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ABSTRACT 

Neurotrophins regulate sensory neuron survival, differentiation and phenotype, yet much 

remains to be discovered. The rok of neurotrophins and neurotrophin receptors in adult 

primary sensory neurons was investigated along three main avenues in vivo. 

First, to better p d c t  neumtrophin responsiveness in DRG, the localization of 

messenger RNA for neurotrophin receptors was examined using in situ hybridization. 

Results indicate extensive overlap in dr expression in lumbar sensory neurons, such that 

expression of multiple trk receptor rnRNAs in neurons is more prevalent than the 

expression of single trk mRNAs. These findings provide the anatomical substrate to 

explain the differential modulatory effects of neurotmphins on individual neurons. Like 

trkA, neuronal expression of trkB and trkC mRNA is reduced following axotomy, 

suggesting a nmtmphindeficient state and a role for these molecules in promoting 

normal phenotype. 

Secondly, neuronal BDNF was characterized in intact, axotomized and NGF- 

i&ed DRG using in situ hybridization and immunohi~tochemistry~ BDNF is 

expressed in a subpopulation of small to medium-sized sensory neurons that overlaps 

largely with trkA mRNA, and less so with BDNF receptor mRNA, trkB. This suggests 

that BDNF serves a largely paracrine role in DRG, which may include a role in 

nociception. I n .  increases BDNF transiently in small neurons and chronically in 

larger neurons, many of which express trkB, thus impIicating BDNF in a greater 

autocrine fimction that may be nemprotective. NGF upregdates BDNF expression in 

trkA positive neurons which implicates it in nociceptive responses. The downregulation 



of trkB expression corresponding with high BDNF levels suggests novel receptor 

regulation not seen before with neufotrophins in the PNS. 

Lastly, the role of p75 in sensory neurons was examined by conducting a detailed 

analysis of DRG in p75 knocksut mice. Compared to wildtype controls, p75 knocksut 

mice show diminished NGF binding affinity, reduced retrograde transport of low 

quantities of NGF and a more rapid phenotypic witch following injury, suggesting that 

p75 is important in the ability of sensory neurons to bind and transport limited quantities 

of NGF. Such a role for p75 in high-affinity NGF binding in sensory neurons may 

explain developmental deficits in p75 knock-out mice, which were found to include 

fewer lumbar sensory neurons and unmyetinated sensory nerve fibers and were reflected 

in reduced sensory nerve conduction velocities. 

The findings of this thesis research both strengthen and extend that predicted by 

the classic neurotrophic hypothesis which states that only developing neurons that 

successfully compete for limited amount of target-derived neurotrophic factor will 

sunrive a period of naturally occurring cell death. An absence of p75 may render many 

neurons incapable of adequately binding and transporting limiting quantities of 

neurotrophins as predicted by this theory. This thesis also extends this theory to 

implicate neurotrophins in the complex modulation of phenotype in intact adult sensory 

neurons, the switch in hct ion and phenotype that occurs with injury, and a role for 

neuronal expression of a neurotrophin in nociception in the intact state and 

mechanoreception in the injured state. 
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1.0 CBAPTER - LITERATURE REVIEW 

1.1 Discovery of the Nerve Growth Factor Family of Neurotrophins 

Neurotrophin research began in the Iate 1940s when the role of target tissues in 

the development and survival of innervating neurons was being investigated. Through a 

number of chick limb bud ablation and transplantation experiments, Viktor Hamburger 

showed that, during development, the size of peripheral target has a direct iduence on 

the innervation density of that tissue (Hamburger, 1934; Hamburger, 1939). It was 

while evaiuating this concept that E. Beuker, a student of Hamburger's, made the 

surprising observation that the dorsal root ganglia of a chick embryo grew neurites into a 

mouse sarcoma transplanted on its body wall (Beuker, 1948). In the l9SO's Rita Levi- 

Montalcini and Hamburger confirmed these observations and showed that these effects 

were even more pronounced for sympathetic ganglia (Levi-Montalcini and Hamburger, 

195 I; Levi-Montalcini, 1952). They demonstrated that it was a specific growth factor 

produced by the sarcoma that was stimulating neurite outgrowth far beyond the normal 

range. When expIants of mouse sarcoma were grown in a manner preventing direct 

contact between the tumor and the chick embryo while allowing WI access by the 

circulatory system, similar efffects were observed and the conclusion made that the 

specific growth factor produced by the sarcoma was soluble and difhsible, and 

responsible for the observed effects (Levi-Montalcini and Hamburger, 1953; Levi- 

Montdcini et al., 1954). 



In I954 this factor was given the name Nerve Growth Factor (NGF) and StanIey 

Cohen who, through his efforts to descri'be NGF activity produced by the mouse 

sarcoma, greatly Wered neurotrophin research (Cohen et al., 1954). In an attempt to 

characterize NGF activity in homogenates of sarcoma tissue, Cohen found rich sources 

of NGF in snake venom (Cohen, 1959) and then in the mamtnalian analogue of the 

snake venom gland, the submaxillary gland of the adult maIe mouse (Cohen, 1960). 

Years later, high concenbations of similar potency were found in guinea pig (Harper et 

al., 1979), rabbit and bovine prostate gland (Harper and Thoenen, 1980a; Harper and 

Thoenen, 1980b), and to this day the physiological significance of NGF in these 

locations has remained a mystery. 

Cohen later generated antibodies to NGF (Cohen, 1960) and the experiments that 

followed showed strong evidence for the biological efficacy of NGF and, for the 6rst 

time, demonstrated its critical role in the normal development of the nervous system. 

Daily injections of NGF antiserum given to neonatal mice for one month caused a 

significant reduction in the size and number of cells in the sympathetic ganglia (Levi- 

Montalcini and Booker, 1960). Other experiments showed that administration of NGF 

antiserum to rodent fetuses (Aloe et al., 198 1) and autoimmunization of pregnant rodents 

against endogenous NGF (Johnson et al., 1980) resulted in disruption of the normal 

development of sensory gangIia In vim experiments revealed that neurons in 

dissociated sympathetic and sensory cultures h m  8-1 1 day chick embryos fa1 to 

sunrive ifNGF is not added to culture medium, thus proving that the observed effects in 

vivo were not due to cytotoxicity of the NGF a n t i i e s  (Lai-MontaIcini and Angeletti, 

1968). The SUNival effect by NGF on sensory neurons was shown to occur only for 

2 



subsets of neural crest-derived neurons and not for placodallyderived sensory neurons 

(Pearson et al., 1983; Lindsay et al., 1985; Lindsay and Rohrer, 1985). Also found not 

to be supported by NGF were enteric neurons, parasympathetic neurons and spinal motor 

neurons (Lindsay, 1988). Furthermore, most effects by NGF take place in the peripheral 

nervous system (PNS) with NGF's effects being restricted to subpopulations in the 

central nervous system (CNS), the most notable being the NGF-dependent sunrival of 

basal forebrain cholinergic and cholinergic interneurons of the striatum (Hefti, 1986). 

Once purified and sequenced from the submandibular gland of the male mouse 

(Angeletti and Bradshaw, 197 I), NGF was cloned and shown to be highly conserved 

(66-98%) in the numerous species in which it is detected (Scott et al., 1983; Ullrich et 

al., 1983; Ebendal et al., 1986; Meier et al., 1986; Whittemore et al., 1988). 

The growth promoting effects of the second member of the neumtrophin family, 

brain-derived neurotrophic factor (BDNF), on sensory neurons was first observed in 

media conditioned by the growth of cultured glioma cells (Barde et al., 1978) and later in 

extracts made from pig brain (Barde et d., 1982). Cloning of BDNF revealed that it 

shares cIose sequence identity with NGF (Leiirock et aI., 1989) and, among mammalian 

species, BDNF has an unusually high degree of sequence conservation (Gotz et al., 

1992). BDNF was found to support the sunrival of subsets of embryonic neural crest- 

derived sensory neurons in vim and to prevent the loss of these neurons in vivo when 

administered to embryos during the period of naturally occurring cell death (Hofer and 

Barde, 1988). BDNF has been shown to support most placode-derived neurons tiom the 

nodose ganglion (Lindsay and Rohrer, 1985), cranial and spinal motoneurom (Koliatsos 

et d., 1993), but not sympathetic neurons (Leiirock et al., 1989; oepenheim et al., 1992; 
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Sendtner et d., 1992; Yan et al., 1992; A d a  et al., 1993; Henderson et d., 1993; Yan et 

d., 1994). Many regions of the brain are responsive to BDNF (Rodriguez-Tebar et al., 

1989; Alderson et d., 1990; busel et al., 199 1; Manounas et al., 1995; Yan et al., 

1997) and it is best known for its role in long-term potentiation in the hippocampus 

(Patterson et al., 1992; Castren et al., 1993; Patterson et al., 1996). 

Based on sequence identities shared between NGF and BDNF, the third member 

of the neurotrophin family, nemtrophin-3 (NT-3) was cloned (Emfors et al., 1 WOa; 

Hohn et d., 1990; Kaisho et al., 1990; Maisonpime et al., 1990b; Rosenthal et al., 1990) 

and found to share 50 amino acids in common with NGF and BDNF. Like BDNF, NT-3 

is highly conserved among species, having the same sequence in mice, rats and humans 

(Kaisho et al., 1990). NT-3 promotes survivaI and outgrowth of distinct subpopuIations 

of spinal sensory neurons and, Like BDNF, supports placode-derived nodose neurons 

(Lindsay and Rohrer, 1985; MOTS et al., 1 WOb; Hohn et al., 1990; Maisonpierre et al., 

1990b; Rosenthal et al., 1990). Unlike BDNF however, NT-3 has effects on sympathetic 

neurons (Barde et d., 1982; Maisonpierre et aI., 1990a). In the brain, the actions of NT- 

3 appear Limited to adult chohergic neurons of the basal forebrain and locus ceruleus 

(Hohn et aI., 1990; Maisonpierre et al., 1990b; Rosenthal et aI., 1990; Arenas and 

Persson, 1994). 

Neurotrop6in-4 @IT-+, first identified in Xenopus ovary (Hallbook et al., 199 I), 

was Iater found in rat and hman (Ip et al., 1992). At the same time another group found 

neurotrophin-5 (NT-5) in humans with an identical sequence to human NT-4 

(Berkemeier et d., 1991). Termed NT-45 in current Iiterature, this molecule is less 

highly collsecved across species but shares over 50% sequence identity with NGF, 
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BDNF and NT-3. It supports nodose ganglion neurons, subsets of  spinal sensory 

neurons (Tbanez et al., 1993) but not sympathetic cells. N T 4 5  effects in the C N S  are 

also limited with only basal forebrain cholinergic neurons known to be responsive to it 

thus far. 

Not including brain, NGF is produced largely in the target regions of responsive 

neurons in such areas as skin (Albers et al., 1994) and smooth muscle (Steers et al., 

1991). NT-3 expression is more diffuse and can be found in developing muscle, skin 

and hair follicles (Ernfors et al., 1 WOb; Schecmon and Bothwell, L992; Griesbeck et 

al., 1995) and is also abundant in ventral spinal cord @refis et al., 1999) and in 

dermarnyotome that is adjacent to the DRG (Snider and Silos-Santiago, 1996). Sources 

of BDNF are more elusive and it is possible that it may be produced mainly by neuronai 

cells of the PNS (Wetmore and Olson, 1995); however mRNA for BDNF has been 

shown to be present in skin (Buchman and Davies, 1993), skeletal musc!e (Koliatsos et 

al., 1993) and the spinal cord @reyhs et al., 1999). Sources of NT45 are found in 

muscle, skin and nerve with leveis of protein highest in development but less detectable 

postnatally (lbanez et d., 1993; Funakoshi et al., 1995; Zhang et al., 1999). 

13 Struchrre of the Nerve Growth Factor of Neurotrophhs 

Multipmmoter structure in neurotrophiu genes exists and allows for the complex 

regulation of their expression (Bishop et al., 1994; Leingartner and Lindhoh, 1994; 

Nakayama et al., 1994; Salin et al., 1997). For example, four promoters direct tissue- 

specific expression of the rat BDNF gene ( T i i u s k  et al., 1993). RecentIy? it has been 

shown that BDNF expression is under the control of a neuron-specific silencer element 
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that is believed to mediate BDNF transcription in a precise tissue-specific manner 

(Timmusk et al., 1999) and that the CRE portion of the BDNF promoter is a target of the 

CREB family of transcription factors (Shieh et al., 1998; Tao et al., 1998). To date this 

type of regdation has not been shown for other neurotrophin genes; however the 

poss13ility offers potential clues into the complex and precise regulation of neurotrophin 

expression. 

A number of groups have demonstrated that NGF antibodies created in rodents 

also react with other members of the nemtrophin family (Acheson et al., 199 1 ; Murphy 

et al., 1993; Comer and Varon, 1996) demonstrating that, in addition to sharing 50-60% 

amino acid identity, the neurotrophins share tertiary protein structure simiIarities and are 

immunologicaLly related (Angeletti, 197 1; Narhi et d., 1993; Ibanez, L 994). Many 

examples of common neurotrophin action exist, however, distinct and sometimes non- 

overlapping biological effects of the neurotrophins and their specificities for different 

receptors suggest that subtle differences in their structure are important. A description 

of the NGF molecule serves as a prototype for all members of the neurotrophin family. 

The NGF molecule, isoIated h m  gland homogenates, is in a large 305-amino 

acid long storage form which is stable at physioIogica1 pH, but is biologicdy inactive 

(Scott et aI., 1983). This pre-fonn of NGF, named 7s NGF because of its sedimentation 

coefficient, is a complex of three polypeptide subunits stabilized with one or two zinc 

ions into the stoichiom- a$y, (Varon et al., 196%; Varon et al., i967a; Bothwell 

and Shooter, 1977; Burton et al., 1978; Young et al., 1988). The p-subunit is entirely 

responsiiIe for the NGF biological e f k t  and two pmteolytic modifications of 7s NGF 

must o m  in the submaxillary gland prior to the release of the mature P form of NGF 
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(Silverman and Bradshaw, 1982). The y-subunit is an arginine-specific estempeptidase 

that cleaves arginine born the carboxyl terminal of the P-subunit and this cleavage of 

pro-NGF has been shown, as measwed by in vitro bioassay, to increase the bioactivity of 

NGF by 10 to 20 fold (Edwards et al., 1988). The a-subunit is suspected to carry out the 

second modification by removing an eight peptide residue Eom the amino terminal of 

the P-subunit (Silverman and Bradshaw, 1982). In mature form, PNGF (NGF) exists 

as a very stable, non-covalently linked homodimer weighing 25,s 18 Da (Angeletti et al., 

1971; Pignatti et al., 1975; Bradshaw et al., 1993). Each 118-amino acid monomer 

consists of a hydrophobic core made up of three antiparallel pairs of P-strands and three 

p-hairpin loop regions along with a region containing three consecutive reverse turns. 

The core region contains 6 cysteine residues that are conserved among the 

neurotrophins, while the loop and reverse turn regions contain variable residues that may 

account for different receptor specificities and bioactivities of each neurotrophin 

(Angeletti and Bradshaw, 197 1 ; McDonald et al., 1990; McDonald and Blundell, 1 99 1 ; 

McDonaId et al., 1991). Due to the highly conserved amino acid sequence shared by the 

neurotrophins, particularly at the region of the dimer interface, members of the 

neurotmphin family have been shown to form mixed heterodimers with each other 

(Burton et al., 1992; Radziejewski and Robinson, 1993; Arakawa et al., 1994; Jungbluth 

et al., 1994). It is not known, however, whether these heterodimers form naturally or 

whether they are biologically active in vivo. Interestingiy, physiologicaI concentrations 

of zinc have been shown to alter the conformation of NGF, BDNF and NT-3 in a manner 

that renders them unable to bind to their receptors, thus giving zinc a modulatory role in 

neurotrophin functioning (Ross et al., 1997). 
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13 Molecular Mechanisms of Nemtrophin Action 

Responsiveness of neurons to a given neurotrophin require the binding and 

activation of specific cell &e receptors (reviewed in Bothwell, 199 1; Chao, 1992; 

Ebendal, 1992; Kaplan and Miller, 1997). This was first realized when neurotrophins 

alone failed to produce a response when injected intracellularly into PC 12 cells; 

antibodies to these neurotrophins also did not inhibit neurotrophic effects when injected 

in the same manner (Heumann et al., 1981; Rohrer et al., 1982). This requirement for 

active receptors was later confimed in mice with selective deletions in genes coding for 

neurotrophin receptors where the resulting phenotypic deficits were indicative of a loss 

of neurotrophic influences (reviewed in Snider and Silos-Santiago, 1996; Conover and 

Yancopoulos, 1997). Two classes of receptors for the neurotrophins have been 

descnied (reviewed in Chao et al., 1998). The earliest identified member, p75, is 

referred to as the common neurotrophin receptor because it binds each of the 

neurotrophins in a similar manner; the second type of receptor, the trk tyrosine base 

family of receptors, includes members which display specificity for preferred ligands. 

Through a variety of different intracellular signaling pathways activated by receptors, 

neurotrophins trigger a cascade of events that cumdate in transient effects, such as 

influences on the phosphorylation state of proteins (Beminger and Poo, 1996) and Iong- 

lasting celldar responses, such as changes in gene expression (Segal and Greenberg, 

1996; Finkbeiner et al., 1997); and the cooperative actions of two receptor types produce 

a large range in signaling possliilities. The specificity of events influenced by 



neurotrophins depends on the expression pattern of each newotrophin receptor and the 

intracellular signaling mechanisms available to exert such effects. 

13.1 Trk 

Tropomyosin receptor kinases (trks) belong to a cIass of receptor tyrosine kinases 

that, in addition to neurotrophin receptors, include receptors for such molecules as 

insulin, epidermal growth factor and plateletderived growth factor (reviewed in Kaplan 

and Miller, 1997). Three vertebrate trk receptor genes have been isolated, iacIuding 

numerous variants of trk structure produced by alternative splicing (Barbacid, 1994; 

Barbacid, 1995). Each neufotrophin binds prefetentially to a specific trk but also 

possesses some ability to interact with other trk family members in a manner that 

distinguishes them fiom their cognate ligand (Ip et al., 1993). TrkA receptor tyrosine 

kinase is the specific receptor for NGF (Cordon-Cardo et al., 1991), while BDNF and 

NT45 favor trkB (Klein et al., I99 1). NT-3 is the preferred ligand for trkC, however it 

is also able to signal through trkA and trkB, with the former being isoform-specific 

(Lamballe et al., 199 1; Chao, 1992; Ip et al., 1993; Belliveau et al., 1997). 

13.1.1 Structure of trks 

Trk receptors are 140 kDa proteins composed of three main regions: at the N- 

terminus, an extracellular, ligand-binding domain is conrtected by a single a-heIical, 

membrane-spanning portion to a cytoplasmic, C-terminus region. The cytoplasmic 

portion of trk receptors contains a tyrosine kinase catalytic domain, or 'activation bop', 

for initiating signal transduction and severd additional tyrosine residues lie outside of 
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the catalytic region (Ullrich and Schlessinger, 1990). TrkA, trirB and trkC bear 

similarities in their cytoplasmic tyrosine kinase domain with 85% sequence similarity 

(Chao, 1992). Extracellular cysteine residues are highly conserved among the trks and 

there is roughly 50% similarity at the amino acid level within this region, similar to the 

similarity that exists between their ligands. Variability in an immunogiobin-like domain 

in the extracellular region accounts for the specificity in ligand binding (Perez et aI., 

1995; Urfer et aI., 1995), but similarities in the tyrosine b a s e  region suggest many 

common signal transduction pathways for the trks. Leucine-rich repeats in the 

extracellular domain are thought to account for protein-protein interactions or cell 

adhesion events. 

The production of multiple receptor isofonns by alternative splicing of the trk 

receptor genes is an additional means by which neurotrophin responsiveness is 

regdated. Splice variants with deletions in the regions encoding the extracellular 

domain of trkA, trkB and trkC have been described (Meakin et al., 1992; Shelton et al., 

1995; Gamer et aI., 1996; Strohmaier et al., 1996) and may alter ligand specificities for 

the receptors. For example, trkB isoforms found on non-overlapping populations of 

embryonic chick DRG have different responsiveness to their preferred ligands BDNF 

and NT-4 and this distinction is attniuted to variations in the extracellular, ligand 

binding portions of the receptor coded for by alternative transcripts of the gene 

(Boeshore et al., 1999). Trk signling may also be modulated by the select expression of 

multiple isoforms of both trkA and trkC receptors. The splice variants of the trkA 

receptor encode two receptors, a trkA without insert and a trkA with a 6-amino acid 

insert in the extracellular domain, This region does not appear to affect the receptor's 
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binding specificity or functional response to NGF, but trkA with the insert is believed to 

confer enhanced responsiveness of the receptor to NT-3 (Barker et al., 1993; Clary and 

Reichardt, 1994; Davies et al., 1995)+ The full iength trkC splice variants do not appear 

to result in responsiveness to other neumtrophins, but rather 14-amino acid or 39-amino 

acid inserts in the tyrosine kinase domain have been shown to diminish the signaling and 

netrrite promoting capabilities of NT-3 (Tsoulfas et ai., 1993; Tsoulfas et al., 1996; 

Meakin et al., 1997). Multiple non-catalytic isoforms of trkB (Klein et al., 1990; 

Middlemas et al., 1991) and trkC (Tsoulfas et al., 1993; Valenzuela et al., 1993; Garner 

and Large, 1994) are known to exist. Some of these forms lack the tyrosine kinase 

region in the intracellular domain and thus mediate no direct biological action despite 

neurotrophin binding. The exact hction of these truncated receptors is yet unknown, 

however it is speculated that they serve some type of regulatory role with regard to 

receptor function, distinct from that of p75 and the full length trks (Valenzuela et at., 

1993; Gamer and Large, 1994). For example, tnmcated receptors may activate alternate 

cytoplasmic si-g pathways apart from 111 length receptors (reviewed in Eide et al., 

1993). The presence of tnmcated trkB receptors may serve to sequester high local 

concentrations of BDNF and NT4/5 to prevent their spread to inappropriate regions of 

the nervous system or to assist in the presentation of neurotrophins to hll-length 

receptors (Biffo et al., 1995; Eide et ai., 1996). As a resulf a shift in the proportion of 

truncated and catalytic isoforms of trk receptors may contriiute to changes in 

neurotrophi. responsivm~ (Eide et al., 1993; Ninkina et al., 1996). Recently the 

overexpression of tnmcated trkC ia mice has been shown to have deleterious effects 

reminiscent of the absence of NT-3. Furthermore, the greater the concentration of the 
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truncated receptor expression, the more severe the d t i n g  deficits, suggesting that NT- 

3 is being sequestered by truncated trkC (PaIko et al., 1999). 

13.13 Signal Transduction Tbroagh trks 

Binding of neurotrophins to trk receptors initiates local signaling at the axonal 

membrane (Campenot, 1994) and also results in signaling cascades that reach the cell 

body and nucleus (SegaI and Greenberg, 1996). The favored model of neurotrophin 

retrograde signaling involves the receptor-mediated endocytosis of the neurotrophin- 

receptor complex upon ligand binding at the plasma membrane. Once internalized, the 

complex is retrogradely transported through the axon to the cell soma, during which 

time, phosphorylated trk is activating second-messenger proteins (Korsching, 1993). 

Although early experiments showed neurotrophin is taken up at the nerve terminals and 

subsequently transported to cell bodies (Hendry et al., 1974; Claude et al., 1982; 

Richardson and Riopelle, 1984; Johnson et al., 1987, whether receptors for these 

neurotrophins were activated onIy upon the arrival of neurotrophin at the cell body was 

unknown. The possibility that the receptors remained at the nerve terminals and the 

signaling molecules activated by them were transported to the soma (Johanson et al., 

1995) had not been disproven. Furthermore, the method by which these signals were 

propagated to the ceU body was largdy ULIICUOWIL Very recentIy, studies have shown 

that, upon neurotrophin binding, the ligand-receptor complex is endocytosed (Grimes et 

d., 1996; Grimes et al., 1997; Riccio et d., 1997) and very rapidly propagated to the cell 

body by microtubule-dependent vesicular transport (Watson et al., 1999). The traveling 

complex is catalytically active and shown to be associated with signal-generating 



molecules. Tbis is W e r  supported by the detection of phosphorylated trks along the 

length of the axon and in the cell body after the application of neurotrophin at the nerve 

terminals; and an accmdation of these receptors occurs d i d  to a nerve ligation, 

suggesting that the nuclear response requires the presence of the active receptor complex 

in the cell body (Bhattacharyya et al., 1997). The possl'bility of remote phosphorylation 

of trks in the cell body induced by neurotrophins at nerve terminals was suggested due to 

the rapid appearance of activated trks in the soma after distant neurotrophin application 

(Senger and Campenot, 1997); however this theory is questioned because the rapid 

nuclear r-me appears at a time consistent with the appearance of retrogradedly 

transported activated trk (Watson et al., 1999). Although it is known that p75 and trk 

receptors can mediate internalization and retrograde transport of neurotrophins (von 

Bartheld et al., 1996) studies have not yet addressed whether signaling molecules 

activated in the distal axon reach the cell body or whether the neurotrophin-receptor 

complex retains the ability to interact with other proteins after internalization. 

Several signal transduction pathways are used by the trks to mediate the effects 

of the neurotrophinsf but precisely which pathways influence the distinct hctions in 

vivo remain unclear. Traditionally, PC12 cells expressing trkA and p75 in cuIture along 

with sitedirected mutagenesis have been used to elucidate the mechanisms by which 

neurotrophins exert their effects, and to date a number of key events are well understood 

(reviewed in Kaplan and Stephens, 1994; Segal and Greenberg, 19%; Kaplan and 

Miller, 1997). The presence of biologically active neurotrophins in the form of 

homodimes causes Iigand-induced dimerization of trk receptors (Grob et al., 1985; Jing 

et al., 1992). The confornational change introduced by dimerization increases the 
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proximity of receptor components and initiates a sequential cascade of ttans- 

autophosphorylation of tyrosine residues in the catalytic region of the receptor that 

extends to tyrosines of the non-catalytic region (bplan et al., 199 1 b; Clary et al., 1994; 

Heldin, 1995; Iwasaki et al., 1997b). Dephosphorylation of tyrosines in the activation 

loop occurs quickly while longer-lasting phosphotyrosines outside of the catalytic region 

act as docking sites for intracellular proteins that contain a conserved region of 100-1 10 

amino acids called src homology 2 (SH2) (Koch et al., 199 1 ; Pawson and Gish, 1992; 

Songyang et al., 1993). SH2 domains on proteins are critical bridges that allow for the 

phosphorylation and attachment of multiple effector components that form a complex of 

signaling motecdes at the inner d a c e  of the plasma membrane. Following this, the 

ensuing second messenger cascades eventually translocate to the nucleus and effect the 

activation of neurotrophin-induciile genes that promote the survival and differentiation 

of neurons. Additional signaling through activated trk receptors may also include 

intracellular proteins that do not contain SH2 regions but rather have a phosphotyrosine 

binding domain (PTB) (Kavanaugh and Williams, 1994; Cohen et al., 1995; van der 

Geer and Pawson, 1995). 

The most well characterized second messenger pathways activated by 

neurotrophins in PC 12 cells are the ras-&MAP kinase and PI-3 pathways associated 

with NGF activation of trkA (reviewed in Kaplan and Stephens, 1994; Greene and 

Kaplan, 1995; Kaplan and Miller, 1997). Rasdependent pathways activated by the 

binding of the substrates, Shc and PLC-yl to phosophotytosines, Y490 and Y794 

tespectively, have been shown to mediate the sequential induction of a series of 

serindthreonine kinases which ultimately produce a signal initiating the differentiation 
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of PC 12 cells. It is likely that each substrate regulates a cliff-t aspect of this cascade, 

but it is only with their cooperative action that effects are produced (Blaikie et al., 1994; 

Obermeier et aI., 1994; Stephens et ai., 1994). The binding of Shc by its PTB domain to 

activated trkA dows for the formation of a protein complex involving Grb2 and SOS at 

the inner surface of the plasma membrane (van der Geer et al., 1995). The activation of 

ras by the GDP-GTP exchange factor, SOS, activates the serine/threonine kinase, raf, 

which then phosphorylates the mitogen activated protein kinase kinase, MEK. In turn, 

MEK activates the extracellular signal-regulated kinase, Erk, which phosphorylates rsk. 

Both rsk and Erk translocate to the nucleus and regulate gene expression by the 

induction of cfos through CREB phosphorylation (Ginty et al., 1994; Bonni et ai., 1995). 

Binding of the enzyme PLC-yl to activated trkA also phosphorylates Erk and induces 

differentiation, however the specific role it plays in the pathway are yet &own. There 

is the opportunity for the amplification of signaling components at a number of steps in 

this process and the intensity of signal may influence the resulting effects in the nucleus 

(Kaplan and H e r ,  1997). 

Distinct h m  the pathways that mediate diffefentiation, binding of the SH2- 

containing substrate PI-3 to Y751 on tdcA has been showa to be a requirement for the 

survivd of PC12 cells by ras-independent means (Yao and Cooper, 1995). Through the 

activation of the serine/threonine kinase, Akt, Iong-lasting phosphorylation events are 

thought to generate downstream signids that act in the nucleus to influence cell survival 

(Burgering and Coffer, 1995; Franke et al., 1995; Dudek et al., 1997). Another 

substrate, SNT, initiates an independent signaling cascade when tyrosine- 

phosphorylated In a role that is yet unknown in neurons, SNT activation is known to 
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cause actively dividing cells to withdraw fbm the cell cycle and it is hypothesized that it 

may act as a trigger for differentiation in early neuroblasts (Rabin et al., 1993; Peng et 

al., 1995). 

Although multipIe common signaling pathways exist for the trk receptors, it is 

not unlikely that a neurotrophin may selectively activate a specific second messenger 

pathway since each trk has unique signaling abiIities apparent in their diverse influences 

which sometimes occur in the same cell type (Carter et al., 1995; Gratto and Verge, 

1997; Iwasaki et al., t997a; McAUister et d., 1997). Specific SH2 domain-containing 

substrates attach to select phosphorylated tyrosines on trk receptors and, while some 

SH2 domain-containing proteins are believed to be widely expressed, others are cell type 

specific with specialized roles (reviewed in Schlessinger and Ullrich, 1992). For 

example, differential activation of trkB by BDNF and NT-4 are known to involve 

separate substrates and demonstrate divergent pathways following activation of trkB 

(Minichiello et al., 1998). Differences in tryosine residues in trk receptors may account 

for some specificity in resuiting signal transduction and it is likely that each trk receptor 

has one or more distinct substrates and adapter molecuIes used in similar pathways (Qian 

et al., 1998). The strength and duration of protein phosphoxylation and 

dephosphorylation events may lead to differential effects within the second messenger 

cascade that also d t  in unique cellular responses (Qui and Green, 1992; Traverse et 

al., 1992; Marshall, 1995). As well, it appears that newotrophins may use second 

messenger pathways alone or in cooperation to induce a wide variety of effects in 

responsive cells. 



13.2 p75 

First isolated over ten years ago, p75 was originally named the NGF receptor 

and, several years later, was thought to have no role in the nervous system beyond that 

of a wreceptor facilitating the high-affinity binding of neurotrophins to trks (Chao et al., 

1986; Johnson et al., 1986)- Initid characterization of p75 indicated that it represented a 

novel receptor that, independently, did not mediate survival or neurite outgrowth in the 

presence of NGF, thus it was thought that p75 w d d  not activate signal transduction 

pathways and appeared to mediate no direct neurotrophic effects. Curmt and ongoing 

research is proving otherwise. Mice with a null mutation in the gene for p75 and mice 

that overexpress the intracelldar domain of p75, although viable, show substantial 

changes in their nervous systems (Lee et aI., 1992; Majdan et al., 1997) indicating that 

the widespread expression of p75 observed in developing and adult neuronal and non- 

neuronal tissues (Yan and Johnson, 1988) is fimctionally important. It is now thought 

that p75 participates in the formation of receptor affinity states and the modulation of trk 

receptor functioning through physical interactions with trks. As well, p75 is known to 

act independently to mediate hctional responses of the neurotrophins through the 

activation of intracelldar signaling pathways (Chao et al., 1998). Although the 

emerging putative roles for p75 are numerous, our understanding of p75's function in the 

nervous system is just begiuning and many questions remain to be answered. 

13.2.1 Structure of p75 

The rat and human genes for p75 have four conserved G-C elements in their 

proximal promoter that are recognized by many transcription factors in both neuronaI 
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and non-neuronal cells, and thus display a wide range of expression in different tissue 

types (Poukka et aI., 1996). p75 is a 75 kDa glycoprotein with a tripartite structure that 

extends through the plasma membrane as a short serindthreonine-rich portion which 

joins an extracellular N-terminus domain to an intraceUuIar C-terminus region. The 

extracelular domain is made up of four negatively-charged cysteine-rich regions that are 

responslile for ligand recognition (EIempstead et al., 199 1 ; Chao and Hempstead, 1995). 

This region shares sequence similarities with genes encoding the tumor necrosis factor 

(TNF) superfamily of receptors (Smith et al., 1990; Meakin and Shooter, 1992; Smith et 

al., 1994). The intracellular region of p75 is highly conserved among species and has no 

known intrinsic kinase activity, but contains arras that are able to activate second 

messenger signahg flan et al., 1991; Chao and Hempstead, 1995). This portion of the 

p75 receptor dso shares a region of weak homology with the other receptors in the TNF 

family (Feinstein et al., 1995; Hofmann and Tschopp, 1995). The structural relationship 

between p75 and TNF receptor family suggests that these receptors may share common 

signal transduction mechanisms, partidarly with regard to signaIing events promoting 

apoptosis (Feinstein et d., 1995; Carter and Lewin, 1997). A segment of 80 amino acids 

in the intramlluiar domain of the TNF receptors, termed the death domain, bears 

structural similarity to the Drosophila death-inducing protein Reaper (Golstein et al., 

1995). The death domain in TNF receptors mediates protein-protein interactions with 

cytoplasmic molecules that dso contain death domains and is known to transduce 

signals resulting in programmed cell death (Steller, 1995). Recently it has been shown 

that p75 contains this death douain (Liepinsh et al., I997), but it is not clear whether 

p75 recruits the same substrates as TNF for downstmm signding. 

18 



13.2.2 Putative Roles for p75 

p7S titnction is influenced by the presence or lack of expression of I11-length 

trkA receptors (reviewed in Bredesen and Rabizadeh, 1997; Chao et al., 1998). 

Distinguished as such, p75's roles are described as direct p75-mediated signaling events 

which may result in cellular apoptosis when trk levels are not detectable or as 

modulatory iniluences on trk function when coexpressed. When coexpressed, p75 and 

trk may interact to reciprocally modulate receptor signaling, and through physical 

interactions with trk (Wolf et al., 1995; Ross et al., 1996; Gargano et al., 1997; Ross et 

al., f 998), p75 may modifL NGF internalization and facilitate retrograde transport of 

neurotrophins (Curtis et al., 1995; von Bartheid et al., 1996; Gargano et al., 1997), 

enhance trk responsiveness to preferred ligands (Benedetti et al., 1993; Davies et al., 

1993; Ip et al., 1993; Ryden et al., 1995; Horton et al., 1997; Ryden et al., 1997) and 

contriiute to high aEnity neurotrophin binding (Hempstead et al., 1991; Mahadeo et al., 

1994). 

13.2.2.1 trk-Independent Roles - Signal Transduction 

Independent of trkA activation, neurotrophins are able to signal through p75 

intraceUdar second-messenger pathways and there are many accounts indicating that 

one of p75's roles is in the induction of cellular apoptosis (reviewed in KapIan and 

Miller, 1997; Chao et al., 1998). Cell survival, in a number of regions of the nervous 

system where trkA is not detected, is improved in p7S null mutants (Yeo et al., 1997; 

Ferri et al., 1998; Wiese et al., 1999). One of the 6rst indications that p75 could 
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possiily cause cell death came h m  groups reporting that p75 was promoting apoptosis 

in the absence of NGF binding. In experiments performed on cell Lines transfected with 

p75, Rabizadeh et al. (1993) concluded that signaling through p75 was causing cell 

death, which was preventable with the application of NGF and receptor agonists. 

Similarly, it was reported that antisense oligonucleotides directed against p75 could 

rescue post-natal sensory neurons in vifro and in vivo fiom programmed cell death when 

NGF was not present (Barrett and Bartlett, 1994; Cheema et al., 1996). In this model, 

p75 mediates cell death via a tigand-independent signal. As a result, binding of NGF to 

p75 wouId inhiiit apoptotic pathways and allow survival-promoting signaling to proceed 

(Eredesen and Rabizadeh, 1997). Although not completely discounted (Bonni and 

Greenberg, 1997; Bredesen and Rabizadeh, 1997; Chao et al., 1998), this theory has 

been questioned due to the possibiIity of the presence of low levels of trk in cells 

involved in the experiments (Carter and Lewin, 1997; Kaplan and Miller, 1997). If this 

is the case, Iigand-independent effects on cell survival are not due to p75 signaling, but 

rather to the disruption in the p751trkA ratio, where the high expression of p75 may 

dampen the positive, survival-promoting effects that trkA normally provides. 

Furthennore, experiments have yet to show the production of downstream signaling 

molecules resulting h m  the activation of p75 in the absence of NGF and trkA. It is 

clear, however, that p75 is able to induce ceII death through the binding of neurotrophins 

in the absence of trk signaling (Casaccia-BOM~ et d., 1996; Frade et d., 1996; Bamji 

et d., 1998; Davey and Davies, 1998; Frade and Barde, 1998). Following ligand 

binding to p75, two distinct but parallel signaling pathways for p75 have been observed, 

as outlined below- 



13.23.1.1 NF-KB 

Expressed ubiquitously, nuclear factor kappa B (NF-KB) is an important 

transcription factor for @id and neuronal cell function and it affects the expression of an 

extremely large number of genes, including those involved in immunity and 

inflammation (O'Neill and Kaltschmidt, 1997). NGF binding to p75 expressed on 

S c h w m  cells, adult human oligodendmcytes, PC12 and PCNA cells resuIts in the 

production and nuclear translocation of NF-KB and StimuIates DNA binding (Carter et 

al., 1996; Ladiwala et al., 1998; Bbkar et al., 1999), most LEkely through the association 

of the signaling intermediate TNF-associated factor 6 (TRAF6) to activated p75 

(Khursigara et al., 1999). This induction is unaffected by the coexpression of trkA with 

p75 and, although all neurotrophins bind to p75 with simi1a.r affinity, neither BDNF nor 

NT-3 appear capable of inducing NF-KB (Carter et al., 1996). While not activating NF- 

KB during normal physiological conditions, NGF binding to p75 initiates this pathway 

only under conditions of cell stress (Bhakar et a!., 1999) and perhaps exerts trophic or 

survival-promoting effects (Anton et al., 1994) since NF-KB signaling does not Iead to 

death in most cell types (Beg and Baltimore, 1996; Van Antwerp et al., 1996; Ladiwala 

et aI., 1998). 

132.2,1.2 Ceramide 

In the absence of trkA, activation of p75 by each of the neurotrophins leads to 

increased leveIs of the lipid second messenger, ceramide (Dobrowsky et al., 1994). 

Produced through the hydrolysis of sphingomyelin by sphingomyelinase (Spied et aI., 
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1996), ceramide elicits a number of downstream effects on neurons in vivo and in vitro 

ranging h m  influences on neurite outgrowth and branching (de Chaves et al., 1997; 

Brann et al., 1999) to the regulation of cell survival and induction of apoptosis 

(Casaccia-Bonne6l et ai., 1996; Bamji et al., 1998; Yoon et al., 1998). Ceramide has 

been shown to activate the kinase, raf(Joseph et al., 1994; Yao et d., 1995) and, as seen 

with raf activation through trkA, may exert positive survival-promoting effects, possibly 

through the initiation of other MAP kinases (Kaplan and Miller, 1997). Conversely, the 

ceramide-induced c-jun amino-terminal kinase (JNK) signaling pathway mediates stress- 

induced apoptosis (Westwick et d., 1995; Verheij et al., 1996); JNK has been detected 

in cells undergoing neurotrophin-dependent cell death foIIowing p75 activation (Xia et 

d., 1995; Casaccia-Bonnefil et al,, 1996; Park et al., 1996; Bamji et d., 1998; Yoon et 

al., 1998). High ceramidc levels caused by p75 are thought to activate jNK and 

contriiute to nmtrophin-dependent death. In primary cultures of oligodendryocytes, 

only NGF was abie to cause sustained ceramide levels and activate INK-dependent 

apoptosis, while BDNF and NT-3 were ineffective despite their ability to induce 

ceramide (Casaccia-Bomefil et d., 1996). In contrast, however, transient increases in 

ceramide levels did not result in death of 3T3 cells (Dobrowsky et al., 1995) and chronic 

ceramide treatment of PC 12 cells resulted in increased trkA activation by favoring the 

formation of trkA homodimers (MacPhee and Barker, 1999). The JNK pathway appears 

to be initiated and to dominate p75 signaling through high sustained ceramide levels and 

this may account for the contradictory effects observed in the presence of ceramide. 

Taken together, it appears that ceramide and JNK activity induced through p75 play an 



important role in ceUuIar apoptotic responses, but not all ceramide activity necessarily 

leads to death. 

13.2.2.2 p751trk Interactions 

13333.1 Receptor Cross-talk 

p75 and trk can fimctionally interact to enhance or abrogate intracellular 

signaling pathways. In all repotts of p7S activation resulting in apoptosis, no trkA 

activity is p e n t  either through blocking of the receptor or as a result of its absence. 

When the receptors are coexpmsed, trkA can directly modulate p75 signaling which 

results in the selective downregulation of apoptotic signaIs by p75 and the simultaneous 

upregdation of other signaling pathways. Activation of trkA bIocks NGF-mediated 

ceramide production induced by p75 (Dobrowsky et al., 1995), which subsequently 

suppresses the JNK pathway and leaves the activation of NF-KB unaffected (Yo03 et aI., 

1998). Edsall et al. (1997) suggest that the production of sphingosine I-phosphate, a 

sphingolipid metabolite created by trkA activation, may signal to a % i t  the p75- 

ceramide pathway and upregdate MAPIC It has also been demonstrated that trkA 

activation inhibits BDNF-induced p75dependent death in sympathetic neurons (Barnji 

et aI., 1 998), suggesting that intracelIular receptor cross-talk is mediating this effect 

rather than direct physicaI interactions between the receptors. Furthennore the 

coexpression of p75 with ttkA can moddate trkA signaling as shown by the diminished 

NGF-induced trkA phosphoryIation CesuIting h m  the binding of BDNF to p75 (Barker 

and Shooter, 1994) and the reduced trkA activation d t i n g  fiom aIteratious in the 

phosphorylation state of its mtracellular domain by a p75derived ceramide signal 
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(MacPhee and Barker, 1997). On the contrary, p75 appears to cause an increase in NGF- 

induced trkA autophosphorylation and an accelerated trophic response when NGF is 

bound (Birren et al., 1992; Verdi et al., 1994). 

The cellular ratio of p75 to trkA and competitive signaling between the two 

receptor types are important determinants for NGF-mediated effects pavies et d., 1993; 

Barrett and BartIett, 1994; Lee et al., 1994; Twiss et aI., 1998; Yoon et al., 1998). When 

coexpressed, p75 receptors generally outnumber trkA receptors (Meakin and Shooter, 

1992; Chao and Hempstead, 1995). It is under these conditions that ceU survival is 

mediated by trkdorninant, p75-enhanced NGF signaling (Chao and Hempstead, 1995); 

with a reduction in p75 expression decreasing the efficiency of these effects. However, 

extremely high p75ftrk ratios may attenuate trk signaling pathways to the extent that 

they are unable to exert effects. For example, overexpression of the cytoplasmic portion 

of p75 resuits in extensive ceU death throughout the nervous system, indicating that p75- 

mediated apoptotic signals may be msduced (Majdan et al., 1997) with p75 causing 

cell death in cells where trkA is undetectable. Similarly overexpression of trkA leads to 

constitutive ligand-independent dimerization and receptor activation (Hempstead et al., 

1992). Thus, alterations in p75/trk ratios may offer an explanation for the differentid 

eRx& observed in receptor activation by neurotrophins. 

133.233 Receptor Kinetics and Binding 

A€fiuitie!i 

One of the original fimctions attributed to p75 is its collaboration with trk 

receptors in the formation of high- f i ty  neurotrophin binding sites (reviewed in 
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Ebendal, 1992; Chao and Hempstead, 1995). Early studies distinguished p75 h m  the 

trk receptors by the fast rate of association and dissociation it displayed with NGF, 

designating it the low affinity neurotrophin receptor; in the absence of trk, p75 binds to 

NGF in the nM range = 10") M) (Radeke et al., 1987; Rodrigua-Tebar et al., 1990; 

Mahadeo et al., 1994). p75 shows a similar aflhity for each of the neurotrophins, but 

the dissociation rate for NGF is greater than that of either BDNF or NT-3 (Rodriguez- 

Tebar et al., 1990; Rodriguez-Tebar et al., 1992). Conversely, trkA by itself shows a 

much slower ligand on and off rate, and binds NGF in the low nanomolar to high 

picomolar range (K, = 1 0-LO to 10'" M) (Meakin and Shooter, 1992; Meakin et al., 1992; 

Mahadeo et al., 1994). trkA earned the title of the high-affinity neurotrophin receptor 

when it displayed an even higher binding af.finity (& = lo-'' M) for NGF when 

coexpressed with p75 (Hempstead et al., 1991). The contribution that p75 makes to NGF 

binding requires that p75 receptors outnumber trk receptors by a ratio of ten to one 

(Mahadeo et al., 1994; Chao and Hempstead, 1995). There are reports descriiing very 

low levels of high-afEnity binding of NGF to trkA in the absence of p75 (Cordon-Cardo 

et al., 199 1; Kapian et al., 199 la; ling et al., 1992), but with coexpression of the two 

receptors, levels change such that high-aflhity binding accounts for 10-30% of the total 

specific binding with the remainder being low-afEinity (Rodriguez-Tebar et al., 1990; 

Meakin and Shooter, 1992; Dechant et aI., 1993). The exact mechanism respom'ble for 

this phenomenon is unclear, but it is known that the cytoplasmic domain of p75 confers 

high-affinity binding by increasing the trkA/p75 association rate (Mahadeo et al., 1994) 

and there is a 25-fold increase in the on rate for NGF to trkA when p75 is present 

(Hempstead et al., 1991). Recent studies have reported that trkA and p75 physically 
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interact in the absence of ligand forming a heterofeceptor complex that may inhibit both 

drA dimerization and autophosphorylation (Ross et al., 1998) and perhaps account for 

the ability of trk to alter the confornation of p75 (Wolfet d., 1995). In this allosteric 

model, p75 confers high-&ty m t r o p h i a  binding onto trkA; conversely, trkA 

confers low aflhity binding onto p75. Upon neurotrophin binding, this complex 

dissociates, and p75 and trkA homodimem form and bind the neurotrophins with a 

similar intermediate affinity. 

The purpose served by high-athity binding of neurotrophins is questioned by 

the observation of trkA alone transducing the biological effects of NGF (Nebreda et al., 

199 I; Weskamp and Reichardt, L 991; Ip et al., 1993; RoveUi et al., 1993; Clary et al., 

1994). High-affinity ligand binding implies an enhanced ability to access and bind 

available mo1ecules and subsequently retain them for long enough to allow for the 

activation of intracelldar signaling pathways, It has been suggested that the duration of 

receptor activation may lead to differential downstream signaling events (Marsha& 

1995; Twiss et al., 1998). By binding with low-affinity, a I i g d  may not be attached to 

the receptor Iong enough to allow for the necessary steps to elicit a response. As such, 

high-af£inity binding Lowers the concentration of ligand required for signal transduction 

(Hempstead et aI., 1991; Barker and Shooter, 1994; Hantzopodos et al., 1994; Chao and 

Hempstead, 1995); this wodd consequently prove advantageous to cells when the 

neurotrophic supply is Iimited, as it is during development and foUowing injury. 

Therefore, through its role in the formation of high-- binding sites, p75 may 

potentiate the ability of each trk to mediate cell &val and other effects m the presence 

of Iimited quantities of nerrmtrophin. 



1.4 Primary Sensory Neurons 

Primary sensory neurons comprise the pathways by which precise sensory 

information is conveyed fiom the body's periphery to the central nervous system. 

Somatosensory information h m  the head and neck is carried by peripheral branches of 

neurons located in -al sensory ganglia such as the nodose, spinal and vestiiular 

ganglia, while information h m  muscle, skin and joints of the limbs and trunk is 

transmitted to the CNS by neurons with their cell bodies located adjacent to the spinal 

cord in the dorsal root ganglia (DRG). Spinal and cranial sensory ganglia are of 

different developmental origins, neural crestderived and placodallyderived 

respectively; because of this, they differ with regard to the biochemical and 

morphological phenotypes that they exhibit. Neurons fiom embryonic cranial sensory 

ganglia do not depend on NGF for survival (Davies and Lindsay, 1984; Lindsay and 

Rohrer, 1985), while subpopulations of neurons of embryonic spinal sensory ganglia are 

known to be dependent on all members of the NGF family of neurotrophins (Pearson et 

al., 1983; Davies and Lindsay, 1984; Lindsay et al., 1985). This, along with the easy 

access to the DRG and associated axons for manipulation and their apparent lack of 

dependence on neurotrophins for survival after development (Lindsay, 1988) make 

primary sensory neurons of the DRG an ideal model for the examination of 

nemtrophins and their receptors in the adult. 

Neurons of the DRG are pseudounipoIar with the cell soma providing trophic 

support and axonal processes terminating pe r iphdy  as  receptors in dermis, muscle, 

joints and viscera for the purpose of receiving information about specific sensory 
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modalities such as touch, pain, limb proprioception and temperature. Information 

received in the periphery by sensory receptors is transmitted to the CNS along central 

axons that enter the spinal cord at the dorsal tip of the dorsal horn. After synapsing at 

spinal cord nuclei, neuronal projections ascend via the spinothalamic pathway or the 

dorsal column-medial lemniscus pathway to the thalamus or the spinocerebellar pathway 

to the cerebellum before projecting to the somatosensory cortex of the brain (Willis and 

Coggeshall, 199 1). 

Although they share the common function of receiving sensory input, neurons of 

the DRG are heterogeneous, displaying differences in size, physiology and biochemical 

makeup (Hunt et al., 1992; Lawson, 1992). Because of this diversity, DRG neurons 

have classically been divided according to fiber size, cell body morphology and 

chemical composition. It has been suggested that DRGs may contain over 20 

functionally distinct types of neurons (Perl, 1992); however, cells of the DRG have 

traditionally been classified into two main subgroups based on morphoIogy (Lawson, 

1992; Lawson et al., 1993). 'Large, light' neurons are called such because of their large 

to medium sized cell body and light staining due to dispersed Nissl substance and the 

presence of neurofilaments and microtubules in the cytoplasm. These neurons have 

mainly myelinated fibers that carry rapid ation potentials and are believed to convey 

proprioceptive information. The second class of neurons is called 'small, dark' due to 

their small size and dark staining. This staining pattern appears because of a more even 

and dense distriiution of Golgi bodies and organelles with few neurofiaments. 

Conduction rates reveaI that these neurons have unmyelinated fibers carrying thenno and 

nociceptive information and elicit long-lasting action potentials. Traditional 
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classification based on fiber diameter and conduction velocity divide fibers into three 

main groups which correspond to different sensory modalities, although a large degree 

of overlap between groups does exist (Lawson, 1992). Differing fibers carry information 

specific to the type of stimulus creating the message (reviewed in Perl, 1992) and 

terminate in distinct, although not exclusive, regions of the dorsal horn of the spinal gray 

matter. Large diameter myelinated fibers, termed Aa and AP, convey signals 

concerning proprioception primarily h m  muscle spindles, Golgi tendon organs and 

cutaneous mechanoreceptors. The majority of these fibers terminate in laminae III to X 

(Rexed, 1952; Fyffe, 1992). Noxious, pain causing stimuli activating mechano and 

thermal nociceptors travel along small, thinly myelinated A6 fibers or along 

unmyelinated C fibers to terminate in laminae I to III. C fibers are also known to project 

to laminae III & W when conveying thermal and mechano-thermal information. Some 

afferent fibers also project directly to the cuneate and gracile nuclei via the dorsal 

columns. 

Recently, new approaches have been used in an attempt to classifL primary 

sensory neurons and M e r  subdivide the populations based on biochemical information 

regarding content of neurotransmitters, neuropeptides, trophic factors and their receptors 

as well as other proteins (Rambourg et al., 1983; Alvarez et al., 1991; Lawson et al., 

1993). W1th some exceptions, DRG cell body size is known to correlate with fiber 

diameter (Lawson, 1992; Perl, 1992) which then correlates with sensory modality. 

Functionally different cell-types have unique biochemical composition which can firher 

subdivide cells of a specific diameter. Most current literature distinguishes DRG 

neurons as biochemical subpopulations witbin cell size ranges. 
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1.4.1 Temporal Responsiveness of Sensory Neurons to 

Nearotrophins 

In the developing nervous system, neurons are present in excess (Hamburger, 

1989). Following cell protiferation and target innervation, unneeded and inappropriately 

connected neurons begin to die off in a process known as naturally occurring cell death 

(reviewed in Davies, 1996; Lindsay, L 996). Developmental regulation of neuronal 

number is known to be dependent on, among many things, limited quantities of 

neurotrophic factors produced by neuronal target fields. The early work on NGF done 

by Levi-Montalcini and Cohen (reviewed in Levi-Montalcini, 1987) formed the 

fundamental principle of the neurotmphic hypothesis suggesting that growing nerve 

terminals compete for a Iimited amount of trophic molecules produced in neuronal target 

fields and are absolutely dependent on them for survival. An adequate supply of 

neurotrophin prevents cell death for those neurons that successfblly compete for it 

(Ba..de, 1989) and, by producing an amount of neurotrophin relative to its size, the target 

field directly influences the size of the neuronal populations that innervate it. As 

previously descriied, antibodies for NGF given at the period of nannally occurring cell 

death reduce cell numbers in the DRG (Levi-Montalcini and Angeletti, 1968; Johnson et 

al., 1980; Hamburger and Yip, 1984) while providing exogenous NGF or NT-3 to 

peripheral targets rescuing and augmenting the population that remains (Elamburger et 

al., 1981; Hamburger and Yip, 1984; OakIey et al., 1995). 

Today's understanding of the role of neurotrophins in primary sensory neurons 

goes beyond the cIassic neurotrophic hypothesis of targetderived support for survival. 
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Through a dynamic temporal pattern of expression and responsiveness, neurotrophins 

have been shown to influence neuronal survival, proliferation, migration and phenotype 

at significantly earlier stages of development than initially predicted by neurotrophic 

theory. As well, the influences of neurotrophic fictors have been shown to continue 

throughout the lifespan of neurons, with target-innervation occupying only a brief period 

in development. The multiplicity of influences that growth factors can have on sensory 

neurons, which may be overlapping and sometimes contradictory, are best explained by 

the concept that responsiveness to growth factors changes as a function of the degree of 

maturity of the cells (Ritter et at., 1993; Kalcheim, 1996; Ockel et al., 1996). 

Lewin (1996) suggested hat the interactions between sensory neurons and 

neurotrophic factors may be important in the determination of neuronal phenotypic fate 

during development. Neurotrophic availability may influence the deveIopment of 

specific sensory phenotypes either by allowing the survivd of predetermined neuronal 

types or by dictating the phenotype a neuron is to acquire. More recently, however, Hall 

et al. (1997) produced strong evidence that neurotrophin activity does not establish 

neurond phenotypic subtypes in the DRG. By isolating embryonic sensory neurons 

prior to their separation into cliffmat neurotrophin responsive groups, HaU showed that 

separate phenotypic groups (based on neuropeptide content) developed at the same time 

in vivo and in vitro in the absence of target-supplied neurotmphin. Although neuronal 

phenotype may be specified early in embryogenesis independent of target neurotrophic 

influences, subsequent interactions with target-tissues may mod@ certain phenotypes 

such as neuropeptide content (Hall et al., 1997) and neuronal fimctioning (Lewin and 

Mendell, 1993; Lewin et al., 1993). 



Sensory neurons initially survive independently of peripheral neurotrophic 

support when their axons are growing into target-tissues. Sensory neurons isolated prior 

to target contact (Davies and Lumsden, 1984, Vogel and Davies, 199 1) and neurons that 

differentiate from progenitors in culture (Emskger and Rohrer, 1988) can survive in 

vitro without the addition of NGF, BDNF and NT-3 to the culture medium mtil the time 

of target-innervation in vivo is attained. Shortly after their axons reach their peripheral 

destinations, neurons become dependent on target-supplied neurotrophins for survival 

(Vogel and Davies, 1991; Buchman and Davies, 1993) which corresponds with a marked 

increase in the expression of receptors for the neurotrophins (Wyatt et al., 1990; Wyatt 

and Davies, 1993). The onset of increased NGF expression in target-regions coincides 

with the arrival of axon terminals fiom NGFdependent neurons (Davies et al., 1987; 

Korsching and Thoenen, 1988), suggesting that developing sensory neurons do not rely 

on neurotrophins for chemotropic guidance of axons to their targets (Davies and 

Lumsden, 1984; Davies et al., 1987); nevertheless, NGF has been shown to act as a 

chemoattractant at pharmacological doses in vim (Gundenen, 1985) and low levels of 

non-target produced neurotrophin may set up tropic gradients important in axonal 

growth(Gundersen and Barrett, 1980). 

Detection of neurotrophin receptors on sensory neurons early in gangliogenesis 

suggests that sensory neurons are responsive to neurotropbins before the period of 

target-innervation (Farinas et al., 1996; White et al., 19%). Developmental shifts in 

neurotrophin responsiveness and dependence are believed to be mediated by changes in 

neurotrophin receptor expression which may be intrinsically programmed in neurond 

progenitor cells (Vogel and Davies, I99 I; Davies, 1996; Phillips and Armanini, 1996; 
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Farinas et al., 1998). In rat, p75 is expressed in primary sensory neurons throughout 

embryogenesis (Yan and Johnson, 1988; Emfors et al., 1989; Wyatt et al., 1990) and is 

detectable early in development in sensory neuron progenitor cells (Hallbook et al., 

1990; Heuer et al., 1990). By embryonic day 11 (El I), all three trks and p75 are 

expressed in DRG (Emfors et al., 1993; Mu et al., 1993; White et al., 1996; Farinas et 

al., 1998) in what appear to be distinct subpopulations and not in migrating neural crest 

cells or neuronal precursors (Farinas et al., 1998). At this point, many cells express 

mRNA for more than one high-affinity receptor (Phillips and Armanini, 1996) and 

respond to NGF, NT-3 and NT-4 almost equally for short-term survival (Memberg and 

Hall, 1995). TrkC and trkB expressing neurons predominate at this stage (Tessarollo et 

al., L993) and, while BDNF is believed to have little survival-promoting effects in early 

perinatal rat DRG (Conover et al., 1995), it is suspected that NT-3 most affects cell 

sunrival and differentiation (Buchman and Davies, 1993; Pinco et al., 1993; Gaese et al., 

1994; Zhang et al., 1994; Ockel et al., 1996; Verdi et al., 1996; Wilkinson et al., 1996). 

It ha? been shown in avian systems that the application of blocking a u t i t e s  directed 

against NT-3 (Gaese et al., 1994) or the extracellular portion of trkC (Lefcort et al., 

1996) given prior to the onset of programmed cell death at early maturation can cause a 

significant reduction in the numbers of SLVViving sensory neurons. However, the 

exposure of these same neurons to exogenous NT-3 causes a comparable loss of cells, 

perhaps due to premature diffefentiation (D'Amico-Martel, 1982; Ockel et al., 1996) 

suggesting that NT-3 may have both antiproIiferative and SUNivaI promoting effects in 

developing gangiia A similar role for NT-3 has been shown in the CNS in which NT-3 

is most highly expressed in immature regions where proliferaton, migration and 
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differentiation of precursors is ongoing (Maisonpierre et al., 1990a; Segal et al., 1992; 

Lindholm et al., 1993). Early reports of effects by NT-3 on neuronal survival and 

mitogenesis prior to gangliogenesis are now thought to be indirect since high-affinity 

receptors for NT-3 are not yet detected at this stage (Fatinas et al., 1998). The 

importance of NT-3 at early developmental time points is fiuther illustrated by the 

resulting developmental cell loss in mice with null mutations for NT-3 and trkC (Emfors 

et al., 1994b; Farinas et d., 1994; Klein et al., 1994; Tessarollo et al., 1994). NT-3- 

deficient mice show a 60% loss of DRG neurons while trkC-deficient mice lack only 

20% of these cells, suggesting that NT-3 affects other developing neurons besides those 

that express trkC. Farinas et d. (1998) showed that NT-3, in addition to activating trkC, 

can activate trkB during sensory ganglia neurogenesis and that trB-expressing neurons 

are also dependent on local sources of NT-3 immediately after trkB becomes expressed 

in neurogenesis. 

NT-3, but not BDNF, NGF or NT-45, has been detected in the mesenchyme 

adjacent to developing ganglia (Farinas et d., 1994; Farinas et al., 1996; Verdi et al., 

1996; Wilkinson et al., 1996) and likely provides earIy trophic support until target 

innervation when BDNF and NT-4/5 can be accessed. NT-3 and BDNF mRNA are 

produced in subsets of early DRG neurons (Emfors et al., l99Ob; Schectason and 

Bothwell, 1992) and since, at this point, peripheral target is not in close enough 

proximity to supply neurotrophins, it is likely that the neurons themselves and 

surrounding time are providing autocrine and paracrine neurotrophic support 

(Schecterson and Bothwell, 1992; Wright et al., 1992). The presence of neurotrophins in 



early dorsal root ganglia offers an explanation for the fllrvival of early sensory neuronal 

precursors in v h o  without exogenous neurotrophic support. 

Around E14, a shift occurs where trkC gives way to the presence of trkA on the 

majority (approximately 80%) of neurons, suggesting a switch in general responsiveness 

fiom NT-3 to NGF (Emfors et al., 1993; Mu et al., 1993). As development continues, 

the proportion of embryonic sensory neurons expressing high-afEnity neurotrophin 

receptors shows progressive restriction until the populations expressing high levels of 

each are largely distinct and reduced to the subtypes mpported by each neurotrophin 

during target-innervation. When developing neurons are establishing stable axonal 

contacts with the periphery (between E15-P5, peak El 7-EI9 (Coggeshall et al.. 1994)), 

the survival of different functional subtypes of primary sensory neurons is regulated by 

different members of the neurotrophin family. During this time, it is believed that 

neurotrophins affect survival through their ability to modulate intracellular calcium 

levels or by repressing the synthesis of proteins that are h a d  to neurons (Koike et al., 

1989; Collins et al., 199 1; Jiang et al., 1997). 

Cells that express trkA during mid-late embryonic life are dependent on NGF for 

survival and this subset of neurons goes on to become small to medium-sized cells with 

small, W y  myelinated or unrnyelinated axons that extend into the superficial layers of 

the skin and convey naciceptive information (Lewin and Mendell, 1993). At the time of 

target-inndon, 80% of DRG neurons e q m s  trkA and are dependent on NGF. This 

population is not present in mice with null mutations in the genes for trkA (Silos- 

Santiago et al., 1995) or NGF (Crowley et al., 1994) and there is an absence of 

nociceptive neurons, making these animals insensitive to temperature and pain. 
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Likewise, this group of neurons is eliminated when anti'bodies to NGF are given at 

critical stages of development (Lewin et al., 1992; Ruit et al., 1992; Crowley et al., 

1994). By adulthood, the population expressing trkA reduces to 4045% (Verge et al., 

1992a; McMahon et al., 1994; Wetmore and Olson, 1995) and becomes predominantly 

peptidergic, with neurons containing substance P (SP) and calcitonin gene-related 

peptide (CGRP) (Verge et al., 1989a; Averill et al., 1995; Kashiba et al., 1996). 

The population of neurons that downregulate trkA expression and lose 

responsiveness to NGF in adulthood are cells that do not respond to any member of the 

neurotrophin family outside of the developmental period (McMahon et al., 1994; 

Bennett et al., 1996; Molliver and Snider, 1997). These neurons are mainly small, non- 

neuropeptide containing cells that were first identified by their ability to bind the plant 

lectin B, (IB,) (Silverman and Kruger, 1990). They are believed to comprise a separate 

subclass of DRG neurons which express the glial-derived neurotrophic factor (GDNF) 

receptor complex, including c-ret, GFRa-I and GFRa-2 and respond to GDNF in vivo 

and in vitro (MoIliver et al., 1997; Bennett et al., 1998; Snider and McMahon, 1998; 

Ogun-Muyiwa et al., 1999). Distinct from trkA-expressing nociceptive neurons, these 

cells show a different termination pattern in spinal cord, express somatostatin, express 

the enzyme thiamine monophosphatase (Bennett et al., 1998), have a higher density of 

voltage-gated sodium channels and demonstrate longer-duration action potentials, thus 

distinguishing them as a separate functional class of nociceptors (Stucky and Lewin, 

1999). 

Proprioceptive neurons are critically dependent on NT-3 and trkC ( M O B  et al., 

1994b; Farinas et al., 1994; Klein et al., 1994; Tessarollo et al., 1994). Given at the time 
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of programmed cell death, NT-3 can increase cell survival in the DRG by 30% (Oakley 

et al., 1999, while mice deficient in trkC appear to lack Ia muscIe afferent projections to 

spinal motor neurons and have fewer large, myelinated axons in the dorsal root and 

posterior columns of the spinal cord (Klein et al., 1994). These mice have abnormal 

movements and body postures, demonstrating that NT-3 plays an important role in the 

development and survival of proprioceptive neurons. The overexpression of NT-3 in 

skeletal muscle (Wright et at., 1997) and skin (Albers et d., 1996) resulted in an 

increased number of proprioceptive neurons in the DRG as well as increasing the density 

of central Ia affete~lts and peripheral muscle spindle end organs. The inability of the 

target-expressed NT-3 transgene to rescue the lost proprioceptive cells in the NT-3 null 

mutant supports the hypothesis that local, non-targetderived sources of NT-3 are vital 

for the development of proprioceptive neurons (Wright et al., 1997). 

The phenotype of BDNF null mutants confirms its important role in development 

of neural placodederived sensory neurons but shows IittIe developmental loss in the 

DRG at early stages after birth (Emfors et al., 1994a; Jones et d., 1994; Conover et al., 

1995; Biancbi et d., 1996). A 30% loss of DRG neurons occurs post-natally with no 

selective loss of a distinct subpopulation. However, some cutaneous sensory receptors, 

mechanoreceptors and mechano-nociceptors are absent, suggesting that BDNF may have 

a role in supporting adult mechanoreceptors of the DRG (Minichiel10 et al., 1995; Silos- 

Santiago et al., 1997). 

1.4.2 Regrrlation of Phenotype by Nearotropbios in Adult Sensory 

Nearom 



Most sensory neurons remain responsive to neurotrophic tictors into adulthood. 

They depend on them for maintenance of their differentiated phenotypes and for 

regenerative responses after injury, but they no longer remain critically dependent on 

targetderived nmtrophic support for their survival (Lindsay, 1988; Lewin et al., 

1992). Chronic exposure of adult rats to NGF antibodies does not affect neuronal 

survival in the DRG (Schwartz et al., 1982; Rich et al., 1984; Lewin et al., 1992). 

Likewise, enriched, dissociated cultures of adult rat DRG neurons survive for severd 

weeks in the absence of any exogenous neurowphic factor (Lindsay, 1988). Some 

neurons at this point may be suppiied with autocrine and paracrine support h m  locally 

produced neurotrophins (Acheson et al., 1995; Davies, 1995). Vogelbaum et al. (1998) 

have suggested that neurowphin withdrawal in addtimod induces less apoptotic death 

due to deveiopmentai changes in the expression of members of the bcl-2 gene family 

which become activated upon neurotrophin withdrawaI. Specifically, a developmental 

reduction in the expression of the proapoptotic molecule, BAX, is replaced with the 

antiapoptotic molecule, BCL-X, thus conferring a reduced susceptiiility to cell death. 

Also, Qian et al. (1998) have suggested that the expression of different second 

messenger substrates in adulthood may account for the reduced ability of mature cells to 

transduce an apoptotic signal. Finally, p75ltrk ratios may alter in such a manner that 

positive, survival-promoting sigualing is favored over apoptotic signaling (Davies et al., 

1993; Banat and Bdett, 1994, Lee et al., 1994), since the ratio of p75ItrkA changes in 

the periphery during development (Wyatt and Davies, 1993). 

In addthood, neurotrophins modulate a number ofphenotypic properties of 

sensory neurons as well as affecting other cell types in the surrounding environment 
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such as lymphocytes (Wen et al., 1989; Ottm et al., 19941, mast cells (Horigome et at., 

1993; Horigome et al., 1994), keratinocytes (PinceUi et al., 1994), melanocytes (Yaar et 

al., 1994) and cellular elements of the endocrine system (Polak et d., 1993). In neurons, 

neurotrophins can influence mumpeptide levels (Lindsay and Hannar, 1989; Mdderry, 

1994; Woolf et al., 1994; Verge et al., 1995), expression of cytoskeletd proteins (Verge 

et d., 1990a; Verge et al., 1996), facilitate neurotransmitter release (Knipper e= al., 

1994a; Knipper et al., 1994b; Lessman. L998), modulate post-synaptic responses to 

released neurotransmitters (Kim et d., 1994; Lwine et al., 1995) and influence ion 

channeIs (Lesser et al., 1997). Through effects on cytoskeletd elements and other 

proteins, neurotrophins are able to alter growth cone motility (Lohof et al., 1993; 

Grabham and Goldberg, 1997), regulate morphology of terminal arbors of sensory 

neurons in skin (Diamond et al., 1992a, Diamond et aI., 1992b), cause neurite extension 

in vitro (Lindsay, 1988) and affect axonal (GoId et aI., 1991) and perikaryial voIume 

(Verge et al., 1989b). Neurotrophins have aIso been shown to regulate levels of their 

own receptors in adult sensory neurons both in vivo (Verge et al., 1992a; Verge et aI., 

1996; Gratto and Verge, 1997; Kitzman et al., 1998) and in vitro (Lindsay et al., 1990). 

By idluencing the phenotypic properties of sensory nmns, neurotrophic 

factors ultimately moddate neuronal function. For example, NGF is known to be an 

important mediator of some forms of persistent pain by causing hyperalgesia through its 

effects on trkA-expressing nociceptoxs (Lewin and Mendell, L993; Lewin et aI., 1993; 

Lewin et al., 1994; Andreev et al., 1995; McMahon et al., 1995; A m m  et al., 19%; 

McMabon, 1996). Adult animals treated with NGF a n t i i e s  show reduced sensitivity 

to noxious, mechanical and t h e d  stimuli without corresponding cell loss (Theodosiou 
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et al., 1999), suggesting that this change in nociceptive function is due to dterations in 

cell biochemistry. Increased levels of NGF in inflammed tissue (Aloe et al., 1994; 

Woolf et aI., 1994) may upregulate nociceptive peptides, SP and CGRP @onnerer et al., 

1992; Domefer and Stein, 1992; McMahon et al., 1995) and increase sodium channel 

expression (Toledo-Aral et al., 1995). Other actions of NGF on nociceptive function 

may be mediated indirectly through mast cell degranulation (Woolf et al., 1996; Tal and 

Liberman, 1997) which contniutes to hyperalgesia by inducing the release of seratonin 

(Theodosiou et aI., 1999). 

1.43 Injury of  h h r y  Sensory Neurons 

When an adult peripheral sensory nerve is injured, molecular and morphological 

changes follow (lieberman, 197 1; Lieberman, 1974; Grafstein and McQuarrie, 1978; 

Aldskogius et al., 1985; Wells and Vaidya, 1989) and include the Ioss of a proportion of 

neurons by apoptotic death (Arvidsson et al., 1986; Aldskogius et al., 1992; Edstrom et 

al., L 996; Gmves et al., 1997). Surviving adult cells demonstrate altered Ievels of 

mRNA and protein for, among many things, neuropeptides, cytoskeletal eIements and 

neurotrophin receptors (Verge et d., l989b; Verge et al., 1990a; Verge et al., 1990b 

Verge et at., i992b; Hokfelt et al., 1994) which represent adaptations serving to switch 

the primary fimction of the neuron h m  neurotransmission to sumival and recovery 

(Lieberman, 197 I). As a resuIt, the synthesis of m o l d e s  which participate in survival, 

response to injury and axonaI outgrowth are increased (Hall, 1982; Weus and Vaidya, 

1989; Moskowitz et al., 1993; Moskowitz and Oblinger, 1995), while the production of 

enzymes and proteins involved in cell signaling in the intact neuron are d d  
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(Grafstein and McQuarrie, 1978). The exact signals which mediate the axotomy 

response are poorly understood (Aldskogius et al., 1992); however, neuronal changes 

and cell death that occur following an injury are thought to be attn'butea, in part, to the 

loss of normal targetderived neurotrophic support and the induction of injury-associated 

molecules such as locally produced neurotrophins and cytokines (Johnson and Yip, 

1985; Raivich et al., 1991; Richardson and Lu, 1994; Murphy et aI., 1995). 

1.43.1 Cell Death following Nerve Injury 

The precise signals and mechanisms that cause injury-induced apoptotic death in 

adult DRG neurons are not known. Delayed cell loss is not Limited to any one 

subpopulation of sensory neurons and the reason certain cells are more vulnerable to 

axotomy-induced death is unclear. Most studies report that 20-30% of adult rat sensory 

neurons die two to three weeks following proximal sciatic nerve lesion (Arvidsson et al., 

1986; Himes and Tessler, 1989; Verge et al., 1989b; Vestergaard et al., 1997), whiIe 

some current studies have reported dramatically lower levels of cell death with virtuaIly 

no significant evidence of cell loss 16 weeks after injury (Coggeshall et a]., 1997; Lekan 

et al., 1997). Very recently, the possi'bility of neurogenesis in the DRG following 

axotomy (Kinsley et al., 1999) brought to light previously discodiscounted reports (Devor and 

Govrin-Lippmann, 1985; Devor et al., 1985) that offer neuronal division as an 

explanation for the conflicting observations of adult cell numbers after injury. In any 

case, aduit sensory neurons are more resistant to cell death induced by various forms of 

injury and insult than are embryonic neurons. Cell death in the neonatal DRG is 

si@cantiy more extensive following peripheral nerve transection (Aldskogius et al., 
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1985; Johnson and Yip, 1985; Oliveira et al., 1997), resulting in the death of almost all 

axotomized embryonic sensory neurons by one week after i n .  (Houenou et al., 1994). 

It has been suggested that the diminished amouut of cell death in adult neurons as 

compared to embryonic neurons is a result of their lack of dependence on peripherally- 

derived neurotrophins for survival. Further, despite some initial cell loss, deprivation of 

trophic support provokes phenotypic changes in &ving adult neurons which may 

amount to an injury response that embryonic neurons are not able to generate. The 

production of neurotrophic molecdes by DRG neurons themselves may provide 

autocrine and paracrine trophic support, thus making the effects of target disruption less 

extreme (Acheson et al., 1995). 

With some exceptions (Liabotis and Schreyer, 1993, a sciatic nerve transection 

that is proximal to the DRG shows a greater induction of cell death, a more intense 

chromatolytic response and quicker injury-induced changes in the DRG than does a 

more distal axotomy (GoIdstein et al., 1987), probably due to reduced trophic support 

kom endoneurial cells (Richardson and Ebendal, 1982). Interestingly, injury of the 

central axond branch d t s  in no significant neuronal loss (Lieberman, 197 1; Himes 

and Tessler, 1989) and very little chromatolytic effect or other injury-induced 

biochemical changes, including the capacity for regeneration (Richardson and Issa, 

1984; Schreyer and Skene, 1993; Chong et al., 1994; Broude ef al., 1997). This suggests 

that the signal to initiate chromatolysis and mount a regenerative program comes from 

the periphery and coincides with a disruption of the retrograde supply of neurotrophins. 

In support of this, it was shown that the regeneration of central and peripheral branches 

of sensory neurons is improved only when the peripheral axon is cut or crushed prior to 
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the actual injury (Richardson and Issa, 1984; Richardson and Verge, 1987). It is 

hypothesized that the more vigorous growth after the second injury was due to the early 

availability of molecuIes associated with regeneration induced by the first injury. It has 

also been demonstrated that, with continuous intrathecal *on of NGF during an 

injury, the onset of peripheral nerve regeneration in delayed (Gold, 1997) suggesting 

that, without the loss of NGF, an injury-induced growth program is not initiated or is 

slow to initiate. 

1.43.2 Physical Changes after Newe Injury 

Within 24 hours of sciatic nerve transection, biochemical signals derived fiom 

the nerve travel to the cell body to initiate the process of chromatolysis (Cragg, 1970). 

During chromatolysis, Nissl substance is dispersed reflecting a disorganization of rough 

endoplasrnic reticulum and a change in RNA synthesis (Lieberman, 1971). A reduction 

in neurofilament protein causes the nucleus to become pyknotic (Wells and Vaidya, 

1989; Hofhan et al,, 1993) and an initial swelling in the perikaryon (Wells and Vaidya, 

1989) is followed by a decrease in cell volume three weeks after injury (Verge et al., 

1990a). An increase in various tubulin proteins in sensory neurons indicates an increase 

in intracelluIar transport which pethaps reflects the onset of axonal regeneration (Skene, 

1989; Moskowitz and Oblinger, 1995). An alteration in sodium channel availability 

following injury (Titmus and Faber, 1990) reduces the excitability of sensory neurons 

(Stebbing et ai., 1999), which ultimately abrogates synaptic signaling and 

neurotransmitter release. 



At the site of axotomy, the plasma membrane of the axon seals and swelling 

occurs due to the cessation of transported molecules (Friede and Bischhawen, 1980; 

Smith, 1980). Within hours of injury, there is a transient increase in NGF mRNA and 

protein in both the proximal and distal portions of the nerve (Heumann et al., 1987a; 

Heurnam et al., 1987b; Raivich and Kreutzberg, 1993). In response to the injury, 

Schwm cells, fibroblasts and cells of the immune system proliferate and invade the 

injury site (Martini and Schachner, 1988; Anton et al., 1994). The distal stump of the 

cut nerve degenerates because the axons are no longer ~ 0 ~ e C t e d  to their cell bodies. In 

this process, called Wallerian degeneration, the axon shrinks and myelin pulls away and 

becomes debris which is phagocytosed, first by Schwann cells (Reichert et al., 1994; 

Fernandez-Valle et al., 1995) and, later, by macrophages that infiltrate fiom the 

bloodstream (Perry et al., 1987). Interleukin-1 (I1-l), released by macrophages, 

stimulates a Ionger-lasting increase in NGF synthesis by Schwann cells (Lindholm et al., 

1987; Meyer et al., 1992) which also upregulate p75 (Zhou et al., 1996), BDNF, NT-4 

(Funakoshi et al., 1993), GDNF (Trupp et al., 1995; Hammarberg et al., 1996; Naveilhan 

et al., 1997) and LIF (Curtis et al., 1994), while concomitantly downregulating myelin- 

associated molecules such as Po, P,, P, and MAG (Trapp et al., 1988; De Leon et al., 

1991). Also in response to U-1, Schwann cells proiiferate, line up and produce basal 

Iamina involved in the formation of the endoneurial tracts, the Bands of Bun- 

(Bunge, 1993; Torigoe et al., 1996), necessary for guiding successful axonal regrowth 

and remyeIination (reviewed in Bunge, 1993). 

In central terminal regions of injured axons, microglia and astrogIia show 

reactions that may influence structural and fimctionai properties of these cells or may 
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serve a neuroprotective role in response to the chemical changes after injury (Erikssan et 

al., 1993; Giulian e? al., 1993; Eriksson et al., 1997). Transection of the adult sciatic 

nerve functionally results in the alteration of central synaptic transmission (Devor and 

Wall, 1978; Devor and Wall, 198 1; Markus et al., 1984; Hylden et al., 1987) and a 

rearrangement of some fiber termination patterns. For example, myelhated affetent 

fibers that occupy deep laminae of the spinal cord have been shown to sprout to more 

superficial levels and reside in lamina II after injury and contriiute to the development 

of neuropathic pain states (Woolf et al., 1992; Shortland and Woolf, 1993; Woolf et ai., 

1995). 

1.433 Molecular Changes in the Cell Body after Nerve 

W r y  

Immediately folIowing transection of the sciatic nerve, there is a cascade of 

molecular events which serve to limit injury-induced damage and promote recovery of 

those neurons that survive the initial injury. The earliest genetic response in injured 

DRG cells invoIve-s increased production of the family of immediate early gene (IEG) 

transcription factors which are believed to regulate genes that are important directly 

foLIowing injury and later during axond regeneration (Gold et al., 1993; Kenney and 

Kocsis, 1998). This induction is rapid and transient where IEGs are activated in a 

protein synthesis-independent manner and act as key regulators of the neuonal axotorny 

response. EGs are believed to modulate prolonged expression of other effector genes 

such as those coding for neuronal enzymes, proteins, neurotransmitters and ion channels 

by binding to the AP-1 site or the cyclic AMP response element in the regulatory region 
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of these genes (Heumann et al., 199 1; Leah et ai., 199 1; Eggen et al., 1994; Hughes et 

al., 1999). The quick induction of NGF synthesis in the cut nerve is one example of the 

rapid effects carried out by the LEG, cfos (Heumann et al., 199 1). Jun is the only 

transcription factor in this family found in axotomized sensory neurons, and c-jun is 

rapidly induced after injury to the sciatic nerve (Jenkins and Hunt, 1991; Jenkins et al., 

1993; De Leon et al., 1995; Broude et al., 1997); one of its roles involves the regulation 

of neuropeptide expression after injury (Hemlegen et al., 1993) where the induction of c- 

jun causes a rapid increase in VIP (Mulderry and Dobson, 1996). 

Changes in neuropeptide expression following axotomy reflect the roles that each 

peptide occupies in sensory neurond function. Sciatic nerve transection results in a 

decrease in somatostatin (SOM) (Noguchi et at., 1993), CGRP (Shehab and Atkinson, 

1986; Noguchi et al., 1990) and SP (Nielsch and Keen, 1989; Noguchi et al., 1989; 

Hokfelt et al., 1993; Noguchi et al., 1995). SP and CGRP, normally vasodilators, are 

best known for their role in nemgenic inflammation and subsequent hyperdgesia 

(Donnerer et al., 1992; Wmlf et al., 1994). CGRP can affect Schwann cells (Cheng et 

al., 1995) and also has the ability to potentiate the effects of SP (Mao et al., 1992) by 

inhibiting SP endopeptidase activity (Le Greves et aI., 1985). SOM, which shows very 

little overlap with cells containing SP and CGRP (Verge et al., 1989a), is known to have 

modulatory effects on the immune response (Kuraishi et al., 1985; Lawson, 1992). With 

each of these peptides existing predominantly in smd-medium sized cells and being 

excitatory in nature (Urban et al., 19941, injury-induced decreases likely serve to reduce 

the transmission of nociceptive information to the spinal cord and modulate local 

inflammatory responses. Opposite to this, vasoactive intestinaI peptide (VIP) (Noguchi 
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et al., 1989; Villar et al., 1989; Villar et al., 1991), netnopeptide tyrosine (NPY) (Frisen 

et al., 1992; Noguch. et al., 1993; Zbang et al., 1993a), galanin (GAL) (Hokfelt et al., 

1987; Villar et al,, 1989; Hokfelt et al., 1993; Verge et d., 1993b) and cho1ecystokinin 

(CCK) (Verge et al., 1993a) are all increased. VIP, an excitatory neuropeptide, may 

cause vasodilation and promote regeneration of injured neurons by increasing CAMP 

levels and modulating the immune response (Shehab and Atkinson, 1986). NPY and 

GAL are both inhiiitory molecules (Hokfelt et al., 1999). MY, although present in 

medium to large neurons after injury, likely acts to prevent neurotransmitter release in 

nociceptive cells (Wakisaka et al., 1992; Zhang et al., 1993a) and may alter termination 

patterns of myelinated primary afferents in the spinal cord (White, 1997). Both VIP and 

NPY have been shown to promote neurite outgrowth in dtured DRG cells (White and 

Mansfield, 1996). It has been shown recentIy that subpopulations of small-medium 

sized sensory neurons that express CGRP have receptors for GAL (Xu et al., 1996) and 

that GAL is beIieved to have an analgesic effect (Verge et al., 1993b; Hao et al., 1999) 

by acting as an antagonist to SP and CGRP, thus reducing the transmission of 

nociceptive signals to second order neurons in the spinal cord (Xu et d., 1990). 

Furthermore, GAL is known to enhance the effects of morphine and other opioids at the 

level of the spinal wrd (Wiesenfeld-Hallin et al., 1990; Wtesenfeld-Hallin and Xu, 

1998). The prominent changes that occur in the cell body of injured primary sensory 

neurons are reflected in alterations at central termiLlals. Levels of SP, CGRP, SOM and 

trk receptor mRNA and protein are decreased, while VIP, GAL, NPY (Zhang et al., 

1993a), NOS (Zhang et al., 1993b) and BDNF (ti et al., 1999; Michael et al., 1999; 

Zhou et al., 1999) are increased. 



The expression of other molecuIes in the DRG changes in response to i n .  and 

is believed to play a role in the subsequent recovery and regeneration of sensory 

neurons. GAP43 mRNA and protein quickly i n m e  to levels above their constitutive 

expression in the DRG after axotorny (Skene et al., 1986; Skene, 1989; Verge et al., 

1 99Ob; Woolf et al., 1990; Schreyer and Skene, 199 1 ; Wiese et al., 1992) where GAP43 

is thought to be important in the regenerative aspects of neurite outgrowth and 

pathfinding (Skene, 1989; Strittmatter et al., 1995). SimilarIy, nitric oxide synthase 

(NOS) increases in lumbar DRG foUowing injury (Verge et al., 1992b; Fidos-Estrada et 

al., 1993; Zhang et al., 1993~). The role of NOS after injury is Iess clear but it has been 

proposed that it may serve to benefit regeneration by increasing Iocal bIood flow through 

the production of nitric oxide and subsequent action on vasodilation (Bergman et aI., 

L999). The large degree of wlocalization of NOS with trkA suggests that the absence of 

NGF may be invoIved in its induction since exogenous NGF can mitigate this response 

(Verge et al., 1999). Heat shock protein 27 wSP27) is another protein that is 

upregulated fiom low constitutive e x p s i o n  in adult sensory neurons (PIumier et al., 

1997; Costigan et id., 1998) to having mRNA expressed in virtually a l l  injured neurons 

(Costigan et al., 1998; Hopkins et aI., 1998). Lewis et al. (1999) hypothesize that it may 

be acting as a SUCVival factor that takes over when neurotrophins are not available after 

injury and its absence in neonates may contribute to the inability of these cells to survive 

axotorny. 

In the DRG it is Iikely that aItered IeveIs ofneurotrophic factors and trk receptor 

proteins after injrrry cooperate in order to counter the disruption in retrograde 

newotrophin flow and enhance survival and repair of i n .  nerves. Two weeks after 
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peripheral axotomy, mRNA for p75, trkA, trkB and tdrC all decrease in the DRG (Verge 

et al., 1989b; Verge et al., 1992a; Emfors et al., 1993; Krekoski et al., 1996; Zhou et al., 

1999) and there is a loss of high-afkity binding sites for NGF (Verge et al., 198%; 

Verge et al., 1992a). Meanwhile, mRNA and protein for BDNF, NGF (Sebert and 

Shooter, 1993; Zhou et al., 1999) and GDNF mRNA are increased in subpopulations of 

DRG neurons shortly after injury. In addition, cells of the degenerating distal stwmp 

provide a rich source of neurotrophic factors (Richardson and Ebendal, L982; Heumann 

et al,, 1987a; Heumann et al., 1987b; Meyer et al., 1992; Funakoshi et al., 1993) and 

cytokines such as interleukin 6 (Il-6), tumor necrosis factor a (TNFa), interleukin 1 p (a- 

lp) (Murphy et d., 1995; Reichert et d., 1996), transforming growth factor (TGF-P) 

(Register et aI., 1993), interferon y (EN-y) (Olsson et aI., 1994) and leukemia inhibitory 

factor (LIF) (Curtis et al., 1994; Zigmond et al., 1996; Thompson et al., 1997) become 

detectable in the neurons and their processes after injury. AIthough there is a quick 

increase in local NGF at the site of injury, levels are not sufficient to replace target- 

derived sources of neurotrophin. The production of additional cytokines and 

neurotrophic factors perhaps regulate certain aspects of the regenerative process until 

such time that the axon again reaches an abundant source of peripherally derived 

neurotrophic support and the receptor mRNA is increased back to near normal levels and 

the normal differentiated phenotype of the cells is restored. 

There is support for the hypothesis that the lack of retrograde supply of 

neurotrophins is involved in some of the phenotypic changes observed after injury. The 

more extensive loss of DRG cells after a fulI nenre transection rather thau a crush injury 

(Risling et al., 1983a; Risling et al., 1983b; AIdskogius et al., 1985) shows that, with 
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crush injury, the conserved nerve sheath dowing access of the ceUs of the DRG to the 

rich sources of trophic factors in the distal nerve stump may serve to bolster the trophic 

roles of injury-induced growth factors and cytokines. Furthermore, the inability of cut 

axons to access the neurotrophins of the distal stump may be involved in the cell death 

observed since this can be prevented by the administration of pharmacological doses of 

exogenous NGF (Rich et al., 1989). In vivo studies have also shown that exposure of 

chronically injured neurons to a new source of NGF and NT-3 results in a reversal of 

many molecular and biochemical changes that occurred in the neurotrophin-responsive 

subpopulations of DRG neurons as a result of the injury so that the neuronal phenotype 

approximates that of the intact state. NGF inhion directly onto the cut sciatic nerve 

stump in adult rat prevents loss of SP (Fitzgerald et al., 1985) and the atrophy and 

degeneration of DRG neurons (Rich et al., 1987) and sensory axons (Gold et al., 199 1). 

Direct application of NT-3 to the proximal nerve stump can completely reverse the 

increased NPY levels induced by axotomy (Ohm et al., 1999, and intrathecal NT-3 

downregulates NPY in large diameter neurons of the DRG (Verge et d., 1996). The 

administration of intrathecal NGF for one week, beghung three weeks after injury, 

restores the number of high-affinity binding sites toward pre-injmy levels (Verge et al., 

1992a) and affects a reversal in the changes in expression of SP, CGRP, VIP, CCK, 

NPY and GAL in NGF responsive neurons towards normal (Mulderry, 1994; Verge et 

al., 1995), while the expression of SOM is restored by GDNF application (I3emett et ai., 

1998). 



1.4.4 Regeneration of Primuy Sensory Neurons 

Due to a lack of growth promoting molecuIes and the presence of inhi'bitory 

factors such as myelin and glial scars, injured neurons of the CNS do not regenerate 

(Bahr and Bonhoeffer, 1994; McKerracher et al., 1994, Li et al., 1996; Neumm and 

Woolf, 1999), while cells of the PNS have the capacity to regrow over long distances 

and regain b c t i o a  It has been demonstrated that if regeneration of injured axons back 

to their peripheral target is successful, many of the injury-induced changes in DRG 

phenotype are reversed (Lieberman, 1971; Aldskogius et aI., 1992; Mendell, 1996), 

while failure to contact new target causes neurons to retain the injured phenotype. The 

regenerative capacity of a peripheral nerve depends on the growth programs mounted by 

the injured cells and the state of the environment into which the growing axon is 

extending. 

Although the presence of neurotrophic factors is important in the regenerative 

process, most evidence suggests that they promote regeneration through indirect effects 

on non-neuronal cells such as fibroblasts, Schwann cells and macrophages (reviewed in 

Frostick et al., 1998). Specifically, it is the altered phenotype of Schwann cells after 

injury that promotes the majority of successful nerve regeneration (Reichert et al., 1994; 

Hall, 1997). Through the production of basal lamina proteins, cell adhesion molecules, 

neufotrophic factors and cytokines, Schwann cells initiate and guide nerve regeneration 

(Bunge, 1993). Growth cones of the extending axons respond to extrinsic guidance cues 

mediated via contact with the Schwann cell basal lamina through cell adhesion 

molecules (CAMS) (Bixby et al., 1988; Rutishauser, 1993). The bands of Bungner 
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guide the axons to their original peripheral target (Bolin and Shooter, 1994; Son and 

Thompson, 1995) and neurotmphins and cytokines produced by the Schwann cells likely 

provide local tropic cues that promote axonal outgrowth (Gu et al., 1995). If the 

endoneurial tube is not maintained, axonal growth becomes non-specific, extending into 

inappropriate target and proper function is not re-established. Using systemic 

administration of neutralizing a n t i i e s  to NGF, studies have shown that regeneration 

of axons to peripheral target tissues is not dependent on NGF (Diamond et al., 1992a; 

Gloster and Diamond, 1992; Mearow and Kril, 1995). However, subsequent reports 

have demonstrated that collateral sprouting is stimulated and dependent on local 

neurotrophic cues @iamond et al., 1992b; Gallo and Letomeau, 1998). 

WalIerian degeneration of the distal stump of the axotomized nerve is critical to 

successful nerve regeneration (Lu and Richardson, 1991 ; Chen and Bisby, 1993). 

Beginning within hours of injury, WalIerian degeneration creates an environment which 

is permissive to axonaI growth through the removal of myelin and axonal debris and the 

stimulation of other cellular activities by the production of neurotrophins and cytokines. 

The proliferation of macrophages is the key event that allows Wallerian degeneration to 

take place. Many groups have shown that, in the absence of mamphages, the site of 

injury is not cleared of the distal nerve stump and WaUerian degeneration is impaired, 

which subsequently stops nerve regrowth (Perry and Brown, 1992; Lu and Richardson, 

1993; Reichert et al., 1994). 

To date a specific role for neurotrophins in peripheral nerve regeneration after 

injury has not been demonstrated and some reports indicate that neurotrophins may even 

prove to be a hindrance to successfui nerve regeneration and recovery of fimction. For 
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example, an increase in the local production of NGF in the DRG after an injury is 

believed to promote the sprouting of sympathetic nerve endings into the DRG that form 

pericelldar baskets around the neurons, which may contribute to some pain states 

(McLachlan et al., 1993; Zhou et al., 1996; Ramer and Bisby, 1997; McLachhn and Hu, 

1998). Similar sprouts around the small, trkA-expressing cells have been shown after 

intrathecal infusion of NGF (Jones et al., 1999). The role that NGF serves in collateral 

sprouting and target-innervation suggests that elevated levels may produce inappropriate 

nerve regrowth which, combined with NGF's effects on neuropeptides, contributes to a 

hyperalgesic state. Finally, Gold (1 997) showed that, although intrathecal infirsion of 

NGF is able to reverse many injury-induced changes in gene expression, regeneration is 

actually delayed by the administration of NGF, perhaps by reducing the cell body 

response to injury. 



2.0 CBAPTER - SPECIFIC AIMS 

Neurotrophins are shown to have widespread, critical roles in the nervous system 

and many of their hctions depend on the cell type, developmental stage and 

environment in which they are active. Yet, despite the current knowledge and the vast 

body of ongoing research in the field, investigation is required in a number of areas. In 

order to answer some of the more important questions, this thesis examined three main 

aspects of neurotrophin biology in adult primary sensory neurons. 

I)  To better predict the potential for combinatorial effects of neurotrophins on the same 

neuron in primary sensory neurons, the degree of colocalization and tnlocalization of 

trk receptor expression using serial thin sections to optimize the detection of 

hybridization signal for each trk receptor and p75 mRNAs was examined. Plasticity 

of neurotrophiu receptor mRNA expression following axotomy was determined to 

see if changes in these levels contribute, at least in part, to injury-induced 

degenerative changes in sensory neurons. 

2) To better understand BDNF's role in sensory neurons, BDNF expression in the DRG 

and the changes that occur with i n .  and NGF-infusion were investigated. In sihc 

hybridization on serial sections detecting mRNA for trkA, BDNF and trkB and 

immunohistochemistry detecting BDNF were ernpIoyed to establish anatomical 

correlations suggestive of potential autocrine and paracrine roles in DRG under 

various pathological conditions. 



3) Using a number of approaches including in situ receptor binding, retrograde 

transport, and electrophysiological analysis, a detailed investigation was conducted 

examining the phenotype of p75 null mutant mice in order to discover clues that may 

lead to a better understanding of the role of p75 in intact and injured primary sensory 

neurons. 



3.0 CEVI 'ER - 'IRK RECEFl'ORS ON INTACT AND INJURED SENSORY 

NEURONS 

3.1 Introduction 

AIthough injury and null mutation data suggest important roles for the individual 

neurotrophins in both developing and mature sensory neurons, it is known that target 

tissue and support cells of the PNS express multiple neurotrophic hctors under varying 

physiological states. This suggests that individual neurons may respond to more than 

one trophic factor and that convergent signaling pathways may be important in 

modulating the response (Mitsurnoto et al., 1994). Identification of neurotrophin 

receptors, their expression patterns in DRG neurons and how expression changes with 

injury or disease have, and continue, to facilitate prediction of potential roles and 

therapeutic value of neurotrophins. Neurotropbin receptors, dthough expressed on 

largely distinct populations of sensory neurons, do show regions of overlap (Verge et al., 

1992). Past studies examining the distribution and overlap in trk and p75 receptor 

expression in mature DRG have yielded valuable information regarding potential 

overlap in neurons that retrogradely transport NGF, BDNF and NT-3 (DiStefano et al., 

1992), common target innervation (McMahon et al., 1994) and percentages of neurons 

expressing individual or multiple tck receptors or p75 (Verge et al., 1992; Mu a al., 

1993; Kashiba et al., 1995; Wetmore and Olson, 1995; Wright and Snider, 1995). The 

findings, in addition to supporting a role for NGF acting pnmriIy on nociceptive 

neurons and NT-3 on the proprioceptive population, indicate that trkA and trkC are 



unlikely to be expressed by the same neuron, while trkB is most often coexpressed with 

either trkA or trkC. Neuronal expression of more than one trk receptor is intriguing and 

provides the anatomical correlation to explain the differential regulation of pathways 

activated by NGF and BDNF in sensory neurons (Carter et al., 1995), the requirement of 

both BDNF and NT-3 for regulation of substance P (Zhang et al., 1995), the differential 

requirements of slow adapting mechanoreoeptors for NT-3 and BDNF (Lewin, 1996) 

and the diffmtial regulation of trkA and associated phenotypes by NGF and NT-3 

(Verge et al., 1992; Gratto and Verge, 1997). 

In all previous studies, the size of the trkC and trkB populations varied greatly, 

with the former markedy Iower than that observed by our laboratory. To resolve some 

of the conflicts in results between studies and to continue to predict the potential for 

combinatorid effects of neurotrophins on the same neuron in lumbar DRG, the degree of 

colocalization and trilocalization of trk receptor expression was examined using seriai 

thin sections to optimize the detection of hybridization signal for each trk receptor (full 

length and tnmcated isofom) and p75 mRNAs. Plasticity of neurotrophin receptor 

mRNA expression following axotomy was determined to see if changes in these levels 

contribute, at least in part, to injury-induced degenerative changes in sensory neurons. 

32 Methods 

3.2.1 Isotopic lir Sitpl Hybridization 

32.1.1 Animal Surgery and Tissue Preparation 

All animal procedures were conducted in accordance with the University of 

Saskatchewan Animal Care Committee. Protocol number 9200164. 



Young adult male Wistar rats (150-250 grams) were anesthetized for surgery 

with sodium pentobarbital (Somnitol, 50 mgflcg) (MTC Pharmaceuticals, Cambridge, 

ON) intraperitoneally. In 17 rats, the right sciatic nerve was transected at its origin fiom 

the L4 and L5 spinal nerves and a 5 mm segment resected to prevent regeneration. 

Three additional uninjured animals provided normal tissue. Pre- and post-operative 

subcutaneous injections of buprenorphine (Temgesic, 0.1-0.2 mg/k& every 12 hours for 

2-3 days) were given to alleviate any post-operative discomfort. After specific survival 

times of 0 days, 1 day, 2 days, I wk, 2,s and 8 wks post injury, the rats were deeply 

anesthetized with sodium pentobarbitol, p&ed via descending aorta with cold 

phosphate buffered saline (PBS) (0.1 M; pH 7.4) (appendix A), followed by rapid 

dissection of right and left L4 and L5 DRG. Tissue was immediately embedded in OCT 

compound (Tissue Tek, Miles Inc, Elkhart, NJ) in vinyl cryomolds (Tissue Tek) and 

frozen in isopentane (2-methylbutane) cooled (at least 10 minutes) in a slurry of dry ice 

and acetone. Before sectioning, blocks containing pairs of DRG from animals injured at 

different time-points were fused together with OCT compouud to ensure processing of 

experimental groups under identical conditions (on the same slide). One day, 2 days, 

and 5 wk injured DRG wen paired with 1 wk, 2 wk, and 8 wk injured DRG 

respectively, while DRG from uninjured animals were paired together- Serial sections 

were cut at 5 p using a Microm HM500 ctyostat (Zeiss, Canada), thaw-mounted onto 

cold Probe-ON or Probe-ON Plus slides (Fisher Scientific, Canada) by warming the 

back of the slide with a gloved hand and stored with desiccant at -20°C until 

hybridization. 



32.12 Preparation of Oligonncleotide Probes 

In sim hybridization was carried out on tissue using 48 base pair oligonucleotide 

probes (University Core DNA Services, Calgary, AB) complementary to and selective 

for the following mRNAs: rat ttkA which is the counterpart of base pairs 1 198-1245 of 

the human trk sequence (Meakin et al., 1992)- rat 75 - base pairs 873-920 (Radeke et al., 

1987), rat trkB (Ml length) - base pairs 136 1-1408, rat trkB (all) - base pairs 13 13-1360 

(Middlemas et al., 1991), rat trkC (full length) - base pairs 1654-1701, rat trkC (all) - 
base pairs 1 189-1236 (Merlio et al., 1992) and c-jun - base pairs 778-825 (Ryseck et al., 

1988). TrkB (all) and trkC (all) probes recognized both full length and truncated 

transcripts, while trkB (Ml length) and trkC (full length) were selective for those 11I 

length transcripts with a tyrosine kinase domain. All probes were checked against the 

Genbauk database (www.ncbi.nlm.nih.gov/BLAST~ to ensure that no greater than 75% 

identity was found to sequences other than the cognate receptor. Gel-purified, 

lyophilized oligonucleotides were resuspended to a stock concentration of 400 ng/p1 

with DEPC-H20 (appendix A), aliquoted and stored fiozen or diluted to a working 

concentration of 40 n&1 with DEPC-H20 (1 OD260 = 32 pg/ml) and relkigerated. 

Each oligonucleotide probe (80 ng) was labeled at the 3'-end with U - ~ ~ S ] ~ A T P  

(Maude1 Scientific Co. Ltd., Guelph, ON) in a reaction using 12% terminal 

deoltynucleotidyltransferase (Amersham Pharmacia Biotech Inc., Baie d'Urfe, PQ) in a 

buffer containing 10 mM CoC12, I mM dithiothreitol (DTT), 300 mM Tris base and 1.4 

M potassium cacodylate (pH 7.2) with DEPC-Hz0 used to bring the final voIume up to 

25.5 p1. This mixture was incubated in a 37'C water bath for two hours followed by the 

addition of 500 p1 (or lOOOx ) of 0.1 M Tris-HCI (pH 8.0) (appendix A) to stop the 



reaction. In order to remove unlabeled oligonucleotide and unbound isotope, the 

reaction mixture was purified through a NENSORB-20 column (New England Nuclear, 

USA) prewetted by slowIy moving 3 ml of methanol through the column (by applying 

gentle pressure with an air-filled 10 cc syringe attached to an adapter) and then primed 

for the sample by doing the same with 3 ml0.1 M Tris-HC1 (pH 8.0). The reaction 

mixture was loaded onto the column, washed with 1.5 ml0.1 M Tris-HC1 (pH 8.0) to 

remove unbound radiolabel, and the final radiolabeled oligonucleotide eluted using 0.5 

ml30% ethanol. It is known that the peak concentration of labeled oligonucIeotide is 

removed h m  the column immediately, so only the first 12 drops of the elutant were 

saved and DTT added to a final concentration of 7 m M  to prevent the formation of "S 

aggregates. Labeled probe was stored at 4°C uatil use. The specific activities used 

ranged fi-om 2.0-5.2 x lo6 cpm/ng oligonucleotide. 

3.2.13 I n  Silrr Hybridization 

Hybridization was carried out according to published procedures where the 

stringency used for hybridization was such that identities greater than 90% are required 

for retention of the transcripts following washes (Dagerlind et al., 1992). 

The sections were brought to room temperature, air dried and covered with I80 

pl of warm (43OC) hybridization buffer containing 50% formamide (Fisher Scientific, 

Canada) 4x SSC (lx SSC- 0.15 M NaCl, 0.015 M sodium citrate), lx Denhardt's 

solution (0.02% bovine s m  albumin, 0.02% Ficoll and 0.02% polyvinylpyrollindone), 

1% sarcosyl (N-Iaurylsarcosine), 0.02 M phosphate buffer (pH 7.0), 100/o dexaaa 

sulphate, 500 mg/rnl heat-denatured salmon sperm o, 200 mM DTT and 10' 



cpm/ml of 3S~-labeled oligonucleotide probe. For pairs of slides, one slide received 180 

pl of hybridization solution and a second slide containing tissue was hinged on top of it 

(avoiding trapped air bubbles). The slides were placed in a plexiglass box humidified 

with Ix SSC, sealed with tape and incubated at 43OC fbr 14-18 hours in an Isotemp 

Incubator (Model 750D, Fisher Scientific) containing a small fan to distriiute heat 

evenly. After hybridization, the pairs of slides were separated by placing in a beaker 

filled with 55OC lx SSC, transferred into dishes and washed 4 x 15 minutes in lx SSC at 

55°C and then brought to room temperature over 30 minutes, dipped twice in dH20, 

dehydrated 9 x 1 second in 60% ethanol, 12 x 1 second in 95% ethanol and air dried, If 

slides were not further processed that day, they were placed in slide boxes with desiccant 

and refrigerated. 

3.2.1.4 Radioautography 

In a darkroom uuder sodium vapor lamps (Thomas Duplex Super Safelight; 

Thomas Instruments Co., Charlottesville, VA), NTB-2 nuclear track emulsion (Kodak, 

USA) diluted in half with dH20 was melted in a 50 ml plastic tube placed in a 39-43OC 

waterbath for 30 minutes. Slides were dipped in the emulsion and left to dry for 4-5 

hours before being stored in light-proof slide boxes with desiccant at 4OC. The sections 

were exposed for 1-12 wks (time determined by test slides) before being brought to 

room temperature, dewdoped in 18-20°C, undiluted Kodak Dl9 for 3 minutes, rinsed in 

20°C tap water, fixed in undiluted Kodak Rapid Fix for 6 minutes and washed for 20 

minutes in cold running tap water- In order to remove excess emulsion, which may 

interfere with microscopy, a razor blade was used to scrape the back of each slide before 



it was rinsed in dH20 and air dried. For viewing under darkfield conditions @arklite 

darkfield stage adapter; Micro Video Instruments Inc, Avon MA), slides were left 

unstained and coverslipped using glycerol. For viewing under brightfield microscopy, 

slides were counterstained for 10 seconds with filtered 0.5% Toluidine blue (pH 4-4.5) 

(BDH Chemicals, Toronto, ON) (appendix A), differentiated in d&O, dehydrated in a 

series of graded alcohols, cleared in xylene and coverslipped using Permount (Fisher 

Biotech, Fair Lawn, NJ). Photographs were taken with a microscope mounted Ziess 

camera using Kodak TMAX 100 black and white 6I.m. 

In situ hybridization control experiments - the specificity of hybridization signal 

for each probe used in the study was ascertained by hybridization of adjacent sections of 

paired L5 ganglia h m  a rat with a 14 day right sciatic nerve injury. Series of sections 

were hybridized with labeled probe, labeled probe with a 1000-fold excess of cold 

probe, or labeled probe with a 1000-fold excess of another, dissimilar cold probe of the 

same length and similar G-C content. 

33.1.5 Quantification and Analysis 

Quantitative - for trilocalization and colocalization studies, montages of 

brightfield photomicrographs were prepared 6rom adjacent sections (mag. 450x) using 

Kodak TMAX 100 black and white fi. Individual neurons were identified and 

numbered (-200-400 celldmontage). Under 63x oil immersion light microscopy with 

an interactive computer-assisted image-anaIysis system (SonyXC75 CCD video camera 

attached to a Sony camera adapter CMA-D2; Empix Imaging hc., Mississauga, ON), 

cross-sectiod ateas of individual neurons and the percentages cytoplasmic area covered 

by silver grains were m e a d  in each ganglion 
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The computer dculated volumes h m  the larger of the two cross-sectional areas 

in adjacent sections on the assumption that the neurons are spherical. For each image, 

the density threshold was adjusted interactively so that the area per grain was constant 

for all neurons. Correction for grain overlap was made to obtain a parameter linearly 

related to density of silver grains (Richardson et al., 1989). Software for the image 

analysis system was generously provided by W.G. Tatton (Mt. Sinai, NY) W e r  

developed by PM. Richardson (McGill University, PQ) and supplemented with 

published programs for data analysis and graphics (Press, 1988XWordStar 5.5, MicroPro 

International, San Rafael, CA; Matlab, Mathworks hc., USA). Cells were considered 

labeled if they had more than five times background levels of silver grains, as 

determined by averaging grain counts over defined areas of the neuropil devoid of 

positively labeled cell bodies, 

Qubtative - in order to avoid the occurrence of Mse positives and negatives, 

analysis of injary effects on neurotrophin receptor expression was conducted only on 

series of sections from ganglia with virtudy all axons transected. This was indicated by 

a strong upregulation of c-jun mRNA, a well-known marker of peripheral nerve injury in 

sensory neurons (Jenkins and Hunt, 199 i ; Herdegen et al., 1993). 

3 3  Resalts 

33.1 Nemnil trk Expression in Lumbar DRG 

To evaIuate the expression of neurotrophin receptors in L5 DRG, sections were 

hybridized with 3%-labeled probes to detect transcripts encoding fid-length forms of 

trkA, trkB and trkC. Probes selective for trk receptors with a tyrosine kinase domain 

were used to avoid the false positive identification of labeled neurons due to scatter of 
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hybridization signal h m  adjacent labeled perineuronal cells. This is a problem 

particularly when using probes directed to the extracehllar domain of the trkB receptor 

since perineuronal cells, presumably satellite cells, express abundant tnmcated trkB 

mRNA (McMahon et al., 1994; Kashiba et al., 1995; Wetmore and Olson, 1995) (Figs. 7 

& 12). Hybridization control experiments showed specific hybridization signal to be 

abolished in the presence of labeled probe plus a 1,000-fold excess of unlabeled probe, 

while no change in hybridization pattern was observed when a 1,000-fold excess of a 

dissimilar probe of equal length and similar G-C content was added (Fig. 1). 

Neuronal expression of trlcA, trkB and trkC mRNA is heterogeneous and appears 

restricted to select subpopulations of neurons, consistent with the results of previous 

studies (Figs. 2,3 & 9) (Verge et al., 1992; Ernfors et al., 1993; McMahon et aI., 1994; 

Kashiba et al., 1995; Wetmore and Olson, 1995; Wright and Snider, 1995). 

Quantification determined silver grain densities and size of individual neurons (6 DRG 

sections, 268 -365 neurons/section/plot). Neuronal labeling indices ranged fiom below 

background to more than 100 times background with no apparent topography in the 

distribution of labeled neurons in the ganglion section (Figs. 3,7 & 8). Frequency 

histograms of labeling indices suggest the existence of two overlapping populations of 

neurons for trk receptors, those that express the individual trk receptors and those that do 

not. This bimodal distriiution is most apparent for trkA mRNA and less so for trkB and 

trkC (Fig. 3). Scatter diagrams comparing the frequency distriiution of neurom and 

trkA, trkB or trkC labeling indices and cell diameters (both on logarithmic scale) show 

that the two measurements are distinct for each trk probe used (Fig. 3). In each case, 

neurons with greater than five times above background levels of labeling were 

considered to express detectable levels of the trk receptor mRNA being investigated, 

64 



Figure 1. Darkfield photomicrographs show 5 pm 
thick lumbar DRG sections associated with intact nerve processed for in situ 
hybridiioa with probes to detect mRNAs for trkA, p75 and trkC-- Serial sections 
were hybridized with labeled probe (left) plus a IOOOx excess of cold, unlabeied probe 
(middle) or a 1000x excess of a dissimilar unlabeled probe of similar G-C content and 
same length (right). Scale bar = 360 m. 



. . . . Figure 2. Fof Bright field photomicrograpl~s 
o f 5  pm thick serial sections o f  L5 DRG processed for in s i ~ u  hybridization to detect mRNAs for trkA, trkBFULL a ~ d  tI*CFULL. Scale 
bar = 20 pm. 
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The validity of the cutoff point was confumed by ensuring that percentages of labeled 

neurons by cell counts under an oil immersion 63x objective were consistent with those 

obtained using the image analysis system. 

Neuronal sizes were subdivided such that neurons with a diameter less than 40 

microns were considered to be small to medium-sized, and those greater than 40 microns 

in diameter large. Thus, - 41% (4125 - + 129 s.em) of DRG neurons express 

detectable trkA mRNA and 89% of those neurons are small to medium in size, while 

only 11% are large (Fig. 3). Expression varies h m  lightly to heavily labeled in aU size 

ranges, with larger neurons expressing trkA mRNA predominantly at high levels. Fewer 

neurons express trkl3 mRNA with -33% (33.0 + - 3.06 s.e.m.1 displaying hybridization 

signal above levels of detection. The majority (90%) of trkB-expressing neurons are 

medium to large in size with the latter showing ody low to moderate lev& of 

hybridization signal. A modest popuiation of small neurons express trkB mRNA, but 

only at very low levels (Fig. 3). TrkC-positive neurons are also maidy medium to large 

in size with 4 3 %  (43.0 + - 1.55 s.e.m.) of DRG neurons expressing detectable levels of 

the mRNA (Fig. 3). Approximately 85% of these have medium to large diameters while 

15% are small. The intensity of hybridization signal is greatest over medium to large 

diameter cells with the latter at moderate to high levek (>lox background). 

While the levels of mRNA expression for the individual receptors are variable, a 

far greater proportion of trkB and trkC mRNA expreshg neurons WIay only low 

levels of hybridization signal and may be missed ifthe radioautograms are not exposed 

for a sufficiently long period of time. 
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Figure 4. . . . . (A) 
Brightfield photomicrographs of 5 pm thick serial sections of L5 DRG processed for in 
situ hybridization with probes to detect trkA and trkBFUU mRNAs. Stars indicate a 
neuron not labeled for either mRNA, while sotid m w s  depict a neuron expressing 
abundant mRNA for both trks. Open arrow shows a neuron with moderate levels of' 
labeling for trkA and onIy low levels of trke mRNA expression. Scale bar = 20 pm. (B) 
Representative scatterplots quantify and correlate labeling of identified neurons in 
adjacent sections for trkA and trkB mRNA. Dashed line represents point on log scale 
that is 5 times background labeling. Data points in upper right quadrant indicate neurons 
that express detectable mRNA for both markers and thus represent the degree of 
colocalization for the two. 



Figure 5. . . . . 
(A) 

Brigfitfield photomicrographs of 5 pm thick serial sections of L5 DRG processed for in 
situ hybridization with probes to detect trkA and trkCNu mRNAs. Stars indicate a 
neuron not labeled for either rnRNA, whiIe solid arrows depict a neuron expressing 
abundant mRNA for both trks. Open arrow shows a neuron with moderate levels of 
labeling for trkA and only low levels of trkC mRNA expression. Scale bar = 20 pn. (B) 
Representative scatterplots quan@ and correlate labeiig of identified neurons in 
adjacent sections for trkA and trkC mRNA. Dashed lines represent point on log scale 
that is 5 times background labeling. Data points in upper right quadrant indicate neurons 
that express detectable mRNA for both markers and thus represent the degree of 
cobcalization for the two. 



Figure 6. . . . 
(A) 

Brightfield photomicrographs of 5 pm thick serial sections of LS DRG processed for in 
situ hybridization with probes to detect trk5- and trkCmL rnRNAs. Stars indicate a 
neuron not labeled for either mRNA, while solid arrows depict neurons expressing 
abundant mRNA for both trks. Open arrow shows a neuron with moderate levels of 
labeling for trkC and only low levels of trkB mRNA expression. Scale bar = 20 p. (B) 
Representative scatterplots quantifL and come [ate labeling of identified neurons in 
adjacent sections for trkB and trkC mRNA. Dashed tines represent point on log scale 
that is 5 times background labeling. Data points in upper right quadrant indicate neurons 
that express detectable mRNA for both markers and thus represent the degree of 
colocaLization for the two. 



33.2 Coloc&ation and Triloerlizrtion of trk Expression in Lumbar 

DRG 

The degree of colocalization of any two ttk receptor mRNAs or trilocalization of 

all three trk messages was determined by identifying and quantifying hybridization 

signal over individual neurons in series of 5 pm thick L5 DRG sections each processed 

with probes to detect full length f o m  of trkA, trkB or dEC receptor mRNAs (6 DRG 

sections, 295-395 neurons/section/plot). At this thickness, most neurons could be 

identified in each of the three serial sections. In addition, extended exposure times were 

used to generate the radioautograms to optimize the identification of neurons expressing 

tow IeveIs of trk mRNAs. Brigh~eld photomicrographs and scatterpbts are used to 

show the degree of coIocaIization between any two of the trk receptors (Figs. 4,5 & 6). 

The dashed horizontal and vertical lines on the scatterpIots represent points on the log 

scaIe that are 5 times background labeling. The quadrants resulting h r n  the intersection 

of the two lines divide the data such that the upper right quadrant contains data points 

where both receptor mRNAs are expressed, while the data points of the lower left 

quadrant represent neurons which do not express detectable levels of either mRNA. The 

top left and bottom right quadrants cotrespond to neurons expressing only one of the two 

mRNAs being investigated, with the upper left expressing message as indicated on the 

y-axis and the lower right that indicated on the x-axis. Using this approach, each trk 

receptor is found to coI&e to a degree with other members of the trk receptor family. 

For exampIe, -1W (9.5 + - 1.67 s.em.) of DRG neurons coexpress trkA and tdcB 

mRN& many of these neprons express high IweIs trkA and low Levels of I&B 

hybridization signal (Fig. 4). However, there are instances when both levels of 



hybridization signal are moderate to high in the same neuron (>lox background) (Fig. 4) 

and these comprise -3% (3.05 + - 1.77 s.e.m.) of DRG neurons. In contrast, a much 

higher percentage of neurons, -19% (19 + - 0.68 s.e.m.), express both trkA and trkC 

-A with a wide range of labeling densitits (Fig. 5). Of these, the neurons expressing 

trkA at varying levels along with only low levels of trkC mRNA (<lox background) are 

determined to be small to medium in size since only this size range of neurons is found 

to express trkC at low leveis (Fig. 3). In -8% (8.1 1 - + 2.49 s.e.m.) of DRG neurons, trkA 

and trkC Iabeling densities are both at moderate to high levels. Coexpression of trkB 

and trkC mRNA is aIso detected in many cells, representing -18% (17.15 - + 3.56 s.e.m.) 

of DRG neurons, with most displaying low to moderate levels of hybridization signal 

(Fig. 6). Only -6% (5.7 - + 0.77 s.e.m) of DRG neurons coexpress these two messages 

such that moderate to high labeling densities are observed for both. 

The incidence of triiocalization of trk receptor expression is rare, with ody -3 - 
4% of the DRG neuronal population in this category (Figs. 2 & 3). The expression of 

two or three trk receptor mRNAs by the same neuron occurs almost exciusively in 

medium- to largesized neurons; however, there are some trkA/W mRNA-positive 

neurons which are small in size. It should be noted that there is an overall tendency, 

with the exception of trkA neurons wexpressing trkC, for the moderate to high trkA-, 

trkB-, or trkC-expressing neurons (>35x background) to not w1ocaIize with another trk 

receptor mRNA (Figs. 4,5 & 6). The incidence of expresion of a sole trk receptor 

message was determined h m  the colocalization and trilocalization data. Thus, 

approxhate1y I6%, 9% and 10% of all DRG neurons express trkA, trkB and trkC 

mRNA respectively, to the exclusion of other detectabIe trk receptors. The total 

population of DRG neurons expressing any form of trk receptor was calculated likewise 

73 



and showed approximately 74% of DRG neurons to express at least one full length fom 

of trk receptor mRNA. 

3 3 3  Some Neurons May Express Only Truncated trk Receptors 

Adjacent 5 pm DRG sections were hybridized with mixtures of 3%-labeled 

oligonuckotide probes which detect either all of the firll length f o m  of the 

neurotrophin receptors trkA, trkB and trkC (trkFULL mix) or all known isofoms of 

these receptors, botb truncated and MI length (trkALL mix). Colocalization analysis 

was performed to determine whether some neurons express only truncated trk receptors. 

Radioautograms reveal low to high levels of labeling for both mixtures of probes in all 

size ranges of DRG neurons (Figs. 7 & 8), although there was a tendency to detect fewer 

small neurons due to h e  difficulty in trilocaZizing this size of cell in three consecutive 

sections. Most ceIIs (92-94%) in the DRG display greater than 5 times background 

levels of labeling using the mixture trkALL. This population estimation may be 

inaccurately high h m  potential false-positive identification of Iabeled neurons due to 

the scatter of hybridization signaI fhm perineurond cells which express trkB rnRNA for 

the tnmcated form of the receptor. Only 64-66% of the same ceIIs have more than 5 

times background labeling using the mixture that detects full-length ~ receptors (Fig. 

8). A tight positive com1ation between the two mixes of trk receptor probes exists, as 

demonstrated in the scatterplot and Weedimensional histogram (Fig. 9). This result 

was expected since the mRNAs detected by the trkFULL mix should be a subset of those 

recognized by the trkALL mix. The difErence between the number of neurons 

displaying hybridization signal to the trkALL and trkFIIU probe mixes may represent a 



Figure 7. p75 5 . 
, Brightfield photomicrographs of 5 pm thick serial 

sections of L5 DRG processed for in sifu hybridization using a mixture of trkA, trkB and trkC labeled probes to detect either trk 
receptors with the tyrosine kinas  domain (trkFULL), all known transcripts of the trk receptors (UkALL), or the common neurotrophin 
receptor, p75. Solid arrows show examples of neurons expressing abundant message for all three markers, while the open arrows 
depict a neuron expressing low levels of p75 in co~nparison to the trk mixes. Scale bar = 20 pm. 



Figure 8. 8 . . .  Scatterplots quantitj) size and labeling indices 
of all identifiable neurons in 5 pm thick serial sections of LS DRG processed for in situ hybridization using a mixture of trkA, trkB and 
trkC labeled probes to detect either trk receptors with the tyrosine kinase domain (trkFULL), all known transcripts of the trk receptors 
(trkALL), or the common neurotrophin receptor, p75. Dashed lines represent points on log scale that are 5 times background labeling. 
Data points above this line represent neurons considered to express detectable levels of mRNA for individual probes. 



population of DRG neurons expressing weak message levels for truncated isofom of 

the trk receptors in the absence of fidl length forms or may result h m  detection of 

scattered signal h m  tnmcated forms on perinmud cells. Those neurons which do 

not express either a III length or truncated trk receptor are smd to medium in size 

(Figs. 7 & 8). 

33.4 p75 and Full Length trk Receptor Expression are Tightly 

Correiated 

Colocalization studies reveal a positive correIation between expression of p75 

and the labeling of neurons with either the trkAU or trkFULL mixes. p75 mRNA is 

detected in approximately 79% of DRG neurons and this expression includes a l l  size 

ranges and labeling densities (Figs. 7 & 8). Quantification of adjacent sections 

hybridized with p75 or trkALL mix probes show that only a few cells express p75 in the 

absence of some form of a tric receptor, while the MI length forms of the trk receptors 

appear to be very rarely expressed without p75. The converse is not true. 

Approximately 22% of p75 mRNA-positive neurons, which represent 17% of DRG 

neurons, do not express detectable hybridization signal with the trkFULL mix (Fig. 9). 

These neurons express p75 predominantly only at low levels (<lox background). 

33.5 Neurotrophin Receptor Expression Following Axotomy 

A temporal study of the changes in trk receptor expression in chronically injured 

neurons was performed to determine if the changes in trkB and trkC mRNA paralleled 

those previously observed for trkA and p75 (Verge et al., 1992). Qualitative assessment 

was done only on those series of slides where the neuronal mRNA levels for c-jun were 
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Figure 9. . . . . . Representative scatterplots quantitj. and conelate 
labeling over identified neurons in 5 pn thick serial sections of L5 DRG processed for in siru hybridization using a mixture of trkA, 
trkB and trkC labeled probes to detect either all known transcripts of the trk receptors (trkALL), those with the tyrosine kinase domain 
(trkFULL) or the common neurotrophin receptor, p75. Dashed lines represent points on log scale that is 5 times background labeling. 
Data points in upper right quadrants represent neurons that express detectable mRNA for both markers and thus represent the degree of 
colocalization for the two. 



Figure 10. on . . . . 
neurons. Darkfield photomicrographs of adjacent 5 prn thick LS DRG sections 
processed for in situ hybridization to detect mRNA for trkFULL, trkALL and c-jun in 
intact or 2d and 14d injured DRG. Dashed Iine represents boundary between paired 
ganglia. Scale bar = 303 p. 





Figure 12. 1 . . . , . Darkfield photon~icrographs of adjacent 5 pm 
thick L5 DRG sections processed for in siru hybridization to detect mRNA for trkBALL and IrkCALL in intact or 2d and 14d injured 
DRG, Scale bar = 360 pm. 





Figure 14. 1 
a- Brightfield photomicrographs of 5 pm thick L5 DRG sections processed for in 
sihc hybridization to detect mRNA for trkBnnr. and akC- in intact or 2d and 14d 
injured DRG. Scale bar = 19 pm. 



elevated in virtually aIl neurons in the axotomized DRG, indicating that h e  transection 

was complete (Fig. 10). The upregulation of c-jun mRNA expression is evident as eady 

as one day post-hmxction and remains as long as the last time point examined (8 

weeks). Initial screening of paired injured and contralated uninjured ganglia was 

performed on sections hybridized with either akALL or t r W L  mixes (Fig. 10). 

Chronic nerve injury results in a decrease in mRNA hybridization signal compared to 

the levels of the uninjured contrdaterd controls (Fig. 10 ) and probes detecting 

individual trk mRNAs codhn  this injury-associated decrease in hybridization signal 

(Figs. 1 1, 12, 13 & 14). Alteration in message IeveIs a p p m  most dramatic at 14 days, 

with 1 and 2 days being less severe (Figs. 11, 12, 13 & 14). By 8 weeks post-injury the 

decrease also does not appear as extreme (data not shown). Perineuronal, presumably 

satellite cell, expression of truncated trkB also declines following injury (Fig. L2). 

3.4 Discussion 

A detailed undetstanding of the popdations of sensory neurons that express the 

receptors for neurotrophins is fimdamental for predicting and deciphering the roles of 

these molecuIes in DRG neurons under normal and pathoIogical conditions. W1th the 

exception of trkA, there are large variations in the reported subpopuIations of adult 

Iumbar sensory neurons that express neurotrophin trk receptors (McMahon et al., 1994; 

Kashiia et aI., 1995; Wetmore and Olson, 1995). The inability to detect qm5fic 

labeling over cells may be a consequence of the threshold of detection inherent in the 

techniques used. By hybridizing each DRG section with only one probe, an attempt was 

made to optimize detection of indilidual mRNAs. Furthennore, the use of thin sections 

and prolonged exposure times fiditated the identification of the same neuron in serial 
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sections and resolution of hybridization signal (silver grains) associated with a specific 

cell (Saltpeter et al., 1969). 

This study provides the first direct anatomical evidence that the majority of 

nemtrophin-responsive adult lumbar primary sensory neurons may regulate phenotype 

in a complex fashion by interacting with more than one neurotrophin, as shown by the 

expression of two or more of the cognate high-aflinity trk receptor mRNA along with 

p75 receptor mRNA. More specifically, the experiments confirm and extend previous 

tindings by demonstrating that: 1) mRNAs encoding trkA, trkB, t&C (M length 

receptor forms with tyrosine-kinase domain) and p75 are restricted to seiect 

subpopulations representing approximately 41%, 33%, 43% and 79% of DRG neurons 

respectively; 2) trlcA and trkB mRNA are wexpressed in approximately 10% of DRG 

neurons, with 19% coexpressing trkA and trkC rnRNA, and 18% coexpressing trkB and 

trkC mRNA; 3) trilocalization of all trk mRNAs is rare with only 3 4 %  of primarily 

medium to large size DRG neurons in this category, consistent with the size ranges 

found to be mutual among the individual trk-expressing neurons; 4) approximately 26% 

of DRG neurons (small to medium in size) do not express detectable fbll length trk 

receptor mRNA; 5) colocalization studies using mixes of probes detecting either all 

forms or just the full length catalytic isofonns of trk receptors suggest some neurons 

may express a tnmcated form of trk receptor only at low levels; 6) full length trk 

receptor mRNA is rarely detected without p75 mRNA, implicating it in the neuronaI 

response to neurotrophins; 7) chronic peripheral nerve injury results in a decrease in 

expression of trkA, trkB and trkC in neurons and truncated trkS mRNA expression in 

cells surrormding the injured neurons as early as one day post-injury and fbr as long as 



eight weeks. This implies that chronically injured neurons are not exposed to levels of 

neurotrophias d c i e n t  to maintain high levels of tk expression. 

Results regarding cell size dimbutions of adult rat DRG neurons expressing 

mRNA for the trks are in broad agreement with previous findings (DiStefano et al., 

1992; Mu et d., 1993; McMahon et al., 1994; Kashiia et al., 1995; Wetmore and Olson, 

1995; Wright and Snider, 1995). With the exception of one study (Kashiba et al., 1995), 

determination o f  the trkA expressing subpopulation is consistently in the 40-45% range 

(Verge et al., 1992; McMahon et d., 1994; Averill et al., 1995; Wetmore and Olson, 

1995). In this study, differences with past reports arise largely for trkB and *C 

population estimates in lumbar DRG. Previousty, erkB mRNA has been reported as low 

as 5% (Kashiba et al., 1995) and 8% (Mu et al., 1993) and as high as 2627% of DRG 

neurons (McMahon et al., 1994; Wetmore and Olson, 1995). The findings of this study 

show higher percentages for the trkB population compared to others. Estimates of the 

trkC subpopulation differ more greatly mging h m  % of all lumbar DRG neurons 

(Mu et al., 1993) to 17% (McMahon et al., 1994) and 15-2 1% (Kmhl'ba et al., 1995; 

Wetmore and Olson, 1995). In addition to significantly higher percentages for the trkC 

popdation, this study incIudes small sized neurons in the trkC population description not 

reported by other studies. Because trk popdation sizes differ between reports, it is not 

srtrprising that IittIe agreement has been made regarding the extent of overlap between 

each of the trk receptor popdations. Discrepancies in the size of subpopulations 

expressing trks and trkC mRNA in Iumbar DRG may r e d t  in underathation of the 

extent to which they are coexpressed with trkA and each other. In addition to WI length 

trk receptor mRNA expression, a population of neurons and perineun,nal cek exist in 

tbe DRG that may express only t&e truncated isoform of either trkB or trkC at low 
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IeveIs. Expression of noncatalytic isofom may produce high local concentrations of 

neurotrophins, prevent their spread to inappropriate regions of the nervous system by 

acting as a siak for degradation, have dominant negative roles, or mediate signal 

transduction events (Lindsay et al., 1994; Biffo et al., 1995; Eide et al., 1996; Ninkina et 

al., t 996; Baxter et al., 1997; Palko et al., 1999). 

Coexpression of trk receptors is more prevalent than expression of individual trk 

receptors in adult rat lumbar DRG neurons, Taking into account the degree of 

colocaiization of any two of the receptors or iriIocalization of all three, it is concluded 

that approximately 74% of DRG neurons express at least one member of the trk receptor 

family. This study finds approximately 40% of DRG neurons express more than one trk 

receptor rnRNA, while individual trk expression occurs in only 34% of the popuIation. 

This result was initially surprising in light of other studies which concluded that, with 

the exception of trkB (McMahon et al., 1994), trk receptor expression was restricted to 

largely distinct subpopulations of sensory neurons (Mu et al., 1993; McMahon et al., 

1994; Kashiba et al., 1995; Wright and Snider, 1995), but not so when the larger trkB 

and trkC populations detected in this study are factored in. 

These data provide support for modulation of phenotype and presumably 

function by multiple neurotrophins in a significant proportion of adult lumbar DRG 

neurons. Expression of a neurotrophin receptor may not necessitate a role for the 

neurotrophin in mediating survival of the cell but rather for other aspects of its signal 

transduction cascade or phenotype, such as that shown by the regdation of Ach 

sensitivity by NGF in nodose sensory neurons (MandeIzys et al., 1990) and the role of 

BDNF and NT-3 in signal trausduction rather than survival in hippoampal pyramidal 

neurons (Marsh and PaEey, 1996). Also, it appears that slow adapting 
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mechanoreceptors of the DRG require NT-3 for post-natal d v a l  but BDNF for 

normal function of mechano-transduction (Lewin, 1996). 

The ability to respond to more than one neurotrophin may lead to the differential 

regulation of downstream molecules in the ensuing signal transduction cascade which 

would result in outcomes not observed by the activation of an individual trk receptor. 

For example, NT-3 and BDNF together, but not singularly, can positively regulate 

substance P expression following injury (Zhang et al., 1995). Alternatively, one 

neurotrophin may modulate the ability of a neuron to respond to another neurotrophin as 

has been suggested by the ability of NT-3 to effect downregulation of trkA expression, 

NGF high-aftinity binding sites, and SP with the effm on trkA being most notable in 

the DRG neurons coexpressing trkA and trkC (Gratto and Verge, 1997). 

Despite extensive coexpression of trk receptors, I suggest that single 

neurotrophins may act as primary drivers of fimctionally distinct subpopulations of 

mature DRG neurons, since many of the neurons coexp~ess trk receptors such that one 

trk is expressed at much higher levels than the other. In addition, there are significant 

portions of the DRG population, namely 16%, 9% and lo%, that express trkA, trk3 and 

trkC respectively, to the exclusion of the others. The coexpression of low levels of 

another trk, or isoforms that allow response to another neurotrophin may confer the 

ability to switch phenotype under such pathological states as idammation when levels 

of neurotrophins available to the affere~lts are altered (Nerrmann et al., 1996). This study 

found a population of small to medium-sized neurons representing approximately 26% 

of DRG neurons that do not express detectable levels of any member of the neurotrophin 

receptor family. This is in agreement with the hding of others (McMahon et al., 1994; 

Wright and Snider, 1995) and it has been deduced that non-trk expressing cells are those 
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that bind the isolectin, IB4 (Averill et al., 1995; Molliver et al., 1995), terminate in the 

region of the spinal cord invoIved in nociceptive processing, and respond to glial derived 

neurotrophic factor (Bennett et al., 1997). 

The response of neurons to single and multiple neurotrophins may be hrher 

influenced by p75. This study shows detectable p75 expression in virtually all of 

neurons expressing full length trk receptor m R N k  Although the experiments do not 

address whether p75Itrk mRNA ratios are tightly held in the different trk-expressing 

subpopulations, previous studies have shown this to be the case for the trkA (Verge et 

al., 1992); however others h d  it colocalized in only half of the thoracic DRG trkC 

population (Wright and Snider, 1995), while we find p75 mRNA expression being 

detectable in virtually all lumbar DRG trkC expressing neurons (Verge et al., 1996), 

The ability of all neurotrophins to bind p75 may allow other neurotrophins to alter ratios 

of available p75/trk, selectively activate the p75 pathway, or deter optimal neurotrophin 

receptor interactions. The function of p75 in mediating the response of neurons may be 

multifold. In the absence of trk expression, p75 receptor activation may mediate 

apoptosis (Rabizadeh et al., 1993; Barrett and Bartlett, 1994; Dobrowsky et al,, 1994; 

Frade a al., 1996), whiIe wexpression with trks may enhance the sensitivity of neurons 

to the neurotrophins (Barker and Shooter, 1994; I~antzopoulos et al., 1994; Lee et al., 

1994) by creating an abiIity to bind the mmtrophins with higher afliuity than that 

observed with trk expression alone (Hempstead et al., 1991; Ross et al., 1998)(chapter 

5). Furthermore, the binding of one nmtrophin to p75 may effect diminished 

signaling at a trk receptor effected by another neurotrophin (MacPhee and Batker, 

1997). 



Chronic sciatic cut lesion d t s  in the downregulation of trk and p75 receptor 

mRNA expression at all timepoints examined. The decrease in individual receptor 

mKNA does not appear to be due to a selective loss of any one subpopulation of sensory 

neurons because near n o d  expression of all markers is restored if axons are allowed 

to regenerate (data not shown). The results agree with those observed for trkA (Verge 

et al., 1992) and trkC (Gratto et d., 1994; McMahon et al., 1994; Verge et al., 1996); but 

differ from others using mid-sciatic crush lesion (Emfors et al., 1993; Sebert and 

Shooter, 1993). In addition to a dowuregdation of neuronal trk expression, truncated 

tdB expression in perineuronal (presumably satellite) cells is also downregulated in 

parallel. The decrease in trkB expression at late-time points was predicted h m  the 

dramatic shift in phenotypic markers that occurs in sensory neurons following injury 

(Verge et al., 1996). Reduced expression of trkB shortIy after injury was not predicted 

since BDNF levels are known to rise sharply and transiently (chapter 4). However, 

results fiom recent studies suggest that high levels of BDNF effect a downregulation in 

trkB expression (Frank et d., 1996; Knusel et a!., 1997)(chapter 4). The downregulation 

of neurotrophin receptor mRNA after injury supports the view that injury results in a 

disruption of the retrograde suppIy of neurotrophins h the periphery and contributes 

to the structural and biochemid changes which the cell must undergo to mount an 

appropriate regeneration response (Verge et al., 1996). 

In concIusion, it is believed that the presence of multiple neurotrophin receptors 

on a sensory neuron allow it to respond to a variety of neurotrophins which may play 

important and subtle roies in modulating q e d i c  phenotype. Overlap in these 

neurotrophin responsive populations exposes the potential for convergent or divergent 

signaling pathways, the fbll significance of which remains to be elucidated. 
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4.0 CHAPTER - BDNF EXPRESSION ON INTACT, INJURED AND NGF 

INFUSED SENSORY NEURONS 

4.1 Introduction 

As a member of the NGF f d y  of neurotrophins, BDNF exerts many iniluences 

similar to those of other neurotrophins. During development, BDNF affects subsets of 

placode- and neural crest-derived sensory neurons as well as motor neurons pavies et 

al., 1986; Buchman and Davies, 1993; Wong et al., 1993); furthermore, the resulting 

deficits observed in BDNF knocksut mice suggest that it has an important role in 

mechanoreception most evident in the vestibular system (Emfors et al., 1994). In the 

adult CNS, BDNF is known to affect long-tenn potentiation and synaptic efficacy 

(Patterson et al., 1992; Korte et al., L995; Kang and Schuman, 1996; Levine et al., 

1998); while, in the PNS, BDNF affects neuronal survival and neurite outgrowth in virro 

(Hofer and Barde, t 988) and has been descriied as pIaying a role in nociception in 

inflammation (Mannion et al., 1999). 

Unlike the other neumtrophins, BDNF appears to serve unique functions. In the 

CNS, BDNF acts less Iike a growtk hctm and much like a neurotransmitter where its 

release, especially in the hippocampus, is evoked by eIectrical activity (Zah et al., 

1990; Patterson et al., 1992; Nawa et al., 1995); in addition, the widespread distribution 

of its receptor, trkB in both fijll-length and truncated forms (Fryer et al., 1996; Yan et 

al., 1997b), make it simiIar to that ofa transmitter receptor disiriiution. For example, 

high BDNF levels have been shown to downregulate the expression of trkB in 



hippocampus and cortex (busel et al., 1992; Frank et al., 1996; Frank et al., 1997). 

This may represent a form of receptor desensitization which is a mechanism used by the 

nervous system to prevent saturation of the cellular response to neurotransmitters 

(Bouvier et al., 1989). It is posmile that BDNF may also operate this way in the PNS, 

although it has not yet been investigated. 

Classically, neurotrophic sources for adult sensory neurons have been described 

as endonedal, glial or, most-notably, target derived (reviewed in Lindsay, 1996). 

However, analysis of transgenic mice either overexpressing BDNF in skin (LeMaster et 

al., 1999) or with a null mutation in the gene for BDNF (Emfors et al., 1994; Jones et 

al., 1994; Conover et d., 1995; Liu et al., 1995; Erickson et al., 1996) indicates that 

BDNF plays little role as a target-derived survival factor for developing spinal sensory 

neurons since many of the resulting effects of the genetic manipulation do not occur 

until later stages of development. In this respect, BDNF may have a novel role in the 

PNS because, unlike other neurotrophins, it has been shown to be expressed in neurons 

of the DRG and may kct ion in the adult to provide local paracrine and autocrine 

support since subsets of DRG neurons express the receptor, trkB (Acheson et al., 1995; 

Acheson and Lindsay, 19%). This would be of particular significance following 

peripheral axotomy since a disruption in target-derived neurotrophic sources is thought 

to underlie many of the cell body responses following injury (Verge et al., 1996). 

At the time that these experiments were performed, little was known of the 

characteristics of the cellular localization of BDNF mRNA a d  protein in adult sensory 

neurons and less was known of its significance. It was known that BDNF was produced 

and taken up in the DRG (Emfors et al., 1990, Wetmore and Olson, 1995) but the details 

regarding @ation of its expression were not investigated. P r e h i n q  insights were 

92 



gained in work by Acheson et al. (1995) which showed that BDNF could provide 

autocrine support for a subset of adult sensory neurons in vitro, yet this was not 

demonstrated in viva 

To better understand BDNF's role in sensory neurons, the present study 

examined BDNF expression in the DRG and the changes that occur with injury and 

NGF-infusion. In sifu hybridization on serial sections detecting mRNA for trkA, BDNF 

and trkB, and immunohistochemistry detecting BDNF were employed to establish 

anatomical correlations suggestive of potential autocrine and paracrine roles in DRG 

under various pathological conditions. 

4 3  Methods 

43.1 Isotopic In S h  Hybridization 

4.2.1.1 Preparation of Mini-Osmotic Pumps, Animal Surgery and 

Tiasae Preparation 

Under aseptic conditions, mini-osmotic pumps (Alzet model 2001; designed to 

deliver a total of 200 p1 at a rate of 1 .O gVhr, AIza Pharmaceuticals, Palo Alto, CA) were 

filled with a filter sterilized (0.2 jm pore low protein binding syringe filter; Acrodisc, 

Gelman Sciences, Ann Arbor, MI) solution of 500 ng/pl NGF (2.5s; Cedarlane Labs 

Ltd., Horby, ON) in a vehicle containing 1 m s / d  rat s e m  albumen (Sigma Chemicals, 

St, Louis, MO) and 100 Ulml penicillin/streptomycin (10,000 Ulml penicillin G sodium 

and 10,000 pglml streptomycin sulfate) ( C i h  BRL, Grand Island, NY) in 0.1 M PBS. 

Additional pumps were med only with sterile vehicle. Three and a half centimeter long 

catheters of silicone tubing (Silastic brand medical grade; Dow Corning Corp., Midland, 



MI) were made by inserting and gluing (Silastic brand medical adhesives; silicone type 

A; Dow Coming Corp.) a beveled edge of a 3 w piece of small tubing (0.305 mrn inner 

diameter X 0.635 mrn outer diameter) into a 1 cm piece of larger tubing (0.635mm inaer 

diameter X 1.194 mm outer diameter). The wider diameter portion of the catheters were 

attached to each pump and secured with suture. To allow for the pumping rate to reach 

steady state, the pumps with catheters were placed in a sterile 0.1 M PBS solution and 

stored at 4OC 12-20 hours before implantation. 

Two weeks following axotomy of the right sciatic nerve (desm'bed in section 

3.2.1. I), mini-osmotic pumps containing 500 ndpl NGF were implanted into eight adult 

male rats, and three additional animals were implanted with pumps containing only 

vehicle. To do this, a laminectomy was performed between L6 and S 1 and a 1.5 cm 

portion of the pump catheter was placed into the subarachnoid space so that the end of 

the catheter lay in the lumbar region of the intrathecal space. Prior to closing the 

incision, the mini-osmotic pump was secured to the rat's back muscles using suture. 

The pumps were left in place for one week and following this, the animals were 

sacrificed and the L4 and L5 DRG dissected out and h z e n  (section 3.2.1.1). For 

processing under identical experimental conditions, DRG h m  pump-infused animals 

were paired prior to sectioning with DRG fhm control animals that had undergone a 3 

wk transection of the sciatic nerve. 

Sixteen adult male Wistar rats (150-250 grams) provided injury time course 

tissue by undergoing sciatic n e m  traasections (section 3 21.1) with the specific 

SlWival times of 1 day, 2 days, I wk, 2wks and 3 wks before the L4 and L5 DRG were 

dissected out and hzen  (section 31.1 .I). 



4.2.1.2 Preparation of OUgon~~dwtide Probes 

In situ hybridization was carried out on tissue using 48 base pair oligonucleotide 

probes complementary to and selective for trkA and trkB (fbll) labeled a! the 3' end as 

previously desmied (section 3 2.1.2). Probes detecting rat BDNF (1) mRNA 

correspondbg to base pairs 2 13-260 (Maisonpierre et al., 1991) and BDNF (2) mRNA 

cotresponding to base pairs 626-673 ( L a i k  et d., L989) were similarIy labeled with 

a [ 3 3 ~ ] d ~ ~ ~  instead of [%]~ATP. 

43.13 In Sirrr Hybridization 

Hybridization was carried out as described (section 3.2.1.3) with one exception. 

In order to reduce exposure times for visualization of the low BDNF hybridization 

signal, a mixnm totaling 1 ng/slide of *-labeled BDM probes 1 and 2 was used to 

detect BDNF mRNA instead of the 2x10~ cpm/slide of labeled probe that was used to 

detect trkA and t r k B ~  mRNA. 

43.1.4 Rndioantography 

As described in section 3.2.1.4. 

43.15 Quantification and Analysis 

As described in section 3.2.1.5. 



433.1 AnInul Surgery and Tissue Preparation 

Sciatic nerve transection was performed on twelve young adult male Wistar rats 

(150-250 grams) as previously descnied (section 32.1.1). After specific survival times 

of 0 days, 2 days, 4 days, 6 days and 14 days following injury, the rats were deeply 

anesthetized with sodium pentobarbital, perfUsed via descending aorta with cold 0.1 M 

PBS followed by Zamboni's fixative (appendix A). Right and left L4 and L5 DRG were 

dissected out, post-fixed in Zamboni's for 30 minutes, cryopmtected in 10% sucrose in 

phosphate buffer (PB) (0.1 M, pH 7.4) (appendix A) overnight at 4OC before being fast 

h z e n  in cryomolds (section 3.2.1.1). Sections were cut at 10 p, thaw-mounted onto 

coId gelatin-subbed glass slides (appendix A) and stored with desiccant at -80°C until 

use. 

436.2 lmmunohistochemistry 

Slides were removed b m  -80°C fieezer and the area around the tissue traced 

with an imrnuno-pen (Calbiochem Novabiochem Intl., San Diego, CA) before being 

washed 2 x 5 minutes in PBS (0.1 M) and treated with a blocking solution containing 

1.5% BSA, 6% horse s e m  and 0.1% Triton X-100 (J. T. Baker Inc, Philipsburg, NJ) in 

0.1 M PBS for 1 hour at 4°C. Primary antibody* rabbit anti-rat BDNF (1500, gfl fiom 

C. Wetmore* University of Minnesota) with 05% BSA and 2% horse serum in PBS (0.1 

M) was left on tissue overnight at 4OC. Following this, the sections were washed 4 x 15 

minutes in cold PBS (0.1 M) and the secondary a n t i i y ,  FlTC-conjugated goat anti- 

rabbit IgG (1 :200; Jackson ImmunoResearch, USA) in PBS (0.1 M) with 0.5% BSA and 

2% horse serum was left on for 50 minutes in the dark at room temperature. The slides 



were then washed 4 x 15 minutes in PBS (0.1 M) and coverslipped with Citifluor AF 1 

(Marivac Ltd, Halifax, NS) with nail polish being used to seal the edges. Control 

sections were processed in the same manner, but with blocking solution or undiluted 

normal rabbit serum replacing the primary anti'body. Results were viewed using a Zeiss 

Axioscop 50 equipped with incident-light fluorescence optics and photographed on 

Kodak TMAX 400 black and white film. 

43 Results 

4.3.1 Neurond BDNF Expression in Intact Lumbar DRG 

To determine BDNF expression in lumbar DRG, adult rat tissue sections were 

hybridized with 33~-labeled probe to detect BDNF mRNA or incubated with antibody 

directed against BDNF protein. Hybridization control experiments showed specific 

hybridization signal to be abolished in the presence of labeled probe plus a I ,000-fold 

excess of unlabeled probe, while no change in hybridization pattern was observed when 

a I ,000-fold excess of a dissimilar probe of equal length and similar G-C content was 

added (Fig. 1 5a). Immunohistochemistry controls showed no specific signal when 

primary a n t i i y  was replaced with blocking solution or an excess of rabbit serum. 

Specificity of antiserum was ascertained in previous studies (Wetmore et al., 1993). 

Quantification yielded information about silver grain densities over identified 

neurons as well as determination of neuronal size h m  in situ hybridization (5 DRG 

sections, 242-335 neurons/section/plot). Neuronal labeling indices ranged h m  below 

background to more than 100 times background (Fig. 16) and neurons with greater than 



Figure 15. w. (A) Darkfield photomicrographs show 5 
pn thick serial sections of lumbar DRG associated with intact nerve processed for in 
situ hybridization with a probe to detect mRNA for BDNF. Sections were hybridized 
with labeled probe (left) plus a lOOOx excess of cold, unlabeled probe (middle) or a 
lOOOx excess of a dissimilar unlabeled probe of simiIar G-C content and length (right). 
Scale bar = 360 pn, J G E p p .  (B) DiuiifieId photomicrographs show 5 pm 
thick serial section of lumbar DRG associated with intact nerve infused with NGF or 
vehicle processed for in situ hybridization with a probe to detect trkA mRNA. Scde bar 
= 345 pm. 
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Figure 16. 1 . .  . (A) Brightfield 
photomicrograph of a normal 5 pn thick L5 DRG section processed for in situ 
hybridization to detect mRNA tbr BDNF. Scde bar = 20 p. (B) Fluotescence 
photomicrograph shows BDNF-LI in a nonnal 10 pm thick L4 DRG section. Scale bar = 
83 pm. (C) Scatterplot depicts size and labeling indices of all neurons in a DRG section 
processed for in situ hybridization detecting mRNA for BDNF in the normal state. 
Dashed line represents the point on the log scale that is 10 times background labeling. 
Data points above these lines represent neurons considered to express moderate to high 
leveIs of BDNF mRNA. 



ten times background levels of labeling were considered to express moderate to heavy 

labeling of BDNF mRNk BDNF mRNA is expressed in 4 5 %  of lumbar DRG 

neurons. Expression varies h m  lightly to heavily labeled in all size ranges, with some 

large neurons (>40 pm diameter) expressing BDNF mRNA at high levels while most 

BDNF-positive label is detected in small to medium-sized neurons ( 4 0  pm diameter) at 

moderate levels. BDNF-like immunoreactivity (LI) appears as bright, diffuse labeling 

and may be vesicle-contained or associated with the endoplasrnic reticulum a s  indicated 

by some bright, pmctate spots of fluorescence contained within neurons. Staining was 

occasionally apparent in neuronal nuclei. BDNF-LI is highest in small to medium-sized 

neurons while more diffuse labeling is apparent in some larger-sized cells. The relative 

brighmess of large-BDNF immuuoreactive neurons does not appear to correspond to 

quantified mRNA levels h m  in situ hybridization. Non-neuronal labeling by BDNF 

mRNA or IR was not detected in the DRG (Figs. 16b & 21). 

43.2 ColocPlization of BDNF and trk Expression in Intact Lumbar 

DRG 

The degree of colocalization of BDNF mRNA with trkA and !rkB mRNA was 

determined by quan-g hybridization signal over the same individual neurons 

identified in adjacent 5 pm thick L5 DRG sections (12 DRG sections, 242-335 

neurons/section/plot). Brightfield photomicrographs and sca~erplots show the degree of 

colocalization between the two probes as indicated (Figs. 17 & 18). The dashed 

horizontal and vertical lines on the scatterplot represent points on the Iog scale that are 4 

times (bold line) and I0 times background labeling. Data points between these lines 



Figure 17. 1 . . . . *  

neurons. (A) Brightfield photomicrographs of 5 pm thick serid sections of L5 DRG 
processed for in situ hybridization detecting mRNA for BDNF and trkA. Arrows indicate 
neurons expressing high levels of BDNF and detectable trkA. Stars show trkA 
expressing neurons that do not express detectable leveIs of BDNF. Scale bar = 20 pm. 
(B) Representative scatterpIot correlates labeling over identified neurons in adjacent 
sections with probes detecting mRNA for BDNF and t r k  Dashed lines represent points 
on log scale that are 4 times (bold lime) and 10 times background Iabeling. Data points in 
upper right quadrants represent neurons that express detectable mRNA for both markers 
and thus represent the degree of colocalization for the two. 
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Figure 18. 8 . . . . .  
neurons. (A) Brightfield photomicrographs of 5 pm thick serial sections of L5 DRG 
processed for in situ hybridization detecting mRNA for BDNF and H. Anowheads 
indicate a rare neuron expressing abundant levels of message for both markers. Stars 
show a neuron expressing high message for trkB and undetectable levels of BDNF. Scale 
bar = 20 pm. (B) Representative scatterplot correlates labeling over identified neurons in 
adjacent sections with probes detecting rnRNA for BDNF and trks. Dashed lines 
represent points on log scale that are 4 times (bold line) and 10 times background 
labeling. Data pints in upper right qyadrants represent neurons that express detectable 
mRNA for both markers and thus represent the degree of colocalization for the two. 



indicate neurons with low to moderate levels of hybridization signal, while points above 

or to the right of the 10 times cutoff represent neurons with moderate to heavy labeling. 

The quadrants resulting h m  the intersection of the two bold lines divide the data such 

that the upper right quadraat contains data points where mRNAs are expressed, while 

the data points of the lower left quadrant represent neurons which do not express 

detectable Ievels of either mRNA. The top left and bottom right quadrants correspond to 

neurons expressing onIy one of the two mRNAs being examined, with the upper left 

expressing message as indicated on the y-axis and the lower right that indicated on the x- 

axis. 

Approximately 33% of DRG neurons coexpress BDNF and trkA mRNA, 

representing -70°h of the trkA-expressing neurons (Fig. 1%). The most heavily-labeled 

BDNF cells which colocalize with trkA mRNA comprise - 14% of the total cells or 

-30% of the trkA neurons. Although it is rare to have heavily-labeled BDNF-positive 

neurons not colocalize with trkA, not aU heavily-labeled dcA-expressing neurons 

colocalize with BDNF (Fig. 17a). By observation it appears that cells containing both 

trkA and BDNF mRNA are of all size ranges with a tendency for more largediameter 

neurons to express BDNF at high levels (Fig. 16). In contrast, even though 44% of 

trkB positive neurons express detectable Ievels of BDNF mRNA (Fig. Mb), for the most 

p a  cells that colocalize contain only low to moderate hybridization signal for each 

mRNA (Fig. 18a)- A large proportion of neurons express mRNA for only one probe to 

the exclusion ofthe other and high levels of mRNA for BDNF or trkB are almost never 

expressed in the same ceIl, with moderate leveis of BDNF expression being detected in 

only -14% of trkB neurons. Instances where all three mRNA are expressed in the same 

neuron is rare and generally neurons showing detectable mRNA for BDNF and trkA 
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Figure 19. 1 7 .  

, BI 
serial sections of L5 DRG processed for in silu hybridization to detect rnRNAs for trkA, 81 
neuron expressing all three markers. Scale bar = 20 pm, 

rightfield photomicrographs o f  5 pm thick 
DNF and trkB, ;,,,,, . Arrowheads depict a 



have low to undetectable levels of trkB mRNA (Fig. 19). This is not surprising giving 

the low degree of coexpression between trkA and trkB mRNA (section 3.3.2). 

433 BDNF Expression and Colocalization with trkA and trkB 

Following Axotomy 

A time come of sciatic nerve transections was used to characterize the changes 

in BDNF expression following injury and scattergrams generated correlate relative 

changes in mRNA expression for BDNF mRNA with that of trkA and trkB (18 DRG 

sections, 126-335 neurons~section/plot). BDNF mRNA and protein expression increase 

within remaining neurons of the DRG after axotomy (Fig. 21 & 22). Compared to 

uninjured controI ganglia at one day post-injury, BDNF mRNA is detected in more 

neurons across all size ranges (-77%) and the overall expression of BDNF shows a shift 

fiom low-moderate IeveIs to a majority of the cells expressing moderate-high levels of 

BDNF; this remains at 2 days post-injury (data not shown). At this same time-point, a 

subpopuIation of largesized DRG neurons have below detectable IeveIs of BDNF 

mRNA expression (Fig. 20). BDNF levels remain elevated in -77% of neurons by 7 

days post-injury; however, a shift occurs where more medium to large-sized cells show 

high levels of BDNF expression and BDNF mRNA in smaller-sized cells is decreased to 

levels obsenred prior to lesion (Fig. 20). High BDNF mRNA expression in lager-sized 

neurons of the DRG remains at least as long as the latest-time point examined (3 weeks) 

(Fig- 25). Changes in message leveIs are reflected in BDNF protein expression where 

the intensity of immmoreactivity is increased in most neurons 2 days foIlowing 

transection (Fig. 2I), with mall and medium-sized ceh appearing particularly intense. 

By 6 days post-injury, more iarge cells show detectable immtmoreactivity and by 14 

105 







Pigure 22. v v  . . . . 
, Darkfield photomicrographs of adjacent 5 pm 

thick L5 DRG sections processed for in situ hybridization to detect mRNA for trkA, BDNF and trkB in intact, ld and 7d injured DRG. 
Scale bar = 345 p. 



days, BDNF-LI appears restricted to mainly large cells of the DRG with smaller cells 

having reduced expression Fig. 2 1). 

The initial increase in BDNF mRNA at one day post-injury occurs in cells that 

colocalize with trkA and trkB mRNA (Figs. 22 & 23), however this increase is not 

exclusive to either subpopulation. At later time points (7d), trkA and tdcB mRNA levels 

are reduced and there is a shift in coexpression patterns such that h e r  trkA neurons 

express high levels of BDNF while many more trkB neurons do (Fig. 23). More 

specifically, there is an increase in the number of neurons expressing detectable trkA on 

a per neuron basis at 1 day post-injury (Fig. 23); however, by one week post-injury, the 

levels are reduced compared to intact controls on the same slide. The percentage of trkA 

neurons expressing BDNF increases following injury and is most notable at 1 day after 

injury when -75% of trkA neurons express detectable levels of BDNF mRNA, with 

-41% doing so at moderate to high levels (Fig. 23b). This c h g e  represents a two-fold 

increase in the percentage of trkA neurons expressing BDNF as compared to intact DRG 

where only 4 8 %  of trkA neurons express detectabIe BDNF mRNA, with only -17% of 

these neurons doing so at moderate to high levels. The injury-induced increase in BDNF 

expression in trkA neurons appears to be transient because, by one week post-injury, the 

percentage of neurons expressing detectable trkA decreases by -25% (44% to 3 1 %). 

Although -8 1% of the remaining trkA neurons continue to express detectable BDNF, 

only -29% do so at moderate to high levels (Fig. 2 3 )  which coincides with the 

observation that BDNF expression is lower in many smalI-sized neurons by one week 

post-injury (Fig. 20). 

The Ievel of trkB mRNA hybridization ignd detected over individual neurons 

declines dramatically folIowing injury (Fig. 23); however, the percentage of neurons 
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Figure 23. . . Colocalization of trk receptors 
and BDNF mRNA from adjacent L5 DRG sections processed for in situ hybridization to detect trkA, BDNF, and trkB mRNA at 0 
days, I day and 7 days following axotomy. Representative scatterplots showing the degree and correlation of labeling over identified 
neurons in adjacent sections with probes indicated on x and y axes. Dashed lines represent points on log scale that are 4 times (bold 
line) and 10 times background labeling. Data points in upper right quadrants represent neurons that express detectable mRNd for both 
markers and thus represent the degree of coiocalization for the two. 



expressing detectable message actually increases slightly, changing from -300/0 in the 

intact state to -38% and -36%, one and seven days after injury respectively. In the 

intact state, trkB and BDNF expression are not highly colocalized (Fig. 23). Only -7% 

of trkB neurons express detectable message for BDNF, with -4% doing so at moderate 

to high levels. This changes considerably following injury. As early as  one day after 

injury, the incidence of colocalization between the two markers is such that -76% of 

trki3 neurons express detectable BDNF mRNA, with -32% of these at moderate to high 

levels. BDNF message continues to rise with prolonged injury and, although the 

percentage of trkB neurons expressing BDNF remains virtually unchanged, those doing 

so at moderate to high levels change to represent 4 2 %  of the trkB population by 1 week 

post-lesion. 

43.4 NGF Increases BDNF mRNA Levels in Intact and Injured 

DRG Neurons 

Intact state: Infusion of NGF for one week e f f m  an increase in BDNF mRNA 

hybridization signal over the nonnal state in lumbar DRG, with the greatest change 

appearing in small to medium-sized cells (Figs. 24 & 25). Scattergrams correlate the 

relative changes in hybridization signal for BDNF and tckA and trkB mRNA (24 DUG 

sections, 160-340 neurons/section/plot) (Figs. 26,27,28 & 29). The most dramatic 

upregulation of BDNF occurs in t..fr..-expressing neurons where almost all cells 

coexpressing the two mRNAs show abuudant BDNF message at moderate to high levels 

(Fig. 26). Upon NGF infusion, trkA mRNA shows a modest increase in expression 

above normd levels and the percentage of trkA neurons expressing BDNF shifts from 

-70% to -88%, with the proportion expressing BDNF mRNA at moderate to high levels 
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. a . . Figure 24. E t f e c r s G F  a n d N F  F. Darkfield 
photomicrographs o f  serial intact, intact + NGF, 3 wk cut and cut + NGF L5 DRG sections processed for in situ hybridization to detect 
mRNA for trkA (A), BDNF (B) and trkB (C). Scale bar = 345 pm. 
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-. Representative scatterplots depict the carrelation between degree of 
labeling and neuronal size in serial intact, intact + NGF, 3 wk cut and cut + NGF L5 
DRG sections processed for in situ hybridization to detect mRNA for BDNF. Dashed 
lines represent points on the log scale that are 4 rimes (bold he)  and 10 times 
background labeling. Data points above these lines represent nemns considered to 
express detectable levels of mRNA. 



doubling h m  -30% to 60%. The NGF-induced increase in BDNF is not observed in 

the trkB-expressing population (Fig. 27), and, in fact, the proportion of neurons 

expressing trkB mRNA is diminished by -40% following NGF infusion. As is the case 

in normal DRG, the few NGF-infUsed DRG neurons coexpressing BDNF and trkB 

mRNA do so at only low levels, where some moderately-labeled BDNF cells express 

only low levels of trkB, and cells expressing trkB show little or no measurable amount 

of BDNF mRNA (Fig. 27). Furthermore, NGF infusion leads to a lower percentage of 

trkA and trkB mRNA coexpression, perhaps reflecting tbat the decrease in observed 

trkB expression occurs in those neurons (data not shown). Changes in mRNA 

hybridization signal detected following NGF-idhion were not apparent when animals 

were infwed with vehicle alone (Fig. 1%). 

Injured state: Three weeks foUowing sciatic nerve transection, BDNF expression 

is elevated in medium to large-sized neurons and diminished in small-sized neurons, 

consistent with that observed by 1 week post-injury (Fig. 25). Levels of hybridization 

signal for trkA and trkB over individual neurons are reduced markedly (Figs. 26,27,28 

& 29) and, although the proportion of cells expressing detectable trkB remain almost 

unchanged, there are -9% fewet neurons that express trkA. The proportion of trkB 

neurons expressing detectable BDNF is increased 3 wks foUowing sciatic nerve 

mwxtion h m  4 4 %  to -66%, as is the percentage of trkB neurons expressing BDNF 

at moderate to high Ievels h m  -14% to -3 I%. Notably, the proportion of trkA neurons 

expressing BDNF at all levels is not dramatidly different three weeks following injury 

compared to the intact DRG and mppmts the o b m t i o n  made previously that BDNF 

levels begin returning towards normal as early as seven days following i n . .  



- .  Figure 26. 2 
F. (A) Brightfield photomicrographs of 5 pm thick serial sections 
of L5 DRG that have undergone a 1 wk inaathecal hfbsion of NGF and processed for in 
sim hybridization detecting mRNA for BDNF and t r b .  Solid arrows show high levels 
of BDNF expression in neurons with detectabte trkA mRNA whiIe open arrows show a 
neuron with moderate levels of trkA and low to moderate expression of BDNF. Stars 
show exampks of low to moderate levels of BDNF mRNA expression in neurons with 
below detectable levels of trkA rnRNA. ScaIe bar = 20 pm. (B) Representative 
scatterplots correlate Iabeling of identified neurons m adjacent sections with probes 
detecting mRNA for BDNF and M. Dashed lines represent points on log scale that are 
4 times (bold line) and 10 times background labeling. Data points in upper right 
quadrants represent neurons that express detectabk mRNA for both markers and thus 
represent the degree of colocalization for the two. 
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- r intact + NGF . 

Figure 27. E f b ~  ofNGF N . . 
intact (A) Brightfield photomicrographs of 5 pm thick serial sections 
of LS DRG that have undergone a I wk intrathecal inhion of NGF and processed for in 
situ hybridization detecting mRNA for BDNF and trkB. Solid arrowheads show 
moderate levels of BDNF expression in a neuron with detectable trkB mRNA while 
open arrowheads show a neuron with moderate levels of trkB and low to moderate 
expression of BDNF. Stars show an example of low to moderate IeveIs of BDNF mRNA 
expression in a neuron with below detectable levels of trkB mRNA. Scale bar = 20 p. 
(B) Representative scatterplots correlate labeling of identified neurons in adjacent 
sections with probes detecting mRNA for BDNF and trkB. W e d  lines represent points 
on log scale that are 4 times (bold line) and 10 times background labeling. Data points in 
upper right quadrants represent neurons that express detectable mRNA for both markers 
and thus represent the degree of colocaliion for the two. 
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Figure 2%. j i fk t  of NGF G . 
-. (A) Brightfield photomicrographs of 5 pm thick serial sections 
of L5 DRG that have undergone a 3wk axotomy and delayed intrathecal inhion of 
NGF in the last week and processed for in situ hybridization detecting mRNA for BDNF 
and trkA. Solid arrows show high levels of BDNF expression in neurons with detectable 
trkA mRNA while stars show examples of low to moderate levels of BDNF mRNA 
expression in neurons with below detectable levels of trkA mRNA. Open arrows show 
low to moderate levels for both. Scale bar = 20 p. (B) Representative scatterplots 
correlate labeling over identitied neurons in adjacent sections with probes detecting 
mRNA far BDNF and trkA. Dashed lines represent pints on Iog scale that are 4 times 
(bold h e )  and 10 times background labeling. Data points in upper right quadrants 
represent neurons that express detectable mRNA for both markers and thus represent the 
degree of colocalization for the two. 



Figure 29. Eff'ect of NGF N . . 
. . -. (A) Brightfield photomicrographs of 5 prn thick serial sections 
of L5 DRG that have undergone a 3wk axotomy and delayed intrathecal infusion of 
NGF in the last week and processed for in situ hybridization detecting mRNA for BDNF 
and and trkB. Solid arrowheads show high levels of BDNF expression in a neuron with 
low levels of trkB &A, while stars show an example of high levels of BDNF mRNA 
expression in neurons with below detectable levels of trkB W A .  Scale bar = 20 p. 
(B) Representative scatterplots correlate labeling over identitied neurons in adjacent 
sections with probes detecting mRNA for BDNF and M. Dashed Lines represent points 
on log scale that are 4 times (bold line) and I0 times background Iabehg. Data points in 
upper right quadrant represent neurons that express detectable mRNA for both markers 
and thus represent the degree of colocalization for the two- 



Delayed intrathecal infusion of NGF for 1 wk following a 2 wk injury period resuits 

in an upregulation of trkA mRNA towards normal levels (Verge et al., 1992) (Figs. 24 & 

28), while trkB mRNA hybridization signal shows a greater decrease h m  levels 

observed in the cut state (Fig. 29), and -25% fewer trkB neurons are detested. 

Exogenous NGF e f f i  an increase in both the proportion of injured neurons expressing 

BDNF and the levels at which BDNF mRNA is detected BDNF mRNA expression is 

increased to above normal levels where moderately labeled neurons appear to become 

heavily labeled and also include a subpopulation of small-sized cells that do not express 

BDNF 3 wks following injury (Fig. 25). Both the overall proportion of trkA neurons 

expressing BDNF and those doing so at moderate to high levels are nearly identical for 

both the intact + NGF and cut + NGF-inhed DRG sections analyzed, representing 

-88% and -60% of trkA neurons, respectively (Figs. 26 & 28). It is also important to 

note that the population of injured neurons expressing BDNF and not trkA appears 

virtually uninfIuenced by the infusion. Compared to cut alone, more trkA-expressing 

injured neurons show moderate to high levels of BDNF with infwion (Fig. 28). 

Notably, NGF W o n  effects a reduction in trkB mRNA detected in axotomized 

neurons which may be an indirect consequence of BDM: upregulation (Fig. 29). NOTE: 

(Fig. 25) The proportion of small-sized neurons that appear missing in the analysis of 

BDNF in the cut + NGF state may be due to a natural size bias that sometimes occurs 

when analyzing three adjacent tissue sections, or may partially be a r d t  of 

experimental treatment whereby W o n  of NGF reverses some of the atrophy caused 

by injury (Verge et al., I989a). 

4.4 Discussion 



Periphd nerve injury initiates a complex m y  ofcell body responses which 

am be modulated by neurotrophins and is thus implicated in alterations in neurotrophin 

availability and neurotrophin receptor levels that occur in association with this state. 

This study has examined how neuronal BDNF levels are altered in intact and injured 

neurons with or without NGF infusion in order to speculate on BDNF's 

paracrine/autocrine roles. My findings have been extensive and both confirm and 

broaden the present knowledge of BDNF's potential role in mature primary sensory 

neurons. The major resuIts of these experiments show: 1) detectable mRNA encoding 

BDNF is present in a subpopulation representing approximately 45% of lumbar DRG 

neurons and is not detected in surrounding Schwann cells and satellite cells. The 

expression pattern of BDNF mRNA is reflected in BDNF-IR with some minor 

exceptions; 2) trkA and BDNF mRNAs are coexpressed in approximately 33% of DRG 

neurons and, whiIe most BDNF-positive cells also express trkA, the converse is not 

necessarily true. trkB and BDNF mRNAs are coexpressed in approximately 20% of 

neurons. Trilocalization of all three mRNAs is rare; 3) peripheral nerve injury results in 

a rapid increase in BDNF expression which is initially observed in small to medium- 

sized neurons and remains chronically elevated in Iarger-sized DRG neurons; and 4) 

administration of intrathecal NGF effects both an increase in BDNF mRNA expression 

in intact and injured trkA-expressing DRG neurons, with the latter approximating levels 

observed in the intact + NGF treated DRG, and a decrease in trkB mRNA expression in 

most cells regardless of their BDNF expression. 



4.4.1 BDNF is Primarily Expressed in trkAerpressZng Neurons in 

Intact DRG 

Previous studies have descriied the presence of BDNF mRNA and protein in 

adult rat sensory neurons of the DRG (Emfors et al., 1990; Wetmore and Olson, 1995; 

Apfel et al., 1996; Barakat-Walter, 1996; Kashiia et al., 1997; Michael et al., 1997; Cho 

et al., 1998; Zhou et al., 1999); however, the size of subpopulations occupied vary 

between reports and may be a result of the methods ofdetection employed. My results 

regarding BDNF mRNA expression levels are in general agreement with the published 

findings of Kashiba et al. (1997) and Apfel et al. (1996), while other groups have 

reported smaller population sizes ranging between -16% (Wetmore aud Oison, 1995) 

and -29% (Michael et al., 1997). Degrees of BDNF mRNA labeling have been 

consistently described as ranging fbm low to moderate in most cells, to some cells 

showing high levels of BDNF mRNA (Emfors et al., 1990; Wetmore and Olson, 1995; 

Apfel et al., 1996; Michael et al., 1997); expression has been reported in all size ranges, 

with the exception of one study that reported very few large cells expressing BDNF 

mRNA (Wetmore and Olson, 1995). 

Large variations exist in the reported BDNF population sizes, as determined by 

immmohistochemistry, which range h m  as low as -17% (Cho et al., 1998) and -30% 

(Michael et al., 1997; Zhou et al., 1999) to as high as 53% (Wetmore and Olson, 1995; 

Barakat-Walter, 1996), and this too may be a result of the sensitivity of the methods of 

detection used. For example, different tissue processing techniques such as &mion 

may allow for better protein preservation, or the use of different mti'bodies raised 

against BDNF may show diffixent IeveIs of sensitivity for the protein or produce a 

ditrere~lt qyality of staining. One study reported that no BDNF-LI is detectable by 
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conventional techniques where PBS perfusion is used prior to tixatiou (Barakat-Walter- 

1996); however, in addition to my findings, other published studies have reported 

success using standard immunohistochmical techniques to detect BDNF (Wetmore and 

Olson, 1995; Zhou and Rush, 1996). Another possibility for the conflict in BDNF 

immunomctive population sizes is that newly translated BDNF protein may be 

diffefentially antmgradeIy transported to nerve terminals (Zhou and Rush, 1996; 

MichaeI et ale, 1997; T o m  et aI., 1998) and, thus, detected at varying degrees in the cell 

somas. 

While the present study did not ~uantifL levels of BDNF-IR in adult lumbar 

DRG neurons, the patterm of expression were examined and shown to correspond to the 

general patterm of BDNF -A expression, with the exception of larger neurons not 

appearing as heavily labeled for BDW-IR as they are for BDNF mRNA. Consistent 

with some published findings, BDNF mRNA or IR was not detected in Schwann cells or 

satellite cells associated with the DRG or sciatic nerve in the intact state (Emfors et al., 

1990; Barakat-Walter, 1996; Kashlia et aI., 1997; Michael et al., 1997). However, 

Wetmore and OIson (1 995) descn i  BDNF-IR but not mRNA in sate1Iite ceUs of 

spmal accessory and sympathetic ganglia using confocal microscopy. Therefore, it is 

possl'ble that satellite celIs of the DRG, which possess abundant truncated trkB receptors 

(chapter 3), can bind and internalize locally produced BDNF, thus supporting possible 

influences by BDNF on non-neuronal cells of the nervous system, such as those 

desgl'bed for the attenuation of satellite cell proliferation (Wen et al., 1994). Previous 

studies described BDNF-IR highest in small to medium-sized DRG neurons with Iittle 

labeling in the large-sized population (Wetmore and OIson, 1995; Barakat-Walter- 1996; 

Michael et al., 1997; Cho et al., 1998; Zhou et aL, 1999). A number of reasons exist 



why the mail population of larger neurons may not display similar BDNF protein and 

mRNA levels in intact neurons. It is pow'ble that some difference in larger cells 

prevents BDNF message from being translated into protein, that the protein is degraded 

rapidly, or that it is quickly transported to axonaI terminals after translation in larger 

neurons. The prospect that the higher levels of BDNF protein detected in small to 

medium-sized neurons is due to both a synthesis and uptake of BDNF by these neurons 

is unlikely since the latter requires a trkB receptor whose expression is not prevalent in 

this size range of sensory neurons (chapter 3). The most likely explanation is that high 

quantities of BDNF protein do not appear qualitatively as such in large cells because the 

signal is less concentrated in a larger cytoplasmic volume, or that some of the palely- 

stained large neurons do not synthesize BDNF but are capable of transporting it via trks 

binding and intdization. 

Actual percentages of BDNF and trk overlap diffet. among published findings 

because other studies show variations in reported levels of trk expression. In general, 

however, my results correspond to reported trends. The f h h g  that BDNF and trkA 

mRNAs are coexpressed within -33% of intact DRG neurons is in broad agreement with 

other studies (Apfel et d., 19%; Kashiba et al., 1997; Michael et al., 1997; Michael et 

al., 1999). BDNF and trkf3 mRNA are coexpressed in -20% of neurons and these data 

agree with current reports describing very low levels of BDNF and trkB coexpression in 

neurons associated with an intact sciatic nerve (Kashiia et aI., 1997; Michael et al., 

1997; Michael et al., 1999). 

4.4.2 Nerve Injury Results in the DmerentiPL -tion of BDNF 

Expression in Subpopulations of Sensory Neurons 



Evidence fiom several studies support the conclusion that BDNF rnRNA and IR 

increase ia neurons of the DRG following chronic sciatic nave trmection (Cho et al., 

1998; Michael et d., 1999; Zhou et al., 1999) and my results correspond most with those 

reported by Zhou et al. (1999) and Michael et al. (1999) where the initial increase in 

BDNF mRNA by 24 hrs shows a progressive increase over time which becomes 

maximal after 1 week post-injuy. This response is mimicked by BDNF 

immunoreactivity. Also in line with my results, BDNF has been described as elevated in 

medium to largediameter neurons (Cho et al., 1998; Michael et al., 1999; Zhou et aI., 

1999). Contrary to these findings, however, most reports do not describe any detectable 

change in small to medium-sized neurons of the DRG soon after axotomy (Cho et ai., 

1998; Michael et al., 1999) and, in fact, some describe a reduction in BDNF-IR in these 

small-sized DRG neurons (Zhou et al., 1999). This may be a direct consequence of the 

Ievels at which the lesion was performed, with mine being more proximal to the DRG 

than in most studies. This transient increase in BDNF expression in small to medium- 

sized DRG neurons at one and two days post-injury has also not been previously 

described in projecting fibers in central terminals of the spinal cord, even though 

axotomy has been shown to upregdate anterograde transport of BDNF (Tonra et al., 

1998; Zhou et al., 1999). BDNF that is upregulated in small-sized neurons immediately 

following injury may not be transported to the central nerve terminals and may remain to 

act locally. Another possibility is that previous studies did not examine the spinaI cord 

soon enough after injury to detect an increase in the small-fiber projections. Most 

reports describe a phenotypic change in the spinal cord where BDNF expression is 

reduced in fibers projecting to the superficial laminae and increased in the large-fiber 

projections in the deeper laminae of the dorsal horn (Cho et al., 1998; MichaeI et ai., 
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1999; Zhou et al., 1999) and in the gracile nucleus in fibers coexpressing NPY (Li et al., 

1999). This may reflects my findings following chronic i n .  where BDNF is 

increased in medium to largesized neurons of the DRG. 

Little is known of the functional significance of BDNF in sensory neurons of the 

DRG. The localization and injury-induced increase of BDNF in subsets of sensory 

neurons has led to the suggestion that it may serve an autocrine or paracrine function. 

By acting locally on the cells of the DRG or dorsal horn where trkB and p75 receptors 

are known to be present (Schecterson and Bothwell, 1992; Frisen et al., 1993; Davies 

aud Wright, 1995; Robinson et al., 1996; Maunion et al., 1999), BDNF may influence 

cell survival. BDNF has been implicated in such a role in the CNS where the survival of 

hippocampal and developing cholinergic neurons appears to require the locally produced 

neurotrophin (Miranda et al., 1993; Lindholm et al., 1996). BDNF may also influence 

glial cells. Such a role on intraganglionic non-neuronals has previously been described 

where BDNF was shown to influence the proliferation and differentiation of trkB- 

expressing glial ceIls of the PNS in M'tro (Wen et al., 1994; Pruginin-Bluger et al., 

1997). The initial belief that tnmcated trkB receptors could not signal in response to 

BDNF cast doubt on this type of role; however, it has recently been shown that truncated 

trkB receptors are indeed able to signal in response to BDNF (Baxter et al., 1997). It is 

still not known if BDNF is released from DRG neurons in vivo and, although it has been 

shown to be associated with dense core vesicles (Michael et al., 1997) and released from 

subsets of adult DRG neurons in vitro (Acheson et al., 1995). The possi'bility also exists 

that BDNF does not have to be secreted to act locally on a neuron (Sebert and Shooter, 

1993). Work done by Acheson et a,. (1995) showed evidence for the former description 

of autocrine actions by demonstrating that neuronally-produced BDNF prevented cell 
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death in a subpopulation of adult sensory neurons in vitro. To prove the existence of an 

autocrine loop in vivo, BDNF-producing DRG neurons would also have to possess trkB 

receptors. This study strongly suggests that the primary role for BDNF in intact neurons 

is not as an autocrine regulator of the cell's fimction since few neurons were shown to 

express mRNA for both BDNF and trkB. 

In contrast to the intact state when a largely paracrine hc t ion  for BDNF is 

suspected, BDNF's potential role in injured sensory neurons is correlated with 

anatomical evidence which supports both paracrine and autocrine roles. Intragangiionic 

roles could include influences on the @id population. For example, the time course of 

peak satellite cell proliferation occurs before the peak BDNF exposure and declines in a 

manner coincidental to the injury-induced increase in BDNF expression (Lu and 

Richardson, 199 1). The reduction in sateIIite cell proLiferation may be linked to the 

increase in BDNF observed in these ganglia after injury, as has been shown in viho 

(Wen et al., 1994). Another possible role for the transiently elevated BDNF in injured 

trkA neurons may be to dampen nociceptive responses by binding to p75 and thereby 

disrupting the allosteric coniiguration for high-Wty NGF binding to trkA (Barker and 

Shooter, 1994; Chao and Hempstead, 1995; Ross et al., 1998). Because the increase in 

BDNF expression in injured trkA neurons is only a transient one, it may subserve this 

analgesic role uatil which time the injury-associated increase in other analgesic 

molecules such as the peptide, GAL, occurs in the cells (Verge et aI., 1995; Wiesedeld- 

Hailin and Xu, 1998). Indeed others have shown an antinociceptive fimction for BDNF 

in the CNS (Siuciak et al., 1994; Siuciak et al., 1995). 

Targets of anterogradely transported BDNF change phenotype uuder varying 

pathological conditions (Cameron, 1997; Cho et aI., 1998; Toma et al., 1998; Li et al., 
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1999; Michael et al., 1999; Zhou et at., 1999)- Increased levels of BDNF, shorn to be 

transported peripherally to the proximal stump following axotomy (Tom et al., 1998; 

Zhou et al., 1999), may influence events occurring at the site of injury. BDNF may act 

as a local source of neurotrophin to guide regenerating axons when taken up by 

Schwann cells that upregdate p75 and tnmcated trkB after injury (Funakoshi et al., 

1993). Centrally transported BDNF and neuropeptides upregdated in response to injury 

appear in the gracile nucleus (Zhang et al., 1993; Cho et al., 1998; Michael et al., 1999) 

where they may have a neuroprotdve effect. On the other hand, these fibers may 

sprout b m  deep lamina in the dorsal horn (Cho et al., 1998; Michael et al., 1999; Zhou 

et al., 1999) to superticid lamina involved in receiving nociceptive fibers where the 

same molecules may contriiute to the development of neuropathic pain states (Woolf et 

al., 1992). 

Evidence h m  this study and others shows that BDNF may serve an important 

enhanced autocrine fimction folIowing injury (Michael et al., 1999; Zhou et al., 1999). 

In the present study, novel expression of BDNF mRNA and protein occurs after 

axotomy within neurons that still express detectable trkB, despite an overall decline in 

both neuronal and non-neuronal trkB mRNA expression. The reduction noted in trkB 

mRNA levels with the increase of BDNF suggests that BDNF may be involved in the 

downregdation of trkB mRNA expression in a manner that mimics a neurotransmitter's 

action. This phenomenon has been demonstrated in the CNS where striatal, 

hippocampal and cortical neurons have a11 shown reductious in trkB expression 

following exposure to BDNF in vilro (Knusei et ai., 1992; Frank et aI., 1996; Frank et 

al., 1997). This does not a p ,  however, with published findings where overexpression 

of BDNF resulted in an increase in firlI-length and tnmcated trkB expression in 
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trigeminal ganglia (LeMaster et al., 1999). Furthennore, the application of other 

exogenous neurotroph such as NGF and NT-3 have been shown to upregulate their 

cognate receptors in the DRG (Verge et al., 1989b; HoltPnan et al., 1992; Verge et al., 

1992; Verge et al., 1996) and overexpression of NGF and NT-3 in skin resulted in 

increased levels of the receptors, trkA and trkC (AIbers et d., 1996; Goodness et d., 

1997). BDNF's apparent contradictory effects within the nervous system may be cell- 

type and neurotrophin specific; or, alternatively, it has been suggested that BDNF may 

upregulate trkB expression at low doses and, at high doses, may downregulate trkB 

(Ferrer et al., 1998). This ligand-induced regulation of receptor levels may be a means 

by which BDNF is received by cells at consistently low doses and, as such, possibly 

only mediates a survival effect. This effect would also be apparent on non-neuronal 

cells surrounding DRG neurons as observed by the downregulation of truncated trkB in 

non-neuronal cells following injury (chapter 3) which may serve to sequester high Ievels 

of BDNF produced after injury. Very high 1eveIs of signstling molecuIes may potentially 

be damaging to cells through overstimulation, as has been shown in the CNS (Koh et al., 

1995). 

My observation of the transient upregulation of BDNF in small-sized DRG 

neurons and the subsequent shift to the medium to Iarge-sized population following 

axotomy makes it apparent hat two phases may actually exist regatding acute and 

chronic aspects of the injury response; the transient responses may be responsl'ble for 

establishing the phenotype associated with the chronic phase. This would imply that the 

redation of BDNF expression might be mder the conml of multiple promoters. Thus 

far, several promoters have been descnied for BDNF but the cellular distn'bution has 

not been determined in DRG (Tinmusk et d., 1993; Timmusk et al., 1995). NGF may 
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be involved in the acute BDNF stage since it is upregulated in proximal stump within the 

first six hours followiug injury (Heumann et al., 1987a; Heumann et al., 198%). 

Because this transient elevation in BDNF occurs within trkA neurons, the appropriate 

receptors would be present on the cells in order to bind, transport and respond to the 

transient increase in NGF expression observed in the proximal stump. In the chronic 

injury response, the alterations in BDNF levels in medium to large neurons may serve 

some role in the transmission of proprioceptive information since axons are no longer 

attached to target, or it may act to regulate levels of other growth factors or 

neuroprotective molecules. For example, neuropeptides such as GAL, NPY and PACAP 

(Villar et al., 1989; Zhang et al., 1993; Zhang et al., 1995) and other growth factors and 

cytokines such as basic FGF (Ji et al., 1995) are upregulated in these cells following 

injury. In particular, the cytokine IL-6 has been shown to be transiently increased in a 

similar subset of DRG neurons and at approximately the same time post-injury as BDNF 

(Murphy et al., 1995), and a posslible connection may exist between the responses of IL- 

6 and BDNF. The induction of IL-6 in large injured sensory neurons arises h m  a 

positive injury signal fiom the proximal nerve stump to which mast cells may con tn ie  

(Murphy et al., 1999). Once again, this demonstrates the complex cascades that underlie 

the cell body responses to injury. 

4.43 NGF Dlfierentially Modulates BDNF and trkB Expression 

The extensive coIocaIization of BDNF and trkA mRNA suggests that the 

expression of BDNF in these neurons is under the control of NGF. This possibility is 

not surprising given previous examples of one nemotrophin regulating the expression of 

another in neurons of the CNS (Leingartner et al., 1994; Canossa et al., 1997). One 
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week intrathecal infusion of NGF to uninjured and 2 week chronically injured DRG 

showed a dramatic increase in BDNF mRNA levels in the tdA-expressing DRG 

population. These results are mnfumed in similar studies where a single dose injection 

of NGF was able to effect a significant increase in BDNF mRNA expression in the trkA- 

expressing neurons of the DRG (Apfel et al., 1996); fbrthennore, Michael et al. (1997) 

report a similar increase in BDM: mR.NA and IR in central projections of small- 

diameter, CGRP-positive primary afferents of the superficial dorsal horn after treatment 

with NGF. Likewise, studies examining peripheral inflammation demonstrated an 

increase in BDNF mRNA and IR in DRG in an NGFdependent fashion (Cho et aI., 

I997a; Cho et al., 1997b). Since BDNF mRNA is upregulated primarily in neurons 

expressing detectable trkA mRNA, it is Iikely that NGF is acting directly through its 

receptor to cause these changes; however, little is known of the mechanism underlying 

this effect. Tao and colleagues (1998) have suggested that BDNF is increased as a r d t  

of the binding of members of the CREB famiIy of transcription factors to the CAMP 

response eIement on the BDNF promoter. Whether CREB transcription &ors are 

upregdated in response to NGF in sensory neurons remains to be determined. 

NGF wntn%utes to sensory hypersensitivity, or hyperalgesia, through trkA 

(Lewin et al., 1993; McMahon et al., 1935; McMahon, 1996). Several ways that NGF 

may innuence this condition have been descn'bed including degranulation of  mast cells 

(Woolfet al., 19%; Tal and Liberrnan, 1997), peripheral and centraI release of 

nociceptive neuropeptides, SP and CGRP (Dormem et al., 1992; Donnerer and Stein, 

1992; McMahon et aI., 1995) and terminal fiber reorganization which contniutes to the 

transmission of painful signals to the CNS (Woolfet al., 1992; Shortland and Woolf; 

1993; Woolf et al., 1995). Changes at the spinal cord are thought to add to the increased 
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excitability of central neurons thus Iowering their threshold for synaptic stimulation, or 

'central sensitization' (Codene and Melzack, 1992; Totebjork et al., 1992). The 

upregulation of BDNF by NGF may be another means by which NGF contn'butes to 

hyperalgesia and the developmart of neuropabic pain BDNF may produce an increase 

in excitability of neurons of the dorsal horn via actions on glutamate receptors through 

the modulation of NMDA receptors as shown in other systems (Suen et al., 1997; Levine 

et al., 1998; Lin et al., 1998; Lin et al., 1999). Transmission of paidid stimuli is 

conveyed by glutamate-mediated action potentials in the dorsal horn (Willis and 

Coggeshall, 199 1); therefore, by prolonging the open state of NMDA receptors, as 

demonstrated in the CNS, BDNF may increase the excitatory effect of glutamate and 

further the nociceptive cascade. 

Several lines of evidence support a role for BDNF in neurotransmission. In the 

CNS, BDNF has been shown to regulate post-synaptic activity and excitability of 

synapses (Lohof et al., 1993; Levine et aI., 1995; Jarvis et al., 1997; Takei et ai., 1997; 

Levine et al., 1998; Sala et al., 1998), to be present in vesicles of presynaptic terminals 

(Fawcett et al., 1997; Fawcett et al., 1998) and to be released by activitydependent 

intracellular calcium influx (BIochl and Thoenen, 1995; Blochl and Thoenen, 19%; 

Stoop and Pw, 1996). Once released, BDNF would act on trkB receptors which show 

widespread expression in the CNS (Fryer et al., 1996; Yan et al., 1997a) and are 

downregulated in response to high BDNF levels (Knusel et al., 1992; Frank et al., 1996; 

Frank et al., 1997). The observed downregulation of trkB by BDNF in this study and the 

antemgrade transport (Zhou and Rush, 1996; Michael et al., 1999; Zhou et al., 1999) and 

localization of BDNF in dense core vesicles (Michael et al., 1997) M e r  support 

BDNF's suspected role as a transmitter-like molecule in the nervous system. 
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At the time the present work was done, little was known regarding expression of 

BDNF in addt sensory neurons and, as such, it was difficult to speculate on possl%le 

roles for the neurotrophin. This study determined the anatomical expression of BDNF in 

the DRG under varying pathological conditions and in the presence or absence of 

exogenously supplied NGF. Through the demonstration of BDNF's involvement in two 

phases of injury-induced changes in the DRG, it is hypothesized that BDNF expression 

is under the control of multiple regulators, one of which is NGF, giving BDNF a 

putative role in nociception. The otha phase, which influences BDNF expression in 

larger-sized sensory neurons, remains speculative. 



5.0 CHAPTER- THE ROLE OF p75 IN INTACT AND INJURED SENSORY 

NEURONS 

5.1 Introduction 

Neurotrophins exert their effects through two types of receptors, the common 

neurotrophin receptor p75, which binds all nemtrophins with comparable affinity, and 

the trk receptors, which are able to bind the neurotrophins with high-Wty and 

specificity (Chao et al., 1998). Originally thought to have no role in the nervous system 

beyond that of a coreceptor facilitating the high-affinity binding of neurotrophins to trks 

(Chao et al., 1986; Johnson et al., 1986), p75 has more recently been shown to be 

important in mediating hctional responses of neurotrophins both independently, as  

direct p75-mediated signaling events when trk levels are not detectable, and 

cooperatively, as modulatory influences on trk function when coexpressed. When 

activated by NGF and in the absence of trk expression, p75 signaling may result in 

apoptotic cell death involving the activation of ceramide and JMC (Casaccia-Bo~efil et 

al., 1996; Bamji et al., 1998; Yoon et al., 1998). Alternatively, when coexpressed, p75 

and trk may interact to reciprocally modulate receptor signaling, and through physical 

interactions with trk (Wolf et al., 1995; Ross et al., 19%; Giugano et al., 1997; Ross et 

al., 1998), p75 may modify NGF internalization and facilitate retrograde transport of 

neurotrophins (Curtis et al., 1995; von BartheId et al., 1996; Gargano et al., 1997), 

enhance trk responsiveness to preferred ligands (Benedetti et d., 1993; Davies et al., 

1993; Ryden et al., 1995; Horton et al., 1997; Ryden et aL, 1997), and contn'bute to 



high-affinity neurotrophin binding (Hempstead et al., 1991; Mahadeo et al., 1994). 

Since neurotrophin receptor expression is specific to cell type and developmental stage 

(Schecterson and Bothwell, 1994; MoIliver and Snider, 1997; Enokido et al., 1999), it is 

not surprising that p75 may mediate a multitude of influences throughout the nervous 

system. 

Mice with a null mutation in the gene coding for p75 @75 KO), generated to 

gain insights into the role of p75 (Lee et al., 1992), have provided preliminary details 

regarding putative functions of this receptor in the PNS, but a thorough characterization 

of its phenotype has yet to be completed. Previous studies have shown that p75 KO 

mice display a decreased density of some sympathetic innervation, reduced sensory 

fibers extending into epidermis and elevated thresholds to noxious mechanical and 

thexmal stimuli (Lee et al., 1992; Bergmann et al., 1997). Smaller DRG and 

corresponding nerve fibers have been reported (Lee et al., f 992; Curtis et al., 1995; 

Bergmanu et d., 1997), yet this deficit has not been l lIy  quantified. Isolated cutaneous 

trigeminal neurons showed a shift in the dose-response curve for NGF pavies et al., 

1993) and embryonic cultures from p75 KO DRG showed a decrease in NGF sensitivity 

during specific developmental stages (Lee et al., 1994). This implies that in vitro, more 

neurotrophin is tequired to effect normal neurotrophic influences. It is not yet known if 

this too is the case for aduIt neurons. 

In aduIt primary sensory neurons, the exact role ofp75 remains unclear. It is 

uniikely that p75 mediates independent NGF sipking events that resdt in cell death in 

this system because p75 is rarely detected in DRG neurons without the coexpression of a 

trk receptor (Verge et al., 1992)(chapter 3). Since p75's function is influenced by the 

presence or lack ofexpression of fdl-length trkA receptors (reviewed in Bredesen and 
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Rabizadeh, 1997; Chao et al., 1998), it is more probable that the high ratio of p75 to trk 

in these cells subserves a role involving direct receptor interactions which dampen p75's 

independent signaling for apoptosis and implicate it in events leading to altered 

neurotrophin responsiveness. 

Using a number of approaches, this study sought to examine, in detail, the 

phenotype of sensory neurons fiom p75 KO mice in order to discover clues that may 

lead to a better understanding of the role of p75 in intact and injured primary sensory 

neufom. 

5.2 Methods 

5.2.1 Isotopic In Situ Hybridhadon 

5.2.1.1 Animal Surgery and Tissue Preparation 

All animal procedures were conducted in accordance with the University of 

Saskatchewan Animal Care committee. Protocot number 9200 164. 

Fifteen, 2-3 month old adult male c,129-NF rtm/Jae @75 KO) mice (Jackson 

Laboratories, Bar Harbor, ME) and fifteen 1291SVm.J (WT) mice (Jackson Labs) 

weighing 25-32 grams were anesthetized for surgery intraperitoneally with sodium 

pentobarbital (Somnitol, 50 mg/kg) diluted 1 : 10 in sterile PBS (0.1 M; pH 7.4). The 

right sciatic nenre was transected as previously described (section 3.2.1.1) and mice 

p&ed via the left ventricle with cold phosphate buffered saline (0.1 M, pH 7.4) at 0 

days, 4 days, 7days, 14 days and 45 days following injury. The left and right L4 and LS 

DRG were removed, h z e n  and sectioned onto glass slides as previously described 

(section 3.2. I. 1). All WT DRG were paired with a l l  p75 KO DRG fiom the same 



surgical time point on slides to ensure processing of WT and p75 KO tissue under 

identical conditions. 

52.12 Preparation of Oligonucleotide Probes 

In situ hybridization was wried out on tissue using 48 base pair oligonucleotide 

probes complementary to and selective for trkA, trkC (M), c-jun and BDNF labeled at 

the 3 ' a d  as previously d e s c r i i  (section 3.2.1.2 and 4.2.1.2). In addition, the 

following probes were used: p75, which was designed to correspond to base pairs 606- 

653 fiom the rat sequence (Radeke et ai., 1987) and later shown to be 100% homologous 

to base pairs 497-544 h m  the mouse sequence (Tuffereau et al., 1998); mouse trkB, 

base pairs 3085-3 132 (KIein et al., 1989); rat substance P (SP), base pairs 145-192 

(Krause et al., 1987); rat aCGRP, base pairs 664-698 (Amara et al., 1985); rat GAP43, 

base pairs 53- 100 (Basi et al., 1987); rat GAL, base pairs 152-199 (Vrontakis et al., 

1987); and rat NPY, base pairs 167 1-1714 (Larhammar et al., 1987). 

5.2.13 In S h  Hybridization 

As descriied in section 3.2.1.3. 

5.2.1.4 Radioautography 

As descriied in section 32.1.4. 

52.15 Quantification and Analysis 



As descnied in section 321.5; however, colocalization was not performed on all 

sections and fewer cells were identitTed per photomontage (-40-175 cells) due to the 

smaller size of mouse DRG compared to that of rat. CeIls were considered labeled if 

they had more than four times background levels of silver grains. Above ten times 

background levels of labeling were considered moderate to high. 

52.2 Quantitative Receptor Binding on Tissue Sections 

53.2.1 Protein Iodination 

Radioiodination was carried out in a firme hood and behind lead shields by 

mixing together the following reagents in the radioisotope shipping vial: 2 mCi carrier 

free N a 1 9  (20 pl) (Amnoham Pharmacia Biotech Inc, Baie d'urfe, PQ) 1.6 pglpl NGF 

(10 p1) (a gift of W. Mobley; UCSF), 50 pg/pl Iactoperoxidase (10 pl) (Sigma) and 

0.003% H202 (10 p1) (BDH Chemicals, Toronto, ON). 0.1 M phosphate buffef (pH 7.4) 

was used to dilute each reagent and to bring the 6nal volume up to 70 p1. The reaction 

was allowed to proceed at room temperature for 30 minutes before an additional aliquot 

of 0.003% H2@ (10 pl) was added. Following another 30 minutes, a 10 jd sample was 

removed h m  the reaction vial and added to 3 ml phosphate buffer (0.1 M) containing I 

mgfml BSA and placed on ice for later use in a TCA precipitation. To separate '%NGF 

itom unincorporated '9 and reagents, the reaction mixture (70 pl) was loaded onto a 

cation-exchange column (Sep-Pak Waters Accell Plus CM Cartridge; Waters Ltd. 

division of Millipore Corp., Milford, MA) previously equiliirated with 5 cc cold acetate 

buffer (0.05 M, pH 4.0). The column was then washed with 5 x 1 cc acetate buffer, 

followed by 20 cc Tris-HCI bu&r (0.05 M, pH 7.6) and the %NGF eluted into 1 rnl 



aliquots using Tris-HCl(0.05 M, pH 9.0) containing 1.0 M NaCl and 0.5 mghl BSA. 

Generally, the second aliquot contained the peak concentration of '%NGF and was 

used for experiments. 

5.2.2.2 TCA Precipitation 

In order to determine the labeling efficiency of the iodination reaction and 

calculate the spsific activity of the '%NGF, the activity of the iodinated protein was 

compared to the activity of free iodine remaining once all of the bound and unbound 

protein was precipitated out. To do this, 10% trichloroacetic acid (BDH Chemicals, 

Toronto) was added to four samples h m  the aliquot removed previously and placed on 

ice. The samples were vortexed well, placed on ice for 2 hours and then centrifuged 

(10,000 g) for 15 minutes. On a scintillation counter, the radioactivity was measured 

h m  10 pl of the original aliquot and fiom the four samples with the protein precipitated 

out. Calcuiations were carried out as previously described (Richardson et al., 1989). All 

receptor binding experiments were carried out within 24 hours of protein iodination 

using %NGF with 73% or better '9 incorporation and specific activities ranging 

between 70-160 cpdpg. 

5.2.23 Preparation of Tissue Sections 

Young adult (3-5 month old) male p75 KO and WT mice weighing 25-32 grams 

were deeply anesthetized with sodium pentobarbital (Somnitol; 50 mglkg) diluted 1:10 

with sterile PBS (0. i M; pH 7.4) and perfused via the left ventricle with cold PBS (0.1 

M, pH 7.4). The left and right L4 and L5 DRG and brains were removed, placed in 



cryomolds, hzen  as previously descnied (section 3.2.1. I), and stored at -80°C. Some 

tissue was also collected Erom mice that had undergone a sciatic transection 7 days prior 

to perfusion. Within each mold all wildtype DRG were paired with all p75 KO DRG. 

No earlier than 24 hours before carrying out the receptor binding experiment, tissue was 

sectioned at 6 p, picked up on cold gel-subbed slides and stored at -80°C with 

desiccant until use. 

A total of 32 p75 KO and 32 WT mice were used over the course of four runs of 

the receptor binding experiments. 

5.2.2.4 Radiographic Standards 

In order to calculate absolute values of bound radioligand, radiographic standards 

containing tissue with hown quantities of ' ? S ~ - ~ ~ ~  were required (Urnerstall et al., 

1982). Previously h z e n  mouse brains (8-10) were thawed, homogenized, weighed and 

divided equally into six cryomolds. '%NGF was added to produce final concentrations 

ranging between 500-16000 cpmlmg. Care was taken to adequately stir the homogenate 

to ensure that the counts were distn'buted evenly. Blocks were rapidly frozen in cold 

isopentane and hed on one large chuck for sectioning. The block containing a l l  six 

standards was sectioned at 6 p, picked up on cold gel-subbed slides and stored at - 
20°C until processed for radioautography. 

53.25 Radioligand Binding 

Slides were removed h m  the Ereezer, allowed to reach room temperatrrre, then 

incubated in 8 glass Copeland jars containing a solution of 0.5 mgml cytochrome C 



(Sigma), 0.7 mg/ml RSA (Sigma), 0.6 m@ BSA (Sigma), 0.083 m g / d  

phenylmethylsulphonylfluoride (PMSF; dissolved in a very small amount of 100% 

EtOH) (Sigma), 0.4 pgiml leupeptin hemisulfate salt (Sigma), 0.1 mg/ml magnesium 

chloride hexahydrate (Sigma) and 30 pM '%NGF. Cold, non-iodinated NGF in s a i d  

dilution hrn 2560-0 pM was added to each jar. Slides were placed on a rocker table at 

room temperature for 90 minutes to ensure equilibrium binding conditions were 

achieved before being washed in 5-6 changes of cold PBS over 3 minutes. All slides, 

inc1uding brain paste standards were then fixed for 10 minutes in mixed aldehydes (2% 

formaldehyde, 2% gluteraidehyde (J.B. EM Senrices, PQ) (appendix A), rinsed in dH20, 

dehydrated through a series of graded alcohols and allowed to air dry before being 

stored at 4OC with desiccant. 

5.2.2.6 Radioautography 

In the dark, slides were dipped in radiosensitive emuision (Kodak, NTB-2) 

diluted 50% with dH20, allowed to dry for four to six hours, stored in light-proof boxes 

with desiccant at 4OC for 8- 12 days and deveIoped @- 19). Tissue was then stained with 

Toluidine Blue (O.S%), coverslipped and viewed with oil-immersion light microscopy 

(Zeiss). Photographs were taken with Kodak TMAX 100 black and white film. 

5.2.2.7 Quanti6cation and Analysis 

To quantifL receptor binding, a computer-assisted image-analysis system was 

used to measure silver grain densities over 10% of the most heavily labeled neurons of a 

DRG section (to a total of 30 neurons) in each condition for both the WT and p75 KO 



tissue. To aid in identifLing total numbers of neurons in a DRG and identify 10% of the 

most heavily labeled neurons, Iow magnification (10x objective) bIack and white 

photographs were used. Background averages of dver grain densities over tissue 

devoid of labeled neurons were taken to measure non-specific, background activity. 

Results obtained were then used in Graphpad Prism to produce the displacement curves 

and Scatchard plots. Standard curve was produced by measuring the average (n=5) 

silver grain density over redons of each brain paste standard (indicating absolute values 

of bound Ligand) (appendix B). 

5.23 Retrograde Transport Studies 

523.1 Preparation of Proteins for Injection 

NGF (16 pg) (a gi f t  of W. Mobley; KSF)  and cytochrome C (16 pg) (Sigma) 

were iodinated as outlined in the procedure for receptor binding (section 52.2.1) using 2 

mCi '=I for protein labeling. To prevent degradation of pain, NGF was kept cold or 

on ice for dl procedures. NGF, if too dilute, was concentrated using Nanosep 

Ultrafiltration Membrane Microcentrifhge columns (pore size I0 K) pall Gelman 

Sciences; MI). To do this, NGF was thawed on ice, added to the microcentrifige 

column and centrifuged (7500 g) for 7 minutes. Concentrated NGF was diluted to its 

£id volume with acetate buffer (0.2% acetic acid, pH 5). Final concentration of protein 

was confirmed by BCA Assay @icinchoninic acid Assay), as previously descriied 

(Smith et al., 1985). To ensure best results, injections were carried out within 24 hours 

of protein iodination using '%NGF with 66% or better 's~-incorporation and specific 

activities ranging between 60-130 cpm/pg. 



Dilutions of proteins were made just prior to nerve injections by concentrating 

'%NGF to approximately 1/10 the original volume using Nanosep microcentrifugation 

columns. Final concentrations were made by diluting concentrated '"I-NGF with sterile 

PBS (0.1M). 

The following concentrations were used for injection: 

30 ngp1 '=I-NGF 
10 ng/pl '%NGF 
10 ng/pl '=I-NGF + 100 nM cold BDNF (recombinant hBDNF, Alomone Labs, Israel, 
#B-250) 

controls: 
10 ng/pl 1251-cytochrome C, 
30 nglpl '%NGF + 1000 times excess cold NGF, 
10 ngp1 '=I-NGF + 100 nM cold cytochrome C. 

533.2 Determination of Transport Times 

To determine the general time required for retrograde transport of '%NGF fiom 

the site of injection in the sciatic nerve to the cell bodies in &e DRG, a small time course 

experiment was performed. 

The right sciatic nerve of seven adult maIe WT control mice was injected with I5 

nglpl "I-NGF (specific activity of 129 cpm/pg). Three and one half, 7 and 30 hours 

later the animals were @ed with Zamboni's fixative, the right sciatic nerve and left 

and right L4 and L5 DRG were removed and placed in fixative and the gamma emission 

measured. For subsequent experiments, 12 hours was allowed for transport to ensure 

near maximal accumulation of NGF while minimizing degradation of the protein 

(appendix C). 

5.233 injection of %NGF 
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A total of 54 p75 KO and 54 WT mice were used over three separate runs of the 

retrograde transport experiment, Young adult (2-5 month old) male WT and p75 KO 

mice weighing 25-35 grams were anesthetiztd with sodium pentobarbital (Somnitol; 50 

mgkg) diluted 1 :lo with sterile PBS (0.1 M; pH 7.4) and 8% chloral hydrate (I .2 mVkg) 

(Fisher Chemicals) and the right sciatic nerve exposed at the midthigh. A pulled glass 

micropipette (size 0.8-1.10 x 100 mm; Art no. 34502) (Kimble Products, USA) glued to 

polyethylene tubing (PE20; inner diameter 0.38 mm, outer diameter 1 .O9 mm) (Fisher 

Scientific) attached to a Hamilton syringe was used for micro-injections. Prior to 

drawing up 0.5 pl of %NGF, the glass needle and tubing were filled with mineral oil 

to allow for accurate delivery of the protein. 

Taking care to not damage the nerve (because nerve crush is known to increase 

the rate of transport) (Curtis et al., 1998), two injections of 0.25 pl of protein were made 

into the two largest portions of the sciatic nerve (contained within one epineurium) 

proximal to the trifbrcation into tibial, peroned and surd branches. The incision was 

then sutured and, 12 hours later, the mice were re-anesthetized and p&ed with 

Zamboni's fixative. The left and right L4 & L5 DRG and right sciatic nerve were 

removed and placed in 400 pl microcentrifbge tubes (VWR Scientific Products, West 

Chester, PA) containing fixative and the gamma activity was measured (30 second 

counts). Tubes containing only fixative were used to measure background gamma 

emissions. Results were graphed using GrapbPad Prism (version 2.01). 



533.4 Tissue Preparation 

Samples were cryoprotected overnight in 10% sucrose, embedded in OCT 

compound and hzen  in cryomolds. Serial sections were cut h m  blocks at 6 pm and 

10 pm, picked up on Robe-On slides (Fisher Scientific) for radioautography and ISH 

and gel-subbed slides for immunohistochemistry, and stored at -80°C with desiccant 

until use. Adjacent sections were processed for radioautography to show '"I-NGF 

transported to DRG cell bodies, aCGRP immunohistochernistry (best known peptidergic 

marker of the NGF-responsive population) (Verge et al., 1989b) and in situ 

hybridization to detect erkA mRNA. In the case of trkA in situ hybridization, slides 

were used only after they had been lefi in the freezer long enough to allow for the decay 

of the 12'1-~~F signal. Foliowing this, slides were tested for radiographic signal by 

dipping in photographic emulsion and developing two weeks later (an exposure time 

which exceeds that used for trkA in situ hybridization). 

523.5 Radioautograp hy 

Slides were allowed to reach room temperature, then dehydrated in a series of 

60%, 95% and 100% EtOH. In the dark, sections were dipped in radiosensitive 

emulsion (Kodak, NTB2) (diluted 1 : 1 in dH20) allowed to dry 4-6 hours, stored in light- 

tight boxes at 4OC for 5-10 days and developed (Kodak, D-19). For examination with a 

M e l d  condenser, sLides were Iefi unstained and coverslipped using glycerol. 

Tohidine Blue (0.5%) was used to counterstain section for visuaIization under oil- 

immersion light microscopy. Photographs were taken on a Zeiss camera using Kodak 

TMAX 100 black and white film. 



533.6 Immmohistochemistry 

Slides were removed from the -80°C t'reezer and the area around the tissue traced 

with an irnmuno-pen before being placed in Zamboni's fixative for 15 minutes. Slides 

were then washed 3 x 5 minutes in PBS (0.1 M) and bIocked for 20 minutes at room 

temperature in PBS (0.1 M) containing 0.05% triton X- 100 and 2% normaI goat serum. 

Primary ant i iy ,  rabbit anti-aCGRP (1 :400; hersham, RPN1842) with 0.5% bovine 

serum albumen (BSA) in PBS (0.1 M) was left on tissue overnight at 4OC. Following 

this, slides were washed 3 x 5 minutes in PBS (0.1 M), the secondary antibody, 

biotinylated goat anti-rabbit IgG (1  :300;Vector Labs, Burlingame, CA ordered bough 

Dimension Labs, ON) and 0.5% BSA in PBS (0. I M), left on for 30 minutes at room 

temperature and then washed 3 x 5 minutes in PBS (0.1 M). ABC reagent (Vector ABC 

Elite Kit; Vector Laboratories, Burlingame, CA) was added for 30 minutes at room 

temperature and then washed 3 x 5 minutes in PBS (0.1 M). Slides were then incubated 

in Tris buffer (0.1 M; pH 7.4) containing 0.5 rn@ 3,3' diaminobenzidine 

tetrahydrochloride (DAB) (Sigma, St. Louis MO; D-5637) and, in the folIowing ten 

minutes, 3% HI@ added to a final concentration of 0.6%. After 3 minutes and 30 

seconds (or development of reaction product) slides were washed 2 x 5 minutes in tap 

water to stop the reaction. Slides were then dehydrated in a series of alcohols, cleared in 

xylene and coverslipped with permount. Control sIides were processed in the same 

manner, but with blocking solution replacing the primary antibodyY ResuIts were 

viewed under oil immersion brightfield conditions and photographed onto Kodak 

TMAX IGO black and white film. 



533.7 In S h  Hybridization 

h situ hybridization detecting trbl mRNA was carried out as previously 

descriied (section 3.2.1) with the following pretreatment steps in order to penneabilize 

the fixed tissue: Slides were removed h m  the fieezer and immediately placed in 4% 

paraformaldehyde for 20 minutes, then washed 3 x 5 minutes in PBS (0.1 M) and placed 

in proteinase K solution (pH 7.6) containing 0.05 M Tris-HC1 (pH 7.6), 0.05 M EDTA 

and 0.02 mgld proteinase K in dH20 for 7 minutes. Slides were then washed for 5 

minutes in PBS (0.1 M) and 6x4 again for 5 minutes in 4% paraformaldehyde, 

dehydrated through a run of graded alcohols and allowed to air dry. 

53.4 Quantification of Neurond Numbers in Lumbar DRG 

Unbiased numerical estimates of total neurons in WT and p75 KO L4 and L5 

DRG were obtained using a dissector method (Coggeshall, 1992; Coggeshall and Lekan, 

1996). See appendix D for summary of caIculations. 

Three young adult (3-5 month old) male p75 KO and three WT mice were deeply 

anesthetized with sodium pentobarbital (Somnitol; 50 mg/kg) diluted 1 : 10 with sterile 

PBS (0.1 M, pH 7.4) and perfUsed via the left ventricle with cold PBS (0.1 M, pH 7.4) 

and then 4% paraformaldehyde. The left and right L4 and L5 DRG were removed, post- 

fixed in 4% paraformaldehyde for 4 hours, sucrose protected (1 5% sucrose in 0.1 M PB) 

for 24 hours then piaced unpamd in cryomolds and hzen as previously descriied 

(section 3 2.1.1). Tissue was sectioned at 6 pm (t and h) with the totaI number of 

sections per DRG recorded (s). Sections were picked up on cold gel-subbed slides, 



stained with filtered 0.5% Toluidine blue (pH 4-43,  differentiated in dH20, dehydrated 

in a series of graded alcohols, cleared with xylene and coverslipped using Permount. 

Using light microscopy (IOx objective) and a computer-assisted image-analysis 

system, the total area of 8-1 0 sections per DRG was measured in order to calculate a 

mean area for each DRG (a and a d .  Computer-generated montages of 3-4 pairs of 

adjacent sections fiom random regions of each DRG were prepared (Northern Eclipse; 

lox objective) to assist in the couuting of neuronal profiles that were absent in the 

subsequent section (Q). A two-tailed unpaired Student's t-test (Prism v.2.01; Graphpad 

Software Inc.) was used to compare WT and p75 KO DRG numbers. The null 

hypothesis was rejected for p < 0.05. 

5.2.5 Quantification of Unmyelinated and Myelhated Nerve Fiber 

Numbers in Peripheral Nerves of WT and p75 KO Mice 

52.5.1 Sciatic Nerve Crush and Tissue Preparation 

Seven male WT and six p75 KO mice (25-32 grams) were anesthetized with an 

intraperitoneal injection of pentobarbitavdiazepam ([S mg/ml] and [65 mg/ml] in dH20; 

10 mYkg). The right sciatic nerve 3 rnm proximal to the trifincation into tiiiaI, pmneal 

and sural branches was crushed for 30 seconds using a hemostat with plasticcoated 

ends. A small, thin suture marker was placed in the muscle adjacent to the crush site and 

the incision closed. Nerve crush was immediateIy followed by sciatic-tiiial motor 

conduction test (section 52.6) to ensure that the action potential had disappeared, 

signifLing a complete crush. Six weeks after nerve crush, the sciatic nerve with tiiial 

and sural branches was removed ftom injured and uninjured animals. The tissue was 

fixed in 2.5% gluteraldehyde in 0.025 M cacodylate buffer overnight for epon 
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embedding and semi-thin sectioning. To ~uantif i ,  the numbers of regenerating fibers, 1 - 

2 pm thick epon sections of all nerves were examined at the same level (-10 mm) distal 

to the crush site. 

52.52 Quantification 

Five electron micrographs (mag = 6000~) were made of random areas of each 

endpoint epon section for tiiial and surd nerves of each animal. The photographs were 

scanned into the computer and the number and diameter of the myelhued fibers in each 

photograph were measured and recorded using Northern Eclipse image analysis software 

(Empix Imaging Inc.). Unmyelinolted fibers were measured and counted for surd nerves 

only. Statistical analysis and graphs w m  produced using Graphpad Prism, where 

comparisons between groups were made using a two-tailed Student's t-test. The null 

hypothesis was rejected for p < 0.05. 

52.6 Electrophysiology - Nerve Conduction Analysis 

Recotdings were made of multifiber sciatic-tiiial motor and caudal sensory 

conductances h m  anesthetized (pentobarbitaydiazepam) male WT (10 mice) and p75 

KO mice (9 mice) prior to and foUowing (2,4 & 6 wks) sciatic nerve crush using 

techniques identical to those descrii  previously for rat (Zochodne et at., 1996). 

Temperature of the skin above the nerve segment was maintained at 37 - + O.l°C using a 

thermistor probe and temperature control feedback unit (TH8 and TCAT-IA, Sensortek, 

Clifton NJ) attached to an hfia-red lamp. For motor conduction studies, the sciatic- 

hiid neme underwent supramaximal stimuIation at the sciatic notch and knee using near 



nerve platinum stimulating electrodes and recarding o v a  tiiial innmated dorsal 

interosseous foot muscles. Compound motor action potentials were recorded on a digital 

oscilloscope (Nicolet 3 10, Madison, WI). Bilateral studies were made and the d t s  

averaged. Concluction velocity was calculated between the sciatic notch and knee and 

final reported compound muscle action potential amplitudes (baseline to peak) were 

made fiom the sciatic notch stimulating site. To address sensory conduction, caudal 

fibers in the tail were supramaximally stimulated distally and compound nerve action 

potential amplitude was measured from caudal fibers at the base of the tail. Platinum 

electrodes were wed for stimulating and recording . Caudal fiber conduction veIocity 

measurements reflect conduction in the fastest conducting sensory fibers, whereas the 

compound nerve action potential reflects contniutions h m  both caudal motor and 

sensory axons. 

5 3  Results 

53.1 Characterization of the Intact and Injured Phenotype of 

Lumbar DRG in WT and p75 KO Mice 

53.1.1 Controls 

To confirm that the p75 KO mice had a deletion in exon 3 of the mRNA coding 

for p75, a 48 base pair oligonucleotide probe was designed against this region. The "s- 

labeled probe was used to perform in siru hybridization on 5 pm thick serial sections of 

WT and p75 KO DRG tissue. Heterogeneous Iabeling for p75 mRNA was observed 

over sections of lumbar DRG h m  WT mice, but no detectable hybridization signal was 

observed over sections h m  p7S KO mice, c o m g  the null mutation in these mice 

(Fig. 30b)- 



Figure 30. v. (A) Darkfield photomicrographs show 5 
thick serial sections of uninjured lumbar DRG from WT mouse processed for in situ 

hybridization with a probe to detect mRNA for p7S. Sections were hybridized with 
labeled probe (left) plus a 1000x excess of cold, unlabeled probe (middle) or a lOOOx 
excess of a dissimilar unlabeled probe of similar G-C content and similar length (right). 
Scale bar = 135 p. p K O  (E3) DDarkfield photomicrographs show 5 
p thick sections of uninjured lumbar DRG h m  WT and p75 KO processed for in situ 
hybridization with a probe to detect p75 mRNA. Scale bars = 135 p. 



53.13 Comparison of Nerve Conduction Analysis in WT and 

p75 KO Nerve 

ElectrophysioIogical analysis of peripheral nerves in WT and p75 KO mice show 

a dramatic reduction in the baseline sensory conduction velocity in the p75 KO (Fig. 

3 1). EIectrophysiological characteristics of the sciatic-tibia1 nerve show Iittle diffaence 

between WT and p75 KO motor conduction velocity (WT 38.6 + - 1.1 s.e.m. m/s, n = 10; 

KO 36.3 - + 1.0 s.e.m. ds, n = 9) and action potential amplitudes do not vary 

significantly (Fig. 32), indicating the presence of similar numbers of innervating motor 

axons in the two groups. Caudal fiber conduction veIocity measurements reflect 

conduction in the fastest conducting sensory fibers, whereas the compound nerve action 

potential reflects contniutiom fiom both caudal motor and sensory axom. Analysis of 

caudal nerve shows a significant difference (p < 0.000 1; two-tailed unpaired t-test) 

between WT and p75 KO sensory nerve conduction velocity, with that of p75 KO 

approximately 30% lower than WT (WT 21.0 + - 0.8 s,e.m. ds, n = 9; KO 30.2 - + 0.2 

s.e.m. mk, n = 10); in addition, the p75 KO sensory nerve action potential amplitude is 

approximately 50% lower than that of WT (WT 60 + - 12 s.e.m. mV; KO 123 + - 12 s . e n  

mV) (p = 0.002; two-tailed unpaired t-test), likely indicating that there may be fewer 

conducting fibers within the p75 KO caudal nerve. 

The slower rates of afferent nerve conduction in p75 KO nerve may be explained 

by: i) alterations in ion channel distniution aIong sensory axons which would dter 

electrical properties of the pIasma membrane; ii) dteratiom in the relative proportions of 

tist and sIow-conducting axonal fibers as a r e d t  of abnormal myelination; or iiii the 

absence of a proportion of affierent fiers due to the presence of fewer sensory neurom. 

To fbrher investigate some of these poss~%ilities, DRG neuronal numbers and 
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Motor fibers Sensory fibers 

Figure 31. * .. . mu@uchh. Bar gmph 
shows a comparison of multifiber conduction velocities between WT and p75 KO. 
DiErmre in conduction velocity of sensory frbar is significant (n = 9, p<O.OOO 1; two- 
tailed unpaired t-test). Enor bars represent standard e m  of the mean. 



tibia1 
caudal 

Figure 32. m. Bar 
graph shows a comparison of the amplitude of motor and sensory action potentials in 
p75 KO mice expressed as a percentage of WT. Sensory action potentials are 
signilicantly merent fiom WT @ = 0.002; two-railed unpaired t-test). Error bars 
represent standard error of the mean. 



myelinated and wnyehted  fiber numbers and distriiution were examined and 

compared between WT and p75 KO mice. 

53.13 CompPristln of Quantified Nemnal and Axonal 

Numbers in WT and p75 KO Mice 

Qualitatively, p75 KO lumbar DRG and associated nerve appear smaller than 

those of WT. On average, p75 KO mice have fewer neurons in lumbar DRG compared 

to WT mice (Fig. 33). WT DRG have a mean neuronal number of 3440 + - 103 s.e.m 

(n=I2), while p75 KO have 2338 + - 149 s.e.m. (a=12). A two-tailed unpaired t-test 

determined the -30% fewer neurons in the p75 KO DRG to be significant @ < 0.001). 

Quantification of mem myelinated fiber numbers in intact srnaI nerves show 

-30% fewer myelhated fibers per nerve in the p75 KO (WT 349 - + 28 s.e.m,, n = 4; KO 

258 + - 38 s.e.m., n = 5) (Fig. 34) with no appreciable difletence in mean axonal d i e r  

or myelin thickness (data not shown). Frequency histograms show an overall Ioss in all 

fiber size ranges with particulariy fewer mid-sized myelinated fibers (6-10 pm diameter) 

in the p75 KO (Fig. 35). The absence of this subpopulation may explain some of the 

diffecences in conduction velocities and action potential amplitudes observed for the p75 

KO. Six weeks following nerve crush, there are -20-25% fewer myelinated fibers in 

both the WT and p75 KO suml nerve -10 mm distal to the cmsh site, with a non- 

significant diffefe~lce between the two groups (Fig. 34). AIthough there are fewer 

medium to largesized (8-20 ~IU diameter) myelhated d nerve fibers at 6 wks distal 

to the crush site in p75 KO (Fig. 35), these numbers reflect a M a r  proportion of the 

intact population rather than a delay in regeneration. As in the intact state, p75 KO 



Fin! 33. s o f  nllmrul r-4 a d u  
R E  Bar graph shows a significant diffennce in total neuronal n u m b  in L4 and LS 
DRG of WT and p75 KO mice (n = 12; p<0.001; two-tailed unpaired t-test). Error bars 
represent standard error of the mean. 



Figure 34. * 
a75 KO mi& Bar graphs show the mean number of myelhated fibers in WT (n = 5) 

and p75 KO (n = 4) intact (A) and 6 wk crush-injured (B) surd nerve. Error bars 
represent standard e m r  of the mean. 



Fire 35. m e  of WT . . . . 
Frequency histograms show the diiiution of m y e I i i d  fiber sizes 

in WT and p75 KO intact (A) and 6 wk crush-injd (B) suraI nerve. 



demonstrate an overall loss of fibers and specificdy show fewa mid-sized fibers of 

those that remain (Fig. 35) with no difference between axond diameter or myelin 

thickness (data not shown). 

Mean myelinated fiber numbers in tibial nerve also show no sigdicant 

difference when compared between WT and p75 KO in the intact state (WT 382 - + 79 

s.e.m., n = 5; KO 307 + - 44 s.e.m., n = 5) or 6 wks following crush-injury (WT 529 + - 135 

s.e.m., n = 5; KO 402 + - 48 s-em., n = 5) (Fig. 36); howeverl the distn'bution show a 

non-significant reduction of myelinated fiber numbers in the mid-sized range (9- 14 pm) 

in the intact p75 KO tiiid nerve (Fig. 37). Again, no difference is found in axonal 

caliber or myelin thickness between the two p u p s  (data not shown). 

Quantification of mean unmyelinated 6ber number in random samples of surd 

nerve from WT and p75 KO shows a significant difference with, on average, -40% 

fewer fibers (p<O.OO 1; two-Wed unpaired t-test) in the intact p75 KO nerve (WT 23.43 

+ 3.9 s.e.m., n =6; KO 14.33 + 2.7 s.e.m., n=6) (Figs. 38 & 40). Interestingly, six - - 

weeks following axotomy this difference is no longer apparent (WT 18.5 - + 3.1 s.e.m., n 

= 6; KO 22.2 - + 3 3  s.e.m., n = 6). Frequency histograms show fewer mid-sized 

unmyelinated iibers (I .O-2.2 pm diameter) in the intact p35 KO sllraI nerve compared to 

the WT; following hiury, both groups demonstrate a shift in the population size of 

remaining fibers to the majority being below 1.6 pm in diameter (Fig. 39). AIthough 

more lmmyelinated fiber numbers are found in p75 KO suraI nerve following injury than 

in the intact state, the fibers are smaller in size and may represent a more vigorous 

sprouting phenomenon which may be compounded by reduced cell loss following nerve 

CNSh. 



Figure 36. . . .  
a75 KO Bar p p h s  show the meaa number of myelinated fibers in WT (n 

= 5 )  and p75 KO (n = 5 )  intact (A) and 6 wk crush-injured (B) tXal nerve- Error bars 
represent standard error of the mean. 



Figure 37. O ~ W  
. . .  . .  

Frequency histograms show the distriiution of myelhated t?ber sizes 
in WT and p75 KO intact (A) and 6 wk crush-injured (B) tiiial nerve. 



F i r e  38. 
75 KQmice. Bar graphs show the mean number ofunmyelinated fibers in 

randomly selected fields h m  sections of WT (n = 6) and p75 KO (n = 6) intact (A) and 
6 wk crush-injured (B) surd nerve. Sigui6mt ciifkeuce between groups m the intact 
state (~4.001; two-Wed unpaired t-test). Enor bars represent standard error of the 
mean. 



Figure 39. ~ 7 5  KQmux . . . 
' . Frequency 

histograms show the distribution of unmyelinated fibw sizes in randomly selected fields @om sections of  WT and p75 KO in intact (A) 
and 6 wk crush-injured (8) sural nerve. 



Figure 40. o o  funmvelinatedf%!hndp 
Electron photomicrographs show examples of unmyetinated fibers in surd nerve of WT 
(A) and p75 KO (B). Scale bar = 2.5 p. 



Figure 4 1 . 1  
and. Graphs show recovery of motor potential (A) aud conduction velocities (B) 
at 2,4 and 6 weeks following sciatic nerve crush. ElectmphysiologicaI and 
morphological indices of regeneration do not differ signiscantiy between p75 KO and 
WT at 6 weeks post-injury. 



As predicted h m  the lack of si@cant difference in both the numbers of 

myehated fibers and size distribution of these fibers 6 weeks following injury, 

physiological indices of regeneration also do not differ significantly between p75 KO 

and WT mice 2 ,4  and 6 weeks following injury. It should be noted however that, at the 

6 week time-point, p7S KO mice show a greater recovery of motor M potentials and 

conduction velocity (Fig. 41) compared to WT, despite the trend toward fewer 

myelinateti fibers. (Fig. 36). 

53.1.4 Isotopic In Sinr Hybridization 

To determine whether the decrease in neuronal numbers was due to a loss of any 

particular subpopulation of DRG neurons, mRNA expression for a number of well- 

known phenotypic markers in WT and p75 KO sensory neurons was examined. In situ 

hybridization was perfonnd on 5 pm thick L4 and L5 DRG h m  both groups using "S- 

labeled probes. AH WT tissue was paired with p75 KO tissue to ensure identical 

processing conditions. Hybridization control experiments on WT tissue showed specific 

hybridization signal to be abdished in the presence of labeled probe plus a 1,000-fold 

excess of unlabeIed probe, while no change in hybridization pattern was observed when 

a 1,00efold excess of a dissimilar probe of equal length and simiIar G-C content was 

added (Fig. 30a). 

Frequency histograms show the distriiution of quantified silver grain densities 

(24 DRG sections, 40-175 neun,ns/section/plot) (Figs. 42,43 & 44) and scatterplots 

show the colocalization of two types of mRNA (Fig. 45) in WT and p75 KO DRG. In 

each case, neurons with greater than 10 times background levels of labeling are 
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Figure 43. 4 WT . . . Frequency histograms of labeling indices 
over identified neurons in 5 pm thick sections processed for in sifu hybridization to detect aCGRP mRNA in L4 DRG h m  WT or p75 
KO mice a# 0,4, and 7 days following injury. Dashed lines represen1 the pain@ on log scale that are 10 rimes background Isbeling. 
Bars to the right of #he lines represent neurons considered lo express moderate to high levels of hybridizatian signal for aCORP 
mRNA, 
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Figure 44. WT  and^^!^ . . 
, Frequency histograms of  labeling indices 

over identified neurons in 5 pm thick sections processed for in situ hybridization to detect GAL mRNA in L4 DRG fiom WT or p75 
KO mice at 0.4, and 7 days following injury. Dashed lines represent the points on log scale that are 10 times background labling. 
Ban to the right of (he lines represent neurons considered to express moderate to high levels of  hybridization signal for GAL mRNA. 



Figure 45. 5 . . . . 
. . 

m wTand a75 - ICQRKi. Rcpxcsentative scatterplots correlate labeling over 
identified neurons in adjacent 5 sections of L4 DRG from WT and p75 KO mice 
processed for in situ hybridization detecting trkA and aCGRP mRNA. Dashed lines 
represent points on log scale that are 10 times background labeling. Data points in upper 
right quadrant of each graph represent neurons that express moderate to high levels of 
hybridization signal for both markers. 



considered to exQress moderate to high levels of the mRNA being investigated. In the 

intact state, p75 KO DRG show similarities in mRNA expression to WT DRG for al l  

markers examined; despite having -30% fewer neurons, there is no loss of any one 

particular phenotypic subpopulation (Figs. 46-55). Intact neuroas of both WT and p75 

KO DRG show heterogeneous and abundant message for trkA (Figs. 46 & 53), trkC 

(Fig. 43, aCGRP (Figs. 48 & 54), SP Fig. 49), GAP43 (Fig. 52), BDNF and trkB (data 

not shown); in cantratst, injury-associated markers are h d  in fewer cells at only low 

lwek, such as c-jun (data not shown), GAL (Figs. 50 & 55) and NPY (Fig. 51). 

Quantification of trkA, aCGRP and GAL mRNA levels reveals little difference between 

the distrilwtion and intensity of hybridization signal in intact WT and p75 KO sensory 

neurons (Figs. 42,43 & 44); the strong degree of coexpression shared by trkA and 

aCGRP disphyed in WT cells is maintained in some neumns (perhaps because not all 

fibers are lesioned at mid-thigh level) of the p75 KO, even following injury although 

both markers have diminished levels of expression (Fig. 45). 

Axotomy Ieads to dterations in mRNA expression for a number of markers in 

the DRG (Verge et al., 1992; Verge et al., 1995; Verge et al., 1996). In WT, mRNA for 

trkA (Figs. 42,46 & 53), ttkC (Fig. 47), trkB (data not shown), aCGRP (Figs. 43,48 & 

54) and SP (Fig. 49) a l l  show varying degrees of reduction at 4 days post-injury which is 

firrther diminished by 7 days. Conversely, BDNF (data not shown), NPY (Fig. 5 I), c- 

jun (data not shown) and GAP43 (Fig. 52) show robust in- in mRNA expression 

that are cIear 4 days after injury. Notably, the increase m GAL. (Figs. 4450 & 55) 

appears particularly strong. As a r e d t  of axotomy, p75 KO mRNA levels change in the 



Figure 46. In WT 
0 . . . Darkfield photomicrographs of 5 prn 

thick L4 DRG sections processed for in situ hybridization to detect mRNA for trkA at 0 , 4 , 7  and 45 days following sciatic nerve 
transection in WT and p75 KO mice. Scale bar = 1 35 pm. 



Figure 47. E f f e c ! s q n s ~ ~ ~  WT ~ 4 1 7 5  
. . . . . Darkfield photomicrographs of 5 pm 

thick L4 DRG sections processed for in situ hybridization to detect mRNA for ukCFULL. at 0,4,7 and 45 days following sciatic nerve 
transection in WT and p75 KO mice. Scale bar = 135 pm. 



Figure 48. E f f e c t s m  WT . . . . Darkfield photomicrographs o f  5 
pm thick L4 DRG sections processed for in situ hybridization to detect rnRNA for aCGRP at 0,4, 7 and 45 days following sciatic 
nerve transection in WT and p75 KO mice. Scale bar = 135 pm. 



Figure 49. W T  . . . . . Darkfield photomicrographs of 5 p m  
thick L4 DRO sections processed for in situ hybridization to detect mRNA for SP at 0.4, 7 and 45 days t'ollowing sciatic nerve 
transection in WT and p75 KO mice. Scale bar = 135 pm. 



Figure 50. 0 WT . . . . 
, Darkfield photomicrographs of 5 pm 

thick L4 DRG sections processed for in situ hybridization to detect mRNA for GAL at 0,4,7 and 45 days following sciatic nerve 
transection in WT and p75 KO mice. Scale bar = 1 35 pm. 



Figure 51. -of=& 975 
. . . . 

, Darkfield photomicrographs of 5 pm 
thick L4 DRG sections processed for in situ hybridization to detect mRNA for NPY at O,4,7 and 45 days following sciatic nerve 
transection in WT and p75 KO mice. Scale bar = 135 pm. 



Figure 52. effects on C i A M d W A  expmmu AT a d s -  . . . . . Darkfield photomicrographs o f  5 pm 
thick L4 DRG sections processed for in situ hybridization to detect mRNA for GAP43 at 0,4,7 and 45 days following sciatic nervc 
transection in WT and p75 KO mice, Scale bar = 135 pn1. 



Figure 53. 5 . . . . 
neurons. Brightfield photomicrographs of 5 pm thick L4 DRG sections processed for in 
situ hybridization to detect mRNA for trkA at 0,4 and 7 days following sciatic nerve 
transection in WT and p75 KO mice. Scale bar = 2 1 pm. 



Figure 54. 5 . . . 
neurons. Brightfield photomicrographs of 5 pm thick L4 DRG sections processed for in 
situ hybridization to detect mRNA for aCGRP at 0,4 and 7 days following sciatic nerve 
transection in WT and p75 KO mice. Scale bar = 2 1 pm. 



Figure 55. E f f e c t s o f t n r l r r r o n G A L n a n d  p7S KO smcq . . . 
aeurons. Brightfield photomicrographs of 5 pn thick L4 DRG sections processed for in 
situ hybridization to detect mRNA for GAL at 0-4 and 7 days following sciatic nerve 
transection in WT and p75 KO mice. Scale bar = 2 1 pm. 



DRG and patallel those of the WT, however, in the case of every marker examined, 

injrrry-induced alterations in p75 KO mRNA occur sooner after axotomy and are more 

robust tbaa those occurring in the WT. Injury-induced reductions in trkA, &El, &kc, 

aCGRP and SP mRNA (Figs. 46-49) and increases in BDNF, GAL, NPY, c-jun and 

GAP43 (Figs. 50-52) are all striking by 4 days post-injury in the p7S KO; with the 

possible exceptions of trkC and aCGRP, all show a slight reversal towards normal levels 

by 45 days that reflect the intact WT condition. 

53.2 Receptor Binding 

Many injury-induced changes are believed to occur as a result of reduced 

retrograde transport of neurotrophins (reviewed in Verge et al., 1996). One possibility 

for the rapid switch h m  intact to injdregenerating phenotype is that, in the absence 

of p75, trkA is unable to bind NGF with an affinity high enough to capture the low 

concentrations of NGF available following injury, thus causing injury-induced changes 

to appear sooner. To examine whether the absence of p75 alters the affinity with which 

sensory neurons bind NGF, the binding of piwmolar concentrations of %NGF to DRG 

sections h m  WT and p75 KO was compared using %NGF receptor radioautography. 

Six pm thick DRG sections h m  WT and p75 KO mice were incubated with 30 

pM %NGF plus 0-2560 pM unlabeled NGF and processed for radioautography. Silver 

grains over 10% of the most heavily-labeled neurons were quantified h m  each 

concentration in the two groups. Displacement profiles and Scatchard plots for two site 

NGF binding in the WT DRG (Figs. 56a & 57a) are consistent with those previously 



F i r e  56. 5%- . . 
DRG Graphs show quantification of receptor binding in which series of 6 pm 
thick sections of three-four L4 and L5 DRG h m  WT (A) and p75 KO (B) mice were 
incubated with 30 pM '%GF plus 0-2560 pM unlabelled NGF. Enw bars represent 
standard error of the mean. 



Fire 57. 7 S o t c l p r d  to 0 * .  

sectians. Plots show quanti&ation of receptor binding in which series of 6 pm thick 
sections of tfirre-four L4 and L5 DRG h m  WT (A) and p75 KO @) mice were 
incubated with 30 pM '?-NOF plus 0-2560 pM unlabeIkdNGF and Scatchard plots 
generated. Note: -rent scale of y-axes. 



Figure 59. . . =-mu 
Brightfield photomicrographs of 6 pu thick sections 

of intact and 7 day injured L4 DRG h m  WT mouse and KO mouse processed for NGF 
receptor radioautography using 30 pM '3-NGF. Scale bar = 25 pm. 



Figure 58. . . m-mm 

1(Q DarandeId photomicrographs of 6 pm thick sections 
of intact and 7 day injured L4 DRG fiom WT mouse and KO mouse processed for NGF 
receptor radioautography using 30 pM ?-NGF. Scale bar = I45 pm. 



shown in rat (Verge et al., 1 Wb).  For both groups, NGF binding was displaceable. 

DRG neurons from p75 KO have both a Iowered binding affinity and fewer high-affinity 

binding sites for NGF than the semory neurons from WT. Scatchard plots with curve 

fitting show that the BW for p75 KO DRG is -30% lower than that for WT. The 

concentration for half-maximal saturation of receptors (ICso) for WT DRG is -100 pM 

while p75 KO ICso is 0.5-0.9 nM. This order of magnitude difference indicates that 

more Iigand is required to s a m e  NGF receptors in the p75 KO, suggesting that these 

cells are less able to bind NGF in the presence of only trkA, Consistent with previous 

findings in rat (Verge et al., 1989b), there are fewer NGF binding sites and less overall 

NGF binding in WT DRG 7 days following injury (Figs. 58 & 59), presumably because 

of the reduction in trkA expression. Similarly, as observed for t&A, the density of 

neuronal binding of %NGF over p75 KO DRG is more dramatically reduced to near 

background levels 7 days after injury (Figs. 58 & 59). 

It is interesting to note that preIiminary binding studies using commercially 

available NGF resulted in efficient "1 incorporation when iodinated, yet poor signal-to- 

noise ratios on resulting radioautography. This prompted the use of a different source of 

puriiied mouse submaxillary NGF that had never been lyophilized (gift of W. Mobley, 

UCSF). 

5.33 Retrograde Transport 

To examine whether the lower binding affinity ofNGF in p75 KO neurons 

translates to an altered ability of these neurons to transpt low concentrations of NGF 

h m  the periphery to celI Mes of the DRG, retrograde transport of varying quantities 



of '%NGF injected into sciatic nerve of WT and p7S KO mice was examined and 

compared 

Control injections of 5 ng 1121~-cytocbrome C (similar PI and molecular weight as 

NGF) showed no significant transport above background levels to the DRG of either the 

WT or p75 KO (Fig. 63b). Additionally, retrograde transport of 15 ng '%NGF in the 

WT was abolished when co-injected with a 1000-fold excess of unlabeled NGF; and no 

change in transport was apparent when 5 ng %NGF was co-injected with an excess 

(100 nM) of unlabeled cytochrome C (data not shown). 

Brightfield photomicro&raphs show colocalization of neurons with transported 

%NGF and CGRP immmohistochemistry. This presumably indicates NGF wnspon 

in trkA-positive neurons, since CGRP-positive neurons in the DRG are hown to show 

significant overlap with neurons that display NGF high-affinity binding sites (Verge et 

al., 1989a) (Fig. 60). Bar graphs show comparison of quantified retrogradely 

transported '=I-NGF within sensory neurons of WT and p75 KO DRG 12 hows 

following injection into the distal sciatic nerve. Injection of 15 ng '%NOF showed 

specific transport to the DRG of both WT and p75 KO with no discernible difference 

between the two groups (Fig. 61); in contrast, retrograde transport of 5 ng %NGF 

shows a significant difference in transport between the p75 KO and WT, with -75% less 

"I-NGF being transported in p7S KO mice. (n = 5; p<0.05; two-tailed impaired t-test) 

(Fig. 62). QuaIitatively, p75 KO neurons demonstrate a reduced ability to tcaa(lport 

NGF compared to WT, despite comparable levels of trkA mRNA expression (Fig. 46). 

This is apparent in the diminished numbers of neurons showing dense '%NGF 

radiographic signal in both the 15 ng (Fig. 61a) and 5 ng (Fig. 62a) injected conditions. 



Figure 60. of 1 5 ng 
. . u ~ I ~ ~ ~  and 
v. Photomicrographs of 6 pm thick serial sections of 

lumbar DRG ftom WT processed by in situ hybridization to detect trkA mRNA, 
transported '%NGF radioautography and CGRP irnrnunohistochemistry. Arrowheads 
show an example of a neuron that has transported '%NGF and shows detectable akA 
mRNA and CGRP-LI. Scale bar = 18 p. 



Figure 61. l o f L b W   it^ WT' -75 KO 
v. (A) Photomicrographs of 6 prn thick serial sections o f  L4 DRG from 
WT and p75 KO mice 12 hours following injection of 15 ng '%GF into distal sciatic 
nerve and processed for radioautography or CGRP immunohistochemistry. Arrowheads 
show examples of neurons that have transported  st-^^^ and are positive for CGRP-LI. 
Scale bar = 18 p. (B) Bar graph illustrates quantification of total amounts of %NGF 
transported to L4 and L5 DRG in WT and p75 KO mice twelve hours after injection of 
IS ng '9-NGF. DEetence between groups is not sigdicant (n4; two tailed unpaired t- 
test). Error bars represent standard error of the mean. 



Figure 62. of 5 in W and p75 KO 
-. (A) Photomicrographs of 6 pm thick serial sections of L4 DRG fiom 
WT and p75 KO mice 12 hours Following injection of 5 ng '"I-NGF into distal sciatic 
nerve and processed for radioautography or CGRP imrnunohi~tochemistry~ Arrowheads 
show examples of cells that have transported ' ' S 1 - ~ ~ ~  and ace positive for CGRP-LI. 
ScaIe bar = 18 p. (B) Bar graph illustrates quantification of totd amounts of '"I-NGF 

orted to L4 and L5 DRG in WT and p75 KO mice twelve hours after injection of 5 3 -NGF. Difference between groups is significant (n = 5; p4.05; two tailed 
unpaired t-test). Error bars represent standard error of the mean. 



Figure 63. a- - (A) Bar graph ill- quantification of tar l  amma of ?- 
NGF transported to WT aud p75 KO DRG twelve holm afkr  injection of 5 ag '9-NGF 
f 100 nM BDNF into distal sciatic nerve. DEerc~lce WT and p75 KO is 
sigdhmt (n = 5; p4.05; two tailed uupaired t-test). R e m g m W ~ I  (El) 
Bar graph shows qmtification of total amounts of q t o c h m e  C transported to L4 
and L5 DRG in WT and p75 KO twelve hours afkr injection of 5 ng 'tS[ cytochrome C. 
Difference between WT and p75 KO is not sigdcant (n = 5; -tailed unpaid t-test). 
Error bars represent standard error of the mean. 



To examine whether NGF's ability to bind to p75 in WT mice is contn'buting to 

the ability to transport small amounts of NGF, excess of cold BDNF was added to the 

injection mixture, an approach previously shown to alter membrane binding properties 

for pM concentrations of NGF (Ross et al., 1998). Injection of 5 ng '9-NGF plus 100 

nM unlabeled BDNF to interfere with NGF binding to p75 in WT sciatic nerve showed a 

significant difference when compared to mice injected with 5 ng 12'1-N~~ alone (n = 5; 

~ 4 . 0 5 ;  two-tailed unpaired t-test) (Fig. 63). 

Two subsequent repeats of this experiment supported original findings. Results 

presented in figures (Figs. 61,62 & 63) include a run where new stocks of WT and p75 

KO mice were used to ensure that inbreeding of mice did not influence results. No 

differences were apparent in the ability of the new stock of mice compared to the old 

stock to transport '%NGF, with the p75 KO mice showing comparable difficulties in 

tranporting 5 ng I z 5 1 - ~ ~ ~ .  

5.4 Discussion 

As is the case with all studies on genetically altered animals, caution should be 

used in the interpretation of results due to the possibility of compensation for the 

missing gene product during deveIopment (Gerlai et al., 1993; Routtenberg, 1996). In 

any case, studies using the p75 KO mouse has allowed for valuable insights into its 

putative role in primary sensory neurons in vivo. These data imply that p75 is influential 

in many Prspects involving the proper development and fimctioning of primary sensory 

neurons. Specifically, the d t s  of this study show: 1) -30% fewer DRG neurons and 

reduced numbers of distaI myelhated and lmmyelinated sensory 6bers across most fiber 

categories are associated with the absence of p75. These reductions are reflected in 
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significantly diminished sensory waduction velocities and action potential amplitudes; 

2) despite fewer sensory neurons, there is no loss of any one phenotypic subpopulation 

of DRG neurons in the absence ofp75 as determined by in situ hybridization detecting a 

number of well-known phenotypic markers; 3) axotomy results in rapid and robust 

phenotypic changes in mRNA of sensory neurons lacking p75; 4) sensory neurons 

expressing only trkA in vivo bind NGF with a lower afhnity than do neurons with both 

trkA and p75; 5) compared to WT, p75 KO mice show an a l t d  ability to transport 

Iow concentrations of '%GF from the periphery to the cell bodies of the DRG; and 6) 

electrical and morphological indices of regenemtion do not significantly differ following 

sciatidtiial nerve crush between p75 KO and WT mice by six weeks post-injury. 

5.4.1 Lack of p75 Does Not Result in Supernumerary Neurons in the 

Adult DRG 

As a result of NGF binding, p75 has been shown to mediate neurotrophic 

influences in the absence of trk activation through independent sipling pathways 

(reviewed in Kaplan and Miller, 1997; Chao et al, 1998). Signal transduction through 

p75 can induce NF-KB expression (Carter et al., 1996) as well as activate ceramide and 

JNK pathways that may ultimately result in apoptosis (Dobrowsky et al., 1994; 

Casaccia-Boonem et at., 19%; Barnji et al., 1998; Yoon et aI., 1998). Enhanced 

neutonal numbers have been descfl'bed in areas of the p75 null mutant nervous system 

where trkA is not detected (Yeo et al., 1997; Ferri et al., 1998; et d., 1999) 

implying that, in the absence of p75, signals that normally initiate apoptosis are not 

being transduced in these regions. In primzrry sensory neurons, howevery the role of p7S 



in actively tcamducing signals resuIting in neuronal apoptosis is less evident and its 

absence may actually be a contniuting factor to cell death since NGF activation of NF- 

KB via p75 has been shown to enhance SUZVivaI of developing sensory neurons 

(Hamanoue et al., 1999). In the adult DRG, the majority of sensory neurons express 

both p75 and a fdl-length trk receptor, and the ratio of trkA to p75 appears to be tightly 

maintained (Verge et al., 1992) (chapter 3). In this instance, trkA activation by NGF 

may dampen p75's independent functious in a manner that blocks p75 apoptotic 

signaling in response to NGF. Evidence showing that exogenous NGF administration 

does not result in increased cell death in normal DRG (Rich et al., 1987) and the m e n t  

findings of reduced neuronal and fiber numbers in p75 KO DRG support the notion that 

p75 has a role in sensory neurons that does not include independent signaling resulting 

in apoptosis. Rather, it functions in ~Uaboration with trkA to mediate neurotrophic 

effects which probably promotes aspects of neurond survival and phenotype. 

5.4.2 Sensory Neurons Expressing Only trM Bhd NGF with a 

Lower Af'anity Than Neurons with Both trkA and p75 

Although activation of trk does not require the coexpression of p75 (Ip et al., 

1993; Rovelli et al., 1993), p75 may wlIzhorate functionally with trk receptors to 

modulate responses to their preferred and non-prefened ligands (Barker and Shooter, 

1994; Verdi et al., 1994; Ryden et al., 1997). An altered responsiveness to NGF is 

observed in cultured cells coexpressing trkA and p75 (Birren et al., 1992; Verdi et ai., 

1994) and, in sensory neurons, it has been suggested that p75 may c o n m i  to the 

increased sensitivity of cells to neurotrophin through its facilitation of the formation of 



high-afmity neurotrophin binding sites (Hantzopoulos et al., 1994). A number of 

studies have demonstrated p75's participation in the formation of high-afijnity binding 

sites for NGF in vih.0 (Hempstead et al., 199 1; Barker and Shooter, 1994; Hantzopoulos 

et al., 1994; Ross et al., 1998) and the presence of two afli.nity states for NGF binding 

has been demonstrated in sensory neurons in situ (Richardson et al., 1989; Verge et al., 

l989a). The results of the present study w n h u  that p75 alters the affinity with which 

seasory neurons bind NGF in vivo by showing that, in the absence of p75, fewer NGF 

high-affinity binding sites are formed. Furthermore, the overall Wty with which 

these neurons bind NGF is lowered, despite comparable levels of trkA mRNA 

expression. NGF binding is further reduced seven days following injury in p75 KO 

DRG and is attriiuted to the reduction in trkA mRNA observed after injury (Verge et al., 

1992). Not previously shown, these results provide a possi'ble explanation for the 

diminished sensitivity of some p75 KO neurons in vitro to NGF mavies et al., 1993; Lee 

et al., 1994), and explain other reported deficits (discussed later). In contrast to Iow- 

m t y  binding where ligand possesses only a weak, transient association with its 

receptor, the formation of high-fity binding sites serves to enhance the retention of 

available NGF molecules at the cell surface long enough to allow for the activation of 

intracelldar sipding pathways. As such, high-aflhity binding lowers the 

concentration of NGF required for signal transduction (Hempstead et al., 1991; Barker 

and Shooter, 1994, Hantzopoulos et al., 1994; Chao and Hempstead, 1995) which would 

prove advantageous to cells when neumtrophic sources are limited. 

5.43 Biding NGF with Lower AffMty Is Associated with An 

Altered Ability of Sensory Neurons to T~~~lsport  NGF 
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Theoretically, sensory neurons that bind NGF with low-affinity would be less 

efficient at picking up Limited amounts of available NGF in the periphery to transport to 

the cell body than would cells that bind it with high affinity. By examining the transport 

of different doses of NGF in adult p75 KO mouse sciatic nerve, the findings of this study 

suggest that there are in vivo consequences associated with alterations in binding 

affinities caused as a result of the absence of p75. At high doses of NGF (1 5 ng), little 

measurable difference in specific retrograde transport of injected NGF is apparent, but 

striking differences between WT and p75 KO are seen at lower doses (5 ng). p75- 

deficient sensory neurons are less able to transport limited concentrations of NGF h m  

the periphery, likely as a result of the lowered affinity with which they bind NGF. 

Consistent with these findings, other studies have reported that high doses of 

nmtrophins can be transported as effectiveIy as nonnd when missing some of their 

preferred receptors (Yan et al., 1993; von Bartheld et al., 1996); however, other reports 

did not look specifically at the lack of p75 in sensory neurons. The only in vivo study 

done to date examining nmtrophin transport in p75 KO mice reported a critical role 

for p75 in the transport of NT4/5 and BDNF but not for NGF in adult sensory neurons 

(Curtis et al., 1995). A 65% reduction in accumulated '%NGF in the cdls of the p75 

KO DRG compared to WT 18 hours foUowing injection of I8 ng '%JGF, measured by 

Curtis and coworkers, was attriiuted to diminished sensory neuronal numbers in the p75 

KO DRG. As such, the reduction in transport was not considered significant. A number 

of Wars may account for the differences between our d t s .  The findings of this 

study clearly show that, although there are -30% fewer cells in the p75 KO, there is 

similar measured levels of transport between WT and p75 KO at high doses of NGF, 

indicating that trkA is capable oftranspotting high concentrations of NGF. 
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Frnthermore, the diffetence in retrograde transport of 5 ng injected '=I-NGF in p75 KO 

found by this study (-75% less) is greater than can be accounted for by the diminished 

population size, especially since total trkA mRNA percentages are comparable between 

WT and p75 KO. Qualitatively, this study found that p75 KO neurons showed more 

instances where less transported NGF was apparent in individual neurons, as shown by 

less dense %NGF radiographic signal in cells, even at the higher doses of injected 

NGF. Another consideration is that differences in intracellular transport, not involving 

receptor binding, may exist in WT and p75 KO nerve. Faster vesicular transport could 

d t  in the accumulation of l Z S ~ - ~ ~ ~  sooner in the DRG which may be rapidly moved 

antmgradely to peripheral and centd terminals. By examining a time point six hours 

later than in this study, Curtis and coworkers may have missed the ideal poiat of '=I- 

NGF accumuiation. Alternatively, in support of their findings, 18 hours may have been 

an adequate amount of time to allow for the accumulation of all receptor-bound NGF at 

the DRG if, in fact, the velocity of transport is siowed in p75 KO mice. One major 

factor distinguishing this study from that done by Curtis et al. may be the quality/type of 

NGF used in the experiments. The differences previously reported regarding the quality 

of receptor binding using different types of mouse NGF (section 5.3.2) could factor into 

the inability of commercially available or recombinant NGF to produce reliabIe results 

in tramport studies. To further support this claim, it has been noted in in vivo infusion 

studies that 2x the concentration of NGF is required when commercial rather than 

freshly isoIated mouse NGF is used (Verge et al., 1995 c o m p d  to chapter 4), despite 

reports that comparable amounts are required in survival bioassays. Thus, the possliility 

exists that, because they used a human recombinant NGF, the concentdons injected in 

Curtis's study were actually more comparable to the low doses injected in this study. 

197 



Possiily, if they had used higher doses, they may have obtained diff'erent results. 

Contrasting the present findings where BDNF was able to significantly block NGF 

transport in WT mice, CSntis and others reported no measurable effects on NGF 

transport when p75 was blocked with other nmtrophins or synthetic blockers. 

However, in these studies even higher amounts of NGF were injected (22 ng) and, since 

no difference between WT and p75 KO in their ability to transport 15 ng ' 2 S ~ - ~ ~ ~  was 

found and because only trkA is required to internalize NGF (Gargano et al., 1997), it 

may be that p75 does not need to be invoIved at high doses. Therefore, blocking '=I- 

NGF's interaction with p75 may not a f f i i  ability to be transported at higher doses. In 

any case, given reports regarding p75's role in transporting NT-415 and BDNF in 

sensory neurons (Curtis et al., 1995) and other systems (von Bartheld et at., 1996), it 

would be interesting to examine the transport of other nzurotrophins in p75 KO sensory 

neurons to gain further insights into p75's role in neurotrophin transport. 

5.4.4 Possible Effects of the Absence of p7S in Developing Sensory 

Neurons 

Although reduced neuronal numbers in p75 KO DRG have previously been 

reported as qualitative observations (Lee et al., 1992) (that is, through correlation with 

retrograde transport of a non-specific tracer (Curtis et al., 1995) and as counts done on 

random tissue sections (Bergmann et al., 1997), no rigorous qumtification has been 

performed to date. QuantScation h m  this work showing -30% fewer neurons in the 

DRG of p75 KO compared to WT differ h m  the aforementioned reports where p75 KO 

DRG were described as having 50-60% fewer neurons than WT DRG. Despite this 

reduction, this study reports no loss of any one phenotypic subpopulation within the 
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adult p75 KO DRG. This fact is supported by other published findings showing that a 

number of distinct immunohistochemicatiy defiaed subpopulations are not altered in p75 

null mutants (Bergmann et a.., 1997). The result of-30% and -40% fewer myelhated 

and unmyelinated 6bers respectively suggest that, although neuronal and fiber loss 

appear non-select, there may be a sIight trend towards a larger reduction in small, 

unmyelinated fiber populations in p75 KO. This finding is consistent with reports 

descniing reductions in CGRP-LI fibers (which are presumably unmyelinated) 

innervating epidermis and is in general agreement with other reports descri%ing fewer 

peripheral sensory fibers (Lee et al., 1992; Bergmann et al., 1997). 

Within the context of p75's roIe as a collaborator with t&A in the high-affinity 

binding of NGF, the resulting deficits in p75 KO mice can be explained. Reduced 

neuronal numbers and associated nerve fibers may be a result of developmental cell 

losses due to an inability of differentiating sensory neurons to access low concentrations 

of NGF in the periphery through trkA alone. Specifically, through the competition for 

limited peripherally-supplied NGF, a proportion of p75 KO sensory neurons may not 

have survived the period of naturally occurring cell death that took place during target- 

innervation. Interestingly, the resulting non-selective cell loss observed in p75 KO DRG 

does not correspond to the population size nor the phenotype of neurons believed to be 

dependent on NGF at this stage. Since -80% of sensory neurons express trkA during 

the period of naturaUy occurring cell death ( E d m  et al., 1993; Mu et al., 1993; 

MoIliver and Snider, 1997), it wodd be expected that a larger proportion of trkA- 

positive neurons would be missing in the p75 KO DRG following development. No 

explanation is obvious for the unusual phenotype of remaining nemons in the p75 KO. 

The poss1ibility exists that p75 KO mice develop with a unique phenotype that switches 
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very early in development to make up for the eady loss of the hctional p75 gene 

product (Gerlai et al., 1993; Routtenberg, 1996). Those neurons that did survive the 

period of naturally occurring ceU death would still have to compete for access to 

peripherd NGF or other neurotrophins which would guide distal target-innervation. 

With a reduced ability to bind low NGF concentrations, neuronal terminal fhxs may be 

less sensitive to subtle trophic gradients and not extend into superficial and distaI targets 

where small quantities of NGF are believed to attract them (Guidry et al., 1998; Rice et 

d., 1998). This would explain why perturbed patterns of sensory innervation involving 

CGRP and SP-IR fibers into epidermis are reported in p75 KO mice (Lee et d., 1992; 

Bergrnann et al., 1997). CGRP and SP-positive neurons are believed to be small, thinly 

myelhated and unmyelinated nociceptive fibers that are responsive to NGF and, 

therefore, it is not surprising that elevated sensory thresholds are observed in p75 KO 

mice due to the lack of fibers in the region (Bergmann et al., 1997). 

Reduced sensory neuronal numbers and associated fibers likely account for 

diminished sensory conduction velocity apparent in p75 KO peripheral nerve. Slower 

nociceptive transmission may explain previously reported elevations in behaviord 

nociceptive threshold (Lee et al., 1992; Bergrnann et aI., 1997); however, this study 

shows that neuronal and fiber loss are non-selective suggesting that aIl  types of sensory 

threshoIds would be elevated, not just that of mall fiber nociceptors. Other hctors 

explaining reduced sensory nerve conduction in p75 KO have not been nrled out. For 

example, ion channel distri'bution altering electrical properties of the plasma membrane 

has not been examined and, although diffaences in myelin thickness between WT and 

p75 KO were not found, other subtIe differences codd exist and add to sensory 

conduction differences between WT and p75 KO. 
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Distal motor fibers show little detectable diffaence in myelhated fiber numbers 

between WT and p75 KO, and a small reduction of fiber numbers in the mid-sized range 

is not significant enough to produce measurable differences in motor fiber conduction 

velocity. Other studies examining fatures of facial motor neurons in p75 KO report 

slightly fewer motor fibers in the Fdcial nerve of p75 KO compared to WT and conclude 

that p75 does not protect motoneurons h m  developmental cell death (Ferri et al., 1998). 

5.4.5 The Role of p7S in Adult Sensory Neurons Following Injury 

No longer dependent on target-derived neurotrophic support for survival, adult 

primary sensory neurons require target-derived neurotrophins to maintain their 

diffetentiated phenotype (Lindsay, 1988; Lewin et al., 1992). Apart h m  some 

developmental deficits that resulted from the lack of adequate neurotmphic factors, adult 

p75 mice are relatively uuaffated by the absence of p75, as shown by the lack of 

obvious functional defects. Following sciatic nerve transection, however, differences in 

p75 KO and WT sensory neurons become apparent. Rapid and extreme injury- 

associated changes in mRNA hybridization signal for a number of well-known markers 

suggest that p75 KO sensory neurons show a robust response to injury normally believed 

to be a result of the disruption in retrograde supply of peripherally-supplied 

neurotrophia With a lowered a.€Enity for NGF, p75 KO sensory neurons may access 

sufEcient neurotrophin, which is abundant in target areas, to maintain phenotype in the 

normal state, but are closer to the threshold that produces the cell body response to 

injury following axotomy. The ability of small amounts of neurotrophin produced in the 

proximal stump to continue to moddate phenotype might require a high-mty site to 

bind it to the receptor, as suggested by the ttansport studies. It is possiile that, in the 
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absence of p75 and high-afkity NGF binding sites, the limited amounts of NGF present 

following injury may not have an influence on repressing many of the injury-associated 

markers that both exogenous NGF and NT-3 can downregulate in injured sensory 

neurons (reviewed in Verge et al., 1996). From the extreme upregulation of peptides 

such as GAL in p7S KO injured sensory neurons, it can be speculated that injury- 

associated cytokines known to regulate GAL expression (Sun and Zigrnond, 1996; 

Comess et al., 1996) might be at much higher levels in the p75 KO mice and that NGF 

may also be involved in modulating expression of cytokines. In light of the potential for 

cytokines to have survival-promoting effects, it would be interesting to examine whether 

p7S KO mice have altered neuronal Sunrival following injury. 

Since the cell body response to injury is believed to promote neuronal Sunrival 

and iduence axonal outgrowth (Lieberman, 1971), it is possible that p75 KO sensory 

neurons are quicker to initiate regenerative axonal growth. Indeed, past studies have 

demonstrated that the presence of NGF following injury may impair the initiation of this 

process (Gold et al., 1991; Gold et al., 1993; Verge et al., 1995; Verge et al., 1996; Gold, 

1997). The p75 KO neurons are suspected to have slight advantages in some aspects of 

regeneration since injury-induced changes in mRNA show reversals towards the normal 

state sooner in p75 KO DRG than in WT, and slightly more unmyelinated fibers in sural 

nerve are apparent six weeks following injury in p75 KO which may be indicative of a 

more vigorous sprouting event However, in general, the 6ndings of this study show 

comparable numbers of myelinated d and tiiial and unmyelinated sural fibers in WT 

and p75 KO mice 6 weeks after crush injury, suggesting that peripheral nerve 

regeneration does not differ significantly between p75 KO and WT six weeks post- 

injury. 



In conclusion, the results of this study implicate that p75 is important in the 

formation of high-affinity NGF binding sites which allow primary sensory neurons in 

vivo to capture and transport NGF h m  the periphery. Although not visiily obvious in 

the adult p75 KO mouse, p75's role is of particular importance during development and 

following injury when concentrations of neurotrophin are limited. Consequences of 

I o w d  mty for NGF when concentrations are Limited may include cell losses in 

development as well as rapid cell body changes in response to injury that may or may 

not enhance neurod regeneration. 



6.0 CBAPTER - CONCLUSIONS 

This thesis sought to expand the current field of knowledge regarding the roles of 

neurotrophins and neurotrophin receptors in adult primary sensory neurons. 

Neurotrophins are the most profound known modulators of sensory neuron Sunrival, 

differentiation and phenotype, yet much remains to be learned about them. The current 

understanding of neurotrophin biology was shaped by fundamental tenets that were put 

forward with the discovery of NGF in the neurotrophic factor hypothesis. Classically, 

this hypothesis postulates that growing nerve terminaIs compete for a limited supply of 

trophic molecules produced in neuronal target fields on which they are absolutely 

dependent for Survival (reviewed in Davies, 1996). According to this theory, an 

adequate supply of neurotrophins prevents cell death for those neurons that successfully 

compete for it and, by producing an amount of neurotrophin relative to its size, the target 

field directly influences the size of the neuronal population that innervates it. As such, 

the historical key features of this hypothesis state that only the survival of neurons alone 

are supported by factors retrogradely transported from the tissue being innervated. In 

the PNS, it is now known that the potential for non-targetderived neurotrophic support 

exists with sources detected in centraI neurons (Li et al., 1999; Zhou et al., 1999), local 

glia and immune cells (Heamam et al., 1987; Solomon et al., 1998; Besser and Wank, 

1999) and the DRG neurons themselves (Wetmore and Olson, 1995). Not foreseen, 

however, the neurotrophic role in sensory neurons goes beyond that of a survival &tor 

where neurotrophins have been shown to influence phenotype (Lindsay, 1988), peptide 



expression (Verge et al., 1995), axond and perilcaryd volume (Verge et al., 1990; Gold 

et al., 1991), as well as neurite extension in virro (Lindsay, 1988) and tropic axonal 

growth (Gmdersen and Barrett, 1980; Gundersen, 1985). In another divergence h 

the classic hypothesis, neurotrophins have been shown to act on non-neuronal cells of 

the local environment affecting Schwann cell migration (Anton et al., 1994), satellite 

cell proliferation (Wen et al., 1994) and elements of the immune system (Horigomt et 

al., 1994; Otten et al., 1994). Therefore, although the neurotrophic hypothesis has and 

continues to receive considerable support, research has progressed to a stage where 

findings are added to this body of knowledge. The conclusions of this thesis research 

both strengthen and extend that predicted by the classic neurotrophic hypothesis. 

6.1 Neurotrophin and Neurotrophin Receptors in Intact Sensory Neurons 

The first objective of this work was to examine the distriiution of neurotrophin 

receptor expression in adult rat DRG and determine the degree of d o c a b t i o n  and 

trilocalization of the mRNAs. It was concluded in chapter 3 that the degree of overlap in 

trk expression in adult rat lumbar sensory neurons may have been underestimated in past 

studies. Some neurons express all three trk receptors while others express only 

tnmcated isofonns of trkB or trkC. The expression of muitiple trk receptor mRNAs in 

individual neurons is more prevalent than the expression of single trk rnRNAs. These 

findings strongly suggest the potential for a large amount of combinatoria1 influences by 

neurotrophins on neurons of the DRG, which is not predicted by the classic neurotrophic 

hypothesis. Since neurotrophins are believed to influence adult sensory phenotype, this 

creates the possiiility for numerous phenotypic subclasses within defined sensory 

populations. The consequences that the modulation of cellular respcases by muitiple 



neurotrophias may have are only just emerging. For example, there are reports where 

NGF and NT-3 appear to have antagonistic effects on neurons that express both trkA 

and trkC, with NT-3 effecting a downregulation of trkA mRNA expression and 

associated phenotype (Gratto and Verge, 1997). The extent to which this occurs in other 

populations of sensory neurons expressing multiple receptors warrants further 

investigation. 

As the only neurotrophin to be produced by adult sensory neurons at detectable 

levels, BDNF7s presence in the DRG is intriguing because it refutes the notion that 

neurotmphic support must be derived h m  target tissue. Thus, the second objective of 

this thesis aimed to gain clues into the potential roles of BDNF in intact and injured 

sensory neurons. Shown in chapter 4, BDNF is expressed in a select subpopulation of 

addt DRG that includes little overlap with its cognate receptor, trkB, and much overlap 

with the NGF receptor, trkA. Therefore, in the intact state, BDNF likely subserves a 

largely paracrine function where it acts on other neurons and non-neuronal cells of the 

peripherd nervous system. The predominant IocaIization of BDNF within the trkA- 

positive population strongly suggests that it has a role in nociception, because trkA- 

expressing neurons are largely classified as nociceptors (Lewin and Mendell, 1993). 

Further evidence, shown by this thesis and others, wnfums that exogenous NGF can 

positively modulate BDNF levels within this population (Apfel et al., 1996; Michael et 

al., 1997)(chapter 4) and predicts that elevated BDNF levels may be involved in 

inflammation (Mannion et al., 1999). BDNF may contribute to the transmission of 

nociceptive information through its own signaling abilities or by effects on NMDA 

receptors contniuting to central sensitization (Mamion et al., 1999). AItematively, 

BDNF may act to inhiit the transmission of paintid stimuli by blocking the NGF 

206 



receptor, p75, thus creating a protective effect where NGF is bound with a lower 

aflinity, necessitating higher NGF concentrations to elicit the same response (chapter 5). 

h another interesting finding of chapter 4, ttkB expression was shown to decline 

in the presence of exogenous NGF and, therefore, in the ptesence of elevated BDNF. 

Since there is no evidence to support a direct interaction between NGF and trkB, nor a 

large degree of overlap in trkA and trkB receptor expression (chapter 3), it is unlikely 

that this is a direct form of regulation. Instead, it may be indirect evidence that high 

levels of BDNF effect the downregulation of its own receptor, a protective response 

normally observed when neurotransmitter levels are high in order to prevent the 

saturation of a system (Bouvier et al., 1989). These findings are contrary to those 

observed for NGF and NT-3 where both can effect an upregulation of p75 and their 

cognate trk receptor expression in injured sensory neurons (Verge et al., 1992; Verge et 

aI., 1996). These findings, when taken in conjunction with the extensive expression of 

trkB in the nervous system, and moddation of BDNF levels in various neuropathic 

states strongly support its unique emerging role as the 'neurotrophin neurotransmitter'. 

Although not necessary to mediate al l  of the known responses to neurotrophins, 

p75 is proving to be a vital component of neurotrophic actions, with putative roles in 

independent signaling and involvement in reciprocal fimctional interactions with trk 

receptors. In what is possiily the greatest departure h m  the neurotrophic hypothesis, 

emerging roles for p75 implicate it in mediating effects of neurotrophins that may 

promote cell survival and actively cause cell death (reviewed in Carter and Lewin, 1997; 

Chao et al., 1998). By addressing the third objective oftbis thesis, a better 

understanding of the role of p75 in adult sensory neurons was attained, as was sapport 

for the nemtrophic hypothesis, through the examination of a p75 knock-out mouse. 
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Although the absence of p75 is with the gain of neuronal profiles during the 

development of sekct parts of the CNS (Yeo et al., 1997), the data of chapter 5 clearly 

show that the DRG suffers a loss of -30% in its absence. The consequence of fewer 

numbers of sensory neurons in lumbar DRG from p75 KO mice is reflected in changes 

in the physiologicaI properties of the associated nerves and axonal numbers, and the 

neuronal loss does not appear correlated with the loss of any specific phenotype. Rather, 

it may be a consequence of the lower affinity with which neurons can bind NGF and 

perhaps the inability of p75deficient neurons to transport low concentrations of NGF. 

The inability to bind NGF with high aflinity would have consequences when the amount 

of neurotrophin present is limited, such as during development and following injury. 

The inability to bind NGF with high affinity might also account for altered innervation 

patterns ia p75 KO mice, since growing axons are expected to follow subtle trophic 

gradients (Gundersen and Barrett, 1980; Gundersen, 1985). The peripheral nerve fibers 

of p75 KO mice terminate lower down in the dermis and this pattern is believed to 

underlie the physiological deficits in nociception observed in these mice (Lee et al., 

1992; Bergmam et al,, 1997). The findings of an in vivo rote for p75 in formation of 

higher-affinity NGF binding sites (chapter 5) and the coexpression of p75 with all trks 

(chapter 3) implicate it in cellular responses to other members of the neurotrophin f d y  

and thus deserves firrther examination, 

6 3  Neurotrophs and Nemtrophin Receptors in Injured and 

Regenerating Sensory Neurons 

Sciatic nerve transection results in the loss of a proportion of neurons in the DRG 

and a shift in phenotype of those that remain (reviewed in Aldskogius et al., 1992; Verge 
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et al., 1996). Some of the changes in DRG are attniuted to the loss of retrograde tropbic 

support, as would have been predicted by the neurotrophic hypothesis. However, apart 

from this theory, cell body responses to injury are also believed to be influenced by 

signals emanating h m  the site of injury or inmgangIionic glia (Sun and Zigmond, 

1996; Zigmond et al., 1996; Murphy et al., 1999). The d t s  of chapter 3 show that, 

like trkA and p75 mRNAs (Verge et al., 19921, trkB and trkC mRNA expression are 

chronically reduced following axotomy. This is an additional indicator that an 

interruption in the retrograde supply of neurotrophins may underlie some of the injury 

responses since application of exogenous NGF and NT-3 can mitigate these decreases 

(Verge et al., 1992; Verge et al., 1996). It is speculated that the downregulation of trkB 

mRNA observed in DRG nemns and satellite cells following injury may not be a 

consequence of less targdendoneuridy supplied BDNF, but rather as a result of 

elevated levels of local BDNF observed with injury. 

As shown in chapter 4, the rapid i n m e  in BDNF expression in response to 

injury is transient within trkA neurons and followed by a longer lasting elevation in a 

different subpopulation of neurons. It is speculated that BDNF's role shifts h m  IargeIy 

paracrine in the intact state to paracrine/autocrine in the injured state, since mauy 

chronically injured neurons expressing BDNF mRNA also express low levels of trkB 

mRNA. M e r  injury, BDNF may serve as a Iocal source of neurotrophin, in addition to 

that produced by non-neuronal cells that act to sapport neurons of the DRG, until axons 

are able to reach an abundant source of nmtrophin. Studies by Acheson et al. (1 995) 

have shown a vital autocrine role for BDNF in sppporting the Survival of -35% of adult 

sensory neurons in vim, a percentage that coincides with the size of the trkB population 

determined in chapter 3. 



The data of chapter 5 suggest some possiMe reasons for the decrease in both p75 

and trk receptor levels following injw. First, receptor expression may shift in a manner 

that allows cells to bind low levels of available neurotrophin, during a time when 

survival may depend on i t  This may be done by maintaining the p75 It& ratio in a 

manner that allows trk to bind neurotrophin with high aFFinity, as opposed to allowing 

p75-independent signaling to proceed as a r d t  of inadequate levels of trk activation. 

Another possible explanation is that neurotrophin receptor levels following injury may 

be regulated in a manner that limits the amount of neurotrophin received by a cell, 

thereby shifting its effects. It is posaile that low levels of nmtrophin are required by 

a cell to effect survival, while higher levels are required to influence other aspects such 

as phenotype. High levels of a neurotrophin accessed by a neuron after injury may even 

be detrimental to the regeneration process (Gold, 1997). Therefore, the decline observed 

in neurotrophin receptor levels in response to injury may enhance the effects caused by 

the disruption in neurotrophic supply, thereby allowing other molecules to drive the 

regeneration phenotype with minimal interference by neurotiophins. 

In contrast to the downregulation of p75 expression in injured sensory neurons, 

there is an upreguIation of p75 expression by Schwann cells in the distal stump 

(Taniuchi et al., 1986). During Wallerian degeneration, these Schwann cells go on to 

produce elevated levels of NGF and BDNF (Heumann et al., 1987; Meyer et al., 1992; 

Funakoshi et al., 1993). It is believed that the p75 receptor helps to present these 

molecules to the growing axon t i p  so that the neurotrophins might cooperate to promote 

regeneration of injured peripheral nmes. In this capacity, the neurotrophins may 

subserve tropic roles, but it is tmIikeIy that regeneration programs are driven by them. It 

would appear that p75 is not critical to the regeneration piocess, since both data in 



chapter 5 on sensory mixed nerves and work done by Ferri and colleagues (1998) on 

motor nerve revealed that regeneration occurs in the absence of p75 and, in fact, may be 

hampered slightly by its presence, as demonstrated by the slower switch in phenotype 

h m  intact to injured in mice expressing both p75 and trkA (chapter 5). It can be 

proposed, however, that p75 may be important for the proper alignment of the Bands of 

Bungner as shown by its influences on Schwann cell migration (Anton et al., 1994) and 

in the distal injured nerves fiom p75 KO mice (Ferri et al., 1998). 

This thesis has demonstrated that there is a greater complexity to neurotrophic 

interactions than o r i p d y  anticipated with the first development of the neurotrophic 

hypothesis. Neurotrophic influences depend on the type of neurotrophin, its spatial and 

temporal expression, as well as the cell type it is acting on, the type and leveI of 

receptors the cells express, and the intracellular signaling mechanisms that they contain. 

Not unIikely, a number of yet unknown factors may be added to this. Although 

appearing somewhat inconsistent and complex in their actions, very distinct patterns are 

emerging with regard to the roles of neurotrophins. Some support the basic principles of 

the neurotrophic hypothesis, while many go beyond and broaden it without abandoning 

its basic principles. In conclusion, through the examination of neurotrophins and 

neurotrophin receptors in adult primary sensory neurons, the findings of this thesis both 

strengthen the fimhental concepts behind the classic neurotrophic hypothesis and 

contribute to the evolving understanding of nemtrophin biology. 
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APPENDIX A 

DEPC Hz0 (0.1%) 

1 .O ml diethy1 pyrocarbonate (DEPC) 
- make up to 1 L with dH20 
- let stand for 2 hours at 37OC 
- autocIave 

Fixative (2 % paraforxnaldehyde & 2% gluteraldehyde) 

20 g paraformaldehyde 
SO0 ml dH20 
- stirring, heat to 65-70°C, then add 10 N NaOH 1 drop at a time mtil soIution is clear 
- let cool 
125 ml 2x PBS 
10 ml 50% gluteraldehyde 
- make up to 250 ml with dH20 

Gelatin Subbing Solution for Slides 

5 g gelatin 
0.5 g chrome alum 
loo0 mI Hz0 (70°C) 
- stir well and filter 
- dip cleaned glass slides 2 x 15 times, dry 3 hours at 70°C 
- store solution at 4OC between uses 

Phosphate Buffer (0.1 M; pH 7.4) 

7.03 g Na2HPO4.2H20 
I .58 g NaH2P04.H20 
400 ml d&O 
- pHto7.4 
- make up to 500 mI with dH20 

Phosphate Baered Saline (0.1M; pH 7.4) 



- make up to I L with dH20 

Sodium Acetate Bllffer (0.05 M; pH 7.4) 

0.205 g NaAc 
40 ml dH20 
- pH to 4.0 
- make up to 50 ml with dH20 

ssc (20x) - 
175.3 g NaCl 
88.2 g Na Citrate 

- in800mldHzO 
- pH to 7.0 - make up to 1.0 L with dH2O 

0.5 g Toluidine blue 
I00 ml Acetate buffer (0.01 M; pH 4 - 4 3  

Acetate buffer (0.01 M; pH 4-45) 

17 ml sodium acetate stock (02 M) (sodium acetate 16.4 g in 1.0 L dH20) 
4 ml acetic acid stock (0.2 M) (glacial acetic acid 12 ml in 988 ml d&O) 
1 SO ml dH20 

Tris HCl (0.1 M; pH 8.0) 

6.057 g Tris Base 
- in 500 mldHzO 
7.88 g Tris HC1 
- in500mldH20 

- add acid to base to get a pH of 8.0 
- autocIave 

Tris HC1 (0.05 M; pH 7.6) 

50 ml Tris base (0.1 M) 
38.5 mi KC1 (0.1 N) 
- pH to 7.6 
- make up to LOO ml with dH20 

Tris base (0.1 M) 



1.21 g Tris base 
looml dH20 

HCl (0.1 N) - 

Tris HCI + NaCl + BSA (0.05 M; pH 9-01 1 M/ 0.5 mg/ml) 

50 ml Tris base (0.1 h4) 
7.0 ml HCI (0.1 N) 
- pH to 9.0 
5.833 g NaCl 
0.05 g BSA 
- make up to 100 ml with dH20 

Zamboni's Fiuative 

20 g paraformaldehyde 
500 ml dH20 - stirring, heat to 65-70°C, then add 10 N NaOH 1 drop at a time until solution is clear 
250 ml Sorensson buffer (0.4 M; pH 7.4) 
150 ml saturated Picric acid - make up to 1 L with dHzO 
- store at 4OC 

Sorensson Buffer (0.4 M,pH 7.4) 

1.794 g Na Phosphate Monobasic 
12.35 g Na Phosphate hibasic 
250 ml dH20 
- pH to 7.4 



APPENDIX B 

~ b l n d a d = m  
. . Gtaph generated by measwing the average grain 

density over tissue sections (n = 5) containing known qua~tities of tUI-NGF ranging 
between 500-16000 cpm/mg to obtain absolute vaiues of bouad ligand in relation to 
grain densities. 



Time (hn) 

lkWmEWLrn - Accumulation of '9-NGF in DRG at different time 
points following h=g 12'1-NGF into the distal sciatic nerve of WT mow. 
Error bars represent standard error of the mean. (n = 2-31tirne point). 



APPENDIX D 

A method for the quantification of neuronal numbers in DRG (Coggeshall, 1992; 

Coggeshall and Lekan, 1996): 

Ganglion volume (Vref) was obtained by multiplying the total number of 

sections [s) by the section thickness (t) by the mean section area (a), thus V 6 s  x t x a 

The number of cells in a unit volume (N,) was calculated using 'disectors'. Two serial 

DRG sections were compared and the n u m k  of cell profiles appearing in the reference 

section (first section) that did not appear in the look-up section (second section) were 

counted (Q). The area (w) and height (h) of each disector were multiplied to get the 

disector volume (V&=a x h). The sum of the cell profiles was divided by the disector 

volumes to get the numericit1 density (N,=ZQEV&). Lastly, the ganglion volume was 

multiplied by the numerical density to get the total number of cells in the DRG (N= VEr 

x Nv). 

Number of neurons in the DRG: 

where, 
s = number of sections in DRG 
t = section thickness (p) 
a = mean section area (um4) 

where, 
Q = number of cells in reference section that do not appear in Iook-up section 
V& = area of reference section (pm? x height of refennce section (jun) 



APPENDIX E 

Summary of Chapter 3 data: 

trkA mRNA 

trkBnnr, mRNA 

trkC- mRNA 

trkFULL mRNA 

trkALL mRNA 

p75 mRNA 

tkA and trkB mRNAs 

tkA and trkC mRNAs 

tkB and trkC mRNAs 

tkA/trkB/trkC mRNAs 

No detectable trk mRNA 

At least one trk mRNA 

Total in DRG Without another trk 

-41% -16% 

-33% -9% 

-43% -10% 

4 6 6 %  

-92-94% 

-80% 

-IW 

-19% 

-18% 

-34% 

-26% 

-74% 



APPENDIX F 

Summary of Chapter 4 data: 

Total in DRG intact Id cut 7d cut - - 
BDNF mRNA 4 5 %  -77% -77% 

BDNF and trkA mRNAs -33% 

BDNF and mRNAs 40% 

Percentage of trkA-positive neurons 4 8 %  -75% -81% 
expressing BDNF mRNA 

Percentage of trkB-positive neurons -7% -76% -76% 
expressing BDNF mRNA 




