pm freezing 

microtome coronal sections. Results were presented as brain sections cut rostrally to 

caudally following the description in the atlas of Paxinos and Watson (1986). In general, 

areas that were not significantly labeled above background are not mentioned.

In the hippocampus, a rather diffuse staining pattern was seen in the granule layer 

of the dentate gyrus and throughout the pyramidal layer of the hippocampus (Fig. 10). The 

staining in the cell bodies and dendrites was stronger then that in the neuropil and grey 

matter. Most neurons in the thalamus appeared to be positive stained, such as the
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ventroposterior thalamus nucleus, post and mediodorsal thalamus nuclei, central medial 

thalamus nucleus, and central lateral thalamus nucleus, although the staining in the 

ventroposterior nucleus was more obvious (Figs. 11, 12). In the hypothalamus, heavy 

staining was seen in hypothalamic paraventricular nucleus and supra-optic nucleus (Figs. 

13, 14). In all cases staining was uniformly distributed throughout the perikarya, but 

cellular processes was not evident.

The most heavily stained neurons in the midbrain were found in the medial 

geniculate body (Figs. 15, 16). In addition, substantia nigra, especially in the pars 

compacta (Fig. 17), central gray (Fig. 18), and red nucleus (Figs. 18) were also labeled.

The nature of the intense staining in the brainstem seemed to be punctate, labeling 

could be seen over many cells in the superior olivary nucleus, medial nucleus trapezoid 

body (Fig. 19) throughout the reticular formation, in the scattered layer positive neurons 

(Figs. 19, 20). In addition, motor nucleus of vagus (Fig. 20) hypoglossal nucleus (Fig. 

20), inferior olivary nucleus (Fig. 20), gracile nucleus (Fig. 20), cuneate nucleus (Fig. 

20), and spinal nucleus of trigeminal were also distinctly stained (Fig. 20). In these areas, 

neuropils were obvious opposed to the absence of staining in the adjacent white m atter..

The heaviest staining in the brain was found to be in the Purkinje layer of the 

cerebellum. An intense labeling was seen over the perikarya of Purkinje cells (Figs. 21, 

22, 23). In addition, the branching dendrites but not the axons were also stained. The deep 

cerebella nuclei were labeled but not as strong. No immunoreactivity was observed in the 

granule or molecular layers.

In all brain sections, no evidence was found of staining in any glial structures or 

white matter.
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Immunoreactivity of the novel antigen in the developing rat DRG and CNS. The

distribution of immunoreactivity in developing rat DRG and CNS was examined on 

frozen sections of fixed embryonic (E14, E17, E21) and postnatal (PO, P3, P5) tissues 

stained with anti-peptide trk 1 antibody. The immunoreactivities in the developing DRG 

and spinal cord were both first detected at PO. In the DRG, virtually all the neurons were 

stained positively (Fig. 24). In the spinal cord, only motomeurons were labeled, no 

staining was seen in the dorsal horn (Fig. 25).

In the developing brain, positive staining was first found at PO. In general, the 

staining at this stage was weak and extremely diffuse. In the forebrain, the anterior 

olfactory nucleus, the anterior commissure (Fig. 26), neocortex (Fig. 27), lateral septal 

nucleus (Fig. 27), caudate-putamen (Fig. 27) were stained. Positive staining in the 

hippocampus was only seen in the pyramidal layer of the hippocampus, but not in the 

dentate gyrus (Fig. 28). In the diencephalon, labeling was seen in most thalamus nuclei 

(Fig. 29), hypothalamus paraventricular nucleus (Fig. 29) and arcuate nucleus (Fig. 29). 

There was intense immunoreactivity in the mesencephalon, such as substantia nigra (data 

not shown), central gray (Fig. 30), occulomotor nucleus (Fig. 30), and red nucleus (Fig.

30). In the myelencephalon, strong staining was seen in the superior olivary nucleus (Fig.

31), reticular formation (Fig. 31), in addition, weak traces of staining was seen in the 

paraflocculus nucleus, vestibular nucleus, facial nerve nucleus, motor trigeminal nucleus 

(data not shown). In contrast, strong patches of staining were found in the cuneate 

nucleus (Fig. 32). In the cerebellum, labeling seemed to be confined to the Purkinje layer, 

but the precise cellular location of this diffuse immunoreactivity was difficult to establish 

(Fig. 33).

Immunoreactivity of the novel antigen in the PC12 cells. Although PC I2 cells has 

been shown to express endogenous p l4 Qtrk (Kaplan et al., 1991), biochemical 

characterization of the novel antigen using PC I2 cells as a source showed that it was not
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an NGF receptor (Chapter 3). To verify that this novel antigen is expressed in PC I2 cells, 

immunostaining using anti-peptide trk 1 antibody was performed. PC 12 cells were grown 

on 35 mm culture dishes (Gibco) for a period of time (see Chapter 3), then fixed with 4% 

paraformaldehyde in 0.1 M PBS (pH 7.4) for 30 minutes, rinsed with PBS, and the rest of 

the procedures were followed as previous described.

The results showed that every cell in culture was heavily labeled (data not shown). 

This verified that the novel antigen is endogenously expressed in PC 12 cells. Which is 

not surprising, since PC 12 cells is of sympathetic origin.
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Figs.l, 2, 3. Distribution of the anti-peptide trk 1 (Fig. 1), preimmune (Fig. 2), irrelevant 

bradykinin antibodies (Fig. 3) immunostaining in the Purkinje cells. Note in 1 dense 

staining of the Purkinje layer (arrow). Scale bar : 10 jim.
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Figs. 4, 5 Pre-absorption of the anti-peptide trk 1 antibody with anti-trk 1 peptide (Fig. 4) 

and Bradykinin peptide (Fig. 5). Note in 4 the staining in the Purkinje cells is greatly 

reduced, in contrast, in 5 there is a strong staining of the Purkinje layer. Scale bar: 10 p.m.
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Fig. 6 . Distribution of anti-peptide trk 1 immunostaining in adult DRG. Scale bar: 20 pm.
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Fig. 7. Distribution of anti-peptide trk 1 immunostaining in adult superior cervical

ganglion, scale bar: 10 pm.
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Fig. 8. Distribution of the anti-peptide trk 1 immunostaining in adult nodose ganglion.

Scale bar: 10 pm.
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Fig. 9. Distribution of anti-peptide trk 1 immunostaining in the adult spinal cord. Note

the intense staining of motorneuron pools in the ventral cord. Scale bar: 500 pm.
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Fig. 10. Distribution of anti-peptide trk 1 immunostaining in adult hippocampus. Note the 

diffuse staining in the dentate gyrus and throughout the pyramidal layer of hippocampus. 

Scale bar: 500 pm.
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Fig. 11. Distribution of anti-peptide trk 1 immunostaining in the adult thalamic nuclei. 

Note the staining in ventroposterior nucleus and post and mediodorsal nucleus. Scale bar: 

500 |im.
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Fig. 12. Distribution of anti-peptide trk 1 immunostaining in the adult thalamic nuclei.

Note the staining in the central medial nucleus and central lateral nucleus. Scale bar; 500

pm.
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Fig. 13. Distribution of anti-peptide trk 1 immunostaining in the adult hypothalamus

paraventricular nucleus (large arrow) and supra-optic nuclei (small arrow). Scale bar: 500

pm.
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Fig. 14. Higher magnification of supra-optic nuclei staining. Scale bar: 10 |L im
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Fig. 15. Distribution of anti-peptide trk 1 immunostaining in the adult medial gemcuate

body. Scale bar: 500 pm.
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Fig. 16. Higher magnification of medial genicuate body staining. Scale bar: 10 |im.
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Fig. 17. Distribution of anti-peptide trk 1 immunostaining in the adult substantia nigra,

especially in the pars compacta. Scale bar: 500 pm.
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Fig. 18. Distribution of anti-peptide trk 1 immunostaining in the adult central gray (large

arrow) and red nucleus (small arrow). Scale bar: 500 pm.
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Fig. 19. Distribution of anti-peptide trkl immunostaining in the adult superior olivary

nucleus (small arrow) and medial nucleus trapezoid body (large arrow). Scale bar; 500 p

m.
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Fig. 20. Distribution of anti-peptide trk 1 immunostaining in the adult brain stem nuclei. 

Note the staining in the gracile nucleus (G), cuneate nucleus (C), motor nucleus of vagus 

(M), hypoglossal nucleus (H), inferior olive nucleus (I), reticular formation (R), nucleus 

spinal trigeminal nerve (T). Scale bar: 500 pm.
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Fig. 21. Distribution of anti-peptide trk 1 immunostaining in the adult cerebellum. Note 

the intense staining in the Purkinje cells (large arrow) (higher magnification see Fig. 22, 

23), and deep cerebellar nuclei (small arrow). Scale bar: 500 pm.
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Fig. 22. Higher magnification of Purkinje cells staining. Note the dendrites were stained 

whereas axons were not. Scale bar; 20 pm.
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Fig. 23 Higher magnification of Purkinje cells staining. Scale bar: 40 |i,m.
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Figs. 24, 25. Distribution of anti-peptide trk 1 in the PO DRG (Fig. 24) and spinal cord 

(Fig. 25). Note that all DRG cells and only motorneuron pools in the ventral horn were 

stained. Scale bar: 500 pm.
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Fig. 26. Distribution of anti-peptide trk 1 immunostaining in the developing olfactory

system. Note the staining in the anterior commissure (large arrow) and olfactory nucleus

(small arrow). Scale bar: 500 pm.
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Fig. 27. Distribution of anti-peptide trk 1 immunostaining in the PO rat forebrain. Note 

the diffuse staining in the neocortex (large arrow), caudate-putamen (open arrow) and 

lateral septal nucleus (small arrow). Scale bar: 1.9 mm.
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Fig. 28. Distribution of anti-peptide trk immunostaining in the PO rat brain at the level of 

hippocampus. Note the staining in the pyramidal layer of hippocampus, but not in the 

dentate gyrus. Scale bar; 1.9 mm.
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Fig. 29. Distribution of anti-peptide trk 1 in the PO rat brain. Note the staining in the 

thalamus nuclei (open arrow), hypothalamus paraventricular nucleus (large arrow) and 

arcuate nucleus (small arrow). Scale bar: 1.9 mm.
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Figs. 30, 31. Fig. 30. shows the Distribution of anti-peptide trk 1 immunostaining in the 

PO occulomotor nerve nucleus (0), red nucleus (R). Fig. 31 shows the staining in the PO 

superior olive nucleus (large arrow) and reticular formation (small arrow). Scale bar: 500 

pm.
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Fig. 32. Distribution of anti-peptide trk 1 immunostaining in the PO cuneate nucleus.

Scale bar: 500 pm.
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Fig. 33. Distribution of the anti-peptide trk 1 immunostaining in the developing

cerebellum. Note the staining in the Purkinje layer. Scale bar: 1.9 mm.
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Discussion

The present results revealed a complex and widespread pattern of staining for the 

novel antigen. The majority of DRG, SCO, nodose ganglion neurons were 

immunoreactive. In the CNS, high levels of staining were found in specific motorneuron 

pools, the hippocampus, thalamus, hypothalamus, midbrain, brainstem, and in particular 

in the Purkinje cells of the cerebellar cortex.

In the adult rat, trkA mRNA is expressed by most or all sympathetic neurons, but 

only 40% of DRG neurons, and 5% of nodose neurons (Verge et al., 1992), whereas in 

this study the majority of DRG, SCG and nodose neurons expressed the novel antigen. 

TrkB and trkC mRNA are expressed in the adult spinal motorneurons (Merlio et al., 

1992), and low affinity NGF receptor-p75 mRNA in the spinal motorneurons is expressed 

transiently during development (Emfors et al., 1989). However, no high affinity binding 

sites for NGF or trkA mRNA expression have ever been detected in the motorneurons. In 

contrast, the staining of the novel antigen in the ventral horn spinal motorneuron pools 

was seen at an early age and in the adult.

The immunoperoxidase results showed that the novel antigen is preferentially 

located in the Purkinje layer of the adult cerebellum. Although weak traces of the staining 

were detected in the deep cerebellar nuclei, the most intensive labeling was distributed 

over the perikarya of the Purkinje cells and their dendrites. Axons and other cells in the 

cerebellar cortex were completely free of staining. This staining pattern is in keeping with 

the possibility that the novel antigen may be a receptor for an unknown ligand. The 

Purkinje cells are the output neurons of the cerebellar cortex, and they have been shown 

to be GABAergic (Faull and Mehler, 1985). Since the antibody stained cholinergic 

neurons of the CNS (see below), the expression of the novel antigen is not restricted 

therefore to cells with one phenotype. In addition, since the labeling of the novel antigen
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in Purkinje cells can be seen both at an early age and in the adult, it is possible that this 

molecule plays a role for these cells in their development and in their mature stages. In 

contrast, trk A mRNA has never been found in the cerebellum, trkB and trkC mRNAs are 

seen in the granule cell layer, and trk B but not trkC mRNA, in cells of the Purkinje layer 

(Klein et al., 1990; Lamballe et al., 1991). There is, however, no homology between the 

peptide sequences selected for producing the anti-peptide trk antibody and trkB. In 

accordance with the distribution of neurotrophin receptors, NT-3 and BDNF mRNAs 

both have been detected in the adult cerebellum (Ennfors et al., 1990; Hofer et al., 1990). 

This suggests that trophic support of Purkinje cells may derive from NT-3 and BDNF, or 

possibly unidentified neurotrophins acting on trk-like receptors.

The staining for the novel antigen could be detected in a number of extracerebellar 

locations in the CNS, but nowhere was the density of staining equal to that seen in the 

Purkinje cells. The staining over the dentate gyrus was not seen at an early age, whereas a 

homogenous labelling was detected in the granule layer of the dentate gyrus and 

throughout the pyramidal layer of the hippocampus. NGF, BDNF and NT-3 are all 

expressed at comparable high levels in the adult hippocampus (Emfors et al., 1990), and 

are retrogradely transported from the hippocampus to their respective innervated neurons 

(Distefano et al., 1992). In contrast to the expression of neurotrophins, trkA mRNA is not 

found in the hippocampus, whereas high levels of trkB and trkC mRNAs have both been 

detected in the dentate gyms and throughout the pyramidal layer of the hippocampus 

(Merlio et al., 1992). It is therefore possible, that local trophic support may occur within 

the hippocampus. If the novel antigen is indeed a neurotrophin receptor, by extension, its 

cognate ligand may also be found in the hippocampus.

The novel antigen also stained the ventroposterior thalamus nucleus and medial 

geniculate body. The ventroposterior nucleus is part of the primary sensory relay thalamic 

nuclei and the medial geniculate body is part of the auditory pathways (Faull and Mehler,
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1985). The strong labelling of the novel antigen in this two areas suggests this molecule 

may play a role in the formation and maintenance of structures subserving the auditory 

sensory modalities. In the midbrain, labeling of the novel antigen was found in the 

substantia nigra, central gray and red nucleus at an early age and in the adult. TrkB and 

TrkC expression, but not trkA, are both also seen in substantia nigra and central gray 

(Merlio et al., 1992).

The labelling of the novel antigen in the paraflocculus nucleus, vestibular nucleus, 

facial nerve nucleus in the brainstem can only be found at an early age, whereas the 

staining in the hypoglossal nucleus, motor nucleus of vagus, gracile nucleus, and inferior 

olivary nucleus, was only seen in the adult. The reticular formation, cuneate nucleus, and 

superior olivary nucleus were detected at both stages. The cholinergic motor brainstaim 

nuclei, such as facial, inferior olivary, and ambiguus nucleus are both labeled for trkB 

and trkC mRNA, whereas expression in trigeminal, hypoglossal motor nuclei were only 

seen for trkC. No trk mRNA was detected over cholinergic neurons of motor brainstem 

nuclei (Merlio et al., 1992). In the somato-sensory and auditory system, only trkC 

expression is seen in the gracile nucleus, cuneate nucleus and superior olivary complex 

(Merlio et al., 1992).

A developmentally regulated pattern of immunoreactivity for the novel antigen 

was seen in some regions of the forebrain. The labelling in the olfactory system, 

neocortex, lateral septal nucleus, and caudate-putaman was detected in the immature, but 

not in the adult brain. Neurons in the neocortex, lateral septal nucleus, and caudate- 

putaman include cholinergic cells (Paxinos and Watson, 1986; Woolf and Butcher, 1981). 

Although NGF and BDNF (but not NT-3) have been shown to support the survival of 

basal forbrain cholinergic neurons (for reviews, see Thoenen and Barde, 1980; Thoenen 

et al., 1987), (Alderson et al., 1990), and are present in their target fields, including the 

hippocampus, olfactory bulb and neocortex (Whittemore et al., 1986; Ernfos et al., 1990),
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the distribution of the novel antigen in the basal forebrain does not completely correspond 

to the distribution of the NGF-responsive or BDNF-responsive cholinergic neurons in the 

basal forebrain. Nevertheless, the labeling of the novel antigen in developing forebrain 

and its disappearance in adulthood suggest that this molecule could possibly play a role 

during or be a marker of differentiation of the forebrain cholinergic system.

In summary, the present results showed a developmentally regulated pattern of 

the distribution of the novel antigen in many areas of the rat brain. This distribution is not 

fully congruent with the distribution of NGF responsive cells, NGF high affinity binding 

sites or in situ hybridization for p l4 0 ^rk mRNA. Nevertheless, the sequence homology 

with trkA and the similarities between the molecular size and the distribution in the CNS 

with trkB and trkC suggest the possibility that it is a trk-related transmembrane protein. 

Using the antibody within an expression vector library to pull out the protein, or the 

oligonucleotide for a cDNA library should enable the protein sequences of the antigen to 

be determined.
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Chapter 5: Failure of NGF to regulate GAP-43 mRNA levels in adult 

rat dorsal root ganglion neurons 

Introduction

The regenerative response to injury differs for neurons in the central and 

peripheral nervous systems. One explanation may lie in differences in the intrinsic growth 

capacities of adult mammalian peripheral and central neurons, another in differences in 

their local microenvironments (Bray and Aguayo, 1989; Fawcett and Keynes, 1990). In 

order for regeneration to occur, injured neurons need to be able to enter into a growth 

mode, whereby neurites can be formed and maintained until reinnervation of a target is 

achieved. While the outgrowth and guidance of the growing tip of a neurite is directly 

influenced by the local environment it finds itself in, extrinsic factors might also 

influence the growth potential of the whole cell, by for example, controlling the 

expression of growth-related proteins.

The extrinsic influences operating on an injured neuron include; cell-cell, cell- 

substrate and cell-soluble factor interactions. These can operate as positive signals 

directly initiating a response that will contribute to or inhibit the growth of the cell, or 

alternatively as negative signals, where the absence of a factor that is normally present, 

intitates a response. A useful marker for studying growth in neurons is the growth- 

associated protein GAP-43. This 24 KD acidic membrane bound phosphoprotein 

(Benowitz and Routtenberg, 1987; Skene 1989; Coggins et al., 1991J is developmentally 

regulated and re-expressed after axonal injury (Skene and Willard, 1981; Jacobson et al., 

1986; Kalil and Skene, 1986; Bisby, 1988; Van der Zee et al., 1989; Woolf et al., 1990). 

The protein is concentrated in growth cones (Skene et al., 1986; Meiri et al., 1986) and 

when transfected into non-neuronal cells, GAP-43 cDNA results in process formation 

(Zuber et al., 1989; Yankner et al., 1990). Similarly blockade of GAP-43 expression with
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antisense probes results in a suppression of neurite outgrowth (Jap Tjoen San et al., 1992) 

and when antibodies to GAP-43 enter neurons they interrupt growth (Shea et al., 1991).

The signals responsible for controlling GAP-43 levels in developing or injured 

adult neurones are not, however, known. These are likely to be target-related since 

denervation and reinervation of the target results in a switch on and off respectively of 

GAP-43 levels (Hoffman, 1989; Bisby, 1988; Chong et al., 1992). One possible signal for 

primary sensory neurones is nerve growth factor. This trophic factor is present in 

peripheral targets (Claude et al., 1982), and many dorsal root ganglion cells have high 

affinity NGF receptors (trkA). (Martin-Zanca et al., 1990). NGF upregulates GAP-43 

levels in PC12 cells (Costello et al., 1990; Federoff et al.,1988) and promotes neurite 

formation in DRG cells (Lindsay, 1988; Yasuda et al., 1990). Deprivation of target- 

derived NGF seems to be responsible for part of the axotomy response in NGF responsive 

primary sensory neurons including the downregulation of neuropeptides (Jessell et al., 

1979; Barbut et al., 1981; Fitzgerald et al., 1985) and neurofilament levels (Wong and 

Oblinger, 1990) as well as cell death (Rich et al.,1984). Primary sensory neurons show 

substantial increases in GAP-43 mRNA and protein after a peripheral axotomy (Bisby, 

1988., Van der Zee et al., 1989; Woolf et al., 1990; Chong et al., 1992) and it is 

reasonable to ask if NGF may be involved. Recent experiments have, however, shown 

that regeneration of peripheral axons may be NGF independent (Diamond et al., 1992) 

and that the administration of NGF to the central terminals of peripherally axotomized 

primary sensory neurons does not prevent the post-injury increase in GAP-43 levels 

(Verge et al., 1990). In view of the potential importance of trophic factors as therapeutic 

agents for nerve injury and lesions the present study has examined the role of NGF 

further, looking at its influence on GAP-43 mRNA levels and neurite formation in 

cultured adult DRG cells, where conditions can be controlled and quantitative analyses 

made. Dissociation of the cells necessarily produces axotomy and an upregulation of 

GAP-43 (Woolf et al., 1990). The present study have now investigated whether NGF
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accelerates or suppresses this response. A brief abstract of this work has been published 

(Hu-Tsai et al., 1992 ).

Materials and methods

Cell cultures.

DRGs were dissected under sterile condition from all spinal levels from adult Sprague- 

Dawley rats (200-250g), as described by Lindsay et al. (1988), and collected in F-14 

medium (Imperial Labs., UK) supplemented with 4% Ultroser G (USG) (serum 

substitute; Gibco-BRL). The ganglia were trimmed of spinal roots before being 

enzymatically treated with 0.125% collagenase (Boehringer-Mannheim, 

clostridiopeptidase) in F-14 USG for 3 h. The ganglia were then transferred to a 10ml 

conical plastic tube, washed twice in fresh F-14 medium, and triturated by a few passages 

through the contacted tip of a flame- polished pasteur pipette. The resulting cell 

suspension was layered onto 2 ml of 15% (w/v bovine serum albumin (BSA, fatty acid- 

free; Sigma) in F-14 medium in a conical tube. This was spun in a centrifuge for 5 min at 

lOOOg. The BSA and interface material, consisting largely of myelin debris, was 

aspirated and the cell pellet resuspended in fresh F-14 USG medium and plated 

immediately on 22 mm glass coverslips, previously coated with polyomithine (500 

ug/ml. Sigma) and laminin (5 mg/ml; BRL-Gibco) except in specified cases where the 

coverslips were coated with poly ornithine alone. Approximately 2  x 10^ cells were plated 

with coverslips. The coverslips were placed in 6 -well multidishes (Nunc), and 

maintained at 36.5°C, 97% air, 3% CO2 , in 2ml media for Ih, Id, 3d or 7d incubation time. 

Culture medium was supplemented with the mitotic inhibitor cytosine arabinoside (Ara 

C; 10"^M, Sigma) with or without NGF (200 ng/ml, which is the saturation concentration 

for promoting neurite outgrowth from neonatal rat DRG) (Lindsay et al., 1985) and an 

NGF-neutralizing monoclonal antibody, 23c4 (Weskamp and Otten,1987) was added to
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the medium that lacked NGF (to eliminate any endogenous NGF), and a control 

monoclonal antibody, Y 13-238 (Furth et al., 1982) was added to the NGF-containing 

medium. The antibodies, both rat IgG2 a»were purified from ascites fluid raised in nude 

mice (Hudson and Hay, 1980), and were used at a final concentration of 50pg/ml. This 

concentration of 23c4 neutralized 200 ng/ml NGF in an E 10 chick embryo DRG bioassay 

(Fenton, 1970), whereas the Y13-238 has no effect.

Sciatic nerve ligation and cut.

Adult Sprage-Dawley rats (200-250g) were anaesthetized with fentanyl and diazepam, 

and the left sciatic nerves were ligated and transected at mid thigh level under sterile 

conditions. The wounds were closed in two layers and the animals allowed to survive for 

4 days post-operatively. On the 4th day, DRG's (L4 _5 , from ipsilateral and contralateral 

sides) were removed and pooled separately and enzymatically digested to a single cell 

suspension. The neurons were then plated at 2 x 10^ neurons/ 22 mm polyornithine- 

laminin coated coverslips for Ih in F-14 USG medium supplemented with Ara C only.

In situ hybridization.

Alkaline phosphatase linked oligonucleotide probes for GAP43 (Wiese and Emson 1991), 

and SP mRNA (Syngene, California) were used. Briefly, cultures were fixed with 4% 

paraformaldehyde in phosphate buffered saline (PBS) for 30 min and rinsed with PBS. 

They were then treated with 0.2M HCl for 10 min to eliminate the endogenous alkaline 

phosphatases, rinsed with PBS, then acetylated with a solution containing acetic 

anhydride (Sigma), sodium chloride and triethanolamine (BDH) for 10 min. The cultures 

were then dehydrated through a graded series of alcohols and delipidated in chloroform. 

After partial rehydration, cultures were hybridized overnight with buffer containing 50% 

formamide, Denhardt's (Sigma), single stranded salmon sperm DNA (Sigma), dextran 

sulphate (Sigma) and standard saline citrate (SSC) together with alkaline phosphatase

143



linked either to antisense GAP-43 oligonucleotide probe (39 mer corresponding to 

positions 119-157 of the rat GAP-43 mRNA) or to a SP oligodeoxynucleotide probe (30 

mer, 5' CGA-TTC-TCT-GAA-GAA-GAT-GCT-CAA-AGC-GCT 3'). Excess probe was 

rinsed off with SSC followed by 3 washes with SSC at 55°C for Ih at room temperature. 

Bound probe was visualised by the color reaction of alkaline phosphatase on the 

substrate nitroblue tétrazolium (NET, Boehringer Mannheim) and 5-bromo-4-chloro-3- 

indolyl-phosphate (BCIP, Boehringer Mannheim) for 2 days. Staining was eliminated if 

coverslips were pretreated with ribonuclease A (Sigma) or if 100 fold excess unlabelled 

oligonucleotide probe was included in the hybridization solution. No positive staining 

was seen if the probe was omitted from the hybridization buffer.

Quantification of GAP-43 and SP mRNA levels.

Relative mRNA levels were determined using a computerized image analysis system. 

Images captured by a video camera mounted on a Zeiss microscrope were converted to a 

digital matrix of 255 x 255 pixels using the TPL Version 4 soft-ware system with a 

greyscale of 0 to 256, enabling relative intensity determinations (SeeScan, Cambridge, 

UK). Stability of illumination was achieved with an independent power source, which 

was checked with the STAB soft-ware programme (See Scan, Cambridge, UK). By 

measuring the relative intensity of each cell, we were able to perform a relative 

quantification of the mRNA levels for each cell. The criterion for positive staining was 

established by measuring cultures incubated without probe, determining the intensity of 

the background staining. From this a background threshold value was found below which 

a cell was considered to have no detectable mRNA signal. It is inappropriate to compare 

experiments performed on different occasions, since small changes in the temperature, 

solution volume, or culture condition, produce differences in background staining. To 

overcome this problem, a control experiment (omitting the probe) was performed on each 

occasiona to determine the background staining level for that particular experiment, and
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the voltage of the microscope illumination was then adjusted to a level at which the 

intensity of the cells in the control cultures (no probe) were always at the same relative 

intensity level.

Relative Intensity Measurements

Control cultures. In cultures incubated through the whole hybridization procedure in the 

absence of a probe all neurons had a pale yellow colour. The distribution of the relative 

intensity of staining in such unlabelled neurons is shown in Fig. 1. On a grey scale of O 

to 256 these particular, unlabelled neurons had a mean intensity of 53.6 (n=200). None of 

the unlabelled neurons were above an intensity value of 70 (Fig. 1). To standardize the 

intensity of the background level, a cut-off threshold of 70 for background intensity was 

established for all control cultures (cultured for different times and measured on different 

occasions in the absence of probes) by adjusting the intensity of the illumination. This 

enabled us to ensure that the mean value of background intensity was similar and in all 

cases no unlabelled neurons fell above the 70 intensity value.

Labelled cultures. Once the appropriate level of illumination had been established for 

the control cultures, intensity measurements at that illumination level were performed on 

the cultures incubated with probe. The criterion for a positively labelled signal was that 

the intensity of the cell exceeded 70.

The experimental (NGF-treated) cultures were always compared with anti-NGF cultures 

obtained from the same preparation using the same medium and culture conditions.

Comparison of the percentage of the neurons hearing processes.

Preaxotomized DRG neurons or normal neurons either treated with NGF or anti-NGF 

after 1 d culture were fixed with 4% paraformaldehyde in PBS respectively. The numbers 

of neurons bearing neurites longer then two cell body diameters were then counted under 

phase contrast objectives.
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RESULTS

Incubation of cultured dorsal root ganglion cells for the in situ hybridization and alkaline 

phosphatase color reaction in the absence of probes, produced a pale yellow background 

staining with a low relative intensity level of between 30 and 60 (Fig. 1). This was in 

marked contrast to the purple/black staining produced in cells incubated with the probes 

to GAP-43 and SP mRNAs (Fig. 2). In order to quantify the relative amount of labelled 

mRNAs, the light intensity of the microscope was set for each experiment such that the 

intensity level in the no probe cultures was always less than 70 for GAP-43 mRNA and 

90 for SP mRNA (see experimental procedures).

Time course of the elevation in GAP-43 mRNA levels in cultured DRG neurons

One hour after dissociation and culture in the absence of NGF (with anti-NGF), 

just over 50% of the neurones possessed an intensity of staining for GAP-43 mRNA that 

exceeded the background threshold (57.37 ±  0.58%, mean of 3 experiments each with 

200 plus cells counted). The mean intensity of the positively labelled cells, while 

relatively low at 82.9 ±  1.4 (SE, n=805), was significantly higher than the mean intensity 

of cells in sister cultures without probe (53.6 ±  1.5, n=100, p< 0.001). The proportion of 

GAP-43 mRNA positive cells increased when cultured in the absence of NGF, from 

56.4% at 1 hour to 75.7% after 1 day and continued increasing so that by 3 days it was 

83% and by 7 days it had reached 96.7% (each value is a mean obtained from 3 separate 

experiments at each time point)(Fig. 3). This was accompanied by an increase in the 

intensity of the positively labelled cells (Figs 3 and 4). The mean intensity of the positive 

cells increased from 82.9 ± 1 .4  (n=805) at Ih to 107.4 ± 1 .7  (n=672) at 7 days. Although 

the proportion of labelled cells continued to rise over one week of culture, the change in 

intensity plateaud at 3 days. (Fig. 3). The distribution of GAP-43 mRNA positive
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neurons was not uniform across different size neurons in the early cultures. In the 1 hour 

cultures, while 58% of small diameter neurons were positive, only 35% of the large 

neurons were. However, by 7 days the vast majority of both large and small neurons 

were GAP-43 mRNA positive.

The addition of NGF to the culture medium did not alter the proportion or 

intensity of GAP-43 mRNA labelled cells in any of the three experiments at any of the 

three time points tested. (Fig. 3) Fig. 4 illustrates the population distribution of the 

intensity of staining produced by the GAP-43 probe and shows that the NGF and anti 

NGF groups overlapped completely at 1 hour after dissociation and this continued at each 

time point studied.

Expression of GAP-43 mRNA and neurite outgrowth in cultured preaxotomized 

adult DRG neurons

Axotomy induces the expression of GAP-43 protein and mRNA in adult DRG 

neurons in vivo (Hoffman, 1989; Van der Zee et a l, 1989; Woolf et al., 1990; Chong et 

al. 1992). We therefore measured the expression of GAP-43 mRNA in vitro in 

preaxotomized neurons (4 days prior to dissociation and culture). When these neurons 

were cultured for Ih, 95.3 ± 0.9% (n=3 experiments, 200+ cells per experiment) were 

positive for GAP-43 mRNA, and the mean intensity of the positive cells was 115.3 + 2.2 

(n=690). In contrast, 54.2 ±  2.3 (n=3) of neurons from the contralateral DRGs were 

positive, with a mean intensity of 82.5 ± 1 .5  (n=731) (Fig. 5), which is almost identical 

to the standard control results (Fig. 3). A comparison between the effect of pre-axotomy, 

and different periods of culture is shown in Fig. 3. Neurons pre-axotomized 4 days before 

being cultured for 1 hour express more GAP-43 mRNA than neurons cultured for 7 days.

In separate experiments the numbers of neurons which extended long neurites 

were measured in cultures of cells from intact and preaxotomized ganglia. 80.7 ±  2.8% of 

neurons from DRGs ipsilateral to the sciatic nerve section (n= 6  rats), extended processes
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longer than two cell body diameters when grown for 24 hours in culture, compared to 

only 9.2 ±  1.3% (n=6 ) for neurons from contralateral intact DRGs (P<0.002, Mann- 

Whitney). Culturing neurons from intact DRGs in the presence of NGF for 24 hours 

resulted in neurite outgrowth exceeding two cell body diameters in 32.5 ±  2.14% (n=6 ) of 

the population. Only 8.1 ±  1.18% of those cells cultured in the absence of NGF (with 

anti-NGF) possesed long neurites, which is significantly less (P<0.002 Mann-Whitney). 

(Fig. 6,7).

Expression of SP mRNA in neurons cultured in the presence of NGF or absence of 

NGF

The present study measured the expression of SP mRNA in DRG neurons 

cultured in the presence either of NGF or with anti-NGF antibody as a positive control for 

the efficacy of these treatments. For 3d cultures, 9.8% of the neurons were positive for 

substance P mRNA when grown in the presence of NGF. These numbers were halved 

when the cells were cultured in the absence of NGF (with anti-NGF) (Fig. 8 ). A larger 

change was observed after 1 week of culture, with 11.9% of neurons SP mRNA positive 

when grown in the presence of NGF, and no SP mRNA positive cells when the cells were 

cultured with anti-NGF (Fig. 8 ).

Expression of GAP-43 mRNA in neurons grown with or without laminin in the 

presence of either NGF or anti-NGF

To study whether different substrates influence the expression of GAP-43 mRNA, 

neurons were grown for 3 days either on coverslips coated only with polyornithine or 

with polyornithine-laminin. 80% of neurons grown on either polyornithine-coated or 

polyornithine-laminin coverslips were positive, irrespective of the presence of NGF or 

anti-NGF (Fig. 9). The mean intensity of positive neurons also failed to show any
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significant differences between polyornithine-coated and polyornithine- laminin coated 

coverslips (Fig. 9). Similar results were obtained in 4 different experiments.

Figure legends

Fig. 1 The population distribution of the relative intensity of DRG neurons cultured for 

Ihour in the absence of GAP-43 mRNA probe. All the cells had an intensity value less 

than 70. The mean intensity was 53.6±1.5, n=100.

Fig. 2 Photomicrographs illustrating the in situ hybridization label produced in DRG 

neurons by alkaline phosphatase linked GAP-43 and Substance P oligonucleotide probes. 

A: GAP-43 mRNA in pre-axotomized L4  5 DRG neurons (1 h culture).

B: GAP-43 mRNA in contralateral (control) L4  5 DRG neurons (1 h culture).

C: GAP-43 mRNA in DRG neurons 1 week after culture in the presence of NGF.

D: GAP-43 mRNA in DRG neurons 1 week after culture in the presence of anti-NGF.

E: SP mRNA in DRG neurons after 1 week of culture in the presence of NGF.

F: SP mRNA in DRG neurons after 1 week of culture in the presence of anti-NGF.

A-B: Bar=50um, C-F: Bar= 50um.

Note the lightly (arrow head), moderately (smaller arrow), and heavily stained neurons 

(bigger arrow).

Fig. 3 Top. The total % of GAP-43 mRNA positive neurons at different time points of 

culture and following pre-axotomy. The proportion of GAP-43 mRNA positive neurons 

increased steadily from Ih to 7 days of culture. Cultures grown in the presence/absence of 

NGF showed identical results. Pre-axotomy (4 days before sacrifice) resulted in a much 

higher proportion of positive cells than cultures obtained from ganglia contralateral to the 

axotomy. Each value represents the mean % obtained from three independent
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experiments. Bottom. The mean relative intensity values from cultures grown in the 

presence/absence of NGF from 1 hour to 7 days. The intensity achieved at 1 week was 

similar to that found from pre-axotomized neurons cultured for 1 hour.

Fig. 4 Time course of expression of GAP-43 mRNA in adult DRG neurons cultured in 

the presence of NGF or anti-NGF. NGF has no effect on the relative intensity or numbers 

of GAP-43 mRNA positive cells. Note that the levels of GAP-43 mRNA increase steadily 

from the short-term culture (1 hour) to 7 days, where almost all cells are GAP-43 mRNA 

positive. The intensity value of 70 (dotted line) represents the cut-off for the detection of 

the mRNA . The number of cells counted for each time point exceeded 200.

Fig. 5 The effect of pre-axotomy on the intensity of GAP-43 mRNA label in DRG 

neurons cultured for 1 hour. The distribution of the relative intensity values for the 

contralateral DRG neurons is much lower than neurons obtained from DRGs ipsilateral to 

the sciatic nerve section.

Fig. 6  Pre-axotomy increases neurite formation to a greater extent than NGF admistration 

in 1 day cultured DRG neurons.

Fig 7 Fluorescence micrographs demonstrating the difference in neurite outgrowth in 

pre-axotomised and intact cultured DRG neurons stained with an antibody to GAP-43.

A. Pre-axotomised DRG neurons. B. Intact (contralateral) DRG neurons. Both sets of 

neurons were cultured for 1 day. Bar=50pm.

Fig 8 The total % and mean intensity of Substance P mRNA positive neurons at 3 and 7 

days of culture in the presence and absence of NGF. The proportion of positive cells and
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intensity at 3 days is reduced in the absence of NGF. By 7 days, no Substance P mRNA 

positive cells could be detected in the NGF free cultures. (n=3).

Fig. 9 The distribution of the relative intensity of GAP-43 mRNA labelled neurons 

grown for 3 days with or without laminin and with or without NGF. Neither treatment 

had any significant effect on either the proportion or intensity of labelled cells. (The 

dotted line represents the cut off for positive cells).
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Discussion

Dissociation of neurons necessarily produces axotomy and in our studies adult 

DRG neurons showed a steady increase in GAP-43 mRNA over one week of culture that 

was comparable to the changes that occur in vivo after axotomy including the later 

recruitment of large diameter neurons (Chong et al., 1992), No difference in the 

expression of GAP-43 mRNA was found between those neurons cultured in the presence 

of NGF or its absence. The latter cultures had anti-NGF added to block the activity of any 

of the trophic factor produced by Schwann cells. In contrast, cultures of neurons that had 

been pre-axotomized showed conspicuous increases in GAP-43 gene expression, which 

demonstrated the sensitivity of our techniques. That NGF adminstration did regulate SP 

mRNA levels demonstrated further that it was acting on the cultured DRG neurons, even 

if it failed to modify the GAP-43 mRNA. These results imply that NGF has no 

significant role in regulating GAP-43 gene expression in cultured adult DRG neurons in 

contrast to its actions on PC 12 cells (Costello et al., 1990).

Systemically administered anti-NGF fails to alter the regeneration of injured 

primary sensory neurons (Diamond et al., 1992a) which is compatible with a lack of a 

role for NGF in the regulation of GAP-43. Nevertheless our data on the prevelance of 

neurite-bearing neurones agrees with the earlier observation that NGF promotes neurite 

outgrowth in cultured adult DRG neurons (Lindsay, 1988; Yasuda et al., 1990). Pre- 

axotomy had, however, even more profound effects on initiating neurite outgrowth than 

NGF and this procedure significantly increased GAP-43 levels.

Extensive studies have established a critical role for NGF in the survival of DRG 

cells during development and for the maintenance of a normal phenotype in the adult 

(Levi-Montalcini and Angeletti, 1968; Johnson et al., 1986) although this will only 

operate on cells expressing trkA. Removal of a source of NGF decreases DRG cell body 

size (Rich et al., 1987) and reduces the levels of chemical transmitters (Goedert et al.,
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1981; Bisby and Keen, 1986), NGF treatment can reverse these effects (Fitzgerald et 

al.,1985; Wong and Oblinger, 1991).

DRG neurons undergo two sets of modification after injury to their peripheral 

axons. The first is atrophic or degenerative in nature with reductions in size (Rich et 

al., 1987), cytoskeletal protein, (Wong and Oblinger, 1990,1991) and even cell death 

(Rich et al., 1984). The second is regenerative and includes the induction of growth 

associated proteins and the regrowth of the injured axon (for review see Benowitz and 

Routtenberg,1987; Skene, 1989). The loss of trophic support from target cells has long 

been speculated to play a role in the neuronal response to axotomy (Lieberman,1971; 

Johnson et al., 1986). It is well established now that NGF is involved in regulating SP 

expression (Fitzgerald et al., 1985; Lindsay and Harmar, 1989). However, from present 

results, the deprivation of NGF is clearly not the only axotomy-induced signal that DRG 

neurons recognize. It also raises the question whether different retrograde signal(s) may 

be required for the divergent atrophic/ degenerative vs regenerative/growth changes.

There is considerable data suggesting that GAP-43 plays a direct role in axonal 

regeneration (Zuber et al., 1989; Yanker et al., 1990; Shea et al., 1991; Jap Tjoen San et 

al., 1992). In the present study, we have found that while NGF promotes neurite 

outgrowth in DRG neurons, it does not, however, influence the expression of GAP-43. In 

contrast, preaxotomy not only induced neurite formation but also increased the levels of 

GAP-43 mRNA. This difference may indicate that the mechanisms that underlie NGF 

neurite promoting action and the axotomy-induced regenerative response are not the same 

and that two forms of neurite growth are possible in adult DRG cells, one NGF 

independent and GAP-43 dependent (axotomy-induced regeneration) and one NGF 

dependent and may not requiring the upregulation of GAP-43 (resemble collateral 

sprouting). Whether the growth of axons associated with collateral sprouting in DRG 

cells is independent of GAP-43 is difficult to evaluate since a substantial minority of the 

cells express GAP-43 mRNA in the control situation (Hoffman, 1989; Verge et al., 1990;
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Chong et al., 1992), and the cultured neurons express GAP-43. NGF may act on neurons 

by producing postranslational change of GAP-43 in the growing terminal (Meiri and 

Burdick, 1991), rather than by modulating or stabilizating GAP-43 mRNA as it does in 

PC I2 cells (Perrone-Bizzozero et al,. 1993), or it could have an effect quite independent 

of the GAP-43.

In a single-cell culture study, Yasuda et al (1992) found that the neurite- 

promoting effect of NGF on adult DRG neurons causes branching rather than an 

extension of length. Diamond et al (1987,1992a, 1992b) have demonstrated that NGF is 

responsible for collateral sprouting but not the regeneration of nociceptive axons. 

Collateral sprouting is a growth state induced in intact neurones by contact with a 

neighboring denervated territory. Such denervation will lead to a relative increase supply 

of target-derived trophic factors such as NGF, which is the exact opposite for an injured 

neurone where the source of target factors is interrupted. In motor neurons the collateral 

sprouting induced by a partial denervation results in GAP-43 immunoreactivity at the 

motor endplate (Mehta et al. submitted) but no change in message in the motor neuron 

cell body (Brown et al., 1992).

In the present study, laminin did not seem to have effects on the levels of GAP-43 

mRNA either, although it has been shown to promote neurite outgrowth (Manthorpe et 

al., 1983; Rogers et al., 1983).

Although the factors which trigger the regenerative response in adult peripheral 

sensory neurons remain to be elucidated, it is clear that NGF is most unlikely to be the 

retrograde signal responsible for the increase in GAP-43 expression that occurs after 

axotomy. Pre-axotomy increases the level of GAP-43 and promotes neurite extention, 

whereas NGF initiates neurite outgrowth but does not increase the expression of GAP-43. 

These two distinct phenomenona imply there may be at least two kinds of neurite 

outgrowth, one associated with an increase in GAP-43 expression, one not.
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Chapter 6: General discussion

The development of the nervous system is associated with a continuous supply of 

trophic molecules from peripheral targets. In situ hybridization has shown that NGF, the 

best described of the neurotrophic factors, is synthesized by Schwann cells and other 

target cells of sensory and sympathetic neurons such as, epithelial cells, smooth muscle 

cells and fibroblasts (Bandtlow et al., 1987). Using two-site immunoassay and 

quantitative Northern blot analysis it has been found however that neither NGF nor NGF 

mRNA are detectable prior to the onset of neuronal innervation but are first detected in 

the maxillary process (target field) as the earliest trigeminal axons make contact with the 

epithelium of the maxillary process at E l 1 (Davies et al., 1987). In addition, the amounts 

of NGF and NGF mRNA have been found to correlate with the density of neuronal 

innervation (Korsching and Thoenen, 1983; Heumann et al., 1984; Davies et al., 1987). 

Therefore it is unlikely that NGF is a chemotropic factor. Once it is released from the 

target, NGF binds to its receptors on the nerve terminals and is internalized by receptor- 

mediated endocytosis and retrogradely transported to the cell bodies of responsive 

neurons (e.g. DiStefano et al., 1992).

Anti-NGF antibodies injected into newborn rats specifically destroy the 

sympathetic nervous system (Cohen, 1960), and prenatal exposure to NGF antibodies 

also cause the death of 70-85% of DRG neurons (Johnson et al., 1980; Goedert et al., 

1984). In contrast, using the autoimmune approach in adults has shown that adult 

sympathetic neurons die in NGF-immunized animals (Johnson et al., 1983) while no cell 

death is observed in adult DRG neurons (Schwartz et al., 1982). In addition to a 

requirement for the survival and differentiation of sympathetic and developing neural 

crest-derived sensory neurons (Thoenen et al., 1987; Barde, 1989), NGF has also been 

shown to act on basal forebrain and striatal (caudate-putamen) cholinergic neurons. 

Intraventricular administration of NGF induces a prominent increase in cholinergic
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differentiation in the caudate-putamen and basal forebrain in both postnatal and adult rats 

(Mobley et ah, 1986; Hagg et al., 1989). Administration of NGF prevents the axotomy- 

induced death of basal forebrain cholinergic neurons (Hefti, 1986; Williams et al., 1986).

Retrograde transport of [1^^I]NGF has shown that NGF is taken up by DRG 

neurons in the sciatic nerve, sympathetic neurons innervating iris, the anterior medial 

septal nucleus and diagonal band of Broca following injection in the hippocampus 

(DiStefano et al., 1992). Binding and cross-linking studies have revealed that NGF 

recognizes two distinct classes of cell surface receptors (Bemd and Greene, 1984; Hosang 

and Shooter, 1985). One class of NGF receptors displays high affinity binding (Kd of 10" 

1 ^M), is resistant to trypsin treatment and is capable of internalizing NGF (for review, 

see Meakin and Shooter, 1992). These receptors have a molecular weight of 130 to 

ISOkDa, and can be immunoprecipitated with anti-phosphotyrosine antibodies (Meakin 

and Shooter, 1991, 1992). The second class of receptors binds NGF with much lower 

affinity (Kd of 10"^M), is sensitive to trypsin treatment and does not internalize NGF. 

These receptors have a molecular weight of 75 to 80 kDa. In cells in which low and high 

affinity receptors are co-expressed, the low affinity receptors are usually five to 10-fold 

more abundant (Meakin and Shooter, 1992).

Using gene transfer assays, immunological detection of transfected NGF receptor- 

expressing cells, and subsequent cloning, the human low affinity NGF receptor was 

identified by Chao et al., (1986) and named p75 due to its 75kDa molecular weight. 

Radeke et al (1987) further isolated the gene encoding the rat low affinity NGF receptor. 

p75 is expressed by all NGF-responsive cells including neural-crest-derived sensory 

neurons, sympathetic neurons, and basal forebrain cholinergic neurons (Verge et al., 

1992; Yan and Johnson, 1987; Dawbarn et al., 1988). In addition, it has been shown that 

p75 is transiently expressed during development in brainstem and spinal motomeurons 

(Raivich et al., 1987; Yan and Johnson, 1988). Moreover, p75 has also been identified in
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a wide variety of non-neuronal cells and nonneuronal tissues such as Schwann cells, 

(Rohrer, 1985; Raivich and Kreutzberg, 1987), myoblasts (Ernfors et al., 1988), lymphoid 

tissues (Ernfors et al., 1988), testis (Persson et a l ., 1990), ear (von Bartheld et al., 1991), 

kidney (Sariola et al., 1991). Most of these cells do not respond to NGF. The lack of 

correlation between p75 expression and NGF responsiveness and the failure of NGF to 

initiate any measurable signal transduction in fibroblast cells expressing p75 (Hempstead 

et al., 1989) indicate that p75 may not be a component of the high affinity NGF receptors 

or at least that these receptors contain an NGF-binding subunit other than p75, although 

this issue remains hottly debated.

Several models have been proposed to account for the composition of the NGF 

functional receptor complex. Gene transfer and membrane fusion techniques in COS, 3T3 

and melanoma cells and in a mutant PC I2 cell line (NR 18) have indicated that high 

affinity binding requires coexpression of both p i40^^^ and p75 receptors (Hempstead et 

al., 1991) (see below). However, studies using blocking antibodies directed against p75 

(Weskamp and Reichardt, 1991) and site-directed mutagenesis to alter the region for the 

interaction between NGF and p75, producing a total loss of binding of the mutant NGF to 

the p75 receptor, failed to affect binding to the p i40^^^ receptor (Ibanez et al., 1992) have 

therefore indicated that pl40^^^ can function independently of p75. Although p75 does 

not seem to be a functional receptor for NGF, gene targeting experiments have shown 

that mice bearing a null mutation in the p75 gene have decreased pain sensitivity and 

cutaneous innervation(Lee et al., 1992) and the p75-deficient trigeminal embryonic 

sensory neurons requires higher concentration of NGF for survival but not other 

neurotrophins (Davis et al., 1993). These findings suggest that p75 has an important role 

in the development and function of sensory neurons. In addition, since p75 binds all the 

known members of the neurotrophin family with similar low affinity (Rodriguez-Tébar et 

al., 1990; Ernfors et al., 1990; Hallbôok et al., 1991), one hypothesis suggests that p75
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serves as a common subunit for different neurotrophin receptors, and the specificity of a 

receptor is conferred by the second component of the receptor complex (Bothwell, 1991; 

Thoenen, 1991).

A major clue to the signal transduction pathway of NGF came with the 

observation that NGF induces protein-tyrosine phosphorylation in PC 12 cells (Mather, 

1988). In keeping with this observation, Meakin and Shooter found that the high affinity 

NGF receptors could be immunoprecipitated with anti-phosphotyrosine antibodies 

(Meakin and Shooter, 1991). The discovery that NGF binds to pMO^rk, the product of 

the proto-oncogene trk, with high affinity and results in activation of its intrinsic tyrosine 

kinase activity in PC12 cells (Kaplan et al., 1991; Klein et al., 1991) suggested that 

p l4 Qtrk was the NGF high affinity receptor, and that its function is essential for NGF 

signal transduction.

The trk gene was originally identified by transfection of DNA from a human 

colon carcinoma (Martin-Zanca et al., 1986). Subsequently, the cDNA clone of the trk 

human locus was isolated (Martin-Zanca et al., 1989). Meakin et al further cloned and 

sequenced the gene encoding rat pl40^^^ from PC12 cells (Meakin et al., 1992). RNA 

analysis of a wide variety of tissues revealed that p i40^^^ mRNA is present at low levels 

during development and absent in most tissues. In situ hybridization shows that pl40^^^ 

mRNA expression is confined to NGF-responsive neurons such as DRG, cranial sensory 

ganglia (Martin-Zanca et al., 1990; Verge et al., 1992), sympathetic ganglia (Schecterson 

and Bothwell, 1992) and basal forebrain cholinergic neurons (Holtzman et al., 1992). 

Colocalization of p i40^^^ mRNA and p75 mRNA in the brain shows that their expression 

is restricted to the medial septal nucleus and nucleus of Broca's diagonal band (Vazquez 

and Ebendal, 1991) containing the NGF-responsive magnocellular cholinergic neurons. 

In the striatum, only p i40^^^ mRNA is seen and there is no corresponding co-expression 

of p75 mRNA (Vazquez and Ebendal, 1991). High affinity binding to NGF in the adult
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rat brain, however, shows a broader profile including medial septal nucleus, diagonal 

band of Broca, lateral preoptic area, ventrocaudal globus pallidus, caudate-putamen, the 

medulla oblongata, the ventral cochlear nucleus, and the dorsal nucleus of the lateral 

lemniscus (Richardson et al., 1986).

Studies examining the function of p i40^^^ have found that NGF binds to this high 

affinity receptor, activating its intrinsic tyrosine kinase activity, not only in PC 12 cells 

(Kaplan et al., 1991a; Klein et al., 1991), but also in SY-5Y human neuroblastoma cells, 

and in explanted embryonic DRG (Kaplan et al., 1991a, 1991b). When a trk cDNA is 

introduced to a mutant PC I2 line (PC12nnr), which lacks measurable levels of p i40^^^, 

cells display increased neurite outgrowth and cell survival following treatment with NGF 

(Loeb et al., 1991). In addition, pl40^^^ initiates mitogenic signals in mouse 3T3 

fibroblasts (Cordon-Cardo et al., 1991), and maturation in Xenopus oocytes in response 

to NGF (Nebreda et al., 1991). Moreover, using gene targeting to generate mice with null 

mutations in gene encoding p i40^^^ has shown that these mutant mice have severe 

sensory and sympathetic neuropathies and most die within a month of birth. They have 

extensive neuronal cell loss in trigeminal, sympathetic and dorsal root ganglia, as well as 

a decrease in the cholinergic basal forebrain (Smeyne et al., 1994). These findings 

suggest that p i40^^^ is the functional receptor for NGF in vivo.

Sequence comparisons between rat and human p i40^^^ show 94% amino acid 

identity in the intracellular kinase domains, whereas the extracellular sequences (that 

contain the putative ligand-binding domain) display only 78% identity (Meakin et al.,

1992). In contrast, rat trkB and human pMO^^k share an only 37% identity in the 

extracellular domains and an intracellular kinase domains identity of 75% (Middlemas et 

al., 1991). This is in accord with the finding that p i40^^ binds NGF and NT-3 but not 

BDNF which is the ligand for trkB (Squinto et al., 1991; Soppet et al., 1991). The present 

studies (Chapter 3 and 4) identified an unknown antigen which was detected by
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antibodies raised against the extracellular domains of human pl40^^^ peptide sequences. 

The amino acid sequences of the peptide chosen to generate the anti-peptide trk 1 

antibody share 68% homology with that of rat pMO^rk and do not sl\are any homology to 

that of trkB or trkC. Cross-linking studies showed that the novel antigen was not a NGF 

receptor (Chapter 3). Immunocytochemical staining using anti-peptide trk 1 antibody also 

showed that the distribution of the novel antigen in the rat nervous system did not fully 

correlate to that of rat p i40^^^ mRNA (Chapter 4). These data suggest that the sequence 

similarity between human pl40^^^ and the novel antigen do not necessarily indicate a 

general level of sequence homology between the proteins throughout the entire amino 

acid sequence and the degree of sequence homology between the rat pMO^i'k and the 

novel antigen is insufficient to allow the detection of mRNA encoding the novel antigen 

based on the rat antigen sequence. Nevertheless, the sequence homology with p i40^^^ 

and the similarities between the molecular size and the distribution in the CNS with trkB 

and trkC raise the possibility that the novel antigen is a previously unknown trk-related 

neurotrophin receptor. This is in line with the proposal by Squinto et al that there are 

additional functional receptors for the neurotrophins. In their studies, they identified a 

human neuroblastoma cell line (SH-SY5Y) that responds to BDNF but not NT-3, and 

lacks trkB expression (Squinto et al., 1991). Clearly, molecular characterization of the 

novel antigen such as isolation of cDNA clones, nucleotide sequencing, and construction 

of an expression system to identify the expressed products needs to be established.

Although extensive studies concerning the dependency of DRG neurons on NGF 

has been performed on the developing system, less is known about the physiological role 

of NGF for mature DRG neurons. Using the autoimmune approach it has been shown that 

adult DRG neurons do not die in NGF-immunized animals (Schwartz et al., 1982). Cell 

culture studies also show that NGF is not required for the survival of mature DRG 

neurons (Lindsay, 1988). However, the findings that neurotransmitter substance P levels
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are decreased about 65% in the DRG, spinal cord and skin in adult rats or guinea pigs 

immunized against mouse NGF (Schwartz et al., 1982) and an 18% atrophy of mean 

neuronal area in both uninjured and injured DRG neurons after chronic NGF deprivation 

in guinea pigs (Rich et al., 1984), have suggested a role for NGF in the normal metabolic 

function or phenotype control of mature DRG neurons.

Following an axotomy, several changes occur in adult DRG neurons: nerve cell 

body size and axonal diameter are reduced (Rich et al., 1987), the level of transcription 

factor c-Jun is upregulated (Herdegen et al., 1992; Leah et al., 1991), the expression of 

transmitter phenotypes substance P and calcitonin gene-related peptide (CGRP) is 

reduced (Villar et al., 1991; Wong and Oblinger, 1991), the expression of neuronal 

cytoskeletal genes altered with tubulin upregulated (Wong and Oblinger, 1990) and 

neurofilament downregulated (Wong and Oblinger, 1987), and the growth associated 

protein GAP-43 is upregulated (Woolf et al., 1990; Chong et al., 1992). NGF treatment 

protects adult sensory neurons from injury-induced atrophy (Rich et al., 1987). Infusion 

of NGF reduces the axotomy-induced induction of c-Jun and reverses the reduced levels 

of substance P (Gold et al., 1993; Wong and Oblinger, 1991), but not neurofilament, 

tubulin and GAP-43 gene expression in axotomized adult DRG neurons (Wong and 

Oblinger, 1991; Verge et al., 1990). Using mature DRG neuronal cultures as an in vitro 

system has shown that NGF regulates substance P and CGRP (Lindsay and Harmar, 

1989) gene expression but not GAP-43 mRNA (Chapter 5). These observations suggest 

that although some phenotype expression is maintained by NGF, NGF is unlikely to be 

the only retrograde signal, reduction of which is responsible for the axotomy-induced 

changes in the adult DRG neurons.

The present studies (Chapter 2) show that there are regional differences in the 

distribution of an NGF-dependent chemical phenotype-capsaicin sensitivity in mature 

DRG neurons, with maximal sensitivity in a group of pelvic visceral afferents, less in
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skeletal muscle afferents and the smallest proportion in skin afferents. The finding that a 

higher proportion of muscle afferents are capsaicin sensitive than cutaneous afferents is 

not correlated with studies on the distribution of NGF in the two target tissues, which 

have shown that muscle has fairly low levels of NGF (Korsching and Thoenen, 1983). 

One possible explanation for this relative difference is that expression of capsaicin- 

sensitivity probably involves receptors of the trk gene family, such as p i40^^^ and trkB 

(Klein et al., 1991; Squinto et al., 1991), upon which multiple trophic factors (such as 

NGF and BDNF) may exert overlapping influences.

In addition to a role for NGF in maintaining the biochemical homeostasis of adult 

DRG neurons, the finding that Schwann cells in the distal stump of an injured peripheral 

nerve begin to synthesize NGF mRNA and NGF (Heumann et al., 1987), and the neurite 

outgrowth-promoting activity of NGF in cultured adult DRG neurons (Lindsay, 1988), 

have led to speculation that NGF plays a major role in peripheral sensory nerve 

regeneration. However, chronic deprivation of NGF does not alter the ability of injured 

sensory fibers to regenerate in guinea pigs (Rich et al., 1984). Recent experiments also 

show that neither NGF nor anti-NGF treatment affect the regeneration of injured sensory 

axons (Diamond et al., 1987, 1992a) whereas collateral sprouting of nociceptive fibres in 

vivo has been suggested to be dependent on the presence of NGF (Diamond et al., 1987; 

1992b).

In order for regeneration to occur, injured neurons need to be able to enter into a 

growth mode. In the present studies (Chapter 5), cultures of neurons that had been pre- 

axotomized showed an early and massive neurite outgrowth, as well as a substantial 

increase in the expression of GAP-43 mRNA which is associated with axonal 

regeneration (Zuber et al., 1989; Yanker et al., 1990; Shea et al., 1991; Jap Tjoen San et 

al., 1992). In the DRG neuronal cultures obtained from intact sensory neurons, although 

the presence of NGF increased neurite outgrowth compared to cells cultured in the
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presence of anti-NGF, this neurite-promoting effect was substantially less then that 

resulting from pre-axotomy. This difference may due to the effects of pre-axotomy which 

reduce the lag before outgrowth of neurites in culture (Agranoff et al., 1976; Landreth 

and Agranoff, 1976) and prepare neurons to mount to an earlier and profuse neurite 

regeneration. Although NGF did increase neurite outgrowth in control cultures, no 

difference in the expression of GAP-43 mRNA was found between neurons grown in the 

presence of NGF or anti-NGF antibodies over 1 week culture. These findings suggest that 

two forms of growth may be present in adult DRG neurons: one is an NGF dependent 

growth that may underly or resemble collateral sprouting and which may be independent 

of GAP-43 upregulation (but see below), the other is an NGF-independent, injury- 

provoked regenerative growth, associated with GAP-43 upregulation.

Studies concerning the molecular correlates associated with nerve regeneration 

and collateral sprouting have shown that p75 and p i40^^^ mRNA levels are increased in 

collaterally sprouting DRG neurons, whereas there are no significant alterations in either 

p75 or p i40^^^ levels in the regenerating neurons (Mearow et al., 1994). NGF has been 

shown to regulate expression of p75 in the DRG neurons both in vitro (Lindsay et al., 

1990; Miller et al., 1991) and in vivo (Miller et al., 1991; Verge et al., 1992). However, 

the regulation of pl4Qtr^ by NGF is still controversial. Some studies found that there is 

no change in p i40^^^ expression after nerve crush (Mearow et al., 1994; Ernfors et al.,

1993) whereas Verge et al., found that pl4Ql^^ mRNA expression is decreased after a 

complete transection of the sciatic nerve (Verge et al., 1992). In addition to the finding 

that p75 and pl4Ql^k are upregulated by collateral sprouting, Mearow et al also found that 

GAP-43 mRNA increases in both the sprouting and regenerating DRG neurons. Although 

GAP-43 mRNA expression can be increased in these two situations (axonal damage with 

loss of peripheral supplied NGF and collateral sprouting evoked by an increased supply 

of NGF), they also found that GAP-43 expression is not reduced in DRG neurons during
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an anti-NGF treatment that fails to prevent the axonal regeneration but does block the 

collateral sprouting. Therefore they do not exclude the possibility that there are other 

mechanisms responsible for the regulation of GAP-43. This is in line with the present 

result that NGF is not the retrograde signal responsible for the upregulation of GAP-43.

Conclusion

NGF is an essential survival factor for developing DRG neurons and continues to 

play a neuromodulatory role in mature DRG neurons. It regulates the expression of 

certain transcription factors and thereby chemical phenotype, it prevents adult sensory 

neurons from injury-induced atrophy, it upregulates the expression of its receptors, and in 

addition, collateral sprouting is dependent on the presence of NGF.

In spite of extensive information on NGF and its receptors, the physiological role 

of NGF in the mature DRG neurons remains to be elucidated further. Is its major role to 

maintain normal phenotype or to signal contact of the neuron with its target? The 

identification of p i40^^^ as the functional receptor for NGF is making it possible to 

unveil the signaling pathways underlying the actions of NGF. NGF may be 

multifunctional, controlling the expression of characteristics such as capsaicin sensitivity 

which may determine whether a cell is a chemosensitive nociceptor, controlling the level 

of neuromodulatory neuropeptides such as substance P and CGRP or influencing the 

terminal growth of uninjured neuron. Understanding the action of NGF will lead to a 

greater insight into the cell-biology of primary sensory neurons and may lead to an 

improved understanding of some peripheral nervous system pathologies.
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1 8 3 .1 Qi.20^
PREGULAllON OF NGF RCCCFFOR mRNA EXPRESSION ASSOCIATED 

w m i  COLLATERAL SPROUTING OF SENSORY AXONS IS BLOCKED BY IN 
VIVO ANTI-NGF TREATMENT. K. Mearow*. Y. Kril and J. Diamond. Dept of 
Biomedical Sciences, McMastcr University Medical Centre, Ilamiltion, Onl. L8N 3Z5.

The collateral sprouting of intact cutaneous sensory neurons has been shown to be 
dependent on the presence of NGF, In our initial sludiès of the moloculor evenu
(xxuhng in the DRG neurons undergoing sptouting or regeneration, NGF R '"  mRNA 
was shown to be upregulated in the sprouting, but not the regenerating, neurons. We 
have now extended this work to examine both N G F-R '" and NGF-R** mRNA 
expression in DRG neurons undergoing sprouting and in DRG neurons whose 
sprouting has been prevented through in vivo exposure to anti-NGF antiserum during 
the course of the experiment. The sprouting paradigm was set up by isolating intact 
dorsal cutaneous nerves (DCNs); the remaining intact DCNs will sprout into the 
denervated areas of skin. Animals were treated with either control serum or sheep 
anti-NGF antiscrum. and at varying times after the initial surgery (1, 2, 4, 6, 8, 10, 
12 days), animals were perfused, the appropriate DRGs were removed and frozen 
Cryoseciions of these DRGs were taken and used for in situ hybridization (ISH) with 
" S  labeled riboprobes for NGF-R'” and NGF-R"*; hybridized slides were emulsion- 
coated and exposed for 1-3 weeks.

The results indicate tliat NGF-R'”  mRNA is increased by 8 days post op in DRGs 
from control serum-treated animals, and that this increase is restricted to the smaller 
neurons. In contrast, in DRGs from anti-NGF-treated animals, NG F-R '”  mRNA was 
maintained at control levels. Preliminary results for NGF-R"* expression indicate an 
increase in expression at days 4-6 post op. followed by a decline to initial levels; there 
is no change in trk mRNA in DRGs from anti-NGF treated animals. It seems likely 
that increased NGF in the denervated skin lead to increased expression o f NGF-R io 
neurons in which collateral sprouting is evoked. Supported by the Canadian NCE 
Network for Neural Regeneration and Recovery of Function, and NSERC.

NGF-DEPENDENT PERIPHERAL NERVE SPROUTING IS CORRELATED WITH 
INTRASPINAL SPROUTING AND FUNCTIONAL SYNAPTOGENESIS. B.A. 
Urschel* and J. Diamond. Department o f Biomedical Sciences, McMaster University, 
Hamilton, Ontario, Canada, L8N3ZS.

We examined the possibility that in the adult rat, the NGF-dependent collateral 
sprouling of undamaged nocioeplive nerves In skin will be com iaied  with iniraspinai 
sprouting o f primary nociceptive afférents, and that this involves a functio i^  
synaplogenesis within the ipsilateral dorsal horn. Since the immediate early gene c- 
fos is induced in spinal neurons post-synaptic to nothceptive afferents in response to 
noxious stimuli, an analysis o f the pattern of c-fos induction in the spinal cord allows 
the functional connectivity between nociceptive afferents and spinal intcmeurons to 
be evaluated. Cutaneous nerve fields were "isolated" (by surrounding de nervation) 
to induce peripheral nerve sprouting, but in some of the animals sprouting was 
prevented by daily injections of antibodies to NGF (anti-NGF). 16-21 days later the 
contralateral field was isolated to provide an "acute" control side. On day 22 (prior 
to the onset o f peripheral sprouting on the acute side), nociceptive field sizes were 
determined, and the spinal cords processed for c-fos immurxircaarvity. Increased 
functional synaplogenesis on the "sprouting" side was anticipated to increase the ratio 
of the number o f c-fos positive cells/section on tliat side relative to the number on the 
acute (control) side. In unoperated animals, and in animals where peripheral sprouting 
was blocked by anti-NGF treatment, the ratio was not significantly different from 1.0. 
In the animals with peripheral sprouting the ratio was 1.8, a significant increase 
(peO.OOOl). Thus iniraspinai sprouting and synaplogenesis appears to correlate with 
peripheral nerve sprouting. The iniraspinai sprouting will now be confirmed 
morphologically with substance P and OGRP immunoreactivity, and the possible 
involvement of centrally-originating NGF will be examined by intrathecal anti-NGF 
administration. Suppportcd by the Canadian Centres of Excellence for Neural 
Regeneration and Functional Recovery.

8 3 .2 1

NGF DOES NOT REGULATE GAP 43 mRNA LEVELS IN ADULT RAT 
DORSAL ROOT GANGLION NEURONS. M .Hu-TsiL C.J.W oolfi . P.Emson^ 
|n d  J Winter^* *Dept. of Anatomy, UtZL, Gower Street, London, W CIE, 6BT. 
^MRC . Cambridge, CB2 4AT. 3 SIMR, 5 Gower Place, London. W CIE, 6BN.

GAP 43 synthesis coincides with axon otirgrowth and its levels decline 
with the cessation of axon elongation (Skene, 1989. Arm. Rev Neurosci. 12:127- 
56). Increased amounts of both GAP 43 mRNA aird protein after sciatic nerve cut 
or crush suggest that a target-derived suppressive factor may regulate GAP 43 
synthesis. Among the candidates for such a factor is NGF which controls GAP 43 
expression in PC12 cells (Costello et al., 1990, J. Neurosci. I(X4):1398-1406). To 
determine the effects of NGF on GAP 43 gene expression on primary sensory 
neurons, we examined GAP 43 mRNA in adult rat dorsal root ganglion (DRG) 
neurons in culture in the preserme of either NGF or anti-NGF antiaerum using 
nors-lsotopic in jtru hybridization with an alkaline phosphatase-linked cDNA 
probe. The restdts were quantitated at single cell level with a Sccscan video- 
arudyiis imaging system. The timecourse o f GAP gene expression over I week in 
culture show approximately 5 0 *  of DRG neurons are GAP 43 positive, in the 
preseoce of NGF or aoti-NGF when examined after txUy Ih In culture. The 
number of GAP positive neurons increases steadily to approximately 9 5 *  at 7 
days in the presence both of NGF or anti-NGF. In contrast, 9 5 *  of neunrns 
cultured from ganglia that have been preaxotomized 4 days earlier in vivo are 
positive for GAP 43 mRNA after I h in vitro. R tnherm ore, the number of SP 
mRNA positive neurons drops from 1 2 *  (in the presence of NGF) to 0 *  (anti- 
NGF) after 1 week of growing in culture. In cottdusion. our results show that 
GAP 43 mRNA levels in adult rat DRG neurons are independent of NGF, since 
the presence or absence of NGF does not affect GAP 43 mRNA levels. NGF may 
not be involved in initiating re génération in sensory neurons.

M O LECU LA R AND PH A R M A C O LO G IC A L C O R R E L A T E S  O F  D EV ELO PM E N T II I

1 8 4 .1
tM£ S fU aO M PTIO t V tP : AS AUtOCStSt «eOUlATOS o r  CtSLL GSOUTS. A , DAVtOSOtl* .

t .O tC tC C O - i lO » .  t.SLACK. M.DSAQUt. F . t l A .  Q. 1 I U S 6 .  W, rS ID K IN . P . t ,  gHESSEWAS.

t . U .  nOOPT AMD I .  COZES, C StS . PATS., SACZLfS N tO . SC S., TEL AV tV U N tV ., tSRAf L ; 

HEUeOSCt. CELL S tO L. LSONJ-kOeEST UOCD JONNKSt MEO. SCH. P tS tA TA U A f, NJ088SA; 

StOCNEN. MOL. S tO L. CEOSGE WASHINCTOM U S tV . UASHINCTON DC20037; OSOANtC 

CHEMttTST, tXtZMASN tS S T ., ISRAEL; SECT. OEV.MOL.PHARKACtX. ,  LAB. DEV. MEUROBtOL. 

StCHO, S tS , lETKESOA, MD20892.

THE IXNE EHCOOIHG VASOACTIVE INTESTINAL PEPTIDE (V IP )  IS  EXPRESSED IN THE RAT 

EM8RT0 WITH A PEAK AT EMBRTONtC DAT 16 (E 1 6 ) (COZES ET A L . ,  NEUIIOENOOCXINOLOCT 

A 7 :Z 7 ;1 9 8 8 ),  SUGCESTtNO A ROLE IN DEVELOPMENT. PREVIOUS ST lO tE S  IMPLIED THAT VIP 

CAN SERVE AS A PARACRINE GROWTH TACTOR, STIMULATING GLIAL PROLtEERATtOM AND 

CONSEQUENT NELStOMAL SURVIVAL (BRENNEKAN ET A L , .  PNAS 8 3 :1 1 5 9 ,1 9 8 6 ; J .  NEUROSCI. 

RES.2 5 :3 8 6 .1 9 9 0 ) .  UE NOW SHOW THAT V tP  fUNCTtONS AS AN AUTOCRINE CROtZTH FACTOR 

IN NEUROCENEStS AS WELL AS IN CANCER PROMOTION.

IN THE DEVELOPING SYMPATHETIC NERVOUS SYSTEM. V tP  iMINA LIAS EXPRESSED AT HIGH

LEVELS IN E 15.5  SUPERIOR CERVICAL GANGLIA, WITH LOUER LEVELS AT BIRTH, A PATTERN

CONSISTENT WITH PREVIOUS ANALYSIS OF V IP  CONTENT. IMPORTANTLY, THE PEAK OF

EXPRESSION CORRELATES WITH THE FUNCTION OF VtP AS A REGULATOR OF MITOSIS,

DIFFERENTIATION AMD SURVIVAL OF SYMPATHETIC NEURORLASTS (PINCUS ET A L . ,  NATURE 

3 4 3 :5 6 * ,  1 9 9 0 ). FURTHERMORE, OUR OBSERVATIONS INDICATED THAT A NOVEL V tP  

ANTAGONIST (COZES ET A L .,  ENOOCRtNOLOOY 1 2 5 :2 9 *5 ,1 9 8 9 ; JPET 2 5 7 :9 5 9 ,1 9 9 1 )  

INHtBtTED VtP-tHOUCED MITOGENESIS IN SYMPATHETIC HEUROBLASTS. IN ADDITION TO 

NEURONAL CELLS, A tNRtBER OF CANCER CELL LINES EXHIBITED V IP  AUTOCRINE BEHAVIOR.

IH THE NON-SMALL CELL LUNG CANCER LINE N C I-H 838 , V tP  «RNA WAS DETECTED AND VtP

STIMULATED COLONY FORMATION THAT WAS INHtBtTED BY THE ANTAGONIST. IN RELATED 

STUDIES, V tP  IRNA WAS DETECTED IN ABOUT 50 k  OF LUNG CARCtNOtD CELL LINES TESTED. 

THE LINE N C I-H 727 DISPLAYED THE HIGHEST CONTENT OF V IP  «RNA, WHICH WAS INCREASED 

BY FORSKOLIN AS 1«LL AS THE PHORBOL PMA. IH CONCLUSION, V IP  FUNCTIONS AS AN 

AUTOCRINE REGULATOR O f PROLIFERATION.

1 8 4 .3
ONTOGENY OF TACHYKININ SYSTEMS OF THE RAT CAUDATE 
PUTAMEN: IMMUNOCYTOCTfEMISTRY AND W  S/TU HYBRIDIZATION.
L. Zhnng. L. R. Lucas. I.E. K m uset. J. T. Weber* and R. E. Harlan. Department 
of Anatomy. Tulane Medical School. New Orleans. LA 70112 and Deportment of 
Anatomy and Neurobiology. Washington University School of Medicine.. St.
Louis. M Of.

The tochykinins, subsiance-P (SP) and neiirokinin-B (NKB), are expressed in the 
caudate-putamen (CPu) and project to dopaminergic neurons in the substantia nigra 
and GABAergic neurons in the globus pallidus. respectively. To understand the 
independence of these two tachykinin systems, the ontogeny of SP and NKB in the 
rat CPu has been studied using ^ t h  Im m unocytochem islry and in situ 
hybridization. Pups were studied at embryonic days E I6 . E18. E20 and E22 and 
postnatal days PO. P5, PIO. P I5  and P45. ImmunocyUKhemistry was performed 
using antisera specific to SP and a NKB-related peptide, peptide 2 (PP2) on brain 
sections across all ages. On sections from PO. P5, and PIO, in situ hybridization 
was perfomcd using cRNA probes to locate neurons expressing the SP or NKB 
genes. At E16-E22, SP immunoreactive (ir) cell bodies were concentrated in the 
ventral lateral aspect of the CPu. At rostral levels, SP ir cell bodies were not 
evident at E22 or later ages, while SP-ir fiber system s formed distinct patches 
beginning at E20. SP-ir patches became most obvious at P15. and declined in 
intensity at P45. At caudal levels. SP-ir cell bodies continued to be evident as late 
as PIO. In contrast, PP2-ir, which also originated in the ventral lateral aspect of the 
CPu. was not delected until P I0 -P I5 . In situ hybridization indicated that the 
neurons containing SP-mRNA were concentrated in patches throughout the CPu at 
PO. P5, and PIO. Expresion of the NKB gene was not evident in the CPu until PIO 
when a few labeled cells were seen in the ventrolateral region. The marked 
developmental differences between SP and NKB suggest independence of function of 
these two tachykinins in the CPu. Supported by NIH Graru » NS 24148
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5 3 S .3
QUANTITATIVE ANALYSIS OF pl40t«‘k mRNA 
EXPRESSION IN THE DEVELOPING RAT BASAL 
FOREBRAIN AND HIPPOCAMPUS. F. Cinilli*̂  S. Levinê . 
and E. M. Shooter̂ . 1 Department of Psychiatry, and 2 Department 
of Neurobiology, Stanford University School of Medicine, Stanford, 
CA 94305.

In the central nervous system (CNS) Nerve Growth Factor (NGF) 
acts as a target-derived growth factor for developing cholinergic 
neurons of the basal forebrain. It has been shown that a
receptor tyrosine kinase, mediates NGF biological activity. We have 
studied the mRNA expression of pl40̂  ̂in the developing septo- 
hippocampal system using a sensitive ribonuclease protection assay. 
Basal forebrain and hippocampus were dissected from rats at 
postnatal day (PND) 0, 4, 12, 16, 21 and 60. Total mRNA was 
extracted and hybridized with an antisense riboprobe. A standard 
curve was obtained hybridizing increasing amounts of synthetically 
transcribed sense mRNA. Our results show that mRNA for pl40 
was barely detectable at birth in both basal forebrain and 
hippocampus. A significant increase in mRNA occurred around PND 
16 and levels increased steadily until adulthood (PND 60). These 
data indicate that the expression of pi40̂ ^̂  mRNA is 
developmentally regulated in both basal forebrain and hippocampus. 
The developmental increase in pl4 0 *̂k mRNA parallels the 
maturation of the septo-hippocampal cholinergic system, suggesting 
that this receptor contributes to its functional organization.

5 3 8 .4
NERVE GROWTH FACTOR RECEPTOR (NGFR) IMMUNOREACTIVITY IN 
THE DEVELOPING HUMAN BASAL FOREBRAIN. D .K llaovlc  (1 ) . 
I .D e la l l e  (1 ) ,  M.Herlyn (2) and I .K o s to v l c t  1) , (1) Croat 
I n s t .  Brain R ea ., Sch. o f  Med., Univ. Zagreb, 41000 Zagreb 
C ro a tia , (2) W latar I n a t . ,  P h ila d e lp h ia , PA19104-4268, usa 

Nerve growth f a c to r  (NGF) la  a t ro p h ic  f a c to r  fo r  the 
c h o lin e rg ic  neurone In th e  human b a aa l fo re b ra ln  (A llen et 
a l .  ’8 9 ). We a p p lied  NGFR-lmmunocytochemlatry and N laal 
s ta in in g  on b a sa l fo re b ra ln  (BF) o f  14 postmortem human 
b ra in s  rang ing  from 15 weeks o f  g e s ta t io n  (w .g .)  to  25 
y ears  o f l i f e .  From 15 to  25 w .g. N ls s l s ta in e d  se c tio n s  
revealed  In c re a se  In p e r lk a ry a l s i z e ,  p ro g re ss iv e  somal 
hyperchrom asla and th e  d i f f e r e n t i a t i o n  o f  a l l  c e l l  groups 
(C hi-4 ) w ith in  BF. A fte r 25 w .g. on ly  minor p e rlk a ry a l 
en largem ent was observ ed . At th e  age o f  15 w .g . NGFR im
m u n o re ac tiv ity  (NGFR-IR) was p re s e n t In  p a rs  compacta of 
th e  n uc leus  b a s a l l s  (Ch4). P o s it iv e  f ib e r s  were no ticed  in 
th e  e x te rn a l  c a p s u le .  In th e  subsequen t ages In c re a s in g  
aoMunta o f NGFR-IR w ith in  p e rlk a ry a  and d e n d r i te s  o f  ma- 
g n o c e l lu la r  somata  In a l l  BF s u b d iv is io n s  were found. 
Axonal pathways were n o ticed  from th e  age o f 25 w .g. 
onward In th e  e x te rn a l  c ap su le , In tram ed u lla ry  lam inae of 
globus p a l l id u s ,  l a t e r a l  p o rtio n  o f  a n te r io r  commissure, 
lo n g itu d in a l s t r i a e  and fo r n lc e s .  Our r e s u l t s  show a co r
r e la t io n  between th e  m orphological and tro p h ic  f a c t o r ’s 
a c t i v i t y  m a tu ra tio n  In th e  develop ing  human BF. I t  I s  a lso  
ev id e n t th a t  b iochem ical m atu ra tion  o f  c h o lin e rg ic  neurons 
In BF I s  an e a r ly  p re n a ta l  developm ental e v en t.

5 3 8 .5

EXPRESSION OF NERVE GROWTH FACTOR AND ITS HIGH 
AFFINITY RECEPTOR (trk) IN THE RAT AND MONKEY CORTEX. 
A.F. Pitta* and M.W. Miller. Depts. of Psychiatry & Pharmacology, 
Univ. of Iowa Coll. of M ed., Iowa City lA 5 2 2 4 2  and Dept, of 
Psychiatry and Res. Serv., V.A.M.C., Iowa City lA 5 2246 .

Narva growth factor (NGF) is required for the survival of neurons 
which project axons from the  basal forebrain to naocortex. Wa 
used Imm unohistochemical procedures to  identify the distribution 
of NGF and the NGF receptor, trk, both in the  basal forebraln and 
neocortex. The procedures relied on polyclonal antibodies to  NGF 
(courtesy of E.M. Johnson) and to  trk (Oncogene). Some sections 
w ere stained w ith cresyl violet for cytoarchitectonie analyses. 
NGF-immunoreactive neurons in rat and m onkey cortex were 
distributed in all layers. About one third of the neurons in a 
particular layer w ars NGF-positive. The staining w as som atic and 
occasionally extended into the  base  of the apical dendrite, trk- 
immunoreaction w as also identified in all layers of cortex, however, 
th e  staining w as arranged In pericellular rings. Like NGF, trk- 
immunostaining w as  associated  w ith about one third of the 
neurons. In the  ra t basal forebrain f/Hr-immunostaining w as 
cytoplasm ic. Most of the  cell bodies of basal forebrain neurons 
w ere fr*-positive, and in contrast, only a fraction were NGF- 
positive. These data  are consisten t w ith the  model th a t NGF is 
produced by cortical neurons which retrogradely maintain the basal 
forebrain projection neurons.

Funded by the D epartm ent of V eterans Affairs and NIH grants DE 
0 7 7 3 4 , AA 06 9 1 6 , and AA 0 7 5 6 8 .

ANTIBODIES RAISED AGAINST HUMAN pl40 PIEFTIOE 
SEQUENCES STAIN A DISTINCT SET OF NEURONS IN THE RAT 
PERIPHERAL AND CENTRAL NERVOUS SYSTEM.
M Ho-Twi'. CJ Woolf*. O Evm*. I Whta**. ‘Dept Aaakxny, Unhrcnity College 
Ixindea, London WCIB 4BT, ’Impérial Cancer Reaeatch Fund, Llnaoln Imn Flda, 
London WCZ, ’Sandos taadtole for Medical Reaearoh, London WCIB 6BN, UK.

In order to ahidy (be dlalribudon of Ifae high afilnity NOP leceptor, we 
have lalaed andbodlea in rahhllm Io 2 diallncl 23aa pcpdde acquenoea (A, & AJ  
of (be human gp 140’** with no homology to trkB or trfcC Theae have partial 
homology with the coneapondhig tat gp 140’** acquenoea. The andbodlea 
hnmunoprecipllale a 130-140k protein from lyaalea of PC-12 cells and neotutal 
rat DRO. Aflinity purifloadom of the andtndiea war performed on CNBr-acdvated 
aepharoac columoa using the peptides. No cross reactivity was detected between 
A, serum airi A, peptide. The Bow through of AJA, serum through AJA, 
peptide bound columns lached antipeptide activity and were used for 

I  oootrola.
A shnilar staining patlem was fourni for both

The majority of adult DRG, nodose and SCO tteurons  were 
hnmunoieacltve. In the CNS high levels of staining were found in specific 
motoneuron pools, preganglionic nemons, the poaHam nucleL some hypothalamic 
nuckL the geniculate body, psitlenlsr reticular nuclei and hippocampal cells. 
The most hnmtmoresetive cells were PutUllje cells in the cerebellum.

This distribetion is not fuBy congruent with the diatrlbutian of NOP 
responsive cells, NOP high affinity binding sitm or insitu hyhrldlrmtlan for 
gpl4G’** mRNA. Work la in progress to identify which rat trk these antihodim 
are leoognizing.

5 3 8 .8

DEVELOPMENTAL PATTERN OF TRKB IMMUNOREACTIVITY IN THE 
MAMMALIAN CEREBRAL CORTEX. R J. Cabelli. K.L. Allendoetfer. M l 
Radeke**. S C FrintieinS. and C 1 Shsir Dept, of Mol. Cell DIol., UC Berkeley, 
CA 94720, and *Neuroaclenct Research Inuituie, UC Santa Barbara, CA 93106.

TrkB, a tyrosine kinase that serves as a receptor for the neurotrophin BDNF, 
has been shown to be present in the developing mammalian braie. We have recently 
demousiraied the developmental regulation of trkB protein expression In ferret visual 
system, using cross linking of iodinaied neurotrophins to receptors (Allcodoerfer et al.. 
Soc. Neurosci. Abs. 1992). To determine the specific cellular kxalizadoa of trkB, an 
Immunohistochemical analysis was performed at ages from E24 to adult, using 2 anti
peptide antibcxlles directed against distinct epitopes in the extracellular domain of trkB. 
At prenatal ages. Immunostained fibers were observed In the Internal capsule and 
Intermediate zone. Within the oerebral hemispheres two distinct fasciclea. one deep and 
one superficial, are present. Fiber staining declined with Increasing age, while staining 
of cell bodies increased with development At E30 some cells in the preplate were 
stained. By PiO, two populations of cortical neurons were stained: subplate cells and 
layer 3 pyramidal cells. By P43, the staining ftx trkB had exterxled to neurons In all 
ctxtical layers, although the intensity of the staining may have been somewhat reduced 
from that seen at PiO. Radially oriented processes, shown by double-labeling with 
and-vimentln at PiO to correspond to radial glia, were stained as early as E30. At PIO 
and. to a lesser extent, P24, we observed cellular staining in the subventrlcular zone, a 
mitotic zone thought to be the site of generation of glial cells. Staining of mature 
astrocytes was observed at P24 and later ages when higher concentrations of antibody 
were used. Staining of hippocampal and basal forebraln neurons was observed in 
potmatal animals, as expected. Both the fiber staining seen early In development and 
the cellular staining of neurons arxl glia seen later were completely blocked by 
preincubation of the affinity-purified antibodies with the peptide* against which they 
were made. These data suggest that different subsets of cortical neurons, and both 
neurons and glia, may bind and respond to neurotrophins such as BDNF at discrete 
developmental times. (Supported by EY06327 (R IO , ACS grant S-68-91 (MIR). 
NSP grant lBN-9120836 (SCF), and EY02838 and the Alzheimer's Assn. (OS)].
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NEUROTROPHIN RECEPTORS IN THE [XDFISAL COLUMN 
NUCLEI: IMMUNOCYTOCHEMICAL LOCALIZATION AND HIGH 
AFFINITY BINDING ASSAYS. D R. Foschlnl*. D P. Cro(j(e11 and 
M.D. Eager. Dept, of Neurosdence and Cell Biology, UMDNJ- 
Robert Wood Johnson Med. Sch., Piscataway, NJ 08854-5635.

Neurotrophin receptors have been linmunocytcxihemlcally 
localized In the dorsal œ lum n nuclei (DCN) in the brainstem of 
the rat, suggesting that the DCN may be neurotrophin responsive. 
The DCN, which consist of the cuneate nucleus (CN) and the 
gradle nucleus (GN), possess Immunoreactivity for 1) p75 '"” ', the 
common low affinity binding site for all neurotrophins, 2) trk A, the 
high affinity nerve growth fector (NGF) receptor, and 3) tr)( B, the 
high affinity brain derived neurotrophic factor (BDNF) receptor. 
In the CN, p75'“ ™ Immunoreactivity Is confined to an Intense 
blotchy pattern in the middle region. Trk A and trk B Immunoreao 
gvlty Is more disperse; trk A Immunoreactivity Is locallzable to 
neuronaMlke cell bodies In the CN and fibers in the cuneate 
fasciculus; trk B Immunoreactivity is associated with fibers, 
astrocyte-like cells and neuron-like som ata In the CN and external 
CN. Immunoreactivity for all three neurotrophin receptors Is also 
present In the GN.

A high affinity NGF binding assay w as performed on adult rat 
brainstem tissue. The middle region of the CN binds '^ -N G F 
specifically.
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Regional differences in the distribution of capsaicin-sensitive 
target-identified adult rat dorsal root ganglion neurons

Mi-i Hu-Tsai“, Janet Winter*’ and ClifTord J. WoolP
department o f  Anatomy and Developmental Biology, University College London, London ( UK) and ‘’Sandoz Institute for Medical Research, London
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A retrograde labelling technique combined with a cobalt uptake assay in cultured adult rat dorsal root ganglion (DRG) neurons were applied to 
tudy the distribution of capsaicin sensitivity in relation to dilTcrenl peripheral targets. This study shows that there are regional dilTcrcnces between 
kin. skeletal muscle and urinary bladder; 20-30% of skin a He rents, 40% of muscle alTerents and 60% of bladder alTerents were found to lie 
apsaicin-scnditive. I his may icllcct dilTcrcnces in the proportion ol'chcmoscnsitivc afferents innervating different peripheral tissues.

C apsaicin is characterized by its specil'icity o f  action 
m certain prim ary sensory neurons, topical application 
ixcrts an excitatory effect on peripheral sensory nerve 
indings, m ainly unm yelinated C fibers o f the polym odal 
lociceptor type [7, 13], while at high doses, it is toxic to 
his subpopulation  o f  sensory neurons. The basis o f  the 
pecificity o f  capsaicin’s action on allèren t neurons may 
K related to the presence or absence o f capsaicin reccp- 
ors. A lthough the cellular specificity and species selec- 
ivity o f capsaicin sensitivity [14, 17], as well as the strict 
hem ical requirem ents for capsaicin-like activity [4], sug- 
;est the existence o f  a capsaicin receptor [1], this has not 
ret been identified directly, and therefore indirect tech- 
nques are required to define capsaicin sensitivity in indi- 
ridual neurons. One approach  is a cobalt uptake tech- 
lique [15]. The rationale depends on the m em brane ef- 
ects o f  capsaicin. Capsaicin increases calcium  uptake in 
:apsaicin- sensitive neurons by opening non selective cat- 
on channels [17]. The opening o f  those channels by cap- 
laicin also allows cobalt to enter the cell, where it can be 
risualized histochem ically [15].

Studies using anatom ical, histochem ical and im- 
nunocytochem ical m ethods have revealed that prim ary 
ifferent neurons com prise a mixed population  o f cells 
6]. The chemical expression o f these cells diOcrs system 
atically in relation to the peripheral target they innervate 

1]. The aim of this study has been to investigate

Correspondence: M. Hu-Tsai, Department o f Anatomy and Develop
mental Biology, University College London, London WCIE 6BT, UK.

w hether capsaicin sensitivity is related to the peripheral 
target innervated. The approach  we have used is to label 
afferents by retrograde tracing from  diflerent peripheral 
tissues, com bined with identification o f capsaicin-sensi
tive target-identified neurons in culture by cobalt uptake. 
C obalt uptake histochem istry cannot be perform ed in 
fixed tissue in situ, since cobalt canno t accum ulate in the 
neurons w ithout the opening o f  cation channels in living 
neurons. C ulturing  target-identified adult D R G  neurons 
is a novel technique for exam ining the behavior and 
analysing properties o f  specific neurons in vitro.

Thirty-five S prague-D aw ley  rats (200-250 g) anaes
thetized with H ypnorm  (0.3 ml/kg i.m.) and D iazepam  
(2.5 mg/kg i.p.) were given injections o f Fast Blue (FB) 
(Dr. llling G m bH , F R G ) (5% w/v in ethylene glycol) into 
the skin, the gastrocnem ius muscle, or the urinary b lad
der, using a 30 g needle. Skin injections were m ade into 
two areas, the medial thigh (in the region innervated by 
the saphenous nerve) and the dorsal foot (the region in
nervated by the superficial peroneal nerve). The dye was 
injected in traderm ally. Several injections were made 
within an area o f up to  1 cm^. F o r muscle injections, the 
gastrocnem ius muscle was exposed under sterile cond i
tions, and m ultiple injections were m ade in the belly o f 
the muscle tak ing  care to avoid injuring blood vessels. 
F o r the bladder injections, the bladder was exposed in 
the abdom inal cgvity and m ultiple 1 /il injections were 
m ade into the b ladder wall avoiding penetration  in to  the 
bladder cavity or spillage into the peritoneum . In all 
cases care was taken to avoid the dye tracking back out
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of the injection puncture site by giving the injection 
slowly and by withdrawing the needle slowly. Six days 
after FB labelling, the animals were sacrificed and rele
van t ganglia dissected for cell culture.

D R G s (L 2_4, medial thigh; L 3 5, dorsal foot; gas
trocnem ius; L,_2, Lg-S,, bladder) and thoracic ganglia 
(to check for systemic spread) from both sides o f spinal- 
cord were removed aseptically, and collected as separate 
pools for each animal. The ganglia were then digested 
with 0.125% collagenase for 3 h and 0.25% trypsin for 30 
min, and mechanically dissociated through a flame-pol
ished pasteur pipette. Cells were plated in 35 mm Petri 
dishes at a density o f 15,000-20,000/dish and grown in 
F14 medium with 4% serum substitute U ltraser G 
(Gibco) overnight [9]. The cells were cultured for the 
shortest possible time so that they would accurately rep
resent the in vivo situation. The following day, capsaicin 
sensitive neurons in these cultures were identified by 
their ability to take up cobalt when stimulated with cap
saicin. Cultures were washed in calcium-free assay buffer 
(5 mM KCl, 2 mM MgClj, 12 mM glucose, 10 mM 
HEPES (pH 7.4), 137 mM sucrose, 58 mM NaCl), then 
treated for 10 min in assay buffer containing 5 mM 
C 0CI2, with or w ithout 10 /vM capsaicin.The cultures 
were then washed quickly with assay buffer, developed in 
1.2% am m onium  polysulphide solution to precipitate the 
cobalt inside the cells, and fixed in 4% paraform aldehyde 
[2, 15].

C ultures were examined on a N ikon F luophot m icro
scope with filters appropriate for FB (excitation wave- 
lengh 390-420 nm), and with transm itted light for cobalt 
uptake.

The labelled neurons could be graded into two clear 
categories according to dye intensity -  high and low. 
Low intensity FB labelled cells could be found outside 
the segmental area and are likely to result from systemic

spread o f the dye [11]. The high intensity labelled cells 
were only present in the segmental ganglia and were 
readily differentiated from the low intensity cells, which 
were not counted. Counts were made o f high intensity 
FB cells (as specific labelling) and brown neurons as co
balt positive (Fig. 1).

The num bers o f high intensity FB labelled neurons 
varied between individual animals. The cultures from 
skin-injected animals had on average 0.59% FB labelled 
neurons, those from muscle 0.64%, and bladder 0.9%. O f 
total D R G  neurons (including FB labelled and unla
belled cells) 60± 1 % took up cobalt, whereas less than 1 % 
o f control cultures (no capsaicin) took up cobalt, in 
agreement with previous studies [15, 16].

The presence o f cobalt did not obscure FB labelling 
(Fig. 1), although it lowered background fluorescence. If 
FB had been obscured by cobalt sulphide, the num ber of 
FB labelled cells in dishes treated with capsaicin would 
be less than the control dishes. However, there was no 
significant difference between treated and control dishes 
with respect to the num ber of labelled high intensity FB 
cells (data not shown).

The data on the presence of capsaicin stimulated co
balt uptake in high intensity FB labelled cells from skin, 
muscle and bladder are summarized in Table I. The p ro 
portion o f capsaicin sensitive neurons in the retrogradely 
labelled population from the three target tissues were 
consistently different in each animal, with differences be
tween two skin areas (dorsal foot and medial thigh) as 
well as between skin, muscle and bladder.

Heterogeneity of the chemical phenotype of adult 
D R G  cells has been recognized repeatedly from histo- 
chcmical and immunohistochcmical studies of intact 
dorsal root ganglia [6]. That this correlates with the ta r
get innervated has been dem onstrated more recently 
using retrograde tracing techniques [I I]. All these studies

TA13LIi I

REGIONAL Dll I LRLNCt' IN CAPSAICIN SENSITIVITY DETECTED BY COBALT UPTAKE IN TARGET IDENTIFIED NEURONS 
IN VITRO

Tissue Number of 
rats

FB" cells 
(per rat)

Cobalt" FB" 
cells (per rat)

% M eanlS.E.M. 
ofcobalt"FB7FB* cells 
(per rat)

Medial thigh 15 63.6±1L7 13.1±2.8 20.011.5
(skin) (total 954) (total 196)
Dorsal fool 7 123.1 ±24.4 39.0110.0 .30.413.0
(skin) (total 862) (total 273)
Gastrocnemius 9 95.9±47.0 46.8127.3 42.313.1
muscle (total 863) (total 421)
Urinary 4 179.5±28.6 112.5116.7 63.311.0
bladder (total 718) (total 450)
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I-'ig. I. A, 2 , show the identical field. A,; phase-contrast micrograph shows DRG cells. A,: fluorescence micrograph shows a FB labelled cell. Note 
that cobalt staining decreases the background fluorescence but does not obscure I B labelling. A,: bright-field micrograph shows that the labelled I B 
cell in A, is cobalt positive, that is capsaicin-sensitive. B, , , show the same field. B,: phase-contra^t micrograph of DRCi cells. B,: fluorescence in the 

identical fiekl shows a I B labelleil cell. B,; bright-field shows the I B labelled cell in B, is cobalt negati\e. Bar-50 /nn.
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used fixed intact ganglia. We now show that it is possible 
to  identify the targets o f D R G  neurons grown in culture. 
This has enabled us to dem onstrate regional differences 
in a phenotypic property o f these cells that can only be 
studied in living cells. The technique offers the possibil
ity, m oreover, o f investigating the actions o f neurotro- 
phic or target-derived factors on target-identified neurons.

The present results indicate regional differences in the 
distribution o f capsaicin sensitivity in prim ary sensory 
neurons, with maximal sensitivity in a group o f pelvic 
visceral afferents, less in skeletal muscle afferents and the 
smallest p roportion  in skin afferents. It is possibly inap
propriate to  com pare capsaicin sensitivity with the neu
rotoxicity resulting from neonatal capsaicin p retreat
ment, since the distribution and action o f receptors may 
be different in adult and neonatal animals. F or instance, 
neonatal pretreatm ent with capsaicin inhibited 90% of 
dye exudation in ra t’s skin whereas only a 30% inhibition 
occured after adult pretreatm ent [5]. Systemic capsaicin 
has been found, in the adult, to induce extravasation in 
the skin and the epithelium o f the respiratory, gastroin
testinal and urinary systems, but not in muscle [12]. In 
addition, while capsaicin sensitivity is N G F  dependent 
[16], muscle is reported to have fairly low levels o f N G F  
[8]. The higher proportion o f capsaicin sensitive muscle 
afferents than cutaneous afferents that we have found is 
therefore som ewhat surprising.

A previous study using the cobalt uptake technique in 
cultured adult D R G  cells [15] showed that not all unmye
linated C fibres (defined by low neurofilament content) 
arc capsaicin sensitive. This is reinforced when our data 
on the regional difference in capsaicin sensitivity in skin, 
muscle and bladder are com pared with the relative num 
bers o f C afferents that innervate these tissues. From  a 
retrograde study in vivo in the rat using FB and RT 97 
negativity (lack o f  ncurofilaments) to recognize C affer
ents, 66% o f cutaneous and 40% o f muscle afferents were 
estim ated to be C afferents [11]. This shows FB is trans
ported by all afferent types. In the cat there are also more 
cutaneous than  muscle C afferents [10]. An analysis o f 
the axonal com position o f pelvic visceral nerves in the ra t 
has found tha t unm yelinated sensory axons represent 
70% o f the total [3]. Assuming the cultured cells accu
rately represent the in vivo situation, we estimate that 
only from 25% to 40% o f cutaneous C afferents are cap
saicin sensitive in the adults, whereas from 66% to 100% 
o f muscle C afferents and possibly all bladder C afferents 
are. O ur data  shows that C fibres innervating deep tis
sues are more likely to be capsaicin sensitive than those 
innervating skin. This may reflect differences in the p ro 
portion  of chemosensitive afferents and therefore may 
have an im portant bearing on the effect produced by in
flam m ation in these different tissues.

We thank the Wellcome Trust for financial support. 
M .H .-T  was supported by a Sandoz funded studentship.

1 Bevan, S., Hothi, S., Hughes, G.A., James, I.F., Rang, H.P., Shah, 
K., Walpole, C.S.J. and Yeats, J.C., Development of a competitive 
antagonist for the sensory neuron excitant. Capsaicin, Hr. J. Phar
macol. (Suppl.), 102 (1991) 77P.

2 Hogan, P.G., Dissertation, Harvard University, Cambridge, MA, 
1982.

3 Hulsebosch, C.E and Coggeshall, R.E., An analysis of the axon 
populations in the nerves to the pelvic viscera in the rat, J. Comp.

• Neurol., 211 (1982) 1-10.
4 Jancsô, G. and Kirâly, E., Sensory neurotoxins: chemically induced 

selective destruction of primary sensory neurons. Brain Res., 210
\  (1981)83-89.
5 Jancsô, G., Kirâly, E. and Jancsô-Gâbor, A., Pharmacologically 

induced selective degeneration of chemosensitive primary sensory 
neurons. Nature, 270 (1977) 741-743.

6 Jessell, T.M. and Dodd, J., Neurotransmitters and differentiation 
antigens in subsets o f sensory neurons projecting to the spinal dor
sal horn. In J.B. Martin and J.D. Barchas (Eds ), Neuropeptides in 
Neurologic and Psychiatric Disease, Raven, New York, 1986, pp. 
111-133.

7 Kenins, P., Responses o f single nerve fibers to capsaicin applied to 
the skin, Neurosci, Lett., 29 (1982) 83-88.

8 Korsching, S. and Thoenen, H., Nerve growth factor in sympathetic 
ganglia and corresponding target organs of the rat: Correlation 
with density of sympathetic innervation, Proc. Natl. Acad. Sci. 
USA, 80(1983) 3513-3516.

9 Lindsay, R.M., Nerve growth factors (NGF, BDNF) enhance ax
onal regeneration but are not required for survival of adult sensory 
neurons, J. Neurosci., 8 (1988) 2394-2405.

10 McLachlan, E.M. and Jünig, W., The cell bodies of origin of sympa
thetic and sensory axons in some skin and muscle nerves of the cat 
hindlimb, J. Comp. Neurol., 214 (1983) 115-130.

11 O’Brien, C., Woolf, C.J., Fitzgerald, M., Lindsay, R.M. and Mo- 
lander, C., Differences in the chemical expression of rat primary 
afferent neurons which innervate skin,, muscle or joint. Neuro
science, 32 (1989) 493-502.

12 Saria, A., Lundberg, J.M., Skofitsch, G. and Lem beck, F., Vascular 
protein leakage in various tissues induced by substance P, capsaicin, 
bradykinin, serotonin, histamine and by antigen challenge, 
Naunyn-Schmiedeberg’s Arch. Pharmacol., 324 (1983) 212-218.

13 Szolcsanyi, J., A pharmacological approach to elucidation of the 
role of different nerve fibres and receptor endings in the mediation 
of pain, J. Physiol. (Paris), 73 (1977) 251-257.

14 Szolcsanyi, J., Capsaicin, irritation and desensitization: neurophysi- 
ological basis and future perspectives. In B.G. Green, J.R. Mason 
and M R. Kare (Eds.), Chemical Senses, Vol. 2, Marcel Dekker, 
New York, 1990, pp. 141-169.

15 Winter, J., Characterization of capsaicin-sensitive neurons in adult 
rat dorsal root ganglion cultures, Neurosci. Lett., 80 (1987) 134-140.

16 Winter, J., Forbes, C.A., Sternberg, J. and Lindsay, R.M., Nerve 
growth factor (NGF) regulates adult rat cultured dorsal root gan
glion neuron responses to the excitotoxin capsaicin. Neuron, 1 
(1988) 973-981.

17 Wood, J.N., Winter, J., James, L.F., Rang, H P., Yeats, J. and 
Bevan, S., Capsaicin-induced ion fluxes in dorsal root ganglion cells 
in culture, J. ^eurosci., 8 (1988) 3208-3220.



)BNAME: BBI D/2 PAGE: 1 SESS: 3 OUTPUT: Wed Oct 19 06:21:56 1994 ^ U lh o r 'Î P P  n n o n /
ale/disk2/alanrliss/liss/fl7932/345

' 'n ss  p a a e ^ . ^

Journal of Neuroscience Research 39:000-000 (1994)

Neurite Outgrowth and GAP-43 mRNA 
Expression in Cultured Adult Rat Dorsal Root 
Ganglion Neurons: Effects of NGF or Prior 
Peripheral Axotomy

M. Hu-Tsai, J. Winter, P.C . Emson, and C.J. W oolf
Department of Anatomy and Developmental Biology, University College London (M.H.-T., C.J.W .), Sandoz 
Institute for Medical Research (J.W.), London, and MRC Group, Institute of Animal Physiology and 
Genetics Research, Babraham, Cambridge (P.C.E.), United Kingdom

Adult dorsal root ganglion (DRG) cells are capable of 
neurite outgrowth in vivo and in vitro after axotomy. 
W e have investigated, in cultured adult rat DRG 
ells, the relative influence of nerve growth factor 

i.NGF) or a prior peripheral nerve lesion on the ca
pacity of these neurons to produce neurites. Since 
there is evidence suggesting that the growth-associ
ated protein GAP-43 may play a crucial role in axon 
elongation during development and regeneration, we 
have also compared the effect of these treatments on 
GAP-43 mRNA expression. NGF increased the early 
neurite outgrowth in a subpopulation of DRG cells. 
This effect was substantially less, however, than that 
resulting ffom preaxotomy, which initiated an early 
and profuse neurite outgrowth in almost all cells. No 
difference in the expression of GAP-43 mRNA was 
found between neurons grown in the presence or ab
sence of NGF over 1 week of culture, in spite of the 
increased growth produced by NGF. In contrast, cul
tures of neurons that had been preaxotomized showed 
substantial increases in GAP-43 mRNA and NGF 
had, as expected, a significant effect on substance P 
mRNA levels. Two forms of growth may be present in 
adult DRG neurons: an NGF-independent, periph
eral nerve injury-provoked growth associated with 
substantial GAP-43 upregulation, and an NGF-de- 
pendent growth that may underlie branching or 
sprouting of NGF-sensitive neurons, but which is not 
associated with increased levels of GAP-43 mRNA.
2) 1994 Wlley-Liss, Inc-

Key words: sensory neurones, regeneration, neuro- 
trophins, nerve injury, sprouting

INTRODUCTION

The regenerative response o f neurons to injury de
pends both on their intrinsic growth capacity and the

local m icroenvironm ent (Bray and A guayo, 1989; Faw 
cett and K eynes, 1990). In order for regeneration to oc
cur, injured m ature neurons need to be able to enter into 
a growth m ode w hereby neurites can be formed and elon
gate until reinnervation of a target is achieved. The sig
nals that operate to activate such growth are not fully 
understood, how ever, but must derive from cell-cell, 
cell-substrate or cell-soluble factor interactions.

One class o f soluble neuroactive com pound that 
has been suggested as having an important role in con
trolling axonal growth is the neurotrophin fam ily. Nerve 
growth factor (N G F), the prototypic mem ber o f the neu- 
rotrophins, is present in peripheral targets (Claude et a l., 
1982), and m any dorsal root ganglion cellsy have high 
affinity NGF receptors (trkA; M artin-Zanca et a l.,
1990). NGF w as first characterized on the basis of its 
capacity to produce neurite outgrowth in fetal DRG ex
piants (Levi-M ontalcini, 1987) and continues to promote 
neurite form ation in dissociated adult DRG cell cultures 
(Lindsay, 1988; Yasuda et a l., 1990). The deprivation of 
target-derived N G F in vivo is responsible for part of the 
axtom y response that is seen during regeneration of pri
mary sensory neurons (Lieberm an, 1971). This includes 
the dow nregulation of some neuropeptides (Jessell et a l., 
1979; Barbut et a l., 1981; Fitzgerald et a l., 1985; Wong 
and Oblinger, 1991). Regeneration of peripheral sensory 
axons in the adult rat, however, appears to be NGF- 
independent and is not affected by systemic anti-NGF 
antibody treatm ent (W inter et a l., 1993).

A  useful m arker for studying growth in neurons is 
the grow th-associated protein G A P-43. This 24
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acidic m em brane-bound phosphoprotein (Skene, 1989; 
Coggins and Zw iers, 1991) is deveiopm entally  regulated 
and re expressed after axonal injury (Jacobson et a l., 
1986; Bisby, 1988; Skene, 1989; Van der Zee et a l., 
1989; W oolf et a l., 1990). The protein is concentrated in 
growth cones (Skene, 1989) and w hen transfected into 
non-neuronal cells, G A P-43 cD N A  results in process 
formation (Zuber et a l.,  1989; Y ankner et a l., 1990). 
Conversely, blockade o f GAP-43 expression w ith an
tisense probes results in dim inished neurite outgrowth 
(Jap Tjoen San et a l., 1992; A igner and C aroni, 1993), 
as does m utagenesis o f its phosphorylation site (W idm er 
and Caroni, 1993) and introduction of antibodies to 
GAP-43 into neurons (Shea et a l., 1991). M oreover, 
NGF upregulates G A P-43 levels and increases neurite 
outgrowth in the phaeochrom ocytom a cell line, PC12 
(Costello et a l., 1990; Federoff et a l., 1988), although 
neurite outgrowth and increased GAP-43 expression are 
not always linked in these cells (Baetge and H am m ang,
1991).

Primary sensory neurons show  substantial in
creases in GA P-43 m R N A  and protein after a peripheral 
axotomy in the adult (B isby, 1988; Van der Zee et a l., 
1989; W oolf et a l., 1990; Chong et a l.,  1992).

The signals responsible for controlling GAP-43 
levels in developing or injured adult neurons are likely to 
be target-related since denervation and reinnervation of 
the target results in a sw itch on and off, respectively, of 
G A P-43 levels (H offm an, 1989; B isby, 1988; Chong et 
al., 1992). The adm inistration o f  N G F, how ever, to the 
central terminals of peripherally axotom ized prim ary 
sensory neurons does not prevent the postinjury increase 
in G A P-43 levels (V erge et a l.,  1990).

We have now com pared, in adult rat DRG cell 
cultures, the effects o f  N G F or a prior peripheral nerve 
lesion on neurite production and have studied w hether 
these treatments m odify GA P-43 m R N A  levels in the 
DRG cells. D issociation of the cells necessarily produces 
axotomy and an upregulation o f GAP-43 (W oolf et a l., 
1990) and we have investigated w hether N G F/axotom y 
accelerates or suppresses this. A  brief abstract of this 
work has been published (H u-Tsai et a l., 1992).

M A T E R IA L S  AND M E T H O D S  
Cell C u ltu res

DRGs from all spinal levels w ere dissected under 
sterile conditions from  adult Sprague-D aw ley rats (2 0 0 -  
250 g), as described by  Lindsay (1988), and collected in 
F-14 medium (Im perial Labs) supplem ented w ith 4% Ul- 
troser G (USG; serum  substitute; G ibco-B R L). The gan
glia w ere trim m ed o f spinal roots before being enzym at
ically treated with 0 .125%  collagenase (Boehringer- 
M annheim , clostridiopeptidase) in F-14 USG for 3 hr.

The ganglia w ere then transferred to a 10 ml conical 
plastic tube, w ashed tw ice in fresh F-14 m edium , and 
triturated by a few passages through the constricted tip of 
a flam e-polished pasteur pipette. The resulting cell sus
pension was layered onto 2 ml o f  15% (w/v bovine serum 
album in (BSA) fatty acid-free; Sigm a, St. Louis, MO) in 
F-14 m edium  in a conical tube. This w as spun in a cen
trifuge for 5 m in at 1,000 g. The BSA  and interface 
m aterial, consisting largely of m yelin debris, was aspi
rated and the cell pellet resuspended in fresh F-14 USG 
m edium  and plated im m ediately on 22 mm glass cover- 
slips, previously coated w ith polyornithine (500 |xg/ml. 
Sigm a) and lam inin (5 m g/m l; B R L-G ibco), except in 
specified cases w here the coverslips w ere coated with 
polyornithine alone. A pproxim ately 2 x  10“* cells were 
plated per coverslip . The coverslips were placed in 
6-well m ultidishes (N unc), and m aintained at 36.5°C, 
97%  air, 3% C O 2, in 2 ml m edia for 1 hr, 1-, 3- or 7-day 
incubation tim es. Culture m edium  w as supplem ented 
with the m itotic inhibitor cytosine arabinoside (Ara C; 
10“ ^M, Sigma) w ith or w ithout NGF (200 ng/m l). An 
N G F-neutralizing m onoclonal antibody, 23c4 (W eskamp 
and O tten, 1987) w as added to the m edium  that lacked 
N G F to elim inate any endogenous N G F, and a control 
m onoclonal antibody, Y 13-238 (Furth et a l., 1982) was 
added to the N G F-containing m edium . The antibodies, 
both rat IgG2a, w ere purified from  ascites fluid raised in 
nude m ice (H udson and H ay, 1980), and w ere used at a 
final concentration o f 50 ixg/ml. This concentration of 
23c4 neutralized 200 ng/m l N G F in an em bryonic day 
(E)8 chick em bryo DRG bioassay (Fenton, 1970), 
w hereas the Y 13-238 had no effect.

Sciatic Nerve Ligation and Cut
Adult Sprague-D aw ley rats (2 0 0 -2 5 0  g) were 

anaesthetized w ith fentanyl and diazepam , and the left 
sciatic nerves ligated and transected at m idthigh level 
under sterile conditions. The w ounds were closed in two 
layers and the anim als allowed to survive for 4 days 
postoperatively. On the 4th day, DRGs (L 4 -5 , from 
ipsilateral and contralateral sides) were removed and 
pooled separately and enzym atically  digested to a single 
cell suspension. The neurons w ere then plated at 2 x  lO'* 
neurons/22 mm polyornithine-lam inin-coated coverslips 
for 1 hr in F-14 USG m edium  supplem ented w ith Ara C.

Estimation of Neurite Outgrowth
Preaxotom ized DRG neurons or DRG neurons 

from anim als w ith intact peripheral nerves, treated with 
NGF or anti-N G F, were fixed with 4% paraform alde
hyde in phosphate-buffered saline (PBS) after 1-day cul
ture. The num bers o f neurons bearing neurites longer 
than two cell body diam eters w ere then counted under
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Following fixation, som e cultures w ere stained 
with rabbit anti-GAP-43 (kindly provided by Drs. R. 
Curtis and G. W ilkin; W inter et a l., 1993) at a final 
concentration o f 1 -10 ,000 . A ntibodies w ere visualized 
with biotinylated anti-rabbit and streptavidin fluorescein 
probes (Amersham) and view ed under a Nikon Fluophot 
Tiicroscope.

i S itu  H ybrid iza tio n
.Alkaline phosphatase-linked oligonucleotide 

probes for GA P-43 (W iese and Em son, 1991), and SP 
mRNA (Syngene) w ere used. B riefly , cultures were 
fixed with 4% paraform aldehyde in PBS for 30 min and 
rinsed with PBS. They w ere then treated w ith 0 .2  M HCl 
for 10 min to elim inate endogenous alkaline phos
phatases, rinsed w ith PBS, then acetylated w ith a solu
tion containing acetic anhydride (Sigm a), sodium  chlo
ride and triethanolam ine (BDH) for 10 m in. The cultures 
were then dehydrated through a graded series o f alcohols 
and delipidated in chloroform . A fter partial rehydration, 
;ultures were hybridized overnight w ith standard saline 

-=:e (SSC) buffer containing 50%  form am ide, Den- 
.aiQt’s (Sigm a), single-stranded salm on sperm  DNA 

(Sigm a), dextran sulphate (Sigm a) and alkaline phos
phatase linked either to antisense GAP-43 oligonucle
otide probe (39 m er corresponding to positions 119-157  
of the rat GAP-43 m RNA) or to a SP oligodeoxynucle- 
otide probe (30 m er, 5 'C G A -TTC -TC T-G A A -G A A - 
G A T-G C T-C A A -A G C -G C T3'). Excess probe w as 
rinsed off with SSC followed by  3 w ashes w ith SSC at 
55°C for 1 hr at room  tem perature. Bound probe w as 
visualized by the color reaction o f  alkaline phosphatase 

' the substrate nitroblue tétrazolium  (N B T, Boehringer 
nnheim) and 5-brom o-4-chloro-3-indolyl-phosphate 

v o C I P ,  Boehringer M annheim ) for 2 days. Staining was 
elim inated if coverslips were pretreated w ith ribonu- 
clease A (Sigma) or if 100-fold excess unlabelled o lig
onucleotide probe w as included in the hybridization so
lution. No positive staining w as seen if the probe was 
om itted from the hybridization buffer.

Q uan tifica tion  o f G A P-43 a n d  SP m R N A  Levels

Relative m RN A  levels w ere determ ined using an 
image analysis system . Images captured by a video cam 
era mounted on a Zeiss m icroscope were converted to a 
digital matrix o f 255 x  255 pixels using the TPL V er
sion 4 software system  with a greyscale o f 0 to 256, 
enabling relative intensity determ inations (SeeScan). 
Stability of illum ination w as achieved w ith an indepen
dent power source, which w as checked w ith  the STAB

Neurite Outgrow th and GAP-43 Expression 3

softw are program m e (SeeScan). The relative intensity of 
each cell was m easured and this perm itted a relative 
quantification o f the m RN A  levels. The criterion for pos
itive staining w as established by m easuring cultures in
cubated w ithout probe determ ining the intensity of the 
background staining (Fig. 1). From this a background 
threshold value w as found below  which a cell was con
sidered to have no detectable m RN A  signal. It is inap
propriate to com pare experim ents perform ed on different 
occasions, since sm all changes in the tem perature, solu
tion volum e, or culture condition produce differences in 
background stain ing. To overcom e this problem , a con
trol experim ent (om itting the probe) w as perform ed on 
each occasion to determ ine the background staining level 
for that particular experim ental run, and the voltage o f 
the m icroscope illum ination w as then adjusted to a level 
at which the intensity o f the cells in the control cultures 
(no probe) w ere alw ays at the sam e relative intensity 
level. The background in preparations w ith no probe or 
an excess of unlabelled probe w ere identical.

R ela tive  In ten s ity  M easu rem en ts
C o n tro l c u ltu re s . In cultures incubated through 

the whole hybridization procedure in the absence o f a 
probe, all neurons had a pale yellow  color with a low 
relative intensity level o f betw een 30 and 60. The distri
bution of the relative intensity o f staining in an example 
o f such unlabelled neurons is shown in Figure 1. A sim 
ilar distribution w as selected in all the control cultures by 
adjusting the illum ination so that no cell had an intensity 
level greater than 70.

L abelled  c u ltu re s . O nce the appropriate level o f 
illum ination had been established for the control cul
tures, intensity m easurem ents at that illum ination level 
w ere perform ed on the cultures incubated with probe. 
The criterion for a positively labelled signal was that the 
intensity of the cell exceeded 70. Experim ental (NGF- 
treated) cultures w ere alw ays com pared with anti-NGF 
cultures obtained from  the sam e preparation using the 
same m edium  and culture conditions.

R E SU L T S 
N eu rite  O u tg ro w th

The num bers o f neurons which extended long neu
rites w ere m easured in cultures of cells from intact and 
preaxotom ized dorsal root ganglia (Fig. 1). Culturing 
neurons from intact DRGs in the presence of NGF for 24 
hours resulted in a neurite outgrowth exceeding two cell 
body diam eters in 32 .5  ± 2.14%  (n =  6) of the popu
lation. M any w ere highly branched. Only 8.1 ± 1.18%  
of those cells from  intact ganglia cultured in the absence 
of N G F (with anti-N G F) possessed long neurites at this
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Fig. 1. The effect of preaxotomy (sciatic nerve sectioned 4 days earlier) and NGF adminis
tration (200 ng/ml) on neurite formation in DRG neurons cultured for 24 hours, expressed as 
the proportion of neurons bearing processes greater than two cell body diameters. Each value 
is the mean ± S.E.M . of six different cultures from 6 different animals. Both preaxotomy and 
NGF produced a significant increase in neurite-bearing cells with the former significantly 
greater than the latter.

tim e, which is significantly less {P < 0 .002 M ann-W hit- 
ney). The mean proportion o f neurons from  L4 and L5 
D RG s ipsilateral to a sciatic nerve section w hich ex
tended processes longer than tw o cell body diam eters 
w hen grown for 24 hours in cultures w as 80 .7  ± 2.8%  (n 
=  6 rats), compared to only 9 .2  ± 1.3%  (n =  6) for 
neurons from contralateral intact DRGs (P  < 0 .002 , 
M ann-W hitney). Figure 2 illustrates the different appear
ance o f neurites in these cells w hen stained w ith anti
bodies to GAP-43. Preaxotom ized neurons have exten
sive processes (Fig. 2A) w ith very  few  process-bearing 
neurons in cultures from  control ganglia (Fig. 2B). At 
longer time points the m ajority  of neurons bear long 
processes, both in the presence or absence o f NG F (L ind
say, 1988).

In Situ Hybridization
Figure 3 shows the staining produced in cells in

cubated with probes to GAP-43 and SP m RN A . M ore 
neurons are heavily labelled w ith the GAP-43 probe in 
cultures from L4 and L5 ganglia ipsilateral to a sciatic 
nerve cut (Fig. 3A) than from  the contralateral unle- 
sioned side (Fig. 3B). N eurons cultures w ith or w ithout 
N G F for 7 days are indistinguishable w hen labelled w ith 
GAP-43 probes (Fig. 3C ,D ) w hile only +  N G F cultures

(Fig. 3E) show high substance P levels, w ith little spe
cific staining in the N G F-deprived cultures (Fig. 3F).

Time Course of the Elevation in GAP-43 mRNA 
Levels in Cultured DRG Neurons

B ackground staining intensity in neurons incubated 
w ithout alkaline phosphate-labelled probes is shown in 
Figure 4. One hour after dissociation and culture in the 
absence of N G F (with anti-N G F), an intensity o f staining 
for GAP-43 m RN A  that exceeded the background 
threshold w as present in 57 .4  ± 0 .58%  o f the cells 
(m ean o f 3 experim ents each w ith 200 plus cells 
counted). The m ean intensity o f the positively labelled 
cells, 82.9 ± 1.4 (S .E ., n =  805), w as significantly 
higher than the mean intensity o f cells in sister cultures 
w ithout probe (53.6  ± 1 .5 , n =  100, F  < 0 .001). The 
proportion (Fig. 5 , top) o f GAP-43 m RN A -positive cells 
increased w hen cultured in the absence of N G F, from 
57 .4%  at 1 hour to 75.7%  after 1 day and continued 
increasing so that by 3 days it w as 83%  and by 7 days it 
had reached 96.7%  (each value is a m ean obtained from 
3 separate experim ents at each tim e point). The mean 
intensity o f the positive cells increased from 82 .9  ± 1 .4  
(n =  805) at 1 hr to 107.4 ± 1.7 (n =  672) at 7 days. 
The distribution o f GAP-43 m R N A -positive neurons w as
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Fig. 2. Fluorescence micrographs demonstrating the difference in neurite outgrowth in pre
axotomized (A) and intact (B) cultured DRG neurons stained with an antibody to GAP-43. 
Both sets of neurons were cultured for 1 day. Bar =  50 |xm for A and B.

not uniform across different size neurons in the early 
cultures. In the 1 hour cu ltures, w hile 58%  of sm all 
diam eter neurons were positive, only 35% of the large 
neurons were positive. H ow ever, by 7 days the vast m a
jority  of both large and sm all neurons w ere GAP-43 
”^RNA-positive.

The addition o f N G F to the culture m edium  did not 
i-er the proportion or intensity o f GAP-43 m RNA-la- 

oeiled cells in any o f the three experim ents at any of the 
three tim e points tested (Fig. 5).

Expression of SP mRNA in Neurons Cultured in 
the Presence or Absence of NGF

The expression o f SP m R N A  in DRG  neurons cu l
tured in the presence either o f N G F or w ith  anti-NGF 
antibody was studied as a positive control for the efficacy 
01 these treatm ents, as substance P (SP) is known to be 
NGF-regulated in these cultures (Lindsay and H arm ar, 
1989). For 3-day cultures, 9 .8%  of the neurons w ere 
positive for substance P m R N A  w hen grown in the pres
ence of NGF. These num bers w ere halved in the cells 
cultured in the absence of N G F (Fig. 6). A  larger change 
was observed after I w eek o f  culture, w ith 11.9% o f 
neurons SP m RNA-positive w hen grown in the presence 
of N G F, and no SP m R N A -positive cells found when the 
cells were cultured w ith anti-N G F (Fig. 6).

Expression of GAP-43 mRNA in Cultured 
Preaxotomized Adult DRG Neurons

In neurons obtained from  D RG s ipsilateral to a sci
atic nerve section perform ed 4 days earlier, and cultured

for 1 hr, 95.3 ± 0 .9%  (n =  3 experim ents, 2 0 0 +  cells 
per experim ent) w ere positive for GAP-43 m RN A , with 
a mean intensity o f 115.3 ± 2 .2  (n =  690). In contrast, 
only 5 4 .2  ± 2 .3 (n =  3) o f neurons from the contralat
eral DRGs w ere positive, w ith a mean intensity of 82.5 
± 1.5 (n =  731) (Figs. 5 and 7), w hich is alm ost iden
tical to the standard control results (Fig. 5). A  com par
ison betw een the effect of preaxotom y and different pe
riods o f culture of neurons from  intact ganglia is shown 
in Figure 5. N eurons preaxotom ized 4 days before being 
cultured for 1 hour express m ore GAP-43 m RN A  than 
neurons from  intact ganglia cultures for 7 days.

DISCUSSION
DRG neurons undergo two kinds of m odification 

after injury to their peripheral axons. The first is atrophic 
or degenerative in nature w ith reductions in size (Rich et 
a l., 1987), cytoskletal protein expression (W ong and 
O blinger, 1990) and cell death (Rich et a l., 1984). The 
second is regenerative and includes the induction o f im 
mediate early gene product c-jun (Leah et a l., 1991) 
grow th-associated proteins including GAP-43 (Bisby, 
1988; Van der Zee et a l., 1989; W oolf et a l., 1990; 
Chong et a l., 1992) and tubulins (H offm an, 1989; M iller 
et a l., 1989) and the regrowth of injured axons (Fawcett 
and K eynes, 1990; Hollowell et a l., 1990). Loss o f 
trophic support from target cells is thought to be im por
tant in the neuronal response to axotom y (Lieberm an, 
1971), w ith a particular role suggested for NGF (Fitz
gerald et a l., 1985; Johnson et a l., 1986; Rich et a l..
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Fig. 4. The distribution of the relative intensity of cultured DRG neurons incubated through 
the whole hybridization procedure in the absence of the GAP-43 mRNA probe. All the cells 
had an intensity value less than 70 (n = 100).
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1987; Gold et a i., 1991; W ong and O blinger, 1991). 
Rem oval o f a peripheral source o f N G F in the adult 
certainly decreases DRG cell body size (Rich et al., 
1987) and reduces the levels o f chem ical transm itters in 
the DRG (Goedert et a l., 1981; B isby and K een, 1986) 
and NG F treatm ent reverses these effects (Fitzgerald et 
a l., 1985; W ong and O blinger, 1991) as w ell as those on 
neurofilam ent (Gold et a l., 1991; Verge et a l., 1990a; but 
see W ong and O blinger, 1991) and cell death (Rich et 
a l., 1987). This is com patible w ith N G F deprivation in
ducing the atrop hie/degenerative axtom y response in 
those injured DRG cells w ith the high affinity trkA re- 
ceotors. Since trkA is not present on all DRG neurons 
Verge et a l., 1992), deprivation o f other m em bers of the

Fig. 3. Photomicrographs illustrating the in situ hybridization 
label produced in DRG neurons by alkaline phosphatase-linked 
GAP-43 and substance P oligonucleotide probes. A; GAP-43 
mRNA in preaxotomized L4,5 DRG neurons (1 hr cu ltu re ]^ : 
GAP-43 mRNA in contralateral (control) L4,5 DRG neurons 
(1 hr culture). Note the lightly (arrowhead),;^ moderately 
(STTlalln' aiTOw)}! and heavily stained neurons (bigger /arrow). 
C: GAP-43 mRNA in DRG neurons 1 week after culture in the 
presence of NGF. D: GAP-43 mRNA in DRG neurons 1 week 
after culture in the presence of anti-NGF. E: SP mRNA in 
DRG neurons after 1 week of culture in the presence of NGF. 
F: SP mRNA in DRG neurons after 1 week of culture in the 
presence of anti-NGF. Scale bars =  50 jxm (A and B are the 
same magnification, and C-F are the same magnification).

neurotrophin fam ily , BD N F, NTS and N T4, m ay also 
cause atrophic changes.

N G F does not appear, how ever, to be the signal 
that induces a generalized grow th m ode in injured pri
m ary sensory neurons. Firstly, system ically adm inistered 
anti-N G F fails to alter the capacity for regeneration of 
injured prim ary sensory nociceptive neurons (Diamond 
et a l., 1987; W inter et a l., 1993). Secondly, N G F fails to 
m odify the increased GAP-43 expression that is gener
ated by a peripheral nerve injury in vivo (Verge et a l., 
1990b) and, as dem onstrated in the present study, NGF 
has no detectable effect on G AP-43 expression in cul
tured DRG  neurons in a paradigm  w here it has the ca
pacity both to produce neurite outgrow th and prevent a 
decrease in SP m R N A  expression. D ifferent retrograde 
signals are likely, therefore, to be responsible for the 
divergent atrophic/degenerative vs. regenerative/grow th 
changes that occur after nerve injury. The N G F that is 
produced by denervated Schw ann cells after nerve injury 
(H eum ann et a l., 1987) and the increased capacity of 
injured neurons to transport N G F (D istefano et a l., 1992) 
m ay act to m inim ize the extent o f the atrophic/degener
ative changes, rather than to drive any regenerative re
sponse. A  further source of N G F may be from  cells in the 
D RG itself (Sebert and Shooter, 1993). This w ould rec
oncile the m utually  incom patible roles that have been 
variously suggested for NGF in the axotom y response: a 
decrease causing atrophy and an increase producing re
generation. W hat m ay be the signal for the regenerative
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Fig. 5. Top: The mean percent of GAP-43 mRNA-positive 
neurons obtained from culture maintained for different dura
tions and following preaxotomy. The proportion of GAP-43 
mRNA-positive neurons increased steadily from 1 hr to 7 days 
of culture. Cultures grown in the presence/absence of NGF 
showed identical results. Preaxotomy (4 days before sacrifice) 
resulted in a much higher proportion of positive cells than

cultures obtained from ganglia contralateral to the axotomy 
(both 1 hr cultures). Each value represents the mean obtained 
from three independent experiments. Bottom: The mean rela
tive intensity values from cultures grown in the presence/ab
sence of NGF from 1 hr to 7 days. The intensity achieved at 1 
week was similar to that found from preaxotomized neurons 
cultured for 1 hr.

response? One possibility is a factor released from  
Schwann cells once their contact w ith axons is disrupted. 
The neurokines ciliary neurotrophic factor (CNTF) and 
leukem ia inhibitory factor (LIE) are candidates (Sendtner 
et a l., 1992; Jonakait, 1993). Experim ents w here sensory 
neurones are cultured on sections o f degenerated nerve 
suggest an insoluble factor m ay be im portant (Bedi et a l.,
1992). W hatever the signal(s) is, it m ust act on the m a
jority  o f axotom ized neurons, and not just those express
ing trk A.

D issociation o f neurons necessarily  produces axot
omy and in our studies, adult DRG neurons from un
treated anim als show ed a steady increase in GAP-43 
m RNA over one w eek of culture that w as com parable to 
the changes that occur in vivo after peripheral nerve in
jury , including the later recruitm ent of large-diam eter 
neurons (Chong et a l., 1992). In contrast, cultures of 
neurons that had been preaxotom ized show ed a conspic
uous increase in G AP-43 m R N A  expression at a very 
early period w hich correlates with the substantially
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Fig. 6. The mean proportion and intensity of substance P mRNA-positive neurons at 3 and 7 
days of culture in the presence and absence of NGF. The percent of positive cells and their 
intensity at 3 days is reduced in the absence of NGF. By 7 days, no substance P mRNA- 
positive cells could be detected in the NGF free cultures (n = 3).

greater neurite outgrow th found in the preaxotom ized 
neurons. There are data suggesting that GAP-43 plays a 
role in axonal regeneration (Zuber et a l., 1989; Yankner 
et a l., 1990; Shea et a i., 1991; Jap Tjoen San et a l., 
1992; W idm er and C aroni, 1993) or is at least a m arker 
for such grow th, but w e have found that w hile N G F 
promotes neurite outgrow th in a third o f DRG neurons, it 
does not appear to influence the expression o f GAP-43 
m RNA. This m ay indicate that the m echanism s that un 
derlie the production o f neurites by NG F and axotom y 
are not the sam e and that two form s o f neurite growth are 
possible in adult DRG cells: one N G F-independent and 
associated w ith a substantial increase in GAP-43 (axot- 
om y-induced regeneration) and one N G F-dependent w ith

no marked upregulation o f GAP-43 m RN A . In support 
of this idea, recent evidence suggests that N G F-depen
dent growth may not require transcription, w hereas 
N GF-independent grow th does (Sm ith and Skene, 1993). 
W hether the growth produced by N G F is actually inde
pendent of GAP-43 is difficult to evaluate since a sub
stantial m inority o f DRG cells express GAP-43 m RN A  
in the control ‘in tact’ situation (H offm an, 1989; Verge et 
a l., 1990; Chong et a l., 1992), and cultured neurons 
from nonpreaxotom ized DRGs begin to express GAP- 
43, and this may be sufficient for the action of N G F. 
NGF may act to produce neurite outgrow th from  neurons 
by producing postranslational change o f GAP-43 in the 
growing term inal (M eiri and B urdick, 1991), rather than
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Fig. 7. The effect of preaxotomy on the intensity of GAP-43 mRNA label in DRG neurons 
cultured for 1 hour. The distribution of the relative intensity values for the contralateral DRG 
neurons is much lower than neurons obtained from DRGs ipsilateral to the sciatic nerve 
section.

by m odulating or stabilizing G A P-43 m R N A , as it does 
in PC12 cells (Perrone-B izzozero et a l., 1993), or it 
could have an effect quite independent o f G A P-43.

In a single-cell culture study , Y asuda et al. (1990) 
found that the neurite-prom oting effect o f N G F on adult 
DRG neurons caused branching rather than extension of 
length. Diamond et al. (1987) have dem onstrated that 
NG F is responsible for collateral sprouting but that anti- 
NGF does not alter the regeneration of nociceptive ax
ons. Collateral sprouting is a grow th state induced in 
intact neurons by contact w ith  a neighboring denervated 
territory. Such denervation w ill lead to a relative increase 
in the supply of target-derived trophic factors such as 
N G F, which is the exact opposite for an injured neuron 
where the source o f target factors is interrupted. In m otor 
neurons, the collateral sprouting induced by a partial 
denervation results in G AP-43 im m unoreactivity at the 
m otor endplate (M ehta et a l., 1993) but no detectable 
change in m essage in the m otor neuron cell body (Brown 
et a l., 1992; Bisby et a l., 1993). Partial peripheral and 
central denervation of prim ary sensory neurons also does 
not increase GAP-43 m R N A  expression in the DRG 
(Chong et a l., 1992, 1993). N G F m ay have two growth 
roles then, one related to the induction of local growth in 
preexisting axon term inals in uninjured neurons (collat
eral growth), and another concerned w ith local growth 
cone branching behavior in injured axons, w ithout nec
essarily influencing the intrinsic growth capacity o f the 
whole cell.

A lthough the factors w hich trigger the regenera
tive, elongation responses in adult peripheral sensory 
neurons rem ain to be elucidated, changes in NG F levels 
are m ost unlikely to be the retrograde signal responsible 
for the neurite elongation and regeneration or increased 
GAP-43 expression that occurs after axotom y.
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Abstract
The exp ress ion  of g row th-associa ted prote in GAP-43 mRNA in spinal cord and dorsal root gang lion  (DRG) 
neurons has been stud ied using an enzym e linked in  s itu  hybrid ization technique in neonata l and adult rats. 
H igh leve ls of GAP-43 m RNA are present at birth in the m ajority of spinal cord neurons and in all dorsal root 
gang lion  ce lls. Th is persists until postnatal day 7 and then declines progressively to near adult levels (w ith 
low  leve ls of m RNA in spina l cord m otor neurons and 2 0 0 0 -3 0 0 0  DRG cells expressing high levels) at 
postnata l day 21. A re-expression of GAP-43 mRNA in adult rats is apparent, both in sc ia tic  m otor neurons 
and the m ajority  of L4 and L5 dorsal root gang lion cells, 1 day after sciatic nerve section. H igh levels of the 
G AP-43 m R N A in the axotom ized spinal m otor neurons persist for at least 2 weeks but dec line  5 weeks after 
sc ia tic  nerve section, w ith the m RNA virtua lly  undetectab le  after 10 weeks. The in itia l changes afte r scia tic  
nerve crush  are s im ila r, but by 5 weeks GAP-43 m RNA in the scia tic m otor neurons has dec lined  to contro l 
levels. In DRG cells, a fter both sc ia tic  nerve section or crush, GAP-43 mRNA re-expression persists m uch 
longer than in m otor neurons. There was no re-expression of GAP-43 m RNA in the dorsa l horn of the spinal 
cord  a fte r periphera l nerve lesions. Our study dem onstra tes a s im ilar developm enta l regu la tion  in sp ina l cord 
and DRG neurons of GAP-43 mRNA. We show m oreover that fa ilure of re-innervation does not resu lt in a 
m a in tenance  of G AP-43 m RNA in axotom ized m otor neurons.

Introduction
The growlh-as.sociatcd protein GAP-43 (B-50, F-1, pp46) is an acidic 
nicmhranc-bound phosphoprotein that is produced in high levels in 
neurons o f the developing nervous system (Jacobson ei a i  , 1986; Kalil 
and Skene, 1986; Karns ct a i ,  1987; Moya et a i .  1988; Fitzgerald 
ct a i ,  1991). It accumulates in neuronal growth cones (Skene ct a i ,  
1986; Meiri ct a i ,  1986) and is thought to inlluencc further growth 
and elongation o f these terminals (Benowitz and Routtcnberg, 1987; 
Skene, 1989) by acting as a substrate for protein kinase C (Akers and 
Routtenberg, 1985; A loyo ct a i ,  1983), interacting with G-proteins 
(Strittmatcr ct a i ,  1990) and controlling calcium signalling iSkene,
1990). The level of this protein is low in the adult central nervous system 
except for certain areas o f the brain (Neve ct a i  , 1987; De la Monte 
ct a i ,  1989). Injury to the central and peripheral nervous systems in 
non-mammalian species and in the mammalian peripheral nervous 
system produces sustained re-expression o f GAP-43 (Skene and 
Willard, 1981a,b; Bisby, 1988; Van der /.ec cf o / . , 1989; Wool 1 (7 a i ,  
1690). but little re-expression occurs alter injury to the mammalian

central nervous system (Skene and Willard, 1981b; Reh cf a i ,  1987), 
except when injury is close to the cell IxKly (Doster ct a i  . 1991 ; 3 et/.lal I 
c t a i ,  1991).

Changes in GAP-43 protein and mRNA during the development 
(Karns ct a i  , 1987; Fitzgerald ct a i  , 1991) and regeneration (Bisby, 
1988; Hoffman, 1989; Van der / e c  cr r//., 1989; W oolf <7 r//., 1990; 
Sommervaillc ct a i  , 1991 ) o f  rat dorsal root ganglion cells (DRG) is 
well described. The protein expression during regeneration appears 
to peak at a time when axons arc elongating and falls o ff once terminals 
have formed in target regions (Bisby, 1988). As the protein is rapidly 
transported (Skene and Willard, 198 la,b) and has a slow  turnover rate 
(Jacobson ct a i  , 1986), it is difficult to correlate protein levels in cell 
bodies with regenerative or developmental events. For example, in the 
early postnatal period when primary afferents, especially C fibres, arc 
still developing (Pignatelli ct a i ,  1989) the GAP-43 protein content 
of DRG cells is low (Fitzgerald ct a i ,  1991). Sim ilarly, there is no 
demonstrable rc-exprcssion o f GAP-43 protein in spinal motor neuron
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ceil bodies after sciatic nerve crush even as the axons are regenerating 
(W oolf et a i ,  1990). A more reliable approach to correlating 
regenerative or developmental events with GAP-43 expression in 
neuronal cell bodies is to study the level o f  GAP-43 mRNA either by 
Northern blots (Karns et a i , 1987; Hofftnan, 1989; Van der Zee et a i , 
1989) or by in situ hybridization (De la Monte et a i ,  1989; Verge 
et a i ,  1990; Tetzlaff et a i ,  1991; W iese and Emson, 1991).

Using an enzyme-linked cDNA oligodeoxynuclcotidc probe 
(Jablonsky et a i ,  1986; Kiyama et a i ,  1990), we have studied the 
expression o f GAP-43-related mRNA in spinal cord and dorsal root 
ganglion cells during postnatal development and after sciatic nerve 
injury in the adult rat, in order to identify the eells whieh express 
growth-associated protein under these conditions.

Materials and methods 
Developmental changes
Sp rague-D aw ley rats aged 0 , 7, 12, 14, 16 and 21 days (three rats 
per age) were used. Under terminal pentobarbitone anaesthesia, the 
lumbar spinal cord and the dorsal root ganglia L 3 —5 were removed.

/Verve injury

Adult Sp rague-D aw ley rats (200—250 g) were operated aseptically 
under fentanyl and diazepam anaesthesia. For peripheral nerve injury, 
the left sciatic nerve was exposed at mid-thigh level. The sciatic nerve 
was crushed with jew eller’s forceps for 30 s with survival for 1 
(n — 3), 2 (n =  1), 5 (« =  2), 6 (/i — 1), and 7(n =  1) weeks after 
the procedure. Sciatic nerve section was performed after tightly ligating 
both proximal and distal stumps at mid-thigh. The wounds were sutured 
and animals were allowed to survive for 1 (« =  2), 3 (n =  2), 7

( /I  =  3), 14 (n =  2) days, 5 (« =  2), 6  (/« =  1), 7 (/) =  1) and 10 
(« =  2) weeks postoperatively.

All tissue was embedded in Tissue-Tek (Miles Inc., Elkhart, USA) 
and freshly frozen in liquid nitrogen. 20-/im thick sections were cut 
in a cryostat, mounted on chrome alum gelatinized slides, and after 
rapid drying in cool air were processed for in situ hybridization as 
described below.

In situ hybridization
In situ hybridization for GAP-43 related mRNA using an alkaline 
phosphatase-linked cD N A  probe has been described previously (see 
W iese and Emson, 1991). Briefly, mounted sections were first fixed 
with 4% paraformaldehyde in phosphatc-buffered saline (PBS) for 
30 min. After a quick wash in PBS, samples were acetylated for 10 min 
in a solution containing acetic anhydride, sodium chloride and 
triethanolamine. The sections were then dehydrated through a graded 
series o f  alcohol and delipidated in chloroform. After partial 
rehydration, hybridization was performed for 24 h in Dcnhardt’s 
solution containing single-stranded salmon sperm DN A, formamide, 
dextran sulphate and standard saline citrate (SSC) buffer together with 
an alkaline phosphatase-linked antisense oligodeoxynuclcotidc probe 
(a 39-mer corresponding to positions 1 1 9 -1 5 7  of the rat GAP-43 
mRNA). Previous data (Wiese and Emson, 1991) have shown this probe 
to be specific for GAP-43 mRNA, and in control experiments we found 
that staining was eliminated if sections were pretreated with 10% 
ribonuclea.se A (Sigma) for 10 min, or if a 100-fold excess o f unlabclled 
oligonucleotide probe was included in the hybridization mix. No 
staining was seen if the probe was omitted from the hybridization 
solution.

Excess probe was rinsed off with SSC then washed three times with 
SSC at 5 5 °C. Bound probe was visualized by the colour reaction o f

2 0

1 0 4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0

In tens ity
o  Normal DRG o  P o s i t i v e s  ♦ N e g a t i v e s

F ig . 1 . R elative intensity m easurem ents o f positively and negatively stained profiles for GA P-43 mRNA by an image analysis system  (see M aterials and m ethods). 
200 profiles judged by visual inspection to be positive and negative were analysed. These two populations o f  cells can be reliably differentiated and only darkly 
stained profiles need be counted as being positive for GA P-43 m RN A . For com parison , all identifiable profiles seen in ten sections o f a norm al DRG were also 
analysed. Note the sm all proportion o f  profiles in a normal DRG that are  counted as positive using this criterion .
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I alkaline phosphatase on the substrates nitroblue tétrazolium and BCIP 
I (5-bromo-4-chloro-3-indolyl-phosphate). This proecss was terminated 
f after 48 h. Sections were then eoverslipped.

Counting methods

Cell counting was done with the aid o f a computerized image analysis 
system . Images captured by a video camera mounted on a microscope 
were digitized using the 1 PL version 4 software system (Sec-Sean, 
Cambridge, UK). Initial visual inspection showed that the DRG neurons 
could be divided into light and darkly stained cells that represented 
two distinct populations; this was confirmed by measuring the relative

intensities o f  the stained profiles (Pig. 1). For DRG cell counting, only 
darkly stained profiles were included as positive. In addition, the system  
was used to measure the area o f each section, allowing semi-automation 
of the dis.seetor iechnii|ue (see below). The stability o f  illumination 
is critical to this technique, and was achieved by an independent DC 
power source checked using the S TAB software program (Sce-Scan); 
repeated measurements o f  intensity o f a standard sample o f stained 
tissue over a number o f hours yielded < 5%  error. Similar 
reproducibility was found on repealed testing o f the same standard 
sample for several days.

Recently, the counting o f stained dorsal root ganglion cells has

mj*#
I'K.. 2. //I  .situ  hybrid ization  for G A P-43 m R N A  in tran.svcr.se .sections th rough  neonatal rat lum bar sp inal cord o f d ifferen t ages: postnatal days 0 (PO) to 21 
(P 2 I) . Dolled lines delineate  border betw een g rey  and w hite m atter N ote absence o f s taining in wjiite m atter. Seale ba r, .5(M) gm .
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aroused a lot o f controversy (Kruger, 1991; Devor and Govrin- 
Lippmann, 1991; La Forte e ta l . ,  1991). It has been argued that 
counting profiles alone is unrepresentative due to possible sampling 
errors. To obtain an accurate count, it has been suggested that 
reconstruction o f the ganglion should be done using the dissector

technique (Stcrio, 1984). This is a stcrcological counting method where 
systematic sampling o f tissue with a constant separation is done (for 
a review see Gunderscn et a l. , 1988). In order to perform a dissector 
analysis, the whole tissue was meticulously sectioned and the total 
number of sections counted. The area of each sampled section was

Neonatal Dorsal Horn Intensity
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I n t e n s i t y
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F ig . 3. Relative mean intensity measurements of dorsal horns for both sides for GAP-43 mRNA in ten non contiguous sections of neonatal rat spinal cord to 
show changes in staining intensity with postnatal age. The intensity of staining per unit area of lamina 1 and 2 of dorsal horn was measured to control for changes 
in size of dorsal horn with age.
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F ig . 4. Relative GAP-43 mRNA staining intensity measurements of motor neurons in the same sections as for Fig. 3. The ventral horn from one side from 
each section was analysed, and 150—2(X) motor neurons were measured. Values are expressed as intensity per unit area to control for changes of motor neuron 
size with neonatal age. »



(hen incasurccl automatically (asclcscribcd above) and the total volume 
o f the tissue calculated. Adjacent pairs o f sections were then resampled 
in the follow ing way: where there were, say 42 sections, a random 
number between 1 and 5 was chosen; sections //, n +  10. 
n f  20 . . . were used as relerenec. and stained neuronal profiles seen 
on the reference section but not in the look-up section were counted 
as a ‘top’. The number o f tops divided by volume o f tissue sampled 
yielded the number o f neurons per unit volum e, and this multiplied 
with total volum e o f tissue gave the total number o f cells counted. To  
reduce the margin o f error, at least 100 tops per ganglion should be 
counted for calculating total cell numbers. We have used both the 
dissector method and profile counting o f  randomly chosen sections. 
In som e cases, after counting GAP-43 and mRNA stained profiles the 
sections were counterstained with cresyl violet and GAP-positive 
profiles expressed as a percentage of the total.

R e s u lts

D eve lopm en ta l changes

G AP 4 3 -related mRNA w a s  found to  be  present  at birth in both  the  

lu m b a r  spinal  cord  and dorsa l  r(X)t g a n g l ia .  In spinal c o r d ,  the mRNA
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was confined to neurons in the dorsal and ventral horns, especially 
the motor neuron pools, no labelled glia were detected (Fig. 2). The 
high level o f  GAP-43 mRNA expression present in the dorsal horn 
on the first postnatal day declined progressively from day 7 through 
to day 21. where it approximated the level seen in adult dorsal horn 
(Fig. 3). In the ventral horn, motor neuron GAP-43 mRNA levels 
remained high until the 7th postnatal day and then declined progressively 
(Figs 2 and 4). By postnatal day 21. the pattern o f expression in the 
spinal cord was similar to the adult: GAP-43 mRNA was absent from 
both grey and white matter o f  the spinal cord except for low levels 
in motor neurons (Fig. 2). In the DRG virtually all neuronal profiles 
expressed high levels o f  GAP-43 mRNA on postnatal days 1 and 7. 
The number o f positive DRG cells declined progressively to near the 
adult level (20% on profile counting) by postnatal day 21 (Figs 5 and 6).

Sciatic nerve injury in the adult 

Spinal cau l
In normal adult lumbar spinal cord, there is no GAP-43-relatcd mRNA 
in white matter or dorsal horns. Very faint staining can be seen in motor 
neurons o f the ventral horn and relative intensity measurements o f  these 
visible motor neurons confirm this (Fig. 8). Sciatic nerve section and

M i

IW:

PI 6 P21

t s A

F ig . 5. In situ  hybrid ization  for G A P-43 m R N A  in sections cut th rough  neonatal rat L4 dorsal root ganglia of d ifferen t ages: postnatal day 0  (PO ) to 21 (P21). 

Scale bar, 100 /tm. ‘
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GAP-43 mRNA In Neonatal DRG Cells
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Fk'i. 6 . C hanges in the percentage o f L4 dorsal root ganglion cell profiles that express high levels o f GA P-43 niRN A  in ten sections in neonatal rats. The sections 
w ere initially processed for in situ  hybridization for GAP-43. Aliter analysis, they were eountcrstaincd with cresyl violet and the num ber o f profiles that were 
positive for G A P-43 m RN A  was expressed as a percentage o f the total.

ligation produced a sustained re-expression o f  GAP-43 mRNA that 
was confined to motor neurons with no expression in the dorsal horn 
or in ventral horn interneurons (Fig. 7). Twenty four hours after sciatic 
nerve section, re-expression was visible in some motor neuron cell 
bodies within the ventral horn. In 20-/im sections o f the lumbar spinal 
cord, there were on average 12 — 15 stained profiles per section. The 
number, position, size and distribution o f these profiles corresponded 
well with motor neurons labelled retrogradely by horseradish peroxidase 
injection into the sciatic nerve (Fig. 7). The number o f stained profiles 
reached a peak 3 days after sciatic nerve section and persisted for at 
least 2 weeks. Five weeks after sciatic nerve cut, however, the number 
o f  motor neurons expressing high levels o f  GAP-43 mRNA declined, 
although the intensity was still increased on the ipsilateral relative to 
the contralateral side. Two animals were allowed to survive for 10 
weeks after sciatic nerve cut with ligation, and only 3 — 5 motor neuron 
profiles per section expressing high levels o f GAP-43 mRNA were seen.

GAP-43 mRNA rc-expression in motor neurons was also studied 
1 week after sciatic nerve crush (// =  3) and found to be similar to 
that seen after sciatic nerve section (Fig. 8). However, 5 weeks after 
sciatic nerve crush (n =  2), the intensity and number of motor neuron 
profiles expressing GAP-43 mRNA had fallen to control levels (Figs 
7 and 8).

An attempt was made to quantify the level of GAP-43 mRNA rc- 
expression by measuring the intensity o f  staining in motor neuron 
profiles. One hundred profiles within the sciatic nerve motor neuron 
pools were measured on the ipsilateral and contralateral sides (Fig. 
8). Using the contralateral side as a control, it can be seen that the 
relative intensity o f  GAP-43 mRNA expression in axotomized motor 
neurons peaked at day 14. Five weeks after sciatic nerve section, this 
had declined significantly and was further reduced after 10 weeks. The 
level o f  GAP-43 mRNA re-cxprcssion after sciatic nerve section and 
crush appear to be similar after 1 week. Five weeks after sciatie nerve

crush, re-cxpression on the ipsilateral side had declined to control levels 
(Fig. 8).

Sciatic nerve cut or crush failed to produce any detectable GAP-43 
mRNA in dorsal horn neurons at any time after the lesion (Fig. 7).

Dorsal root ganglion
The rc-expression o f  GAP-43 mRNA in DRG cells after sciatic nerve 
injury, which has been described previously (Hoffman, 1989; Van dcr 
Zee et a l . , 1989; Verge et a l . , 1990), broadly mirrored that found for 
sciatic motor neurons. In normal DRG and DRG from the control 
unoperated side, about 2000 —3(XX) DRG cells expressed high levels 
of GAP-43 mRNA (/i =  8). One day after sciatic nerve section, this 
increased substantially in the ipsilateral ganglion (/> =  2), and after 
day 3 virtually all ipsilateral L4 and L5 DRG cells expressed high levels 
(n -  2) (Fig. 9). These changes apparently peaked at 2 weeks (« =  2) 
and by 5 weeks (n =  2) the number o f cells with high levels of GAP-43 
mRNA expression was reduced when evaluated by dissector counts 
(Figs 9 and 10). Ten weeks afcr sciatic nerve section, the numl)cr of 
DRG cells in the L4 ganglion expressing high levels of GAP-43 mRNA 
was still double that in control and contralateral ganglia (« =  2). The 
changes in the level o f expression after sciatic crush was very similar 
to that after cut and ligation in the first 2 weeks after nerve injury. 
However, 5 weeks after sciatic crush, the expression of GAP-43 mRNA 
in DRG cells was greatly reduced compared to the cut, although it did 
not revert back to control levels until 7 weeks post-injury (Fig. 10).

Comparison of primary sensory and motor neurons

The onset o f GAP-43 mRNA expression in axotomized motor and 
sensory neurons was similar following both crush and cut lesions (Figs 
8 and 10). However, the expression o f GAP-43 mRNA seemed to 
persist longer in DRG cells than in motor neurons for a similar lesion 
(Figs 8 and 10)̂  Crush lesions resulted in a more rapid return to control
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F io . 7. R c-cxprcssion  o f  G A P-43 m RN A  in transverse  sections o f  adult rat lum bar spinal cord  a fter sciatic nerve section o r c rush  I day ( 1)1) to 35 days ( 1)35) 
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F i g . 8 . Distribution of relative intensity of GAP-43 mRNA staining in lumbar motor neuron profiles after sciatic nerve section or crush at different time intervals. 
100 profiles within the sciatic nerve motor neuron pool were analysed. Graphs of the frequency distribution of relative intensity were constructed. It can be 
seen that the pattern of intensity of staining for GAP-43 mRNA is increased after nerve injury, reaching a peak 2 weeks after nerve section. By week 5. intensity 
of staining has decreased and is virtually back to control levels after 10 weeks. One week after sciatic nerve crush, the distribution of intensity of staining in 
motor neurons is similar to that after nerve section, but by 5 weeks after sciatic nerve crush the intensity distribution is back to the control level.

in both sensory and motor neurons than did cut and ligation. However, 
even in those animals where rcinnervation was prevented by ligation, 
the number (Fig. 10) and intensity (Fig. 8) o f stained profiles dropped 
considerably by 10 weeks.

Discussion
Developmental expression of GAP-43 mRNA
High levels of GAP-43 mRNA arc present in the spinal cord at birth
and levels decline over the early postnatal period. GAP-43 mRNA levels
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th rough adult 1,4 dorsa l root ganglion  at d ifferen t tim es a fte r sciatic nerve transec tion  (days 3 (1^3)

arc reduced earlier in spinal neurons than in motorneurons or DRG  
cells, and this may reflect the earlier maturation of intrinsic and centrally 
projecting pathways in target innervation cotnpared to those innervating 
the periphery. In motor neurons and DRG cells, the presence o f high 
levels o f  GAP-43 mRNA after the first postnatal week but an absence 
o f  protein (Fitzgerald et a l., 1991) would suggest rapid transport o f  
the protein to the periphery. This is supported by the findings of 
Reynolds ct a i  (1991), where GAP-43 protein was shown to be present

in high levels in musculocutaneous nerves o f  the hindlimb at the second 
postnatal day, but declined progressively so that it was confined to 
the distal plexus after postnatal day 10. In the spinal cord at birth, 
GAP-43 protein is largely confined to the substantia gelatinosa and 
to a lesser degree the deeper laminae o f the dorsal horn, where levels 
decline progressively, until the tenth postnatal day (Fitzgerald et a i ,  
1991). This correlates well with the postnatal growth o f C-fibre 
terminals (Pignatelli et a i ,  1989) and the relatively late development
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GAP-43 mRNA Positive Celis in L4 DRG
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Fic;. 10. Dissector counts of the number of GAP-43 mRNA-positive cells at various intervals after sciatic nerve transection or crush in L4 dorsal root ganglion. 
Contralateral L4 dorsal root ganglia was used as control. Two animals were used at the time intervals of 1 and 5 weeks after both sciatic nerve crush and transection, 
and 10 weeks after nerve section; all the other results were obtained from a single animal.

o f the substantia gelatinosa compared to other laminae o f the dorsal 
horn (Bicknell and Beal, 1984). A similar distribution o f  GAP-43 
immunoreactivity in the normal adult spinal cord grey matter is seen 
using a polyclonal antibody, with staining present at low levels in 
superficial laminae o f the dorsal horn (W oolf et a l., 1990), derived 
from terminals o f the primary afferents. Higher basal levels have been 
rc|xirtcd using a monoclonal antibody (Schrcycr and Skene, 1991). 
Light and electron microscope studies have shown high levels o f  
GAP-43 protein in the neonatal pyramidal tract (Gorgels et a l . , 1987), 
and this is reduced but still present in the adult (Kalil and Skene, 1986; 
Schreyer and Skene, 1991).

Similar changes in patterns o f GAP-43 expression during 
development have been described in both the central (Gorgels et a l . , 
1987; McGuire et a l.,  1988; Moya et a l.,  1988; De la Monte et a l., 
1989; Dani et al., 1991) and peripheral (K am se/ al., 1989; Hesselmans 
ct a l . , 1990) nervous system. In these studies, high levels o f  GAP-43 
expression were present during growth and elongation o f nerves and 
fibre tracts, and a rapid decline occurred once target innervation was 
achieved. The fall-off o f GAP-43 mRNA levels in DRG cells in the 
second postnatal week is interesting in view o f  the central collateral 
sprouting o f  primary afferents that can be produced in the neonatal 
spinal cord. Peripheral nerve section up to postnatal day 10 produces 
substantial growth o f intact afferents into dcafferented areas of the cord 
(Fitzgerald. 1985; Fitzgerald et a l . , 1990), but this does not occur in 
older pups and adult rats. It is tempting to suggest that this loss o f  
plasticity in response to peripheral nerve injury is related to the 
substantial drop o f GAP-43 message that we have demonstrated here. 
The capacity for collateral sprouting may therefore be confined to those 
neurons that are in a ‘growth mode’.

Re-expression of GAP-43 mRNA after peripheral nerve 
injury

Peripheral axotomy induees increased levels of the neuropeptide galanin 
(Villar et a l . , 1989, 1991), peptide histidine-isoleucine and vasoactive 
intestinal protein (McGregor e ta l . ,  1984; Noguchi e ta l . ,  1989) in 
dorsal root ganglion cells but decreases the expression o f  other 
neuropeptides, like substance P, somatostatin and cholecystokinin 
(Jessell e ta l . ,  1979; Barbut e ta l . ,  1981; Noguehi e ta l . ,  1989). 
Calcitonin gene-related peptide is redueed in the dorsal root ganglion 
eells after peripheral nerve injury (Ju et a l. , 1987; Noguchi et al., 1991 ; 
Villar et a l . , 1991) but it is increased in motor neurons (Streit et a l. , 
1989; Piehl et a l., 1991). O f the cytoskeletal proteins, neurofilament 
is reduced in axotomized neurons while levels o f tubulin and aetin are 
increased (Greenberg and Lasek, 1988; Hoffman, 1989; Tetzlaff and 
Bisby, 1989; W ong and Oblinger, 1990; Tetzlaff e ta l . ,  1991). 
Therefore, the re-expression o f  GAP-43 is only one o f  a complex 
sequence o f  molecular events that occur after peripheral axotomy. Our 
data confirm the temporal relationship between axotomy and re
expression o f GAP-43 protein and GAP-43 mRNA in dorsal root 
ganglion neurons. Using Northern blots, the level o f GAP-43 mRNA 
has been shown to be increased as early as 8 —16 h after sciatie erush 
(Van der Zee et a l . , 1989) and remains elevated for at least 2 weeks 
(Basi et a l . , 1987; Hoffman, 1989). W e have found the peak level o f  
GAP-43 mRNA re-expression in L4 DRG cells 2 weeks after sciatic 
nerve injury, while previous studies using Northern blots reported a 
much earlier peak (Hoffman, 1989; Van der Zee et a l . , 1989). In both 
o f  these studies, the site o f sciatie nerve injury was placed more 
proximal to where we section or crush the nerve. The distance o f the 
axotomy site from the cell body has been shown to be important in



tictoniiining GAP-43 rc-cxprcssion (Doslcr et a l., 1991; Tclzlaff c/ a!.,
1991) and it is also likely to be important in determining the speed 
of GAP-43 up-regulation. Northern blot studies by Benowitz and 
Pcrrone-Bizzozero (1991) in DRG cells after seiatie nerve crush in 
the same site as our experimental design have shown that GAP-43 
niRNA levels peak -  10 days after injury and persists for at least 30 
days after axotom y.

Previous estimates o f neurons in control DRG that express GAP-43 
vary between 40 and 50% (Verge el a l . , 1990). Using dissector counts, 
the number o f cells expressing high levels o f  GAP-43 mRNA in our 
study was between 2(XX) and 3000. This lower number o f cells reflects 
the different criteria in defining a positive cell. In all our counts, only 
cells expressing high levels o f  GAP-43 mRNA (levels near to that 
expressed by neurons after axotomy) are counted. In addition, previous 
counts using profile percentages and different counting methods are 
subject to systematic bias (Coggcshall, 1992). The number o f cells 
containing GAP-43 protein-like immunoreactivity in control dorsal root 
ganglia is very low (Sommervaille et a!., 1991). Although this may 
he due to rapid transport o f  protein out o f DRG cells, there is evidence 
that GAP-43 mRNA expression is under post-transcriptional control 
(Perronc-Bi/.zozero e ta l . ,  1991). M essenger mRNA for GAP-43 

Utp[x.'ars to Ik transcrilxrd then broken down without protein synthesis, 
and there is an inherent background level o f  GAP-43 mRNA within 

|som e cells that serves little or no function. We have tried to rationalize 
this by selecting a high threshold o f G AP-43 mRNA expression to 
d eIIne [xisitive GAP-43 expression. H owever, the study o f GAP-43 
expression should not be eonfmed to the search for protein alone as 
there is evidence o f post-translational modification as well (Sehrcyer 
and Skene, 1991), so that different antibcxlies, dejxniding on the epitope 
that is recognized, may give false negative results.

Spinal cord motor neuron re-expression o f GAP-43 RNA was evident 
||24 h after nerve injury. The cell bcxlies do not, however, stain for 
'g a p  43 protein alter nerve injury (WcKilf <v a l . , 1990), and it is likely 
that after axotomy large amounts ol GAP-43 protein are translated and 
transfiorted out o f the soma to the injured stump. Five weeks after sciatic 
|nerve section and ligation. GAP-43 mRNA re-expression appears to 
decline and by It) weeks it reaches control levels, even though no 
regeneration o f the nerve has occurred. This raises the possibility that 
there is a finite tein[H)ral period after nerve injury beyond which 
'<iAP-43 re expression is switched o ff and the potential for regeneration 
IS lost (Benowitz. 19K4; Doster et a l.,  1991; Tetzlaff et a l.,  1991). 
'iNcvenhclcss. ihe fact that crush lesions result in a more rapid decline 
"in the GAP-43 mRNA levels implies that a target-derived factor may 
(suppre.ss the expression o f  GAP-43 (Bisby, 1988).

In dorsal riHit ganglion cells, peripheral axotomy appears to induce 
%he re expression o f G AP-43 mRNA in almost all cell bodies. A 
previous study by Himes and Tessler (1989) estimated that -7 0 %  o f  
jl,5 DRG cells were axotom ized by sciatic nerve lesions at the middle 
third o f the thigh. If similar proportions o f L4 DRG cells are also 
axotomized by lesions at this level, our dissector counts would indicate 
that Ixith the small dark (with unmyelinated axon) and large light (with 
myelinated axons) cells in the DRG re-express GAP-43 after peripheral 
Axotomy.

I he absence of GAP-13 mRNA re-expression in neurons o f the dorsal 
born follow ing peripheral nerve injury suggests that there is no trans- 
f.ynaptic signal from afferents for GAP-43 re-expression in these cells. 
Peripheral nerve injury, however, results in the ap|>earancc o f GAP-43
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immunostaining in the superficial laminae o f  the spinal cord (W oolf 
et a i , 1990). Given the presence o f GAP-43 mRNA in DRG cells and 
its absence in dorsal horn neurons, this must be the result o f  the 
accumulation o f the protein in the central terminals o f peripherally 
axotom ized primary afferent neurons.

Whether a similar retrograde signal, possibly target-derived, is 
responsible for eontrolling GAP-43 expression in adult motor and 
primary sensory neurons, and whether the eventual deerease in GAP-43 
mRNA levels in the absenee o f  target rcinnervation reflects a limited 
intrinsic capacity o f  injured cells to eontinuously up-rcgulatc the 
G AP-43 gene, or a source o f suppressor signal develops from the 
proximal nerve stump, remains to be discovered. The possible 
involvement of GAP-43 in the growth o f axons (Skene, 1989; Benowitz 
and Perrone-Bizzozero, 1991) make the timing and distribution o f its 
re-expression after nerve injury o f  considerable interest, not least 
because o f  the unique capacity o f  primary afferent and spinal motor 
neurons to regenerate.

Conclusion

G AP-43 is developmentally regulated in motor and sensory neurons. 
A survey o f  GAP-43 mRNA levels in individual neurons permits an 
analysis o f which cells are likely to prcxluce the protein: those immature 
nervous system and following injury. The signals that regulate GAP-43 
expression are likely to be target-derived and linked to successful 
innervation, except in som e situations where there is a finite period 
o f  re-expression and levels are reduced even when reinncrvation is 
not achieved.
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f)R G  dorsa l root ganglion  
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