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ABSTRACT 

Studies of Waiierian degeneration, the phenomenon wherein axons severed fiom 

the nerve ce11 body disintegrate, have revealed tightly regulated interactions between 

axons and Schwann ceus. This present study focused on Schwann celi changes that occur 

foiiowing nerve injury. To tease out the different signals bat  influence the changes in 

Schwann cell phenotype, the regdation of three Schwann ceii genes, namely ciliary 

neurotro phic factor (CNTF), leukemia Uihibito ry factor (HF) and monocyte 

chemoattractant protein-l (MCP-1), was investigated. Data showed that CNTF mRNA, 

regulated in a s i d a r  manner as myeh Po, is induced by axonal contact even in the 

absence of transport fkom the nerve ce11 body. The mRNAs for LE, which belongs to the 

same family as CNTF, and MCP-I are induced in a biphasic manner in transected nerves 

- within 3-6 hours at the site of lesion and by 24 hours in the entire distal stump. Also, 

the induction of MCP-1 mRNA at the lesion site appears to be mediated by oxygen 

radicais. In vitro, Schwann ceiis produce MCP-1 mRNA in response to MFu 

stimulation through a pathway that cm be inhibited by anti-oxidants and does not appear 

to require N F 4 3  activation. However, in vivo T N F a  is not crucial to the induction of 

MCP-1 mRNA in injured P M .  In contrast to the signal that decreases CNTF rnRNA 

synthesis, the signais that induce MCP-1 and LIF mRNA are not strongiy dependent on 

axonal degeneration. 



La dégénérescence Wallérieme (dégénérescence antérograde) est une lésion de 

l'axone entraînant' en aval de celle-ci, une perte de la partie axonale distale qui n'est plus 

en continuité avec le corps cellulaire. Les études portant sur ce phénomène ont mis en 

évidence d'importantes interactions entre les axones et les cellules de Schwann (ceilules 

gliales du système nerveux périphérique). Le travail présenté ici est centré sur les 

changements phénotypiques des cellules de Schwann qui se produisent après une lésion 

axonale. Afin d'isoler les signaux qui provoquent ces changements, nous avons choisi 

d'etudier la régulation de trois gènes qui induisent l'expression par les cellules de 

Schwann d'une part de deux cytokines de la même famille, la facteur neurotrophique 

ciliaire (ciliary neurotrophic factor; CNTF) et la facteur inhibant la leucémie (leukemia 

inhibitory factor; LIF) et d'autre part d'une chémokine, la protéine4 chémoattracteur des 

monocytes (monocyte c hemoattractant protein- 1 ; MCP- 1 ) . Nous avons montré que le 

CNTF est induit par contact axonal même en l'absence de transport provenant du corps 

cellulaire. Par contre, le LIF et le MCP-1 apparaissent de manière biphasique dans le nerf 

seaionné, entre 3 et 6 heures au site lésionnel et au bout de 24 heures tout le moignon 

distaie. Enfin, la présence d'ARNm du MCP- 1 au site lésé semble être médiée par les 

radicaux libres. Le facteur de nécrose  mord ( m o r  necrosis factor; TNFa) provoque 

in vitro l'expression de 1'ARNm du MCP-1 par les cellules de Schwann via une voie 

pouvant être inhibée par des anti-oxidants. Cependent, le TNFa  ne semble pas in vivo 

être crucial dans l'induction du MCP-1 lors d'une lésion dans le système nerveux 

périphérique. Enfin, dans le système nerveux périphérique, si la synthèse de CNTF est 



régulée à la baisse après lésion, les signaux qui induisent l'expression des ARNm de 

MCP- 1 et du LIF ne sont pas exclusivement dépendant de la dégénérescence axonale. 
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CLAIMS FOR ORIGINALITY 

The loss of axons following nerve injury results in the loss of molecules normally 

secreted by neurons and the loss of contact between the Schwann cell membrane and the 

axolernma. The injury also results in the breakdown of the blood-nerve barrier and the 

subsequent exposure of the transected nerve to the various components of the blood and 

the activation of the resident immune cells. These events lead to the change in Schwann 

cell phenotype. The different signals have been teased out by studying three Schwann celi 

genes. This thesis project revealed the following: 

CNTF, normally expressed by myelinating Schwann cells, appears to be 

regulated by components of the axolemma. 

CNTF protein degradation in transected nerves of C57BLNld mice is 

delayed for many days. 

LIF mRNA is expressed in the injured nerve in a biphasic manner - an early 

induction at the site of lesion within 6 hours after transection and a more 

nistained induction in the distd segments by 24 hours. 

LIF mRNA is induced by IL-1B in cuitured fibroblasts but not in cultured 

Schwann ceus. 

MCP- 1 mRNA is expressed also in the hjured nerve in a biphasic manner - 

an early induction at the site of lesion within 3 hours after transedon and in 

the distal segments by 24 hours and persists for at least 16 days. 

MCP-1 mRNA is induced in the ipsilateral DRG within 1 day after injury and 

persists for at least 16 days. 

vii 



The early induction of MCP-1 mRNA in injured newes is mediated by oxygen 

radicals. 

T N F a  stimulates the synthesis of MCP-1 mRNA in cultured Schwann celis 

in a pathway that is mediated by oxygen radicals. 

MCP-1 mRNA induction stili occurs in the Uijured newes of mice which lack 

types 1 and II TNF receptors. 

10. MCP- I mRNA expression is observed in the transected nerves of C57BUWld 

mice, which exhibit delayed Wallerian degeneration. 
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CHAPTER 1: INTRODUCTION 

Traumatic nerve injuries, often redting fiom vehicular accidents, and 

neurodegenerative diseases usually lead to permanent neurological dysfhctions (He@ 

1994; Midha, 1997; Noble et al., 1998). To date, maintahhg the swival of injured 

neurons, especially in the centrai nervous system (CNS), remains a big challenge. 

1. WALLERIAN DEGENERATION 

A. Morphological Changes in the Injureâ Axon 

Nasse fhst observed the granular breakdown of the frog sciatic nerve below the 

injury site 5 months after transection (Nasse, 1839). Gunther and Schon reported that the 

stnictural changes occur as early as I week d e r  injury (GUnther, Schon, 1840). Wder 

later gave a detailed description of the physical changes that occur in the 

glossopharyngeal and hypoglossal nerves of the frog during the fkst 15 days afler 

transeaion and noted that these changes occur also in other injured nerves (Waller, 

1850). This breakdown of the axon d e r  it has been severed fiom the nerve ceii body is 

now called Wderian degeneration. Electron microscopie examination revealed that the 

distal cut end of the wrve is characterized by swollen axon bulbs in the first 2 mm and a 

more nonnal looking fiber distally (Donat, Wisniewski, 1973). Twelve hows after 

transection, these swollen axons already contain subaxolemmal accumulation of 

mitochoadria and dense bodies with the neurofilaments displaced to the center (Cravioto, 

1969; Donat, Wisniewski, 1973). In young rodents, the highly organized neuroflaments 

and other components of the axoplasm becorne a mass of g r d a r  debris within 24-48 



hours depenàing on the length of the severed nerve (Grinin, Hoffian, 1993b). This 

disintegration of axons occurs between 36 days in transected nerves of rabbits and cats 

(Donat, Wisniewslci, 1973). 

Peripherai nerve transedon also results in the fdure of motor neurons to transmit 

e l d c a l  stimuli (Miledi, Slater, 1970). Analysis of the motor end-plates showed that 

nerve terminais are degenerating at the time that electncal transmission is failing; and this 

neme terminal breakdown occurs before the disintegration of the axons (Miledi, Slater, 

1970). 

B. Axonai Degeneration 1s Calcium Dependent 

The degeneration of the axoplasm also occurs in vitro in organ culture of nerves 

maintained in a medium containing calcium (Schlaep fer, Bunge, 1973 ; Scfilaepfer, 1974). 

Chelation of calcium in the bath medium, which results in the lowenng of the intra- 

wonal Ca" concentration below the physiological concentration of approximately 0.3 

pM (Baker et al., 1971), preserves the axonal microtubules and neuroflament structures 

(Schiaepfer, Bunge, 1973; Schiaepfer, 1974; Schfaepfer, 1 977). Conversely, increasing 

the calcium concentration or the addition of calcium ionophore or chernical detergent in 

the medium accelerates the granular disintegration of the axoplasm (Schlaepfer, Bunge, 

1973; Schlaepfer, 1974; Schlaepfer, 1977). Also, the addition of calcium channei 

blockers retard the degeneration of axons after axotomy (George et al., 1995). These 

findings strongiy suggest that axonal breakdown is triggered by an increase in intra- 

axonal concentrations of calcium. 



Caipains, the calcium-activated proteases, have been shown to degrade 

neurofilaments, the major component of the axon cytoskeleton, in the presence of 

d c i e n t  concentrations of calcium and have been found to be present in the peripheral 

nerve (Kamakura et ai., 1983). Furthemore, the addition of calpain inhibitors to the 

medium inhibits neunte/axonal degeneration following axotomy (George et al., 1995). 

The action of calpains represents one of the nonlysosomal pathway of intraceliular 

protein degradation (Croaîl, Demartino, 1991). There are two isoforms of calpain, p and 

m, each is a dimer consisting of a 80 kDa and a 30 kDA mbunits. In the brain, mcalpain 

is localized to a restncted subpopulation of neurons and glial ceUs (Hamakubo et al., 

1986; Niuon, 1986). On the other hand, @pain is expressed primarily in the neurons 

(Hamakubo et al., 1986; Perimutter et al., 1988). 

II, SCHWANN CELL RESPONSES 

A. Breakdown of  Myelin Sheath 

In a normal myelinating peripheral nerve, Schwann cells elaborate myelin sheath 

around their target axons. Within 24 hours &er nerve transection, Eagmentation of 

myelin larnellae occurs at the nodes of Ranvier and myelin eliipsoids start to fom (Liu et 

al., 1995). By 48 hours, the distal nerve stump is eharacterized by the hear 

fragmentation of myelin (Schlaepfer, 1974). Two to three days after injury, Schwann 

ceiis have undergone nuclear and cytoplasmic hypertrophy and their processes start to 

phagocytose myelin eilipsoids and by 4-5 days, these myeiin eUipsoids have been 

degraded (Liu et al., 1995). 



The two isoforms (p and m) of calpain are made by Schwann ceiîs (Banil< et al., 

1991 ; Mata et al., 1991) and mcaipain colocalizes with myelin basic protein in the nerve 

(Li, Banik, 1995). Calpains can degrade myelin and has been suggested to take part in the 

normai tuni-over of myelin proteins (Deshpande et al., 1995). The calpain activity in the 

myelin sheath is probably triggered by the increase in calcium concentration in the 

myelin cornpartment observed within 8 hours f ier  transection (LoPachin et al., 1990). 

B. Expression o f  Myelin Specific Genes is Reduced 

The presence or absence of axonal contact has long been known to influence the 

expression of a number of Schwann ce11 genes. The myelin genes are some of these 

molecules regulated by axons. The changes in the expression of myelin-specific genes are 

sumrnarized in Table 2. 

1. The Proteins of Pcripherai MyeIin 

The myelin sheath is an organelle that is made up of a large sheet of plasma 

membrane wrapped and tightly compacted around an axon. Schwann celis that elaborate 

this organelle express myelin-specific proteins (Jessen, Mûsky, 1992). These myelin 

proteins are divided into two. The fira group, which includes Po, myelin basic protein 

(MBP), proteolipid protein (PLP) and peripheral myelin protein 22 (PMP22), mediate 

myeh wrapping and compactioa; and the second group, which includes myelin- 

associated glycoprotein (MAG) and other less abundamly expressed glial proteias, 

participate in the Merent stages of myelioation ( L e e  1988). 



a. Myelin Protcia Po 

Myelin protein Po, a 28 kDa integral membrane glycoprotein, is the most 

abundant protein in PNS myelin, accounting for more than 50% of the proteins in the 

sheath (Greenfield et al., 1973). It is exclusively expressed in the PNS by myellnating 

Schwann ceUs (Brockes et al., 1980). The extracellular domain that is stnicturaliy simiiar 

to a prototypic immunoglobulin domain (Lemice et al., 1988b) can mediate both 

homotypic and heterotypic interaction with adjacent c d  membrane surfaces @'Urso a 

ai., 1990; W r s o  et ai., 1999). X-ray crystdography showed that PO molecules form 

tetramers on the cell membrane and interact with Po tetramers of the apposing membranes 

forming adhesive complexes and thus contribute to the compaction of myelin (Shapuo et 

al., 1996). Furthemore, direct membrane intercalation of the Po molecule via the 

tryptophan side chah has been proposed to determine the exact membrane spacing in the 

myelin (Shapiro et al., 1996). A recent study has shown that Po interact with myelin 

protein PMP-22 arid form complexes at the cell membrane @?ho et al., 1999). The Po 

intraceflular domain is rich in basic residues that can interact with negatively charged 

phospholipids of the adjacent cytoplasmic regions of the Schwann cell membrane and 

thus, contribute to the formation of the major dense line (Kirscher, Ganser, 1980; 

Lemke, Axe1 1988a; Lemke, 1988). 

Mice lacking the Po gene have hypomyelinated peripheral nerves, display 

deficiencies in motor coordination and exhibit abnomal expression of p75 LNGFR, other 

myelin proteins and adhesion molecules (Giese et al., 1992). The myelin that is formed 

stiu has major dense lines but show poor compaction. Disruption of both Po and myelia 

basic protein (MBP) leads to severe hypomyeiinated, loss major dense lines, mostly 



uncompacted myelin and similar behavioral phenotype as shiverer mice (Martini et al., 

1995). 

b. Mydin Basic Protcins 

Myelin basic proteins (MBPs) comprise a f d y  of at least six soluble, highly 

cationic proteins, ranging in size fkom 14-22 Da, thtî are transcribed fiom a single gene 

(Lemke, 1988). Products of the MBP gene are intracellular proteins that are generated by 

a combination of alternative exon splicing and alternative initiation start sites (Takahashi 

et al., 1985; Mathisen et al., 1993; Zelenika et al., 1993; Carnpagnoni et al., 1995). 

Together these MBP proteins account for 30-40 % of CNS myelin proteins and 5-1 5% of 

myeiin proteins in the P M  (Lemke, 1988). Like the htraceilular domain of Po, MBP is 

nch in highiy charged residues that can interact with the negatively charged phospholipid 

of the adjacent Schwann ce11 plasma membrane and thus contribute to the compaction of 

major dense line (Martini et ai., 1995; Staugaitis et al., 1996). 

The two mutant mouse strains, shiverer and m y e h  dkficient (rnld), are deficient 

in MBP expression (Mikoshiba et ai., 1991). The shiver mice lack a large portion of the 

MBP gene, their CNS myelin are loosely wrapped and iack major dense lines but do not 

show major abnormalities in the PNS (Privat et ai., 1979; Rosenbluth, 1980a; Roseabluth, 

1980b). The mld mutant mice have duplicated MBP gene. A large portion of the MBP 

gene is inverted upstream of the intact copy generating both sense and anti-sense mRNAs 

upon transcription (Popko et al., 1988). However, patches of  MBP-containing myelin are 

still present in the CNS of these rnice (Mikoshiba et al., 199 1). In mice lacking both MBP 



and Po genes, the PNS myeün lack the major dense line and most Schwann ceils elaborate 

uncompacted myelin (Martini et ai., 1995). 

c. Peripheral Myelin Proteia-22 

Cloning of peripheral myeiin protein-22 (FA@-22) or SR13 revealed that it is 

identical to the previously cloned growih arrest specific gene 3 (gus3)). a protein which is 

induced in N W T 3  cells foiiowing serum starvation or contact inhibition ( Schneider et 

al., 1988; Welcher et al., 199 1 ; Lernke, 1993). The open reading frame of PMP-22 

predicts a protein that is 160 arnino acids long with a molecular weight of approximately 

1 8 kDa (Welcher et al., 199 1). It is a very hydrophobie molecule with four putative 

transmembrane domains and two extracellular domains (Manfioletti et ai., 1990; DWrso, 

Müller, 1997). PMP-22, a protein glycosylated at an asparagine residue located between 

the fira and second membrane spanning regions (Manfioleni et al., 1990; Welcher et al., 

199 1; Spreyer et al., 199 l), is localized to the compact regions of the peripheral myelin 

(Snipes et al., 1992). Recently, PMP-22 has been show to associate with myelin Po 

forming complexes at the Schwann ce11 membranes (D'Urso et al., 1999). 

Trembler and tremble2 mice, which have point mutations in the PMP-22 gene, 

exhibit hypomyeiination and neuronal deficits (Suter et ai., 1992a; Suter et al., 1992b). 

Mice that wry extra copies of PMP-22 gene dso show deficiencies in PNS myebation 

and behaviord abnormalities (Magyar et ai., 1996). Tf l r  homozygotes cm live for 

several months while TJ/T/ homozygotes die 2 weeks after birth (Suter et al., 1992a). In 

humans, the hereditaxy penpheral neuropathy Charcot-Marie Tooth disease type 1A 

(CMTIA) is associated with a duplication ofthe P m - 2 2  gene while the autosomal 



dominant hereditary neuropathy with üability to pressure palsies (HNPP) disorder is 

associated with a deleted P m - 2 2  gene (Lemke, 1993; SNpes et al., 1993). Mice l achg  

the PMP-22 gene exhibit delayed myehtion, but at postnatal day 24 hypennyelination 

occurs, as determined by the presence of myelin tomaaila, and 10 weeks d e r  birth, 

myelin and axonal degeneration are observeû (Adkofer et al., 1995). 

d. Myelin-Associatcd Glyeoprotein 

Myelin-associated glycoprotein (MAG), a heavily glycosylated 100 kDa integral 

membrane protein, is expressed at low levels both in the CNS and PNS (Lemke, 1988). 

Two MAG isofoms containing 607 and 563 amino acids are results of aitemative 

spiicing (reviewd by Quaries et ai., 1992). The MAG gene has 13 exons and in exon 12 

an i n - h e  termination codon has been identified (Mïkoshiba et al., 199 1 ; Quarles et al., 

1992). Thus, the message containing exon 12 Qives nse to the s m d  isoform (S-MAG) 

while the mRNA that does not contain exon 12 gives rise to the large isofonn (L-MAG) 

(Mikoshiba et al., 1991). In the CNS, the tyrosine kinase Fyn is activated during the early 

phase of myelination, around postnatal day 4 of the mouse, and is associated with L- 

MAG (Umemori et al., 1994). Moreover, in@ deficient mice, the amount of MBP 

present in the brain is 50% of that of control mice and the CNS myelin is thinner and 

more hegular (Urnemon et al., 1994; Umemori et al., 1999). Recently, Fyn has been 

shown to activate the transcription of MBP (Urnemon et al., 1999). These observations 

strongly support the hypothesis that MAG is involved in the initiation of myehation 

(Trapp, 1 990). However, L-MAG accounts for only 5% of the total MAG mRNA in the 



PNS (Quarles et al., 1992). To date, it is not known whether the S-MAG associates with 

other signahg components and tramactivate other myelin genes. 

Like neural-cd adhesion molecule (NCAM), MAG belongs to the 

Unmuwglobuh superfamily having five Ig-Ore domains in the extracellular region 

(Lemke, 1988). In addition, the first Ig-lie domain contains the Arg-Gly-Asp (RGD) 

sequence, which rnay be hvolved in binding to integrin-type recepton (Rouslahti, 

Piersbacher, 1987). M M  is locaiized in periaxonal membranes of central and peripheral 

myelin sheath and absent from compact myeh (Stemberger et al., 1979; Trapp, Quarles, 

1982). It is expressed also in Schmidt-Lanterman incisures, paranodal loops and 

mesaxons (Martini, Schachner, 1988b; Trapp et al., 1989) where they exhibit homophilic 

interactions (Trapp et al., 1999). 

The generation of mice with nuil mutations in myelin specific genes has 

contirmed the roles of these myelin proteins in the formation and maintenance of the 

myelin sheath. In sumrnary, myelin proteins in the PNS have overlapping fûnctions. Po, 

the most abundant protein in PNS myelin, appean to be involved at ail stages of 

rnyelination (Martini, Schachner, 1997). In addition, PMP22 and to lesser extent MAG, 

appear to be important for initial ensheathment of axons (Magyar et al., 1996; Martini, 

Schachner, 1997), MBP is also important for compaction of major dense line, MBP and 

PMP-22 regulate myelin thickness (Martini et al., 1999, and except for MBP, most are 

involved in the maintenance of myelin (Mktui, Schachner, 1997). 



e. Changes in Myelin Protein Concentrations 

The expression of a number of Schwann cell genes depends on the presence or 

absence of axons (Table 2). The loss of axonai influence dunng Wallerian degeneration 

results in the decreased synthesis of myelin proteins Po, MBP, MAG and PMP-22 and the 

increased synthesis of the p75NGFR (Trapp et al., 1988; Gupta et al., 1988; Kuhn et al., 

1993; Gupta et ai., 1993). Foliowing axonal regeneratioa, the re-expression of myelin 

proteins occurs concomitant with the decrease in the expression of low aflJnity receptor 

for nerve growth factor @75 LNGFR), neural-ce11 adhesion molecde (NCAM) and L1 

(Martini, Schachner, 1988a; Gupta et al., 1988; Kuhn et ai., 1993; Gupta et ai., 1993). 

To determine the putative neuron-derived factors reguiathg the expression of 

myelin specific genes, Schwann celis have been cultured in the absence of semm and 

treated with agents that elevate the intracellular concentrations of CAMP. Schwann cells 

that are grown in the defined medium (senim-fiee) and treated with forskolin synthesize 

the Po mRNA and reduce the concentrations of the mRNAs for GFAP, NCAM and 

p75NGFR (Morgan et al., 1991). Thus, the elevation of intracellular CAMP may mediate 

the axon to Schwann ce11 signaling that triggers myelination. The effeas of forskolin on 

the expression of myelin protein mRNAs is inhibited by FGF-2, TGFP, GGF or serum 

factors (Morgan et al., 199 1; Stewart et ai., 1995). However, in Schwann ceU cultures 

that have been established without prior exposure to semm d u ~ g  the culture process, PO 

and MBP are constitutively expressed and addition of GGFheureguiin inhibits the 

expression (Cheng, Mudge, 1996). 



2. SynthesY Myelin-Specific Transcription Factors is Decreased 

To date, there are at least two transcription factors that might be involved in the 

regdation of myelination: suppressed CAMP-inducible POU protein (SCIP) and krox-20. 

a. Suppressed CAMP-Inducible POU Protein ( S m )  

Tst-1 or Oct-6 or suppressed c-AMP-inducible POU protein (SCIP) belongs to the 

Class III POU domah family of transcription factors, which are expressed primarily in 

subsets of neurons and myelin-foming glia of the brain and the PNS (Monuki et al., 

1989; He et ai., 1991). SCIP mRNA concentrations in Schwann ceils are nonndy low 

and increase markedly 1-3 hours d e r  treatment with forskolin, an agent that increases 

intraceiiular CAMP concentrations (Monuki et al., 1989). The concentrations of  SCIP 

mRNA remain elevated for as long as the intracellular CAMP concentrations in Schwann 

cells are high. In cornparison, the mRNAs for the myelin genes are induced 18-24 hours 

after forskoiin treatment (Monuki et al., 1989). Furthemore, in CO-transfection 

experhents, SCIP binds to the Po promoter through its POU domain and its amino 

terminal domain and represses the transcription of Po (He et ai., 1991; Monuki et al., 

1993a; Monuki et al., 1993b). 

D u ~ g  rat embryogenesis, SCIP is first observed at El7 in the nuclei of Schwann 

celis expressing LNGFR and S 100 in the dorsal root proximal to the spinal cord and by 

El9 expression spreads distally within the dorsal root (Zorick et al., 1996). Furthemore, 

SCP-ümunoreactivity is detected in Schwann ce11 nuclei of neonatal rats (Scherer et al., 

1994). The expression of SCIP mRNA in the sciatic nerve is moa robua at Pl  to P4 then 

deches thereafter and is no longer detectabie in the adult (Scherer et al., 1994; Zorick et 



al., 1996). Furthemore, in nonmyelinating peripheral @a k e  the satellite ceiîs in the 

DRG and the nonmyelinating Schwann cells in the superior cervical ganglion 

postganglionic nerve, SCIP mRNA is expresseci transiently from the end of the first 

postnatal week to P20 (Zorick et al., 1996). In adult rats, sciatic nerve transection results 

in the süght transient rise, fiom 1 to 12 days post-lesion, of SCIP mRNA while nerve 

crush leads to a rise in SCIP mRNA concentrations in the distal stump ftom 8 days post- 

injury and persists for at least 58 days (Scherer et al., 1994). However, in neonatal rats 

transeaion of the sciatic nerve results in the reduction of SCIP, Po, and histone H3 

mRNA by 2 days. These patterns of SCIP mRNA expression in degenerating and 

regenerating nerves strongly support the hypothesis that SCIP is involved in the 

regdation of myelin genes. 

b. Krox-20 

The gene box-20 or EGR-2 was first described as a serum-responsive immediate 

early gene that encodes a protein with CyszRIia zinc-finger motif and is closely related to 

the transcription factor Spl (Chavrier et al., 1988; ChaMier et al., 1989; Cornier, 

Famham, 1990; Nardelli et al., 199 1 ; Nardelli et al., 1992). The gene product of kox-20 

is a transcription factor that modulates hox genes that are involved in hindbrain 

development (Chavrier et al., 1990; Schneider-Maunoury et al., 1993; Sham et ai., 1993). 

Disruption of the box-20 gene lads to the reduction or loss of rhombomeres 3 and 5 of 

the huidbrain and die d u ~ g  the kst  two weeks after bîrth (Schneider-Maunoury et al., 

1993). In addition, the mice display lack of myelinated peripheral nerves revealing that 

krox-20 is involved in myelination (Topilko et al., 1994). 



In the PNS, krox-20-hunoreactivity is detected in the cytoplasm of dorsai root 

ganglia neurons and in the nucleus of satellite cells of the DRG and Schwann ceiis 

(Herdegen et al., 1993). Immunohistochemical studies showed that krox-20 expression in 

nerves first appears at Pl in the dorsal roots and follows a prorcimai to distal distribution 

simiiar to that of SClP but with a delay of 1-2 days (Zorick et al., 1996). However, the 

use of transgenic mice canying a l a d  insertion in the krox-20 gene, which do not present 

phenotypes in the heterozygous state (krox-20 3, showed that krox-20 is fist expressed 

at mouse embryonic day 10.5 (E 10.5) oniy in the nerves adjacent to the neural tube 

(Topilko et al., 1997). At E15.5, krox-20 is expressed in the entire peripheral nerves. In 

contrast to SClP expression, krox-20 expression is maintained in adulthood, coincident 

with that of myelln protein PO, and no transient expression is observed in nonmyelinating 

Schwann cells and satellite cells in the DRG (Zorick et al., 1996; Topilko et al., 1997). A 

sciatic nerve transection or cmsh in rodents leads to a fa11 in krox-20 expression and a 

similar decrease is observed in the nerves of patients with peripheral neuropathies (Zorick 

et al., 1996; Topilko et ai., 1997). Moreover, in a patient recovering from axonal 

neuro pathy krox-20-immunoreactivity is detected in Schwann cells undergoing the 

remyelination process (Topilko et al., 1 997). 

In vitro studies showed that cultureci Schwann ceils do not synthesize krox-20 and 

that a direct axonal contact is necessary for the krox-20 expression in explants of DRG 

taken fiom E 15.5 mouse embryos (Murphy et al., 1996). Neurons at various stages of 

development have the capacity to hduce krox-20 expression in Schwann ceils fkom 

neonatal animais (Murphy et al., 1996). Thus, the signal for krox-20 expression is always 

preseat in neurons and that the krox-20 expression is reguiated by the developmental 



stage of the Schwann celis. However, explants of DRG fiom E 12.5 embryos, which do 

not normaily synthesize krox-20, are able to express krox-20 in the presence of difisable 

factors from the neural tube; this action can be rnimicked by treatment with NRG-PZ or 

the combination of FGF2 and either CNTF or LIF (Murphy et al., 1996). 

C. Changes in Expression of Iotegrins 

Axons control myeliation by regulating the expression of the different Schwann 

celi genes including those of the receptors of the components of the basal lamina. 

IntegrUIs are ceil surface receptors that mediate cell-ce11 and cell-extracellular matrix 

interactions (Hynes, 1992). Al1 integrins are composed of heterodimers of a and B 

nibunits (Hynes, 1992). To date, Schwann cells have been shown to express alPl, asfh 

and a 4 4  integins, the receptors for laminin (Femandez-Valle et al., 1994; Niessen et al., 

1994; Feltri et al., 1994). a& is wideiy expressed while a& expression is resuicted to 

epithelial celis, some types of endothelial cells, perineural fibroblasts and Schwann cells 

(Niessen et al., 1994). Schwann cells in culture synthesize aipi and -Pl integrins; 

however, when niltured in the presence of DRG neurons, myelinating Schwann cells 

reduce the synthesis of alPl and a& and increase the synthesis of cx&4 integrin 

(Femandez-Vde et al., 1994). In addition, antibodies against Bi  inhibit myelination by 

blocking the dserentiation of Schwann cells hto a myeliiating phenotype (Femandez- 

Valle et al., 1994). 

a 4 4  integrins are cornmonly found in hemidesmosomes, which are specialued 

structures of keratinocytes and other epithilial celis that mediate adhesion to underlying 

basement membrane (Stepp et al., 1990; Sonnenberg et ai., 1991). In the peripheral 



nerve, a 4 3 4  immunoreactivity is described as a thin ring around the myelin sheath and 

developmentally regulated (Niessen et al., 1994; Feltri et al., 1994; Quattrini et ai., 1996). 

In nonmyelinating Schwann ceiis, it is locaiized at contact regions between axons and the 

Schwann celis (Niessen et al., 1994). Foilowing sciatic nerve crush, as and Pi mRNA 

expression are not changed while that of a changes as does Po mRNA (Feltn et ai., 

1994). In contraa, in transected sciatic nerves, p4 M A  expression is markedly reduced 

by 4 days d e r  injury and then increases progressively fiom 8 to 58 days following 

transedon (Feltri et al., 1994). Although P4 mRNA is re-expressed in chronically 

denervated Schwann celis, it is no longer restricted to the abaxonal region rather but is 

distributed in a diffuse, non-polarized pattern (Feltri et al., 1994; Quattrini et al., 1996). 

To date, this re-expression of P4 mRNA in transected nerves remains unexphned. 

D. Schwann cell proliferation 

Autoradiographic studies showed that the labeüing index of mouse Schwann cells 

in the degenerathg nerve peaks on the third day d e r  transection and declines thereafter 

(Bradley, Asbuiy, 1970). The peak of mitosis in rats and cats occurs 3-4 days after injury 

(Peilegrino et ai., 1986; Oaklander et al., 1987; Griffin, Hohan, 1993b; Liu et al., 

1995). The signal for Schwann ceii proliferation during Wailerian degeneration is not 

cleariy understood. 

Schwann ceii proliferation has been studied extensively in vitro. The first soluble 

and potent Schwann ceii mitogen identified is glial growth factor (GGF) (Raffet al., 

1978). GGF treatment does not result in the elevation of intracellular concentrations of 

CAMP but stimulates Schwann ceii proliferation through the activation of protein kiaase 



C (Yoshirnura et al., 1993). Fibroblast growth factor-1 (FGF-l), FGF-2 and platelet- 

derived growth factor (PDGF) have weak mitogenic activities which can be potentiated 

with the addition of forskoiin, an agent that elevates intraceilular CAMP, (Davis, 

Stroobant, 1990; Chea et al., 1991). Increasing the concentration of intracelidas CAMP 

up-regulates PDGF receptor and may possibly modulate receptors ofother growth factor 

in a similar marner (Weirunaster, Lemke, 1990). TGF-P can dso synergize with FGFZ or 

PDGF to stimulate Schwann ce11 proliferation but the combination of TGF-P and CAMP 

elevation is not mitogenic (Schubert, 1992). 

E. Changes in the Expression of Trophic Facton 

The molecules made by target tissue in limited quantities that prornote s u ~ v a i  of 

neurons are called neurotrop hic factors (Barde, 1988). However, recent findings showed 

that the "classicai" neurotrophic factors rnight have actions outside of the nervous syaem 

(Hongome et al., 1993; Kawamoto et al., 1995) and cytokines that prixnarily have 

immune fhction act also on neurons (Yamarnori et al., 1989; Kushima et ai., 1992; 

Cheema et al., 1994a; Hirota et al., 1996). 

There are several families of neurotrophic factors known to act on neurons and 

glial ceus in the PNS. These trophic factors are the neurotrophin f a d y  (reviewed by 

Ebendal, 1992), the IL-6 famiy of cytokines or the neuropoietic cytokines (Emsberger et 

al., 1989; Yamamon et ai., 1989; Ikeda et al., 1996; Pennica et al., 1996) and the 

transforming growth factor (TGF) s u p e r f ' y  (Stewart et al., 1995; Guénard et al., 1995; 

Rosenthal, 1999). Perhaps severai combinations of trophic factors might act in concert to 



promote sumival and maintenance of the neurons. The changes in trophic factor 

expression foiiowing axonal degeneration are summarized in Table 3. 

1. The neurotrophin family 

The prototype for the neurotrophic factors is the nerve growth fmor (NGF), the 

first of this class of molecules to be discovered and characterized (Levi-Montalcini, 

1987). NGF and the other members of the neutrophin family have common structural 

features - each comprishg of seven P-suands which form three anti-parallel pairs 

(Ebendal, 1992). The neurotrophins prirnarily a a  on the cells in the nervous system 

(Mendell, 1995). They are synthesized as precurson and proteolytically cleaved by pro- 

protein convertases (Bresnahan et al., 1990; Steiner et al., 1992). 

a. Nerve Growth Factor 

NGF was initiaily isolated and characterized as the molecule secreted by mouse 

sarcoma 180 that supports the survival of neurons in the neural crest-derived sensoiy and 

sympathetic ganglia (Levi-Montaicini, 1987). Production of NGF in the adult nerve is 

normally very low but following nerve transection, NGF mRNA concentrations increase 

in a biphasic manner (Heumann et al., 1987a; Heumann et al., 198%). The initial rapid 

rise in NGF mRNA concentration is transient and peaks within 6 hours and is followed, 2 

days later, by a sustained rise (Heumann et al., 1987b). This initial rapid rise in NGF 

mRNA can be reproduced in organ cultures but the second phase of increase is only seen 

when aaivated macrophages are added (Heumaml et al., l987b). In Wld mice which 

exhibit subnonnal remitment of macrophages, sciatic nerve transection does not lead to 



a marked increase in NGF synthesis in the distal stump (Brown et al., 1991). 

Macrophage-derived molecules Wte IL- 1 P (Linciholm et al., 1987) or T N F a  (Hatîon et 

al., 1993) stimulate the expression ofNGF mRNA in fibroblasts in vino. Cultured 

Schwann ceiis synthesize NGF mRNA only in response to stimulation be agents that 

elevate intraceiiular CAMP (Matsuoka et al., 1991). 

In adult rat lumbar DRG high affuiity binding to NGF is restricted to neurons that 

are irnmunopositive for calcitonin gene-related peptide (CGRP) and for substance P 

(Verge et al., 1 989). The high atfinity binding and signal transduction of NGF involve 

two molecules - trk and p75 receptors. The first receptor to be described was the p75 

low-affinity NGF receptor (LNGFR) (Johnson et al., l986), which is capable of binding 

to ail the neurotrophins at a low a n i t y  (reviewed by Ebendal, 1992). Although p75 is 

not necessary for neurotrophin signahg (Ibaiiez et al., 1992), it increases ligand bindiig 

Wty and modulates the signal transduced by trks (Hempstead et al., 1991). In the PNS, 

p75 LNGFR expression is not limited only to neurons. The p75 LNGFR is expressed 

early d u ~ g  development in emigrated neural crest cells (Shah et al., 1994) and 

expression is maintained in the Schwann ce1 lineage until the cells have dzerentiated 

and started to express myelin proteins (Jessen, Mirsky, 199 1; Jessen et al., 1994). Sciatic 

nerve injury results in the decrease in P75 LNGFR expression in DRG neurons (Zhou et 

ai., 1996) and an increase in expression in Schwann ceils (Taniuchi et al., 1988; Zhou et 

ai., 1996). Disruption of@ gene resuits in the loss of heat sensivity and associated with 

ulcers in distal extrernities (Lee et ai., 1992). Also, loss of innervation to the pineal gland 

and reduced or absence of sweat gland innervation have been observed in mice lacking in 

p75 NGF receptor (Lee et al., 1994). 



The hi&-aiiinity receptor of NGF is a 140 kDa tyrosine kinase receptor that is a 

produa of the protooncogene trk (Martin-Zanca et al., 1989). Trk mRNA has been 

localized to neural crest-derived trigeminal sensory, dorsal root, and paravertebrai 

sympathetic ganglia (Martin-Zanca et ai., 1990). The bindhg of NGF to Trk activates the 

tyrosine kinase resulting in the tyrosine phosphorylation of Trk (Kaplan et ai., 1991a; 

Kaplan et al., 199 1 b). In rat pheochromocytoma PC 12 cells, formation of activated Trk 

homodimers mediates neuronal s u ~ v a l  and differentiation (Rovelli et al., 1993). In 

addition, injection of antibody against NGF in utero results in the loss of Trk expressing 

neurons in the DRG (Carroll et ai., 1992). Trk mRNA concentrations in lumbar DRG 

neurons decrease following sciatic nerve transection (Verge et al., 19%). Mice deficient 

in the gene for NGF or trk are insensitive to pain and temperature and severe reduction in 

sympathetic and sensory neurons, panicularly the smd-sized neurons in the spinal and 

trigeminal ganglia (Smeyne et al., 1994; Crowley et al., 1994). 

In humans, mutations in trk4 are implicated in congenital insensitivity to pain 

with anhidrosis (CPA), an autosornai-recessive disorder characterized by recurrent fever 

due to anhidrosis (absence of sweating), lack of reaction to noxious stimuli, self- 

mutilating behavior, and mental retardation (Indo et al., 1996; Yotsumoto et al., 1999). 

Patients with CPA exhibit defects in rrk4 ranging tiom point mutation at nucleotide 

1825 (A-G transtition), single base C deletion at nucleotide 1726 (Yotsumoto et al., 

1999), and deletion-, splice- and missense mutation in the tyrosine kinase domain (Indo 

et al., 1996). 



b. Brain-dtrived Growth Factor 

The second member of the neurotrophin f a d y  was isolated fiom pig brain and is 

calied brain-derived neurotrophic factor (BDNF). It is expressed m d y  in the nervous 

system and in the periphery it is made only in heart, lung and skeletai muscle (Ebendai, 

1992). The mature BDNF protein has approximately 50% amho acid sequence sidarity 

with NGF (Barde et al., 1982; Leibrock et al., 1989). hcluded in the conserved regions 

are 6 cysteine resides that form the disulfide bonds important for the stabilization of the 

3-D structure (Thoenen, 199 1). 

B D M  supports the survivai of trigeminal sensory neurons at the time that they 

innervate theY targets; these neurons later lose their BDNF-responsiveness and become 

dependent on NGF (Buchmann, Davies, 1993). During mouse embryogenesis, BDNF 

mRNA is expressed in the dorsal root, trigeminal, and sympathetic ganglia as well as in 

the vestibular ganglia and cochlea (Schecterson, Bothwell, 1992). BDNF supports also 

the survivai of motor neurons (Koliatsos et al., 1993). 

The amount of BDNF made in adult rat nerve is normally very low and sciatic 

nerve transection leads to a slow increase of BDM: mRNA concentrations in the distal 

stump that starts at 3 days poa-injury and reaches the maximum expression d e r  3-4 

weeks (Meyer et al., 1992; Funakoshi et ai., 1993). In addition, cultured Schwann cells 

constitutively express BDNF mRNA and addition of ionomycin or a combination of 

ionomycin and TPA increases the expression (Meyer et al., 1992). 

The discovery of Trkq a product of the trk protooncogene, as the high affinity 

receptor for NGF led to the identification of the other members of the Trk family of 

receptor tyrosine kinases as the high affiaity receptors for the other neurotrophins 



(reviewed by Segal, Greenberg, 1996). In situ hybrization studies showed that while PM 

mRNA is localized in majority of the neurons in the DRG, trkB mRNA is present in some 

DRG neurons and also in Schwann ceiis (Carroll et al., 1992). The mRNA for fui1 length 

trkB is expressed in the neurons while the mRNA for the tmncated îrkB is expressed in 

satellite c e h  of the DRG ('etmore, Oison, 1995). Following sciatic nerve or dorsal root 

lesion, irkB mRNA increases in the DRG (Enifors et al., 1993). Moreover, the mRNA for 

tmncated b k B ,  which is locaiized in Schwann cells, increases in the proximal newe 

segment but decreases in the distai nerve smmp (Funakoshi et al., 1993). 

Loss of BDW gene results in severe problems in coordination and balance 

associated with loss of neurons in sensory ganglia, particularly most neurons in the 

vestibular ganglion (Enfors et al., 1994a). Examination of the nkB deficient mice showed 

that trigeminal sensory neurons depend on TrkB signaling in the early stages of 

development until most neurons have extended theû axons to their fields and could 

compete for the target-derived NGF (Piiion et al., 1996). 

c. Neurotrophin-3 

The third member of the family, neurotrophin-3 (NT-3) was cloned using the 

partial sequence sùnilarity between NGF and BDNF (Thoenen, 199 1). NT-3 supports the 

sumival of sympathetic neuroblaas before they becorne NGF-responsive (Verdi, 

Anderson, 1994). The neurons in the developing DRG are supported also by NT-3 before 

they are dependent on NGF (Wright et al., 1992; Hory-Lee et al., 1993). In addition, NT- 

3 drives the differentiation of cultured neural crest-denved ceiis f?om the gut into aeurons 

and giia (Chalazonitis et ai., 1994). In mouse embryos, NT-3 mRNA concentrations are 



high in motor neurons, moderate in sympathetic ganglia, and aimost undetectable in 

sensoiy dorsal root and trigeminal neurons (Schecterson, Bothwell, 1992; Wetmore, 

Olson, 1995). NT-3 mRNA is present in sciatic nerves of adult rats and foUowing 

axotomy, this expression decreases in the distal stump 6-12 hours post-injury and is 

gradudy restored to normal levels 2 weeks after injury (Funakoshi et ai., 1993). 

The actions of NT -3 are mediated by its high afEnity binding to TrkC tyrosine 

kinase receptor (Lamballe et al., 1991) and lower a8inity binding to TrkB receptor 

(Windisch et al., 1995). Like PM, trkC gene aiso encodes an isoform that lacks the 

tyrosine kinase domain, the truncated TrkC (Palko et al., 1999). Mice that overexpress 

this truncated fonn suffer from severe developmental defects in the heart and the PNS 

and thus, die early (Palko et al., 1999). Mice lacking in frkC exhibit abnormalities in 

movement and postures and lack Ia muscle afEerent projections to spinal motor neurons 

and have fewer large myelinated axons in the dorsal mot and posterior column of the 

spinal cord (Klein et ai., 1994). On the other hand, mice deficient in NT-3 gene exhibit 

abnormal limb movements (Emfors et al., 1994b), have severe loss of sensory and 

sympathetic neurons 070%) (Farinas et al., 1994; Liebl et al., 1997), group Ia 

proprioceptive afferents and muscle spindles are particdarly absent (Kucera et ai., 1995) 

and most die after bhh (Emfors et al., 1994b). 

d. Neurotrophin-4 

Additional memben of the neurotrophin family were cloned by PCR with the use 

of the conserved regions of NGF, BDNF and NT-3 as prirners (Thoenen, 1991). 

Neurotrophin-4 (NT-4), which is which is identicai to neurotrophin-5 (Berkemeier et al., 



1991; Ip et al., 1992a), exerts its actions by binding to TrkB and p75 LNGFR (Klein et 

al., 1992; Wmdisch et al., 1995; Ryden et al., 1995). In in v i ~ o  studies, NT4 supports the 

survival of vestibular neurons protects them against ototoxic agents (Zheng et ai., 1995). 

Administration of N T 4  rescues axotomized facial motor neurons of neonatal rats 

(Koliatsos et al., 1994). NT4 is widely expressed in the nervous system as weii as in 

nomeurai tissues (Timmusk et ai., 1993). In the penpheral nerves, NT4 mRNA 

concentrations decrease in the distal stump 6-12 hours after transedon and then 

progressively hcrease to concentrations eight fold of normal by 2 weeks (Funakoshi et 

al., 1993). 

Loss of AV-4 gene in the mouse leads to deficits in sensory neuroas in the nodose- 

petrosal and geniculate ganglia but facial motor neurons and sympathetic neurons in the 

SCG do not appear to be affected (Liu et al., 1995; Conover et al., 1995). Disruption of 

both BDW and NT-4 genes increases the seventy of the sensory deficits while facial 

motor neurons remah unafTected (Liu et al., 1995; Conover et al., 1995). 

2. The neuropoietic cytokines 

The second f a d y  of molecules that can support the survival of neurons is a 

group of distantly related cytokines that have predicted structural sidarities (Bazan, 

1991; Yamamori, Sarai, 1992) and utiiize multi-component receptors with gp130 as the 

signal transducing subunit (Taga, 1996). This f d y  of cytokines includes ciliary 

neurotrophic factor (CNTF), interleukin-6 (IL-6). leukemia inhibitory factor (LE), 

oncostatikM (OSM), interleukin-1 1 (IL-1 1), and wdiotrophin-1 (CT-1) (Zhang et ai., 

1994; Taga, 1996). 



a. Intedeukin-6 

IL-6 is a pieiotropic cytokine that is made by a number of celi types including B- 

ceiis (Hirano et al., 1986), monocytes (Auden et al., 1987), fibroblasts (Guba et al., 

1 Wî), and endothelid cells (Fabry et al., 1993). In the central nervous system (CNS), IL- 

6 mRNA is detected in granule celis of the cerebellum, pyramidal neurons of the 

hippocampus, and selected neuronal populations in the cortex and hypothalamus 

(Schobitz et al., 1993). IL-6 mRNA is not detectable in the normal peripheral nerve but 

following sciatic nerve transection, IL4 mRNA is expressed in Schwann cells of the 

diaal nerve stump within 6 hours afker transection but is already at low concentrations by 

24 hours (Bolin et al., 1995; Zhong, Heumann, 1995; Bourde et al., 1996). Fuhennore, 

IL-6 mRNA is made in medium to large neurons of the DRG &er sciatic nerve 

transection (Murphy et al., 1 995). 

The actions of IL-6 in the nervous system include a survival-promoting activity 

for cultured catecholarninergic neurons fiom fetal and neonatal rai rnidbrain (Kushima et 

al., 1992) and cultured embryonic DRG neurons (Hirota et al., 1996). Co-administration 

of IL-6 and soluble IL6 receptor @IL-6R) results in the delay of progression of motor 

deficits in wobbler mutant mice (Ikeda et al., 1996). Transgenic mice carrying both the 

human I L 4  and IL4R genes exhibit accelerated axonal regeneration foliowing injury to 

the hypoglossal nerve (Hirota et al., 1996). The mice deficient in IL-6 gene appear 

healthy but are not able to mount a normal immune response foUowing a bacterial 

challenge (Dahymple et al., 1995). In these mice, sciatic nerve transection leads to a 

higher nurnber of DRG neurons undergohg celJ death (Murphy et ai., 1999). 



The efFects of IL-6 are mediated by signahg through its receptor complex 

(reviewed by Taga, 1996). IL-6 binds to the extracellular domain of the IL-6 receptor a 

(IL-6Ra) subunit, either the soluble or the membrane bound fotm (Taga et ai., 1989; 

Taga, Kishimoto, 1992; Rose-John, Heinrich, 1994). The IL-6-IL-6Ra complex then 

associates with gp130, enabling it to fom a homodimer (Taga et al., 1989; Murakami et 

ai., 1993). The homodimerization of gp 130 lads to the activation of the members of the 

JAK family of kinases ( N a r d  et al., 1994), which are attached to the gp 130 subunits, 

and starts the signaling cascade (Lutticken et al., 1994; Stahl et al., 1994a). 

b. Ciliary Neurotrophic Factor 

Ciliary neurotrophic factor (CNTF) was first described and isolated based on its 

ability to suppon the survivai of chick ciliary neurons (Lin et al., 1989; Lin et al., 1990). 

Purification and cloning revealed that CNTF is a 200-amino acid protein with a 

molecular weight of 20-24 kDa (Stockii et ai., 1989; Lin et al., 1990). Furthemore, 

CNTF lacks the consensus sequence for signal peptide and the mode of release of CNTF 

f?om its ce11 of synthesis is presently not known (Stockli et al., 1989). 

To date, CNTF is known to have other potent effeas on severai populations of 

neurons and glia. CNTF drives the differentiation of neurotransmitter phenotype of 

sympathetic neurons (Emsberger ~t al., 1989; Saadat et al., 1989), supports the swival 

of motor (Sendtner et ai., 1992a; Mitsumoto et al., 1994), hippocarnpal (Ip et al., 1991), 

sensory and preganghonic sympathetic neurons (Sendtner et al., 1994). Also, CNTF 

rescues degenerating substantia nigra dopaminergic neurons (Hagg, Varon, 1993). In 

addition, CNTF stimulates the Merentiation of type 2 astrocytes fiom 0-2A progenitor 



cells (Hughes et ai., 1988) and suppom the survival of oligodendrocytes (Louis et al., 

1993; Mayer et al., 1994). Like IL6 and LIF, CNTF also induces the expression of acute 

phase proteins in hepatocytes (Dittrich et al., 1994). 

In the PNS, CNTF is expressed postnatally and is localized to a subset of 

Schwann ceUs (Rende et al., 1992; Dobrea et al., 1992). Although CNTF is expressed 

abundantly in adult myelinated penpheral nerves, it decreases markedly following nerve 

injury (Sendtner et al., 1 992b; Dobrea et al., 1992; Rabinovsky et al., 1992; Seniuk et al., 

1992). Re-expression of CNTF in the nerve occurs &er axonal regeneration once 

remyeiination has commenced (Sendtner et al., 1992b). To date the physiological 

hnction of CNTF in the PNS remains unclear. 

Cloning of the CNTF binding protein, CNTFRa, revealed that it is a glycosyl- 

phosphatidylinositol (GPI) linked molecule and has similarities with IL6 receptor a 

(Davis et al., 1991 ; Davis, Yancopoulos, 1993). Further midies showed that CNTF 

responsiveness is mediated by the binding of CNTF to CNTFRa, which in turn associates 

with the functionai LiF receptor (the LIF receptor B and gp130 dimer) (Baumann et ai., 

1993; Davis et al., 1993; Stahl, Yancopoulos, 1994b). Gp 130, the signal transducing 

subunit of the IL-6 receptor cornplex, is the cornmon signal transducer for the members 

of this cytokine f d y  (Nishimoto et al., 1994; Ip, Yancopoulos 1996). CNTFRa 

irnmunoreadvity is present in adult neurons in hippocampai formation, piriform cortex, 

oIfactory bulb, cerebeilar Puricinje ceils, pons, red nucleus and other nuclei associated 

with motor control hcluding ventral hom neurons of the spinal cord (MacLeman et al., 

1996). Expression is also obsemed in skeletal muscle and adult DRG ueurons, both in the 

penkarya and in the axons (kf.acLeman et al., 1996). Duhg development, CNTFRu 



immunoreactivity is localized in dinerentiating neurons, including those in DRG, 

sympathetic ganglia, ventral hom, intennediolateral column of the spinal cord and 

develo ping brainstem ouclei (MacLe~an et ai., 1 996). 

c. Leukemia Inhibitory Factor 

Leukemia inhibitory factor (LE) was uiitiaily described in the nervous system as 

the molecule secreted by cultured heart cells which promoted the cholinergie 

dserentiation of rat sympathetic neurons (Yamamori et al., 1989). LIF is now known to 

be important in blastocyst implantation, bone resorption, fat rnetabolism, maintenance of 

hematopoietic stem ceUs and in the induction of hepatic acute phase response ( G e a ~ g ,  

199 1). A recent investigation showed that L E  ais0 stimulates s u ~ v a l  of Schwann ceils 

in culture (Dowsing et al., 1999). L E  and CNTF have overlapping actions on 

sympathetic, sensory and motor neurons (Cheema et al., 1994a; Cheema et al., 1994b) 

probably because they share receptor components (Ip et ai., 1992b; Gearing, 1993; 

Baumann et al., 1993; Taga, 1996). The fundonal L E  signaling receptor complex 

consists of gp 130 and LIF receptor P (LIFRP) (Taga, 1996). 

L E  is normdy present in peripheral nerves at very low concentrations and 

induced rapidly following nerve injury in the ipsilaterd DRG, and in segments distai and 

imrnediately proximal to the lesion (Curtis et ai., 1994; Bamer, Patterson, 1994). The 

message for LIFRP rapidly decreases in the distal stump and persists for at least 2 weeks 

(Banner, Patterson, 1994). Aiso, LIFRfl mRNA concentration decreases in organ cultures 

of SCG and DRG (Banner, Patterson, 1994). However, studies investigathg a x o d  



transport showed that L E  is retrogradely transported to the ce11 bodies of sensory and 

motor neurons and this transport is increased afler nerve crush (Curtis et al., 1994). 

Mice deficient in either LIF or C M F  gene are viable and do not show apparent 

neurological abnomalities but CNTF null mice display mild motor dysttnaion 

associated with a slight reduction in motor neurons later in adulthood (Masu et al., 1993; 

Rao et ai., 1993). in  addition, 2% of the Japanese population lack the C ' g e n e  but 

have no overt neurological abnomalities (Takahasi et al., 1994). However, disruption of 

both LIF and CNTF genes results in a dramatic loss of rnotor neurons and an earlier onset 

of motor dysfùnction (Sendtner et al., 1996). Mice lacking either CNïFRa or LIFW 

gene exhibit dramatic loss of motor neurons and die soon after birth (DeChiara et al., 

1995; Li et al., 1 995) suggesting that CNTFRa has other Iigand(s) besides CNTF that is 

(are) important for normal development of motoneurons. Dismption of p l 3 0  gene 

resulted in rnice with severe hematological and myocardial disorders that died before 

birth (Yoshida et al., 1996). 

d. Cardiotrophin-1 

Cardiotrophin- 1 (CT- 1) was discovered by expression cloning and found to 

induce cardiac myocyte hypertropby (Pennica et al., 1995a). Like other members of üiis 

family, CT- I aiso stimulates hepatocyte production of acute phase proteins (Peters et al., 

1995). The trophic action of CT- l on rat DRG neurons in vitro is similar to that of CNTF 

and LIF (Thier et al., 1999). CT- 1 mRNA is expressed in the embryonic iimb bud and is 

secreted by dxerentiated myotubes (Pennica et al., 1996). Treatment with CT- 1 rescws 

neonatal rat motor neurons &er axotomy (Pennica et al., 1996). Binding studies showed 



that CT-I utilizes the fiinctional L E  receptor complex for signal transduction (Pennica a 

al., 199Sb). In addition, CT-1 has been shown to bind to a GPI-Linked membrane protein 

that is distinct from CNTFRV (Pennica et al., 1996). It is possible that CT-1 is one of the 

molecular signals fiom the target that promotes the survival of motor neurons during 

embryogenesis. 

3. The Transforming Growth Factor Supedamily 

Transfonning growth factor (TGF) and related proteins belong to a superfamily of' 

related molecules that moduiate celî growth, differentiation, migration and death (Wahl, 

1992; Massagué et al., 1994). These molecules are grouped into different clusters: TGF- 

p, activins/inhibins, M+Uerian inhibitory substance (MIS), bone morphogenic proteins 

(BMPs), glial-derived neurotrophic factor (GDNF) and other related proteins (Wahl, 

1992; Massagué et al., 1994). Synthesized as large precursor proteins, these molecules 

dimerize and are proteolytically cieaved by furin peptidase resulting in d i e r s  linked by 

disuifide bonds with the monomers oriented anti-pardel to each other (Massagué et al., 

1994; Dubois et al., 1995). While TGF-Bs are homodimers (Wahl, 1992; McCartney- 

Francis, Wahl, 1994) and activins are dimers of related BA and pe chahs, inhibins are 

composed of a P chain and a distantly related a chain (Massagué et al., 1994). Among the 

memben of tbis superfamiiy, TGF-P and GDW have potent actions in the nervous 

systern. 



a. Transforming Growth Factor-B 

The three marnrnalian TGF-P isoforms are encoded by different genes but the 

mature proteins share 70.80% homology in theù amino acid sequence, bind to the s a m e  

receptors and have sirnilar actions (Wahl, 1992; McCamiey-Francis, Wahl, 1994). The 

mature TGF-P remains inactive as it is associated, through a noncovalent interaction, 

with the 75-kDa latency-associated protein (LAP), which is covalently bound to the 135- 

kDa modulator/binding protein (Wahl, 1 992; McC~ey-Francis, Wahl, 1994). In vifro, 

TGF-P activated by denaturing conditions (e.g., extremes of pH and heat), ioriizing 

radiation, plasmin, thrornbospondin, and calpain (Schultz-Cherry, Murphy-UUrich, 1993; 

Munger et al., 1997; Abe et al., 1998). 

TGF-Bs act on Schwann cells by promoting the nonmyelinating phenotype - 

inhibits Po and galactocerebroside synthesis and airnulates the synthesis of p75 LNGFR, 

NCAM, L1, and glial fibrillary acidic protein (GFAP) (Mews, Meyer, 1993; Stewart et 

al., 1995). In addition, in cocultures of rat embryonic DRG neurons and Schwann cells 

from neonatal rat sciatic nerve maintallied under myehationg conditions, addition of 

TGF-P blocks myelin formation (Guénard et al., 1995). In the TGF-P-treaied cocultures 

many of the Schwann cells ensheath multiple axons, an ensheathment pattern that is 

characteristic of the nonmyelinating phenotype (Guénard et al., 1995). 

TGF-fis exert their actions by binding to three ceil wface proteins. The type 1 (53 

D a )  and type II (70-83 kDa) TGF receptors are serine-threonine kinases and both 

participate in signal transduction while the type III (250-350 kDa) receptor, aiso calleci 

betaglycan, binds and presents TGF-B to the bctiond signalhg complex (McCartney- 

Francis Wald, 1994). 



In the PNS, TGF-BI, 432, and 4 3  have been detected by immunohistochemistry 

in Schwann cell cytoplasm as weii as in the perineurium and the endoneurial blood 

vessels (Scherer et al., 1993; Rufer et al., 1994). In addition, TGF-PZ and -83 are dso 

detected in the axoplasm of most axons (Unsicker et al., 1991). Nonhem blot analysis 

showed that TGF-P 1 and-$3 m . A  concentrations in rat sciatic nerve remah constant 

fiom Pl to P90 but TGF-PZ rnRNA concentration is below the detedon lirnit (Scherer et 

al., 1993). Mer  sciatic nerve crush and transedion, TGF-P-immunoreactivity increased 

withui 12 hours after lesion in the proximal snimp and by 48 hours in the distal stump 

(Rufer et al., 1994). The increased TGF-P staining in the lesioned sciatic nerves persisted 

for at least 14 days (Rufer et al., 1994). The concentrations of TGF-Pl mRNA starts to 

increase 1 day post-wotomy and remains elevated in transected nerves for ai least 24 

days. Foiiowhg nerve crush, TGF-B 1 mRNA concentrations increase in the distal stump 

1-8 days post-lesion and graduaiiy retum to baseline concentrations between 8-24 days 

(Scherer et al., 1993). In contrast, TGF-P3 mRNA concentrations decrease foilowing 

axotorny and in crushed nerves, start to rise beîween 8-24 days. The patterns of 

distribution of TGF-B 1 and TGF-P3 mRNA are comparable to that of p75 LNGFR and PO 

m R . 4  respectively (Scherer et al., 1993). Cultured Schwann cells produce TGF-f3 1 

mFüW, which is reduced by forskolin treatment (Scherer et al., 1993). 

b. Clid-Derived Neurotrophic Factor 

Glial-denved growth factor (GDNF), a distant member of TGF-f3 family purified 

ffom the supernantant of the glial ceii iine B49, was iaitiaiiy identifiai for its ability to 

support ~ M v a l  and maturation of cultured rat embryonic dopaminergic neurons (Lin et 



ai., 1993). It has been show to promote s u ~ v a l  of embryonic rat motor neurons in vitro 

and in vivo, and it prevents degeneration of motor neurons of neonatal rats following 

facial nerve transedon (Henderson et al., 1994). In addition, GDNF treatment ofchick 

embryos in ovo rescues motor and sympathetic ganglia neurons but not DRG, nodose, or 

ciliary ganglia neurons fkom programmed cell death (Oppenheim et al., 1995). GDNF 

mRNA is expressed in the developing skeletal muscle, peripheral nerve, DRG, ventral 

roots and spinal cord (Henderson et al., 1994; Tmpp et al., 1995). Its expression in 

peripheral nerves persists into adulthood (Naveilhan et al., 1997). Transection of 

peripheral nerves results in an increase of GDNF mRNA in the distal nerve stump and the 

muscle but not in the proximal nerve stump (Naveilhan et al., 1997). 

Many of the actions of GDNF appear to overlap with those of neurotrophins and 

neuropoietic cytokines, especially, its actions on motor neurons (Chavrier et al., 1989; 

Koliatsos et al., 1993; Koliatsos et al., 1994; Henderson et al., 1994; Scbmalbnich, 

Rosenthal, 1995). These effects are mediated by the GDNF receptor cornplex - the ligand 

binding receptor subunit G F b  1, a glycosyl-phosphotidylinositol- (GPI-) linked protein 

(Jing et al., 1996) and the transmembrane tyrosine kinase Ret, the signal transducer 

(Trupp et al., 1996). 

in adult rnice, GFRal mRNA is expressed in the peripheral nerve and the spinal 

cord wMe Ret is expressed in the spinal cord rnotor neurons (Naveillian et al., 1997). 

FoUowing sciatic nerve m s b ,  GFRcll mRNA concentrations are increased in the distal 

stump but not in the proximal stump and in the spinal cord (Naveilhan et ai., 1997). Ret 

W A ,  on the other hand, increases rapidly in the spinal motor neurons and the DRG 

neurons (Naveilhan et al., 1997). 



The other members of the GDNF farniiy thus fas are neumirin, which binds to 

GFRa2 (Widenfalk et al., 1997), artemin, which binds to GFRa3 (Baloh et ai., 1998), 

and persephin, which binds to GFRa4 (Milbrandt et al., 1998; Enokido et al., 1998). 

These molecules also signai through the tyrosine kinase Ret (Trupp et al., 1 998). 

Dismption of  the neumirin and GFRa2 genes revealed that these molecules are essential 

for the development of the entenc nervous syaem and for the parasympathetic 

cholinergie innervation of the lacrimal and the submandibular saiivary glands (Rossi et 

al., 1999; Heuckeroth et al., 1999). It is still not known how these GDNF related 

molecules are distributed in injured peripherai nerve. 

F. Neuregulins: the putative neuronal signab that regulate Schwann te l l  phenotype? 

Neureguluis constitute a family of molecules encoded by a single gene and are 

classified according to their distinct amino termini (Marchionni et al., 1993; Fishbach., 

Rosen, 1997). Glial growth factor (GGF) isoforms, the potent rnitogens for Schwann 

ceus, were initidy p u ~ e d  fkom bovine pituitary extracts (Raffet al., 1978). Cloning of 

GGFs revealed that a single gene encodes these Schwann ceil mitogens as well as 

acetylchohe receptor-iaducing activity (ARIA), neu dserentiation factor W F )  and 

hereguiins (HRG) (Marchionni et ai., 1993). Alternative splichg gives rise to the 

different a and P isoforms of neuregulin (Marchionni et al., 1993). Al1 these m o l d e s  

signal through receptors belonging to the EGF receptor family. NeuRIER2/erbB2 is the 

signal transducing subunit (Holmes et al., 1992) while HER3/erbB3 and HER4/erbB4 are 

the ligand binâing subunit (Vartanian et al., 1997). Heterodimetization of either erbB3 or 



erbB4 with erbB2 is necessary for signal transduction (Chen et al., 1996; Vartanian et al., 

1997). 

In situ hybridization d i e s  showed that during mouse embryogenesis, the 

niRNAs for neuregulins are localized in the sensory, motor and sympathetic ganglion 

neurons starting at midgestation (Meyer, Birchmeier, 1994). On the other hand, erbB2 

receptor has been localized in migrating neural crest ceUs (Shah et al., 1994) while erbB3 

receptor is produced by developing Schwann cells and in a subset of cells in the DRG but 

not in motor neurons (Vartanian et ai., 1997). These observations strongly indicate that 

neuregulins are involved in the development of peripheral nerves by signalling through 

the erbB2 and erbB3 receptor complex. 

Neural crest cells arise fiom the dorsal aspect of the neural tube and migrate to 

diierent regions of the embryo giving rise to the various cells of the peripheral nervous 

syaem (PNS), bone, smooth muscle, pigment and endocrine cells (Branner-Fraser, 

1994). Clonal analysis of neural crest cultures revealed that neuregulins promote glial 

differentiation and inhibit the generation of neurons (Shah et al., 1994). Survival and 

fùnher development of Schwann ce11 precursors into immature Schwann celis (LNGFRt, 

S 100') require the presence of neurons (Jessen et al., 1994). In the absence of neurons, 

fibroblast growt h factor-2 (FGF2) and neuregulin-P 1 (NRG-B 1) can mediate the s u ~ v a l  

and maturation of the precursors into S100' Schwann cells (Dong et al., 1995; Jessen et 

ai., 1994). 

The importance of neuregulins as the neuronal sigoals that mediate Schwann ceil 

development and fhction m vivo has been Uivestigated with the generation of mice with 

n d  mutations in the neuregulin gene as weli as in the genes encoding the f'unctional 



neuregulin receptors (Meyer, Bkchmeier, 1995; Gassman et ai., 1995; Riethmacher et al., 

1997). Mice with targeted mutations in the rzeuregulzn gene die during embryogenesis 

and Schwann ceU precurson and cranial ganglia do not develop normally (Meyer, 

Birchmeier, 1995). Most rnice with targeted mutations in erbB3 gene die during 

embryogenesis and the embryos that survive develop to terni (Riethmacher et al., 1997). 

More detailed study of the embryonic devetopment of erbB3 mutant mice showed that 

Schwann ce11 precursors and Schwann cells that associate with axons of the sensory and 

motor neurons are lacking (Riethmacher et al., 1997). Sensory neurons in the DRG as 

well as motor neurons appear normal at E 12.5 but by E 18.5 significant number of cells 

have undergone cell death (Riethmacher et al., 1997). In contrat, rnice deficient in 

erbB2, the signai transducer, die at midgestation (El 1) due to fdure of the heart to 

develop normaily and display defects in cranial neural crest-derived sensory ganglia 

while trunk neural crest-denved sensory neurons in the DRG appear normal at E1O.S 

(Lee et al., 1995). Recently, the cardiac defect of these erbB2 nul1 mice has been 

genetically rescued and the mouse embryos lacking the erbBi  gene are able to develop to 

term but die at birth (Morris et al., 1999). In these mice Schwann cells lacking, the motor 

and sensory neurons are dramatically reduced in numbers, and the axons of surviving 

motor and sensory neurons are severely defasciculated and have aberrant projections 

(Moms et al., 1999). These observations suggea that neuregulins made by neurons are 

important signals for normal Schwann ceil development. 

Schwann ceiis are not ody the target ceiis of neuregulins but are also the source 

of synthesis of these moleailes in the nerve during Wallerian degeneration (Carroll et al., 

1997). Neuregulins are not detected normally in uninjureci nerves but foiiowing nerve 



lesion, the mRNA and protein concentrations of the GGF subfamily of neuregulins, 

erbB2, and erbB3 increase beginnuig at 3 days post-axotomy (Carroll et al., 1997). 

Tyrosine phosphorylation of erbB2, which marks the activation of the receptor, increases 

in the sciatic nerve undergoing Wallerian degeneration (Xwon et ai., 1997). The t h e  

course of the increase in concentration of GGF and that of the increase in the activation 

of erbB2 correlate with the t h e  course of Schwann ceii proliferation in the distal nerve 

stump (Carroll et ai., 1997; Kwon et al., 1997). 

III. FCBROBLAST RESPONSE 

In the normal nerve fibroblasts are found in the epineurium, pe~eur ium and 

endoneurium, the diffusion barrier that serves to regulate the microenvironment of the 

axons (Thomas, 1966; Ohara et ai., 1986). Very linle is known about the responses of 

fibroblasts after axotomy. The nerve epineuium, perinuerium, and endoneurium undergo 

restnicturing aiter injury, especiaiiy in cases where axonal regeneration has been 

prevented (Thomas, 1966; Latker et al., 1991; Popovic et al., 1994; Bradley et ai., 1998). 

At the lesion site, Schwann cels and endoneurial and perineurial fibroblasts grow out of 

the transected end and becorne embedded in the nework of coliagen fibrils (Thomas, 

1966). In the distal nerve segments, endoneurial fibroblast-iike ceils proliferate at 2 

weeks post-axotomy (Salonen et ai., 1988; Popovic et al., 1994) and their thin processes 

encircle the persisting basal lamina (Thomas, 1964; Popovic et al., 1994). A month &er 

nerve lesion the endoneuriai ceils completely surround and separate the basal lamina 

tubes fiom each other (Popovic et al., 1994; Bradley et al., 1998). The message of 



fibroblast growth factor (FGF)-1 and -2 increases in the proximal and distal stump &er 

nerve injury (Meiimger, Grothe, 1997) and may stimulate the proliferation of fibroblasts. 

Another important response of fibroblasts to nerve injury is the production of 

molecules that couid help in the regeneration of axons (Lindholm et al., 1987) or 

influence other non-neuronal ceUs (Horigome et al., 1993; Kawamoto et al., 1995). 

Fibroblasts stirnulated by interleukin-1, which may be derived from macrophages, and by 

tumor necrosis factor (W)s produce NGF (Lindholrn et al., 1987; Gordon, Galli, 

1990). This fibroblast-derived NGF promotes suMval of neurons (Goedert et al., 1984; 

Levi-Montalcini, 1987) and stimulates the mast cells to synthesize cytokines and to 

degranulate (Bullock, Johnson, Jr., 1996). 

W .  MACROPELAGE INFILTRATION 

Monocytes/macrophages are considered to be important players in the repair of 

damaged nervous tissue. In the normal penpheral nervous system (PNS), they constitute 

2-9% of al1 endoneurial cells (Oldfors, 1980; Griffin et al., 1993a) and are found around 

blood vessels, among nerve fibers in the endoneurium and around seosory neuronal ceil 

bodies (Lu, Richardson, 1993; Vass et al., 1993). The normal turn-over of these 

mononuclear cells up to 80% in the DRG and 60% in the peripheral nerve withiti 3 

months (Vas et ai., 1993). Physical insult to a peripheral nerve results in Wallerian 

degeneration, which elicits an idammatory response that is restriaed to mononuclear 

phagocytes (reviewed by Brück, 1997). in rats, infiitratuig mononuclear ceUs are fkst 

detected by immunohistochemistry three days foiiowing injury and theû numbers 

increase thereafler (Stoii et al., 1989; Chumasov, Svetikova, 199 1; Tasheu, Royttzi, 

1997). They form perivascular intiltrates in the epineurium and are found around the vasa 

nervosa and between myelinated and unmyelinated fibers (Chumasov, Svetikova, 199 1). 



These macrophages remove axonai and myelin debns (Muer, Minwegen, 1987; Perry et 

al., 1995; Brilck et al., 1996). In the late stages of Wallenan degeneration, when the mass 

of myelin have been phagocytosed by the macrophages and regenerating nerve fibers 

appear, the number of mononuclear ceiis declines sharply and only clusters and chains of 

"foam celis remain subsequently between the fibers (Chumasov, Svetikova, 1991). 

These chains of foam cells are observed even 1.5 to 2 months following hjury 

(Chumasov, Svetikova, 199 1 ; Lu, Richardson, 1993). 

A. The molecular signais Tor monocyte homing 

The mechanism of macrophage recruitment following nerve lesion is still not well 

understood. However, the initial "signai" a p p a s  to depend on the degeneration of the 

axons (reviewed by GrifTh et ai., 1993a). In general, the extravasation of leukocytes both 

soluble and membrane-bound molecules have been implicated including adhesion ligands 

on the leukocytes and their counter-receptors on the endothelial cells (reviewed by 

S p ~ g e r ,  1994; Springer, 1995). Migration has been proposed to occur in at least three 

steps involving the interactions of selectin-mucin-like molecule, chemoattacrant- receptor 

and integrin-Unmunoglobuiin family (Springer, 1994). These interactions act in sequence, 

not in parailel. 

1. Selectins 

The word selectin is denved &om lectin and select fiom the same Latin root 

which means to select by picking out (Springer, 1995). Selectins rnediate the initial 

tethering of leukocytes to the vesse1 wall and subsequently the formation of labile 

adhesions that enable leukocytes to roli in the direction of flow (Springer, 1994). The 

three members of the selectin family ail contain a N-terminal region similar to 

mammalian C-type lectin foilowed by an epidermal growth factor (EGF)-like domain, a 

variable number consensus repeats of complement regdatory proteins, a transrnembraw 



domain and a shon cytoplasmic tail (Pober, Cotran, 1991). The expression ofselectins is 

Limited to the ceiis of the vascuiature (Springer, 1995). Thus, the role of s e l e h  in the 

migration of monocytic ceils into the injured PNS has not been studied. 

2. Chemoattractants 

C hemoattractants mediate the activation of integrin adhesiveness and in directhg 

the migration of leukocytes (Springer, 1994; Springer, 1995). The are two ways by which 

ceils can migrate. In the process of chemotaxis, leukocytes move in the direction of 

increasing concentration of the chemoattractant. Altematively, cells can move towards 

increasing adhesiveness. The classicai chemoatttractants, like formylated peptides, 

complement fragments and arachidonic acid metaboiites act broadly on the leukocytes 

(Springer, 1 994). However, almost a decade ago, a farnily of chernoattractive cytokines 

has been shown to specifically a a  on subsets of leukocytes Ceonard, Yoshimura, 1990). 

This family of chemokines is made up of srnall, basic and heparin-binding molecules, 

with moleailar weights ranging from 8 to 12 kDa, and is funher classifïed based on their 

sequence homology around two cysteine residues (Roiiins, 1997). The a chemokines 

have the CXC motif and mostly act on neutrophils and nonhemotopoietic cells involved 

in wound healing while the P chemokines have the CC motif and mostly act on 

monocytes, lymphocytes and eosinophils (Springer, 1995). The limited cellular 

distribution of chemokine receptors contributes to their specificity (Roiiins, 1997). The 

chemokine receptors are 7 trammembrane spanning, G-protein - coupled recepton 

(Baggiolini et al., 1997). Although these receptors have overlapping specificities, their 

ligand specificity does not cross the CC versus CXC boundaîes (Springer, 1994). 

The monocyte chemoattractant protein-l (MCP-1) is a member of the P- 

chemokine farnily. Human MCP- l, which was originaiiy cloned f?om myelomonocytic 

and glioma ceil lines, is synthesized by several immune and non-immune celis (Leonard, 

Yoshimura, 1990). In the PNS, MCP-1 mRNA expression has been observeci in the nerve 



following tellurium-induced primary demyelination, nerve crush and nerve transection 

(Toews et al., 1998). Recently, MCP-1 mRNA was show to be induced at the site of 

trauma within 1.5 hours and in the distal shimp within 16 hours (Carroll, Frohnert, 1998). 

In addition, the peak of expression occurred lday &er neme crush while in transected 

nerve it was observed 2 days after injury (Toews et al., 1998). MCP-1 mRNA expression 

has been localized to Schwann cells (Ransoho$ 1997). Thus, it is likely that Schwann 

cells contribute to the horning of monocytic cells by synthesizing chemokines. 

3. Leu kointegrins 

Integrins are cell surface receptors that mediate cell-ce11 and cell-extracellular 

matrix adhesion (Hynes, 1992). in co-cultures of nerve segments and macrophages, 

antibodies to complement receptor type 3 (CR3) which is also known as Mac4 or a& 

integrin has been reported to inhibit the recruitment of phagocytes and the removal of 

myelin debris (Lunn et al., 1989; Brück, Friede, 1990a). In addition, depletion of s e m  

complernent in rats reduced recniitment of macrophages into the degenerathg nerve and 

macrophage activation (Levi-Montalcini, 1987). CR3 binds to intracellular adhesion 

molecule- 1 (ICAM-1) (Hynes, 1992). ICAM- 1, a 90 kDa glycoprotein that belongs to the 

irnmunoglobdin superfamily, is prirnarily expressed in endothelial cells and is up- 

regulated after cytokine stimulation (Springer, 1995). In the PNS, in spite of the 

colocaiization of ICAM-1 with Ia antigen on macrophages in the nerve during the early 

stages of experimentd autoimmune neuritis, it was not initially detected on endothefiai 

cells and macrophages in transected nerves (Stol1 et al., 1993b). However, another group 

has observed that ICAM- 1 and vascular ceU adhesion molecule- i (VCAM-1) are 

expressed on endothelial celis at the lesion site and in the distal sturnp of injured nerves 

(Castano et al., 1996). Furthemore, ICAM- I deficient rnice sciatic exhibit a reduction in 

recruitment of macrophages in the distal snimp and in the removal of myelin after sciatic 

nerve transection (Vougioukas et al., 1998). 



AU these observations suggest that MCP- 1 as well as the interaction of ICAM-1 

and CR3 contribute to the homing of monocytes into the injured peripherai nervous 

tissue. 

B. Macrophages remove myelin and axond debris 

The studies of Ramon y Cajal (Ramon y Cajal, 1928) and Nageotte (as cited by 

(Ramon y Cajal, 1928)) suggested the involvement of hematogenous celis in the 

phagocytosis of degenerating myelin. This concept was later supported by the 

experiments using the Miilicell diffusion charnbers which revealed that non-resident 

phagocytic ceils are responsible for the removal of myelin (Beuche, Friede, 1984). 

Selective inhibition of macrophages by the intraperitoneal injection of silica quartz dust 

resuits in delayed myelin degradation (Muller, Minwegen, 1987). Inhibition or limiting 

the recruitment of marcophages into the degenerating nerve by whole body irradiation or 

intravenous injection of dichioromethylene (ChMDP) also leads to the reduction of 

myelin removal (Perry et al., 1995; Brück et al., 1996). As some myelin degradation stiU 

occurs even in the absence of infiltrating macrophages, the initial removal of myelin 

could be attributed to Schwann cells and resident macrophages and that recnited 

macrophages are required for the complete myelin degradation (Perry et ai., 1995). 

Immunohistochemicai studies revealed that these infiltrating cells are positive for 

Mac-1 (complement receptor type 3 or CR3) and Fc-receptors (Scheidt, Friede, 1987). 

However, the macrophage Fc-receptor does not appear to participate in myelin 

degradation as myelin removal still occurs in the absence of imrnunoglobulins (Ham et 

al., 1988). In CO-cultures of non-resident macrophages and nerve segments exposed to p- 

mannosidase the infiltration of macrophages is inhibited while treatrnent with L- 

fucosidase blocks myelin removal (Brück, Friede, 1990b). A binding site for 

polysaccharides is aiso present on CR3 (Lambris, 1988) and a tiicose-bearing surface 

molecule enhances the activation of macrophage C3 receptor (GrBin, Mullinax, 1984). 



When the CO-cuhres of macrophages and nerve segments are maintained in a medium 

supplented with C3-deficient serum, myelin phagocytosis is inhibited (Brück., Fnede, 

1991). Furthemore, T N F a  treatment down-regulates CR3 expression and dramatidy 

reduces myelin uptake by phagocytic ceUs (Brück et al., 1992). In vivo, depletion of 

serurn complement a day before sciatic nerve cmsh reduces the recruitment of 

macrophages and their subsequent activation @dey et al., 1998b). Thus, CR3 appears to 

be important for normal migration, activation, and phagocytic function of macrophages in 

the degenerating nerves. 

V. MAST CELL RESPONSE 

Mast ceiis, which are often associated with hypersensitivity, release a number of 

bioactive compounds, including histamine, serotonin and TNF, upon stimulation 

(reviewed by Purcell, Atterwill, 1995; Dines, Pwell, 1997). These cells are found in 

comective tissues and could be identified histologically by the presence of 

metachromatic cytoplasmic granules (Enerback et al., 1965). Mast cells in the normal 

nerve are numerous in the epineurium and penneurium where they are ofien aggregated 

into small goups near blood vessels; and in the endoneurium, these ceUs are few and are 

found between nerve fibers and are not associated with blood vessels (Enerback et al., 

1965; Olsson, 1967). 

A. Degranulation of Mast Cells 

Mechanical injury to the nerve, from a slight compression without microscopie 

darnage to the nerve, triggers the rapid degranulation of mast ceUs at the site of the lesion 

(Enerback et al., 1965; Olsson, 1967). Metachromatic cytoplasmic granules have been 

found around mast celis near blood vessels in the epineurium and perineurium and among 

nerve fibers in the endoneurium (Oisson, 1965; Olsson, 1967). In the distal nerve stump, 



no sign of degranulation has been observed for up to one week after injury (Olsson, 1965; 

Olsson, 1967). 

1. Mast ce11 degranulation affects the blood-nerve bamer 

The blood-nerve barrier (BNB), which is comprised of the tight junctions between 

the endotheiial ceus of the blood vessels in the endoneurium and the perinuerial ceils in 

the perinuenum, protect the axons by regulating the endoneurial microenvironment 

(Latker et al., 1991). One week after nerve injury, some serum proteins cross the BNB 

and by 2 weeks, essentiaily dl rnacromolecules cross the BNB and enter the endoneurium 

(Seitz et al., 1989; Latker et al., 1991). In cmsh lesions the integrity of the BM3 gradually 

recovers while transection of the nerve renders the barrier permanently lealcy (Seitz et al., 

1989). 

Mast celi cytoplasmic granules contain proteases and biogenic amines, includmg 

histamine and 5-hydroxyuyptamine or serotonin (reviewed by Dines, Pwell, 1997). These 

cells degranulate following injury thereby releasing these molecules (Olsson, 1965; 

Enerback et al., 1965). Histamine concentrations in the nerve sheath, which contains the 

mast ceus, decrease within 2 hours &er injury and then increases by 7 days and remaiw 

elevated for at least 2 weeks in the distal nerve stumps (MacDonald et al., 198 1). This 

distribution correlates with the increase in mast ceii numbers in the distai stump 

(Enerback et al., 1965; Wmdebank et al., 1985). In addition, administration of histamine 

and compound 48/80, which promotes mast cell degranulation, into rat peripheral nerves 

alters the vascular permeability and promotes edema formation (Powell et al., 1980). 

Thus, molecules released by mast cells contribute to the changes in vascular permeability 

in the degenerating nerve. 

Biogenic amines may also Skct  Schwann cells as these celis appear to express 

the 5-m2,4 serotonin receptor (Yoder et al., 1996). Concentrations of intraceihdar Ca* in 

Schwann ceiis increase in respoase to serotonin application (Yoder et al., 1996). 



However, it is not known how activation of this receptor in Schwann cells contribute to 

the changes during Wallerian degeneration. 

2. Mast ceIi proteases contribute to myelin degradation 

Proteases are some of the enzymes present in the cytoplasmic granules of mas 

cells (Johnson et ai., 1988; Dietsch, Hinrichs, 1991 ; Compton et al., 1998). Incubation of 

CNS myelin with mast ce11 degranulation supernatant results in the degradation of MBP 

(Johnson et al., 1988; Dietsch, Huuichs, 199 1). In addition, MBP itself can stimulate the 

degranulation of mast ceUs (Johnson et al., 1988). It is possible that proteases released 

fiom mast cells contribute to the degradation of myelin after nerve injury. 

B. Mast Cell Proliferation 

M e r  the initial degranulation following nerve injury, very few mast cells are 

found around the site of lesion, ad th& number increases by 4 to 6 weeks (Olsson, 

1965; Enerback et al., 1965). In the distal nerve segment on the other hand, mast ceUs 

number in the endoneurium increases starting at 2 days post-transection and remains 

elevated for at least 40 weeks (Olsson, 1965; Enerback et al., 1965; Latker et al., 1991). 

No signifiant changes in epineurial rnast ce11 number have been observed (Enerback et 

ai., 1965). 

Interleukin-3 (TL-3) and stem ce1 factor (SCF) are the classical regdators of rnast 

ce11 suMval and proliferation (reviewed by Galli et al., 1993). However, neonatal rats 

treated daily with NGF have increased mast ce11 numbers in a number of Werent tissues 

(Aloe, Levi-Montalcini, 1977). Conversely, administration of antibodies against NGF 

results in the redudon of mast ce11 numbers in vivo (Aloe, 1988). Rat peàoneal mast 

cells express the high afiïnity receptor for NGF, trkA, but not p75 LNGFR (Horigome et 



al., 1993). Hence, NGF, which increases in the diaal nerve shimp after injury (Heumami 

et ai., 1987a; Heumann et al., 1987b) may contribute to the increase in endoneurial mast 

ceii numbers in the distai segments (Olsson, 1965; Enerback et al., 1965). However, in rat 

peritoneal rnast cells, NGF does not stimulate prolifetation but supports suMvai by 

preventing apoptosis of IL-3 depnved mast cells (Kawamoto et al., 1995). In addition, 

NGF treatment of mast celis induces the mRNA expression of IL -3, IL-IO, R J F a  and 

GM-CSF (Bullock, Johnson, Jr., 1996). Thus, in the injured nerves, macrophage-denved 

IL-1 (Lindhoh et al., 1987) and rnast cell-derived TNF-a (Gordon, Galli, 1990) may 

stimulate fibroblasts to produce NGF, which in tum stimulates the production of IL-3 by 

mast cefls. I L 3  is a potent growth factor for mast cells (Lantz, H&, 1995). 

W. CS7CWWld MICE AS A TOOL TO STZTDY WALLERIAN DEGENERATION 

The mutant rnouse grain C57BL/Wld, fomerly cded C57BUOla or 01% is 

characterized to have delayed Wallerian degeneration, a property that is intrinsic to the 

axon (Glass et al., 1993). Associated with the delayed Wallerian degeneration is the 

retarded myeiin breakdown and subnormal recruitment of myelomonocytic celis (Lunn et 

al., 1989). Concomitant with axonal breakdown, ce11 numbers Ui the diaal stwnp of 

control outbred ULP mice increase within three days following axotomy while in the 

distal stump of Wld rnice no change in ceil numbers is observed even 10 days &er lesion 

(Lunn et al., 1989). However, Wld nerve explants exhibit disintegration of axonal 

cytoskeleton and when co-cultured with non-resident macrophages, non-resident 

macrophages migrate into the nerve (Brück et al., 1995). In vitro, a higher concentration 

of calcium is necessary for calpain to degrade neurofi.larnents (Glw et al., 1994). 

However, cloning of the 80 kD ubunit of m-calpain showed that m-calpain in Wld mice is 

not diierent fiom those of control mice (Glass et al., 1998). The mutation has been 



mapped to mouse chromosome 4 (Lyon et al., 1993) and within the candidate region an 

85-kb tandem triplication has been identined (Coleman et al., 1998). 

Studies on axonal regeneration in Wld mice showed that the delayed degeneration 

of axons in these mice is associated with delayed regeneration of sensory neurons and to 

a lesser extent, the motor neurons (Bisby, Chen, 1990; Brown et al., 1992). The "ce1 

body response" to injury as deterrnined by an increase in GAP-43 mRNA concentration 

and Jun-immunoreactivity in facial and sensory neurons is similar to that of control mice 

(Bisby et al., 1995). Hence, the delayed regeneration of sensory axons in Wld rnice is 

most likely due to the retarded degeneration of axons and not to the lack of neuronal ce1 

body response to injury. 



Table 1. Some of the cellular events in the oewe dunng W M a n  degeneratioa. 

Time Event Reference 

0-12 h degranulation of mast cells at the Olsson, 1967; 
lesion site 
? in Na, K and CI concentrations in Cravioto, 1969; 
Schwann cell cytoplasm; 
?in Ca concenuations in myelin Donat, Wisniewski, 1973; 
accumulation of organelles at the 
transected end of the nerve LoPachin et al., 1990 

12-24 h degeneration of mot or-end plates Miledi, Slater, 1970; 
loss of action potentials 
calcium-dependent granular OaWander et al., 1987; 
disintegration of axons 
fragmentation of myelin lamellae at Gnfh, H o h ,  1993; 
nodes of Ranvier 
rnitosis of endothelid ceUs Liu et ai., 1995; 

24-48 h linear fragmentation of myelin 

2-4 d infiltration of macrophages 
phagocytosis of myelin and axonal 
debns 
Schwann ceU rnitosis 

Schlaepfer, 1974 

C hurnasov, Svetikova, 

1991; Liu et ai., 1995; 

Taskinen, Royna, 1997; 



Table 2. Changes in the expression of Schwann ce11 genecr in peripheral nerves. 

Myelinating 1 Wallerian 1 References , Development 1 S. c. S.C. 1 Deaeneration 1 
+ 1 + 1 Jessen, Mirsky, 1991; 

Jessen et al., 1994 
Martini, Schachner, 1900a; 

t (PSA) s 
- 

- NCAM 
Jessen, Mirsky, 1991 
Jessen et al., 1994; 

+ 

+ 

P7S LNGFR 

Martini, Schachner, 1988b 
Jessen, Mirsky, 1991 

Martini, Schachner, 1988a; 
Martini, Schachner, 1988b; 

( Scherer et al., 1994; 
Zorick et al., 1996 

1 I - 1 t 1 Jessen, Mirsky, 1991; GFAP 

MBP 

+ 
+ 

+ 

+ MAG 

- 

- 

- 

- 

t 1 ++ 1 Kwon et al., 1997; 

Jessen, Mirsky, 1992 
Poduslo, Windebank, 1985; 

Gupta et al., 1988; Trapp et 
al., 1988; Kuhn et al., 1993 

Kuhn et al., 1993 
Gupta et al., 1988; Trapp et 
al., 1988; Martini, Schachner, 

198Bb; Gupta et al., 1993 
Martini, Schachner, 1900a; 

Gupta et al., 1993; 

- 

(S.C.) Schwann cell; (PSA) polysialic acid; (GGF) glial growth factor; 
(t) present; ( - )  absent; (f) barely detectable 

+ (GGF)  

+ 

Jessen, Mirsky, 1991 
Carroll et al., 1997 

++ 
Carroll et al., 1997 
Carroll et al., 1997 



Table 3. Changes in expression of  trophic factors in periphed nerves following 

Factor cN, Normal Nerve 

BDNF 

GDNF 

* (biphasic) (Heumann et al., 1987b; 
Heumann et al., 1987a) 
(Miledi, Slater, 1970; 

Funakosbi et al.. 1993) 

(Funakoshi et al., 1993) 
(Bolin et al., 1995; 

Zhong, Heumann, 1995; 
Bourde et al., 1996) 

(Sendtner et al., 1992; 
Dobrea et al., 1992; 

Rabinovslry et al., 1992; 
Seniuk et al., 1992) 
(Curtis et al., 1994; 

Banner, Patterson, 1 994) 
(Scherer et ai., 1993; 

Rufer et al., 1994) 
(Henderson et al., 1994; 

Tmpp et al., 1995; 
Naveilhan et al., 1 997) 

(Rotshenker et al., 1992) 
- * (biphasic) 

+ 
(seleri et ai., 1998) 
(Stoll et al.. 1993a) 



CHAPTER 2: PURPOSE OF THE STUDY 

S e v e ~ g  axons h m  the nerve cell bodies lads to the restrucniring of the nerve 

suggesting a very intimate relationship between the axons and the associated Schwann 

celis and tightly regulated interactions between the dEerent non-neuronal celis in the 

nerve. 

Durllig Wallerian degeneration Schwann celis dedifferentate - they reject the 

myeh and dramatically reduce the synthesis of myelin proteins while the synthesis of 

proteins normally present in immature and nonmyelinating Schwann celis increases 

(Schlaepfer, 1974; Gupta et al., 1988; Kuhn et al., 1993; Gupta et al., 1993; Liu et al., 

1995). Schwann cells later proliferate and form the bands of Büngner (Liu et al., 1995). 

Macrophages in the diad sturnp increase in number and later remove axonal and myelin 

debris (Brück, 1997). At the lesion site mast cells degranulate within 15 minutes afler 

injury (Olsson, 1967) and in the more distal segments their numbers increase by 1 week 

(Enerback et al., 1965). These cells release histamine and other biogenic amines from 

their granules and alter the blood-nerve barrier permeability (Seitz et al., 1989) and are 

potential source of cytokines (Buiiock, Johnson, Jr., 1996). Fibroblasts in the nerve 

respond to the injury by undergoing proliferation (Thomas, 1966) and synthesis of 

molecules nich as NGF that can contribute to the regeneration of axons (Lindholrn et a., 
1987). 

The present study focused on the changes undergone by Schwann cels and other 

non-neuronal cells during Wallerian degeneration. The sources of the signals that initially 

drive these changes may be divided into the foliowing: 

a.) loss of molecules released f?om axons, 

b.) Ioss of contact with molecules in the axolemma, and 

c.) exposure to molecules present in the blood and those secreted by 

hematogenous cells. 



To tease out the diEerent signals, the regulation of three Schwann cell genes have been 

investigated. The molecules studied are ciliary neurotrophic factor (CNTF), leukemia 

inbibitory factor (LW) and monocyte chernoamactant protein-l (MCP- 1). 

CNTF, chosen for its ability to support neuronal survival, is expressed postnatally 

in the PNS, is abundant in adult myelinating penpheral nerves and is markediy reduced 

following injury (Sendtner et al., 1992b; Seniuk et al., 1992). LIF is closely related to 

CNTF and has functions that overlap with those of CNTF ( G ~ M &  1 993; Cheema et ai., 

1994b). Unlike CNTF, LIF is normaliy present in penpheral nerves at very Iow 

concentrations and is increased after axotomy (Cuxtis et al., 1994). The third molenile 

studied is not sirnilar to CNTF and LIF in tertiary structure and knction. MCP-1 is one of 

the molecular signals involved in the migration of monocytes to sites of injury (Leonard, 

Yoshimura, 1990; Springer, 1994). However, k e  LE, MCP- 1 is barely detectable in 

normal PNS and is induced foliowing nerve injury (Toews et al., 1998). 

A greater understanding of the dEerent cellular and molecular interactions during 

Wderian degeneration may provide insights that can enhance axonal regeneration both 

in the PNS and CNS. 
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Ciliary neurotrophic factor (CNTF) belongs to a family of cytokines that similar 

in their tertiary structure (Bazan, 199 1) employs gp 130 as the signal transducing receptor 

(Ip, Yancopoulos, 1992; Zhang et al., 1994; Stahl, Yancopoulos, 1994). CNTF was first 

described based on its ability to support the s u ~ v a l  of parasympathetic chick ciliary 

neurons (Adler et al., 1979). It is now known to support the suniival of sensory (Skaper, 

Varon, 1986), sympathetic (Blottner et al., 1989), hippocampal (Ip et al., 199 1) and motor 

neurons in vitro (Arakawa et al., 1990). Furthemore, CNTF drives the dioerentiation of 

sympathetic neurons in culture (Emsberger et al., 1989; Saadat et al., 1989). 

Administration of CNTF also rescues degenerating motor neurons (Snider et al., 1990; 

Sendtner et al., 1992a; Mitsumoto et al., 1994) and substantia nigra dopaminergic 

neurons (Hagg, Varon, 1 993). 

In the penpheral nervous system, CNTF is expressed postnally in a abset of 

Schwann cells and is abundant in adult myelinated nerves (Dobrea et ai., 1992). 

Following nerve injury, CNTF mRNA, protein and bioactivity are dramatically reduced 

(Rabinovsky et al., 1992; Sendtner et al., 1 W b ;  Seniuk et al., 1992). Thus, CNTF 

appears to be distributed in the PNS in a similar fashion as that of myelin proteins. It is 

kely that myelin proteins and CNTF are regulated by similar mechanisrns. To study 

these regdatory mechanisms, it is essentid to establish Schwann ce11 cultures and 

determine whether CNTF synthesis is dso reduced in vitro. 

Schwann cell cultures were established i?om sciatic nerves of 5-day old rats using 

the mod8ed method of Brockes et ai (1979). Briefly, ceils were dissociated fiom the 

nerves by sequential collagenase and trypsin digestion. CeUs were maintaineci in 

Dulbecco's modified Eagle's medium (DMEM; Life Technologies, New York, USA) 



supplemented with 10% serum. During the first three days in culture, ceiîs were treated 

with 1 O:M cytosine-3 -D-aribinofiiranoside ( Ara-C ; Sigma- Aldrich Canada Ltd, Oakvüle, 

Ont., Canada) to remove proliferating ceiis. After the Ara-C treatment ceUs were 

trypsinized and replated ont0 polylysine coated covenlips and/or petri plates. 

Immunocytochernicai studies were done on freshly dissociated cells that had been 

plated for 5.5 hours using the antibodies against S100, the marker for glial cells, myeh 

basic proteins (MBP) and myelin-associated glycoprotein (MAG). The polyclonal 

antibody against S 100 was pwchased from Sigma-Aldrich Canada,Ltd (Oakville, Ont.), 

the polyclonal antibody against MBP was a @ fiom Dr. Peter Braun (McGill University, 

Montreal, Que.) and the monoclonal ah-MAG was a @ from Dr. Robert Dunn (McGili 

University, Montreai, Que.). Results showed that 65% of fieshiy dissociated ceUs fiom 

sciatic nerves of Sday old rats were immunopositive for S100, 12% stained for MBP and 

11% aained for MAG. When these cells were cultured for 24 hours, MBP- and MAG- 

immunopositive cells were no longer observed. These data confirm the previous 

observation that rnyelin protein synthesis is reduced in vitro ( M O ~ S O ~  et al., 1991). 

The synthesis of CNTF mRNA in niltured Schwann cells was determined by 

RNase protection assays. RNase protection assay was performed following the method of 

Seniuk et. al. (1992). Data showed that celis fieshiy dissociated fiom 5-day old rats 

synthesized (SNTF mRNA but in 1-day and 5-day old Schwann celi cultures CNTF 

mRNA concentrations were markedly reduced (Fig. 1). 

To confirm that CNTF synthesis in cultured Schwann ceiis was reduced, Western 

blot analysis was performed using a polyclonal antibody against the rat recombinant 

CN"ïF. CNIT-immunoreactive bands were visualized ushg l u ~ - ~ r o t e i n - ~  (ICN, 



California, USA) at 0.3 pCi/rnl blocking solution. Results showed that CNTF- 

immunoreactivity was present in fieshly dissociated celis and in 1-day old cultures but 

not in cells cultured for 5 days (Fig. 2). nius, simiiar to myelin proteins CNïF synthesis 

in cultured Schwann cells also decreases. However, the amount of immunoreactive 

CNTF in eeshly dissociated Schwann cells appears to be a disproportionately less thaa 

the amount of CNTF message present in these ceiis. As CNïF mRNA has been reported 

to have a half-life of 6 hours (Carroll et al., 1993), perhaps factors important for optimal 

post-transcriptionai processing andfor translation of CNTF mRNA are present at very low 

concentrations in Schwann ceils fiom neonatal rats. 

These observations suggest that CNTF, like myelin proteins, is innuenced by the 

presence of axons. However, the nature of this axonal signal remains to be determined. 

In the co-culture of embryonic rat DRG neurons and neonatal Schwann ceus, CNTF 

mRNA and protein were produced after 10 days in vitro (Lee et al., 1995). Furthemore, 

in experiments where ensheathment of axonsheuntes occur but myelination is inhibiteci 

CNTF protein synthesis was still observed (Lee et al., 1995). However, these experiments 

did not determine whether axonal contact per se or molecules secreted by neurons 

stimulate CNTF synthesis. We and others (Carroll et al., 1993) have attempted to induce 

CNTF production in cultured Schwann ceUs by adding soluble factors into the medium 

but faiied. Schwann ceils treated with forskolin (Sigma), which elevated the intraceilular 

concentration of CAMP and has been shown to induce the expression of m y e h  proteins 

in the absence of serum, macrophage-conditioned medium or neuregulin (a gift nom Dr. 

Salvatore Carbonetto) did not synthesite CNTF mRNk To date, the signals that 

stimulates CNTF synthesis remains &own. 
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Figure 1. Mase protection assay of total RNA from freshly dissociated cells from 

Schwann celis (SC) fultured for 0-5 days using a 32~-labelled CNTF probe. Sciatic nerves 

(SN) fiom 22-day old rats were used as positive control. 





Figure 2. Western blot anaiysis of proteins extracted from Schwann ceils (SC) dtured 

for 0-5 days ushg a polyclonal antibody against the rat recombinant (SNTF (1  : 500) and 

125 1-Protein-A for detection. Sciatic nerve (SN) and spleen (Spi) homogenates were used 

as positive and negative controls, respectiveiy. 
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In peripheral nerves, ciliary neurotrophic factor (CNTF) is localized to a subset of 

Schwann ceUs and is decreased in synthesis during Wallerian degeneration. This pattern 

of expression is similar to that of myelin protein genes. Xn the present study, C57BUWld 

mice, which exhibit delayed Wallerian degeneration, were used to determine the role of 

axonal contact on the regdation of CNTF synthesis. Western blot analysis showed that 

CNTF-irnmunoreactivity in Wld nerves remained almost normal even 10 days after 

ligation when it was almost undetectable in control mice. RT-PCR analysis revealed that 

4 days after ligation, concentrations in Wld and control mice were comparably low. 

These observations wggea that maintenance of axonal contact in the absence of axonal 

transport fiom the ceU body delays the dom-regdation of CNTT mRNA normally seen 

after injury. Also, during Wallerian degeneration in Wld mice, the decrease of CNTF 

protein is delayed for many days longer than the decrease in CNTF rnRNA. 

Keywords: CNTF, Po, C57BUWld mice, Wderian degeneration 



Ciliary neurotrophic factor (CNTF), a 20-24 kDa protein named for its ability to 

promote the s u ~ v a i  of parasympathetic ciliary neurons from embryonic chicks, is now 

known to have potent effects on several classes of neurons and glial cells. In intact 

peripheral nerves, CNTF is synthesized in a subpopulation of Schwann celis fiom the 

first post natal week throughout adulthood. Following nerve injury, CNTF mRNA and 

protein are markedly reduced during Waiierian degeneration and gradually increase to 

normal levels upon axonal regeneration and remyelination (Friedman et al., 1992; 

Sendtner et al., 1992; Seniuk et al., 1992). 

The expression of myelin protein genes involves a subset of Schwann ceus, 

rapidly rises during the fist week of postnatal life, persists in mature animals, declines 

d e r  nerve injury, and is restored to normal levels following nerve regeneration (Trapp et 

al., 1988; Gupta et al., 1993). The similar patterns of synthesis of CNTF and myeh 

proteins have led to the hypothesis that CNTF and myeh proteins are regulated by 

common mechanisms. 

Axons have long been known to modulate the expression of myelin proteins 

although the molecular nature of the putative axonai signal is unknown. The intluence of 

axonal contact in the maintenance of expression of Po, the major myelin protein of 

Schwann cells, has been demoastrated in the mutant mouse main C57BLMrld, 

previously known as CS7BUOla. Aftet nerve injury these mice have delayed breakdom 

of axons and myelin and subnormal recruitrnent of myelomonocytic cells to the distal 

stump (Luan et ai., 1989). This ptimary axonal defect is associated with an autosornai 



dominant mutation (Perry et al., 1990b) in Wderian degeneration (Wld) on chromosome 

4 (Lyon et al., 1993). Mer nerve injury in these mice, PO synthesis declines at an 

abnormdy slow rate (Thomson et al., 1991). The present study in WLd mice was 

undenaken to ascertain whether a x o d  contact regulates CNTF expression. 



MATERIALS AND METEODS 

swi!ery 

C57BL/Wld, C57BU6J and CD1 mice were obtained fiom a colony at Queen's 

University; C57BU6J and CD1 mice were used as controls. Six animais fiom eadi 

mouse strain were used for every experiment. Each experirnent was repeated twice. Mice 

were anesthetized with ether detivered via a nose-cone. The lefi sciatic nerve was tigated 

in the mid thigh with a 4/0 braided nylon thread. Following sacrifice 4, 7, and 10 days 

after lesion, nerve segments more than 3 mm distai to the lesion site (distal stumps) and 

the contralateral newes were collected, irnrnediately fiozen on solid C a  and processed 

for protein extraction or the preparation of total RNA. 

Immunoblotting 

For the extraction of proteins, fiozen sciatic nerves were pulverized and 

homogenized in 20 mM Tris-Cl, pH 7.5, b d e r  containhg 1 % Triton X-100, 150 mM 

Na CI, 1 mM EDTA, and 1 mM PMSF. The total protein content in the homogenates was 

determined by the dye-binding method of Bradford (Bio-Rad Proteh Assay Kit II) 

(Bradford, 1976). Sciatic nerve homogenates (20-30 of protein) were separateci by 

SDS poluacrylamide gel electrophoresis and transferred ont0 a nitrocellulose membrane 

for immunoblottiag. The membranes were blocked with 5 % bovine sem albumin in 

Tris saline solution and inaibated with either a polycIonal antibody against the 

recombinant rat CNTF protein raised in rabbit at a concentration of 1500 for 3 hours at 

room temperature or a polyclonal antibody against Po protein raised in rabbit at a 



concentration of 1 :2000 ovemight at 4T. Immunoreactive bands were detected ushg 

I2S 1-protein-A (ICN) at a concentration of 0.3 )iCi/rnl blocking solution for 1 hour at 

room temperature. Autoradiograms were exposed from 6 to 24 hours. 

RT-PCR and Southern Blotting 

The total RNA was exuacted from fiozen sciatic nerves using the method of 

Chomczynski and Sacchi (Chomczynski, Sacchi, 1987) and reverse transribed using 

pd(N)6 randorn hexamers as primers and Moloney murine leukemia virus reverse 

transcriptase. CNTF cDNA was ampiified by polymerase chah reaction for 18 cycles of 

95OC for 45 sec, 55OC for 45 sec and 72OC for 2 min ushg 5'- 

GAATTCGGATCC ATGGCTTTCGCAG AGAGC AA-3 ' (NT 1069- 1086, Genbank 

accession number U05342, with added B a d 1  site) as a sense primer and 5'- 

CTACATTTGCTTGGCCCC-3 ' (complimentary sequence to nt 1648- 1665, Genbank 

accession number U05342) as antisense primer. As controls, parallel assays were 

performed for myelin protein Po using 5'-ATACGGATCCATTGTGGTTTACACGGAC- 

3' (nt 362-379 of exon 2 (You et al., 199 1) with added B a d 1  site) and 5'- 

AAGTGGATCCCTATTTCTTATCCTTGCG-3 ' (complimentary sequence to nt 357-374 

of exon 6 (You et al., 1991) with added BarnHl site) as sense and antisense primers, 

respectively; and for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using 5'- 

TGAAGGTCGGTGTCAACGGATrnGGC-3' (nt 3 5-60 (Tso et al., 1985)) and 5'- 

CATGTAGGCCATGAGGTCCCACCAC-3 ' (complimentq sequence to nt 994- 10 17 

(Tso et al., 1985)) as sense and antiseme primen, respectively. The amplified proâucts 

were separated by agarose gel electrophoresis and transferred ont0 a nylon hybndization 



membrane (Hybond-N', Amersham). Bound DNA was fixed on the membranes by UV 

cross-linking at 0.12 joules. Southeni blotting was perfonned using ' 2 ~  labeUed antisense 

oligonucleotide probes for CNTF (complirnentary sequence to nt 1 132-1 171) (Genbank 

accession number U05342), Po (comphentary sequence to nt 795-845 of exon 4) (You 

et al., 1991), and GAPDH (complimentary sequence to nt 710-750) (Tso et al., 1985). 

CNTF and Po mRNA levels were normalized to GAPDH mRNA levels. To compare the 

concentrations of CNTF and Po mRNA in the normal and axotornized nerves, cDNA 

reverse transcnbed Born the total RNA fiom intact nerves was diluted serially pnor to the 

amplification. Autoradiograrns were exposed ovemight and scanned by densitometry. 

The concentration of message in the ligated nerves was determined as a percentage of 

that in normal contralateral nerves. 



In control mice, CNTF-immunoreactivity was reduced 4 days after ligation and 

was a h o a  undetectable by 10 days post-surgery (Fig. la). Xn injured Wld nerves, CNTF- 

imrnunoreactivity remained at near normal levels even at 10 days post-lesion (Fig. lb). 

Autoradiograms exposed for a shorter tirne revealed that immunoreactivity observed in 

injured Wld nerves was not due to oversaturation of the signal. In control mice, al axons 

have degenerated by 10 days foliowing axotomy, but in Wld mice, many axons sunive 

(LUM et ai., 1989). Thus, it appears that axonal contact even in the absence of transport 

fiom the nerve ce1 body prevents the reduction of CNTF protein that occurs after nerve 

injury. 

Ten days after ligation, Po-Vnmunoreactivity was no longer detected by 

immunoblotting in the distal nerve stump of control rnice while it was s u  present at 

reduced concentrations in Wld mice (Fig. 2). in the region of the iigation site, Po- 

immunoreactivity was s idar to bat in normal nerves. Previous investigations using 

immunohistochemical techniques have reported that myelin proteins are still present in 

lesioned Wld nerves 1 week after injury but not in lesioned nerves from control mice 

(LUM et al., 1989). 

The polyclonal adbody used for immunoblotthg recognized proteins with 

molecular weights higher than that of CNTF (Fig. 1). These bands were reduced during 

Wdenan degeneration in both Wld and control mice. However, in autoradiograrns with 

longer exposure times of homogenates from rat spleen, which was used as negative 

controi, these bands were dso observed. These proteins stiU have not been identined. The 



polyclod aatibody used to detect mydin Po recognized other proteins which were 

present both in the uninjured and ligated nerves (Fig. 2). The identity of these proteins 

rernaùis unknown. 

To confim the tinding that axond contact maintains CNTF synthesis in 

axotomized Wd nerves, CNTF mRNA concentrations were measured. Four days afker 

ligation, C N n  mRNA concentrations in the diaal nerve segments of Wld mice were 

83% of normal whereas concentration in CD1 mice had decreased to 23% of normal (Fig. 

3, Table 1). Ten days afler axotomy, the concentrationsof CNTF mRNA in the injured 

nerves of Wld were comparable to those of control mice. In cornparison, Po mRNA 

concentrations in nerves ligated 4 days before sacrifice were 36% of normal in Wld mice 

and 7% of nonnal in control rnice. These observations of Po mRNA concentrations in 

axotomized Wld nerves are consistent with previous evidence by Northern biot analysis 

that concentrations in the distal nerve segments, 5 days after transection, decreased to 

41% of normal in Wld mice and almost ni1 in control mice (Thomson et al., 1991). 



DISCUSSION 

Axood transport U oot necessary for CNTF induction 

Induction of CNTF mRNA and protein by axonal contact has been demonstrated 

in cocultures of rat DRG neurons and Schwann cells (Lee et al., 1995). However, it has 

not been deterrnined if axodneurite contact is sufncient to induce CNTF synthesis or a 

rapidly transported signal f?om the ce1 body is required. Our results suggest that the 

putative signal mua be a slowly tumed-over component of the axolemma, since 4 days 

&er ligation, CNTF mRNA concentrations remained high in injured Wld nerves where 

some axons persist, even though they were isolated from molecules recently synthesized 

in the nerve ceU body. The rapid decline of CNTF in axotomized nerves of control mice 

is presumably due to the rapid degeneration of the axolemrna, rather than to loss of a 

rapidly-transported, rapidly tuming-over signal nom the ce11 body. The fact that the same 

inference was made in the study of the myelin protein Po (Thomson et ai., 1991) 

strengthens the suggestion that these two Schwann ce11 proteins are regulated by similas 

intercellular mechanisms. 

In control mice, CNTF mRNA concentration in nerves, ligated 10 days before 

sacrifice, remained at 28% of normal whereas, in rats, the concentrations of CNTF 

mRNA, determined by RNase protection assay, decreased to l e s  than 10% of n o 4  by 

3 days afler transedon (Seniuk et al., 1992) and ody increased once regeneration and 

remyelination had commenced. In the present investigation, the mRNA Ievels were 

determined semiquantitatively by RT-PCR. It remains to be proved that rats mice Mer 

significantiy in this regard. 



Ptniotence o f  CNTF protein in Wld mice 

Although concentrations of CNTF &A were low in both Wld and control mice 

by 10 days fier axotomy, CNTF-immunoreactivity was only slightly reduced in Wld 

nerves, but barely detectable in control nerves. This hding suggests that the CNTF 

protein is more stable in Wd mice than in normal mice. Three explanations can be 

fonvarded for the relative stability of CNTF protein in Wld mice. 

Fust, proteolytic processes may be altered within Schwann ceiis. In Wid mice the 

degradation of neurofilarnents by calcium-activated neutrai proteases (calpains) is 

subnormal (Glass et al., 1994). Calpain, which is present in vimially every eukaryotic 

cell, is present in both cytocol and plasma membrane. Membmne bound calpain in the 

brain and peripheral nerves is closely associated with the myelin sheath and is thought to 

be involved in normal turn-over of myelin proteins (Chakrabarti et al., 1993; Li, Banik, 

1995). However, the primary abnormalities observed in Wld mice have been ascribed to 

the axon (Glass et al., 1993; Perry et ai., 1990a) and it is not known whether the 

subnormal activity of caipain extends to non-neuronal ceUs of Wld mice. 

An alternative explmation for the relative persiaence of CNTF in Wld mice 

involves the subceîiular locaiization of CNTF within Schwann cells. In normal sciatic 

nerve, (3NTF-imrnunoreacitivity has been detected in the vicinity of the myelin sheath of 

Schwann cells (McMahon, Kett-White, 1 99 1 ; Rende et al., 1 992) whereas in injured 

nerve, it is present in patches surrounded by Schwann ce11 outer membrane and globules 

of disintegrating myeiin (McMahon, Ken-White, 1991). Thus, it is possible that CNTF is 

targeted to the submembranous region of the cytoplasm and is removed with myelin 

debris by macrophages. Accordingiy, the limited phagocytosis by macrophages in injured 



nerves of Wd mice would account for the delayed removal of CNTF and myelin 

proteins. 

A third possible explanation of the persistence of CNTF protein in injured nerves 

of Wld mice despite the reduced mRNA concentration is the decreased rate of release. 

CNTF does not possess a signal peptide and is thought to be released in similar manner as 

basic fibroblast growth factor (bFGF). Release of CNTF fiom its ceil of synthesis has 

been stuâied in astrocytes which, unlike Schwann celis, constitutively synthesize CNTF 

in culture (Kamiguchi et al., 1995). Treatment with cytokines such as epidermd growth 

factor, IL4 P and tumor necrosis factor* (TNFa) appear to increase the release of 

CNTF into the culture medium without increasing the amount of protein within the cell. 

Ln Wld mice, intiltration of myelomonocytic celis in the distai nerve stump is delayed. In 

the absence of macrophage cytokines, a slow secretory rate could contribute to the 

persistence of CNTF protein in injured Wld nerves even though CNTF mRNA is already 

reduced. 

Does CNTF have a function in myelination? 

The shilar pattern of expression of CNTF and Po suggest either that parallel 

regdatory mechanisms are involved or that CNTF, together with other moleniles, is 

involved in regulation of Po expression. Although the moledar nature of the axonal 

signai modulating myeiin Po synthesis has not been identified, the transcription factor 

krox-20 has been implicated in myelination. The presence of krox-20 in Schwann ceh  

also requires a x o d  contact and spatial and temporal distributions of krox-20 are very 

similas to those of Po (Murphy et al., 1996; Zorick et al., 1996). There are two phases of 



krox-20 induction in the developing peripherai nervous system, first 15.5 days of 

gestation during the transition fkom precursor to Schwann ceiis and, second, at one day 

afler birth when the Schwann ceils stan expressing the myeh genes. Recently, it has 

been shown that the early induction of box-20 in Schwann ceUs is iduenced by 

dittiisible factors nom the neural tube (Murphy et ai., 1996). Treatment with neu 

differentiation factor-B2 or the combination of FGFZ and either CNTF or L E  can also 

induce krox-20 expression. Less is known about the second phase of krox-20 induction, 

at the t h e  the Schwann cells have committed to myelinate. The absence of any 

abnomality in myelination in niice with nuîî deletion of the CIKT gene does not support 

the hypothesis that CNTF is important in inducing myelin protein genes in Schwann 

ceus. However, it is possible that other molecules, for example LIF or cardiotrophin, 

compensate for the lack of CNTF in these mice. 
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Table 1. CNTF and Po mRNA concentrations in injured sciatic nerves of CD1 and Wld 

mice 4 and 10 days a e r  ligation. 

CNTF Po 

4 d 10 d 4 d 

CD1 22.9 + 2.7 % 27.9 I2.2 % 7.0 t 0.7 % 

Wld 82.9 12.7 % 20.2 f 2.7 % 36.2 + 1 .O % 

Results are expressed as percentage of message in normal contralateral nerve. 



Figure 1. Immunoblot analysis of hornogenates (30 pg protein) from normal contralaterai 

(N) and ligaied (L) sciatic nerves of C 5 7BY6J (a) and Wld @) mice s a d c e d  4,7, and 

10 days after ligation. CNTF was detected using a polyclonai antibody against the 

recombinant rat CNTF (1 : 500) and 1 2 5 ~ - ~ r o t e h - ~  (0.3 pCih.1). CNTF-imrnunoreactivity 

is observed at 24 kDa. Rat sciatic nerve (SN) and spleen (Spl) were used as positive and 

negative controls, respectively. 
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Figure 2. Immunoblot analysis of homogenates (20 pg) fiom nomal contralateral 0 

and ligated (ligature site Lt and distal stump Ld) sciatic nerves of C57BU6J and Wld 

rnice sacificed 10 days after surgery. Po was detected using a polyclonal antibody at a 

concentration of 1:2000 and  rotein-^ in-^ (0.3 pCi/ml). Po-immunoreactivity is observed 

at 30 kDa. 
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Figure 3. RT-PCR analysis of total RNA extracted firom nomal convalaterd (N) and 

ligated (L) sciatic nerves of CD l and Wld mice four days &er ligation. 
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Leukemia inhibitory factor (LE) promotes the cholinergie differentiation of some 

sympathetic neurons and rescues axotomized motor neurons. In peripheral nerves, LE is 

expresseci normaiiy at very low concentrations and is increased following nerve injury. 

This study deterrnined the spatio-temporal distribution of LiF mRNA in injured 

peripheral nerves and the regulation of LIF mRNA in Schwann ceil cultures. Data 

showed that LIF mRNA is induced at the lesion site within 6 hours afler sciatic nerve 

transedon but only after 24 hours in the more distal segments. This pattern of 

distribution of LIF mRNA is similar to that of NGF rnRNA. To detennine the 

mec hanisms involved in the regulation of LIF, Schwann ce11 and fibroblaa cultures were 

established and treated with IL-IP, a potent inducer of NGF synthesis. Results showed 

that IL4 P treatrnent led to an increase in LIF mRNA concentrations in fibroblasts but not 

in Schwann cells. Thus, the regulation of L E  mRNA appears to be similar to that of NGF 

mRNk 

Keywords: leukemia inbibitory factor; sciatic nerve; Wallerian degeneration; IL4 



Chohergic neuronal differentiation factor was first described as a 45 D a  

giycoprotein present in heart ceU conditioned medium that influences the 

neurotraasmitter phenotype of cultured rat sympathetic neurons (Patterson, Chun, 1977; 

Fukada, 1985). Cloning and sequencing of this moleaile revealed that it is identical to the 

previously characterized leukemia inhibitory factor (LE), which was initially identified 

as a molecule secreted by murine Krebs II ascites tumor cells that promotes the temiinal 

differentiation of the murine leukemic ce11 line Ml  (HiIton et al., 1988). LIF is now 

known to be involved in bone metabolism (Mori et al., 1989), fat metaùoüsm (Abe et al., 

1986; Reid et al., 1 WO), maintenance of embryonic stem ceiis (Williams et al., 1988; 

Smith et al., 1988), and induction o f  acute phase proteins (Baumann, Wong, 1989). in 

addition, in the nervous system, LIF has been shown in vitro to stimulate the 

differentiation of spinal cord neurons from their neural tube precursors (Rtchards et al., 

1992) and the generatioa of sensory neurons frorn neural crest celis (Murphy a ai., 

199 1). In vivo L E  rescues motor neurons fiom cell death foliowing peripheral nene 

injury (Cheema et al., 1994). 

LIF belongs to a family of cytokines that share sirnilar tertiary structures (Bazan, 

1991). Ciliary neurotrophic factor (CNTF) and L E  have overlapping functions in the 

PNS as CNTF employs the tiractional LIF receptor cornplex, which is comprised of 

gp 130 and LIF receptor-P, in addition to CNTF receptora for signal transduction (Ip et 

al., 1992; Ip et al., 1993). In contrast to the distribution of CNTF, which is abundant in 

adult, myelinated peripheral nerves and is markedly reduced after nerve injury (Seniuk et 



al., 1992; Sendtner et al., 1992), LIF mRNA is barely detectable in normal p e r i p h d  

nerves and increases foiiowing nerve injury (Curtis et al., 1994). 

This study was undenaken to d e t e d e  the spatial and temporal distribution of 

LIE' in the nerve d e r  injury and to investigate the mechanisms involved in the regdation 

of LIF mRNA h injured peripheral nerves. 



MATERIALS AND METaODS 

Animal Manipulations. Female Sprague-Dawley rats were purchased fiom Charles 

River Laboratory, Quebec, Canada. The right sciatic nerve of deeply anesthetized anirnals 

was transected near the ongin. Upon sacrifice, 3 hours to 8 days following surgery, the 

contralateral and degenerating sciatic nerves were collected. The injured nerves were 

divided into 3 segments: 0-5 mm (distal l), 5-25 mm (distal2) and 25-45 mm (distal3) 

from the transected end. The nerve segments were then h z e n  in liquid nitrogen. 

Cell Cultures. Schwann ceiis were established from sciatic nerves of 2-day old rats 

(Charles River Laboratory, Quebec) following the method ofBrockes et al (Brockes et 

al., 1979). Briefly, ceiis were dissociated by sequential trypsin (Life Technologies, New 

York, USA) and collagenase (Boehringer-Mannhein, ) digestions. Cells were grown in 

DMEM (Me Technologies, New York, USA) nipplemented with 10% serum. Cultures 

treated with 10 pM cytosine -P-D-arabinofùranoside (Ara-C; Sigma-Aldnch Canada Ltd., 

Oakvilie, Ont., Canada) for the first 3 days to eliminate fast dividing celis, which are 

presurnably fibroblasts. Cells were txypsinized and replated ont0 polylysine coated petri 

dishes. Ceils were allowed to recover for 24 hours. Schwann ceii cultures, which are 90- 

95% SI00 ~unoposi t ive,  were treated with 1 @ml interleukin-1 p (IL4 p; R & D 

Systems, Minnesota, USA) for 3 hours. At the end of the treatment period, celis were 

hawested and processed for total RNA extraction. 

Fibroblasts fkom sciatic nerves of 2-day old rats were estabfished by growhg the 

fieshly dissociated cells in the absence of Ara-C during the fint 3 days. Once cells 



became confluent the cultures were then passaged. More than 95% of the ceîis obtained 

after 1 5 passages were immmunopositive for Thy 1.1, a marker for fibroblasts, and were 

used in the experiments. Fibroblast cultures were maintained in DMEM and 

supplemented with 10% serum. These ceiis were treated with 1 ng/d  IL- I P for three 

hours. At the end of the treatment period, ceUs were harvested and processed for total 

RNA extraction. 

RNase Protection Assay. Frozen sciatic wrves were pulverized and homogenkd in a 

solution containhg guanidinium isothiocyanate as total RNA was extracted using the 

method of Chomczynski and Sacchi (Chomczynski, Sacchi. 1987). Nase protection 

assay was perfomed on total RNA extracted either from cells or from sciatic nerves as 

descnbed by Seniuk et al (Seniuk et al., 1992). 

Reverse Transcnptase- Polymerase Chain Reaction (RT-PCR) and Southern 

Blotting. One microgram of total RNA was reverse uanscribed using the p d 0 6  random 

hexamers as primers and Moloney murine leukernia virus reverse transcriptase. The 

amplification of LIF cDNA by polymerase chah reaction for 21 cycles of 95°C for 45 

seconds, 55" for 45 seconds and 72°C for 2 minutes was performed using the 5'- 

CAACTGGCTCAACTCAAC-3' (nt 15 1-168; (Yamamorî et al., 1989)) and 5'- 

CTAGAAAGGCCTGGACCAC-3' (complimentary sequence to nt 592-609; (Yamamori 

et al., 1 989)) as sense and antisense primers, respectively . The cDNA for glyceraidehyde- 

3-phosphate dehydrogenase (GAPDH) was perfomed ushg 5'- 

TGAAGGTCGGTGTCAACGGArnGGC-3' (nt 3 5-60; (Tso et al., 1985)) and 5'- 



CATGTAGGCCATGAGGTCCCACCAC-3 ' (complientary sequence to nt 994-1 0 17; 

(Tso et al., 1985) as sense and antisense primers, respectively. The amplified produas 

were separated by 1% agarose gel electrophoresis and transfened ont0 a nylon 

hybridization membrane (Hybond-Ni, Amersham, ArSigton Heights, LL, USA). 

Southem blotting was done using antisense oligonucleotide probes labeiied with 3 2 ~ .  The 

probe used for LIF was the complernentary sequence to nt 45 1-500 (Y amamori et al., 

1989) and the GAPDH probe was complimentary sequence to nt 7 10-750 (Tso et al., 

1985). Autoradiograms were exposed ovemight. 



RESULTS 

The temporal distribution of LIF was determined in the nerves &er sciatic nerve 

transedon. Results from RNase protection assays showed that LE mRNA 

concentrations in the transected nerves started to increase 6 hours d e r  injury (Fig. 1). No 

detectable LIF mRNA was observed in dorsal root ganglia associated with nerves that 

had been transected 1 to 8 days earlier (data not shown). 

To detemine the spatial distribution of the L E  rnRNA in injured nerves, upon 

sacrifice, at several time points afler transection, nerves were divided into three segments 

(Fig. 2). The first 5-mm fragment distal to the lesion (distal 1 or the lesion site), the first 

2-cm fiagrnent diaal to the site of lesion (diaal 2) and the next 2-cm segment of the 

nerve (distal3) were collected. Data showed that 6 hours &er transection LIF mRNA is 

Uiduced at the site of lesion but not in the more distal segments (Fig. 3). This pattern of 

expression was rnaintained for at least 18 hours (Fig. 4A). By 24 hours after injury, L E  

mRNA was induced in the entire distal stump. The expression of LIF mRNA in the distal 

mimp remained elevated at 8 days post-injury (Fig. 4B). 

This biphasic pattern of LIF mRNA expression in the injured nerve is similar to 

that of nerve growth factor (NGF) mRNA These two moledes could be induced in the 

nerve by similar mechanism. One of the molecules that induce NGF synthesis in 

fibroblasts but not in Schwann celis is 1L-1. It is possible that IL- 1 regdates also the 

expression of L E  mRNk Thus, Schwann cells and nerve fibroblasts were culrured and 

treated with 1 nglml of IL-1 P. Resdts showed that IL4 a induced the expression of 

MCP-1 mRNA in fibroblasts (Fig. 5). Schwann ceiîs, which constitutively expressed 



MCP-1 mRNA did not respond to IL-1 B. Thus, LIF mRNA is regulated in a similar 

manner as NGF mRNA in vitro. 

The lack of response of Schwann ceUs to IL- 13 stimulation may be attributed to 

either the absence of the components for IL-1 signalling in Schwann ceUs or the 

excessive production of IL-l receptor antagonist (IL- lra). RT-PCR and Southem blot 

analysis showed that IL-1 receptor 1 mRNA and IL4 receptor accessory protein mRNA 

were expressed by cultured Schwann ceus (data not shown). Thus, it is possible that in 

our Schwann ceil cultures IL- i ra might be produced in concentrations sufficient to block 

the amount of iL- I p present in the medium. 



DISCUSSION 

Our results showed no increase in LIF mRNA concentrations in the ipsilateral 

DRG while a strong induction of LF mRNA was observed in the transected nerve. In 

contrast, a previous study showed that in organotypic cultures of DRG LIF mRNA 

concentration increased after 24 hours of incubation (Banner, Panerson, 1994). Hence, it 

is likely that signals from the blood or the resident immune ceils participate in the 

regdation of LIF mRNA. Altematively, in vivo an inhibitory signal may prevent the 

induction of L E  mRNA in the DRG d e r  sciatic nerve transection. 

In transected peripheral nerves, L E  mRNA synthesis occurs in a biphasic manner 

- an early expression that occurs within 6 hours at the lesion site and a later expression in 

the entire distai stump 24 hours d e r  axotorny. The signai for the early induction of L E  

mRNA at the lesion site could be derived from celis or molecules present in the blood 

and/or the degranulation of mast ceils at the site of lesion (Olsson, 1967; Olsson, 1965; 

Johnson et al., 1988; Dietsch, Hinrichs, 1991 ; Purcell, AtteMrill, 1995). 

The Iater induction of LIF mRNA in the distal nerve segments is consistent with 

the idea that an inhibitory signal is los when axonal transpon from the nerve celi body is 

intempted. In addition, cytokines f?om the blood, resident mast cells, or macrophages are 

possible sources of positive signais for the induction of L E  rnRNA in the transected 

nerve. 

The biphasic expression of L E  mRNA in injured peripheral nerves is reminiscent 

of that of NGF mRNA This correlation suggests that L E  mRNA synthesis may be 

regulated by cellular mechanisms similar to those that regulate the syathesis of NGF 



mRNA (Heumann et al., 1987b; Heurnann et al., 1987a), in particular by macrophage- 

derived cytoicines (Heumann et al., 1987b; Linciholm et al., 1987). 

IL-1B, T N F a  and TGF-p have been show to stimulate the production of LIF 

mRNA in other ceU types (Aloisi et al., 1994; Lotz et al., 1992; Arici et al., 1995; Jansen 

et al., 1996). This shidy verified previous finding that LIF mRNA is constitutively 

expressed in cultured Schwann ceils (Curtis et ai., 1994). Furthemore, results showed 

that IL-1 stimulates LIF mRNA production in nerve fibroblasts but not in Schwann celis. 

These observations support the hypothesis that some of the molecular regdatory 

mechanisms involved in the synthesis of LIF and NGF in injured nerves are similar. 

In summary, the results of this investigation showed that L E  mRNA is expressed 

in the transeaed nerve in a biphasic manner and its synthesis may be regulated by 

mechanisms similar to that of NGF mRNA synthesis. 
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Figure 1. RNase protection assay of total RNA from the contraletrd nerve and the distal 

stump 3 hours, 6 hours and 1 day after sciatic nerve transection. Total RNA from 

Schwann cells was used as positive control. Cyclophilin (Cyclo) probe was used to 

determine the relative arnounts of total RNA used in the assay. 





Figure 2. Schematic diagram of the distal stump after it was divided to separate the 

lesion site (dist 1) fiom the more distal segments (dist 2 and 3). 





Figure 3. LIF mRNA distribution in the sciatic nerve 6 hours &er transection as 

determinecl by RNase protection assay. Total RNA f?om Schwann cells was used as a 

positive control. cont - contralateral nerve; dist 1,  2, and 3 - distal nerve segments 1 

(lesion site), 2, and 3; Cyclo - cyclophiiin. 





Figure 4. RT-PCR and Southem blot analysis for L E  and GAPDH were perfonned 

using the total RNA from the different nerve segments 3 hours to 1 day after vansection 

(A) and 2 to 4 days post-injury (B). cont - convalateral nerve; dia 1,  2, and 3 - distal 

nerve segments 1 (lesion site), 2, and 3. 



GAPDH 



Figure 5. RNase protection assay of total RNA isolated fiom Schwann ceU (Schw) and 

fibroblasts (Fibro) cultures treated with 1 n g M  IL- 1 f3 (T) for 3 hours. U - untreated 

cultures; Cyclo - cyclophilin. 
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Schwann cells synthesize neurotrophic factors (1) as wel as myelin proteins and 

some molecules with imrnuwlogical fiindons (2). Recently, a mRNA for a s d l  basic 

protein which specificaliy attracts and activates monocytes to sites of idammation, 

monocyte chemoattractant protein-i (MCP- 1) (3), bas been detected in penpheral nerves 

during Waiierian degeneration (4) and after dernyelination following tellurium 

intoxication (5). Schwann cells (4) and other ceU types (6, 7) stimulated by tumor 

necrosis factor- (TNF-a) synthesize MCP-1 mRNA Knowledge of the regulation of 

MCP-1 in Schwann cells would provide insight on the recruitment of monocytes to the 

endoneurium during Wallerian degeneration. 

This study using the rat Schwann cell line SCL 4.1/F7 was designed to investigate 

the mechanism of regulation of MCP-1 mRNA by RIF-. SCL 4.1/F7 cells (European 

Collection for Animal Ce11 Culture, UK) were grown in DMEM supplemented with 1û% 

fetal calf serum and treated for 3 hours with various concentrations of T N F a  (R & D, 

Minnesota, USA). At the end of treatrnent penod, ceUs were washed with DEPC-treated 

PBS and total RNA was extracted using TNol Reagent (Life Technologies, New York, 

USA). RNase protection assays (8) were performed with "P-labelled MCP-1 cRNA 

probe and cyclophilin mRNA as a control gene. M e r  scanning of the autoradiograrns, 

the MCP-1 mRNA signal was expressed as a percentage of the signal for cyclophilin 

mRNA. 

Data 60m Rnase protection assays revealed that MCP-1 mRNA is present at low 

concentration in untreated SCL 4.1/F7 ceUs and increases markedly in concentration afler 

simulation by TNF-a (Fig. 1). 

Binding of TMa to its celi surface receptor, TM receptor 1 @55)  or TNF 

receptor 2 @75) may lead to either the activation of NF-& as a consequence of the 

phosphorylation and subsequent degradation of I d  or the activation of the c-Jun N- 

terminal kinase (JNK) paîhway (9). The two pathways bifùrcate at the level of adaptor 



protein, TNF receptor-associated factor 2 ( T U F  2). The induction of MCP-1 mRNA by 

TNFs in murine fibroblast celis involves activation of the NF-KB sigding pathway (6). 

Curcumin (diferuloyl methane) is a naturdy occurring polyphenoiic 

phytochemical with anti-intlammatory and anti-oxidant properties. In earlier studies 

curcumin was shown to suppress the induction of MCP-1 in bone marrow stroma1 cells 

by IL- 1 a and T N F a  (7) and inhibit the activity of NF-KB in T celi iines through direct 

modification of p5O and blocking the degradation of I d  (10). To ascertain whether the 

induction of MCP-1 M A  in Schwann ceiis by TNFa depends upon the generation of 

oxygen anions, SCL 4.1/F7 celis were incubated for 3 hours with TNFa (5 nghni) in the 

absence or presence of varying concentrations of cwcurnin. As shown in Fig. 2 curcumin 

treatment decreases the TNFix-induced MCP-1 mRNA expression. 

in a Schwann ce11 line SCL 4.llF7, T N F a  stimulates the transcription of MCP-1 

rnRNA through a pathway that is inhibited by curcurnin. 
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Figure 1. SCL 4.1iF7 cells were treated for three hours with T N F a  with concentrations 

ranging from O to 10 ng/ml. At the end of the treatment period, ceils were washed with 

PBS, and total RNA was extracted and used for RNase protection assays. Concentrations 

of MCP- I mRNA are expressed as percentage of cyclophilin mRNA concentration. 





Figure 2. SCL 4.1/F7 cells were treated for 3 houn with 5 nglrnl TNF-a in the presence 

of varying concentrations of curcwnin (0-100 m. RNase protection assays were 

performed on total RNA from these treated cells. MCP-I mRNA concentrations are 

expressed as percentage of cyclophilin mRNA concentrations. 
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The signal and the source of the signal for monocyte/macrophage entry into the 

injured penpherai nervous tissue are currently not clear. This study was undertaken to 

determine the distribution of the chemokine monocyte chemoattractant protein-l (MCP- 

1) and investigate the mechanisms that regulate MCP-1 expression in the injured 

peripherd nervous tissue. Results from N a s e  protection assays showed that MCP-1 

mRNA concentrations increased in the ipsilateral dorsal root ganglia within 1 day &er 

nerve transection and persisted for at least 16 days. In the nerve, MCP-1 mRNA 

concentrations increased at the lesion site within 3 hours &er injury and in the more 

distal segments by 24 hours. MCP-1 mRNA expression was also observed in Schwann 

cens treated by T N F a  but not in cells treated with IL-1 P, TGF-P, IL-6 or NGF. This 

induction by T N F a  of MCP-I mRNA synthesis in Schwann cells was inhibited by anti- 

oxidants. However, in mice that lack TNF receptor types 1 and II, the increase in MCP-1 

mRNA concentrations in the distal stump 2 to 8 days foUowing nerve transedon was 

comparable to that in control mice. Thus, T N F a  does not appear to be necessary for the 

induction of MCP-1 in injured peripheral nerves. However, the possible contribution of 

TNFa in the stimulation of MCP-1 synthesis in the distal stump has not been excluded. 

The importance of MCP-1 in the recruitment of monocytes into the injured 

peripheral nervous tissue was shidied in C57BUWld (Wld) mice, which exhibit deiayed 

axonal degeneration. Results showed that MCP-1 mRNA expression in the distal stump 

of Wld mice was similar to that of control mice. Thus, MCP-1 expression is not d c i e u t  

for the infiltration of monocytes/macrophages imo the injureci nerves of the Wld mice. 



Macrophages participate in the repair of damaged tissue. In the distal neme 

stump, macrophages remove myelin and axonal debns (StoU et al., 1989), modulate 

Schwann ce11 proliferation and dserentiation (Baichwal et al., 1988) and salvage lipids 

for reuthation during regeneration (Goodrum, 199 1; Goodrum, Bouldin, 1996) and 

induce synthesis of neurotrophic agents (Linciholm et al., 1987; Heumann et al., 1987b). 

Macrophages that surround axotomized dorsal root ganglion DRG neurons (Lu, 

Richardson, 1993) also may contribute to axonal regrowth. 

The macrophages that constitue 2-9% (Arvidson, 1977; Oldfors, 1980) of the 

population of nomeurond celIs in the peripheral nervous system (PNS) are constantly 

renewed from the blood (Vass et al., 1993). Foiiowing injury, in contrast to events in 

other darnaged tissue, the accumulation of macrophages in the injured peripheral nerve is 

not preceded by the infiltration of polymorphonuclear neutrophils (Perry, Brown, 1992). 

The increase in number of macrophages in both the DRG and nerve is believed to refiect 

an increase influx of monocytes. In general, migration of leukocytes depends on the 

interactions of selectins with their mucin ligands, chemoattractants with their receptors 

and integrins with rnembers of Ig family (Springer, 1994). Chemoattractants are 

important for activation of leukointegrins and in directing the migration of leukocytes 

(Baggioliri, 1998). Chemokines, s m d  cytokines with molecular weights ranging fiom 8 

to 12 kD, are ceii-type s p d c  chemoattractants that help to determine the cellular 

composition of idammatory innltrates (Rollins, 1997). Monocyte chemoattractant 

protein-l (MCP-1) is a member of the CC chemokine family that specifically attracts and 

activates monocytes to sites of inflammation (Leonard, Yoshimura, 1990). In the P M ,  

MCP-1 mRNA expression has been observed in the nerve after telunum intoxication, 

nerve crush and transection (Toews et al., 1998). 



The present study was designed to i) investigate the spatio-temporal distribution 

of MCP-1 mRNA in sciatic newe foUowing nerve fiansection, ü) ascertain its presence in 

the DRG after nerve injury and üi) determine some of the factors which regulate MCP-I 

expression in the PNS. 

MATERIALS AND METHODS 

Animal Manipulations 

Adult, femaie Sprague-Dawley rats were purchased from Charles River 

Laboratory (New York, USA). The mouse strain deficient in c-kit and its control main 

were purchased fiom Jackson Laboratones (Maine, USA) and the mice lacking the two 

RIF-V  receptors were gifts kom Horst Bleuthmm of Hohan-LaRoche (Basel, 

Switzerland). The C57BUWld (Wid) rnice were gifts from Dr. M-A. Bisby and the age- 

matched controls, C57BL16 (B6) mice, were purchased fiom Jackson Laboratories 

(Maine, USA). The right sciatic nerves of deeply anesthetized animals were transected at 

the sciatic notch. Upon sacrifice, fiom 3 houn to 16 days &er surgery, sciatic nerves and 

dorsal root ganglia @Re) were collected and fiozen. Three segments were separated 

from the distal segment of each rat sciatic nerve, 0-5 mm (tip), 5-25 mm (diaal 1) and 

25-45 mm (distal2) from the site of transedon. For mouse nerve the first 3-4 mm (tip) 

segment was separated from the rest of the distal segment. In each experiment, 6 to 8 rats 

or 8 to 10 rnice were used. Each experiment was repeated 3 times. The animal protocols 

were approved by McGiil University Animal Care Cornmittee. 

ccu Culture 

Schwann celi cultures were established fiom sciatic nerves of2-day old Sprague- 

Dawley rats by a modification of the method of Brockes et. al. (Brockes et al., 1979). 



Cultures grown in DMEM supplemented with 1W fetal calf serum were treated with 

10pM cytosine arabinofuranoside (Ara-C) for 3 days. Cells were then trypsinwd and 

replated on polylysine coated 6-weil plates. Twenty-four hours later, cultures were 

treated for 3 hours with interleukin-l p (IL-1 B) (1 ng/ml), tmor necrosis factoru (TW- 

a) (5 nghl), transforming growth factor-B 1 (TGF-P 1) (5 ng/rnl), interieukin-6 (IL-6) (1 O 

ng/mi) and lipopolysaccharide (LPS) (500 ng/ml). To determine whether anti-oxidants 

mediate the stimulation of MCP- l mRNA synthesis by TNFa, primary cultures of 

Schwann cells and the rat Schwann ce1 line SCL4.1F7 (European Collection for Animai 

Cell Cultures, UK) were treated with TNF-a (5 ng/ml) in the presence or absence of 

either curnimin (50 LiM) or quercetin (100 m. Each in Miro experirnent was repeated 3 

times. The cytokines were obtained fiom R & D Systems (Minnesota, USA); Ara-C, 

LPS, quercetin and curaimin were fiom Sigrna- Aldrich Canada Ltd (Oakviiie, Ont., 

Canada) and the Dulbecco's modified Eagle's medium (DMEM) was fiom Life 

Technologies (New York, USA). 

RNA Extraction and RNase Protection Assay 

For extraction of RNA â o m  samples were pulverized in liquid nitrogen, 

homogenized in Trkol Reagent (LXe Technologies, New York, USA), extracted in 

phenoCchlorofonn and subsequently precipitated in isopropanoi. Samples were washed 

in 75% ethanol, dned and resuspended in DEPC-treated water. 

Three micrograms of total RNA were used for RNase protection assay (Seniuk et 

al., 1992). The probe for MCP- 1 protecting a 3 59-bp fiagrnent of the rat MCP-1, 

generated by linearization of the pGEM7Z-rMCP- I #8 by PvuII and transcription wkh 

SP6 RNA poiymerase. Cyclophilia probe was used as a wntrol for the quantity and 

quality of RNA. Data were quantifieci by scanning the density and area of bands on 

autoradiograms with the SciScan 5000. Message for MCP-1 was normalized to that for 

cyclophilin mRNA 



Electrophoretic Mobüity Sbilt Assay 

SCL4.1M cells were treated with TNFa (5 ng/d) for for 15 min., 30 min., 1 hr. 

and 2 hrs. At the t h e  of harvest, cells were washed and scraped h o  1.5 ml cold 

phosphate bdered saline and processed for the isolation of nuclear proteins ushg the 

rapid micropreparation technique of Andrews and Failer (Andrews, Falier, 199 1). Protein 

content in the extracts was determined by the dye-binding method of Bradford (Bio-Rad 

Protein Assay Kit II; (Bradford, 1976)). 

The activation of the nuclear factor NF-KB in the different samples 

electrophoretic mobility shift assay as described by St-Denis et. ai. (St-Denis et ai., 

1998)using the consensus oligonucleotide for NF-u.B/c-Rel binding site (Lenardo, 

Baltimore, 1989) fiom Santa Cruz Biotechnology, Inc. (California, USA). 

Histologicd Eumination of Nerves 

The contralateral nerve and the distal stump were collected from Wld and B6 

mice 10 days after transection. The nerves were fixed with a mixture of aldehydes, 

processed and embedded in plastic. One- micron cross-sections were stained with 

toluidine blue and examined under tight microscope. 

RESULTS 

MCP-1 mRNA syothesis in dorsal root ganglia 

By RNase proteaion assay, MCP-1 mRNA was detected at Iow concentration in 

DRG cokcted fkom unoperated animals (Fig. 1). Concentrations of MCP-l mRNA in 

lumbar DRG taken from sham operated animas and in cervical DRGs from neme-injured 



anùnals were comparable to that in DRG fiom unoperated rats. An increase in MCP-1 

mRNA concentration in ipsilateral lumbar DRG was observed within 24 hours afler nerve 

transection and persisted for at least 16 days. 

MCP-1 mRNA synthcsis in sciatic nerves 

To study the spatial distribution of MCP-1 mRNA in the iajured newe (Fig. 2), 

the fkst 5-mm fragment distal to the lesion (tip), the first 2-cm fiagrnent âistal to the "tip" 

(distal 1) and the next segment of the nerve (âistal2) were coiiected separately. Results 

fiom RNase protection assays show that the concentration of MCP-1 mRNA at the tip or 

the site of lesion increased within 3 hours and peaked at 6 hours after axotomy (Fig. 3a). 

Twenty-four hours d e r  injury, the concentrations of MCP- 1 mRNA decreased at the tip 

but started to increase in distal segments 1 and 2. The signal for MCP- 1 mRNA rernained 

elevated in the distal stump for at least 8 days (Fig. 3b). As MCP-I mRNA expression in 

the ipsilateral DRG persisted for at least 16 days, the concentration of MCP- l mRNA in 

the diaal nerve segment 16 days after transection was aiso deterrnined. Result showed 

that MCP-I mRNA concentration remained elevated in the distal stump 16 days 

following injury (Fig. 4). The induction of MCP-1 mRNA in injured nerve is biphasic. 

TNFu induces MCP-1 mRNA expression in cultured Schwann ccUs 

In many ceii types, the proinfiammatory molecules, IL-1 (Vllliger et al., 1992) 

and TNFa (Hayashi et ai., 1995; Ping et al., 1996), are potent inducers of MCP-1. To 

determine the factors which regdate the synthesis of MCP-1 in vitro, Schwann cells were 

treated for 3 hours with IL-1 B, RIF* TGF-P 1, I L 6  or LPS. By RNase protection 

assays, MCP-1 mRNA concentrations were shown to increase dramatidy foiiowing 

treatment with TNFa but not with IL- 1 P, TGF-f3 1, or IL4 (Fig. Sa). A slight increase in 

MCP-1 mRNA concentratioa was seen foiiowing LPS stimulation. 



To ascertain the t h e  course of MCP-i mRNA induction in Schwann ceils 

foiiowing TNF4 stimulation, ceils were treated for 30 minutes, 1 hour, 3 hours and 5 

hours. Data from RNase protection assays showed that TNF-a treatment increased the 

concentration of MCP-1 mRNA as early 1 hour &er stimulation (Fig. Sb). 

The induction oCMCP-1 mRNA by TNF-V is mediated by oxygen radiuls 

One possible signalhg pathway for the induction of MCP-1 mRNA by TNF-a 

involves the reactive oxygen species (ROS). The expression of MCP-1 in synovial cells 

(Sato et al., 1996; Sato et ai., 1997) and bone marrow stromal cells (Xu et al., 1997) in 

response to TNFa can be aîtenuated by anti-oxidants. In human aortic smooth muscle 

celis, induction of MCP-1 by PDGF is mediated by the generation of superoltide anion 

(05') and the subsequent activation of NF-KB (Mammo et al., 1997). 

In the rat Schwann ceil line SCL 4.1/F7, TNFa induced the synthesis of MCP- I 

mRNA in a dose-dependent fashion and this induction was inhibited by curcurnin. in the 

present study, we investigated whether the effect of TNF-V in pnmary cultures of 

Schwann cells wil also be inhibited by anti-oxidants. Schwann cells were treated for 3 

hours with W-a in the absence or presence of quercetin or curcumin. Data fkom RNase 

protection assays revealed that these compounds inhibited the induction of MCP-1 

mRNA in response to T N F a  stimulation (Fig. 6a). Thus, T N F a  induces the expression 

of MCP-l mRNA in Schwann ceiis through a pathway that involves the generation of 

oxygen radicals. 

The involvement of oxygen radicals in the induction of MCP- 1 mRNA in 

degenerating nerves is ditncult to investigate in an in vivo paradigm, thus, the effm of 

anti-oxidants on MCP-1 mRNA expression in organ cultures of sciatic nerves was 

determined. Nase protection assays showed that in organ cultures of sciatic wrves 

incuôated for 3 hours in a medium containhg senim, the induction of MCP- 1 mRNA was 



not abrogated by the addition of anti-oxidants (Fig. 6b). However, in cultures of sciatic 

nerves incubated for 3 hours in a serum-fiee medium, the addition of quercetin reduced 

the induction of MCP-1 mRNA. Curcumin was not as effective in reducing the 

concentrations of MCP-1 mRNA induced in organ cultures of sciatic nerves. These 

observations suggea that the early induction of MCP- 1 mRNA in the nerve is mediated, 

at least in part, by oxygen radicals. 

T N F a  exerts its effects binding to its receptors and activating either one of two 

pathways - one pathway involves the activation of NF-wB and the other involves the 

activation of c-Jun N-terminal kinase (JNK) (Henkel et ai., 1 993 ; Liu et al., 1996). In a 

number of cell types TNF-a induces the production of MCP-1 through a pathway that 

activates nuclear factor N F 4 3  (üeda et al., 1997; Ping et al., 1999). The in vivo 

footprinting of the murine and human MCP-1 promoter revealed that there are at least 2 

sites for 6B binding (Ping et al., 1996; Ueda et al., 1997). Henee, it is kely that in 

Schwann cells T N F a  mediates its effkct through the activation of NF-& 

The Schwann ceil line SCL4.1E7 has been shown previously to express MCP- 1 

mRNA in response to TNFa treatrnent in a dose-dependent manner. This induction of 

MCP-1 mRNA by TNF-a was inhibited by the anti-oxidant curcumin in a dose- 

dependent fashion. Using nuclear extracts of SCL4.1iF7 cells treated with T N F a  for 

varying lengths of incubation tirne, eletrophoretic mobility shift assays for NF-KB were 

perfomed. Red t s  showed that NF-ICB binding to the labelied consensus oligonucleotide 

was observed using the nuclear extracts of untreated and TNFa treated SCL4. I F 7  cells 

(Fig. 7a). It appears that at least one of the DNA binding subunits of NF-KB is 

codtutively aciivated in SCL4.1/F7 celis. 

To M e r  ver@ whether NF-& activation is important in the expression of 

MCP-I mRNA in Schwann ceiis, cultures were treated for 3 houn with either TNFa or 

NGF, which had been shown to stimulate the nuclear translocation of the p65 subunit of 

NF-KB in rat S C ~ W ~ M  cells (Carter et al., 1996). Results fiom RNase protection assays 



showed that NGF does not stimulate the expression of MCP-1 mRNA in Schwann cells 

(Fig. 7b). 

Pnsence of mature mast ceh  are not neccssary for the ta* expression MCP-1 

mRNA in the nerve 

Mast ceUs have been shown to degranulate within 15 minutes following nerve 

injury (Olsson, 1967) and certain molecules known to be capable of stimulating the 

synthesis of MCP- 1. In fact, mast celis are able to produce MCP- 1 in response to stem 

ceU factor (SCF) stimulation (Baghestanian et al., 1997). To determine whether rnast ce1 

degranulation is important in the induction of MCP- 1 mRNA at the lesion site, sciatic 

nerve transedon was also perfonned on mice which are deficient in c-kir, the receptor 

for SCF, which is necessary for maturation of mast cells (Galli et al., 1993). RNase 

protection assays show that within 6 hours after injury, the mRNA for JE, the mouse 

homologue for MCP- 1, was induced in-injured sciatic nerves of c-kir mice (Fig. 8) with 

increase in concentration comparable to that of the control strain. 

T N F a  D not necessary for MCP-1 expression in injund sciatic nerves 

To detemine the importance of TNFu in the regdation of MCP-1 synthesis in 

the PNS in vivo, the right sciatic nerve was transected on mice with nul1 mutation of TNF 

receptor types 1 and 2. Data fiom RNase protection assays show that the concentration of 

MCP-1 mRNA was increased at the lesion site within 6 hours of nerve transection and 

elevated at the distal stump at least during the following 2-4 days (Fig. 9). These 

responses in the mice with deleted TNFa receptors mice were not obse~ed to be 

different than in wild type mice. 



Mouse JE, the homologue of MCP-1, is expressed in transected Wld newes 

The mutant suain C578UWld (Wld) is characterized to have delayed Wallerian 

degeneration and is associated with retarded breakdown of m y e h  and s u b n o d  

recruitment of macrophages (Lunn et al., 1989). Transeaion of the right sciatic nerve was 

performed on C57BU6 (B6) and C57BVWld (Wld) Mce. Results from RNase protection 

assays showed that the message for JE increased at the lesion site within 6 hours afier 

injury and by 4 days JE mRNA was aiso increased in the distal nerve segments Fig. 

10a). Similar to the JE m . A  expression in B6 nerves, JE mRNA concentrations 

increased within 6 hours at the site of lesion and by 4 days the inaease in JE mRN.4 

concentrations was also observed in the distal nerve stumps of Wld mice (Fig. lob). 

Histological examination of the nerves transected 10 days earlier showed that in B6 rnice 

the myelin has degenerated while in Wld mice many of the fibers ail1 have intact myelin 

(Fig. 11). Thus, it appears that expression of JE mRNA in transected nerves is not enough 

to recruit macrophages. 

DISCUSSION 

MCP-1 mRNA is induced quicldy in the injured DRG 

Previously, many of the macrophages in DRG associated with hjured nerves were 

shown to surround hedthy neurons and appear before neuronal death occurs (Lu, 

Richardson, 1993). The present finding that MCP-I mRNA expression increases in the 

injured DRG before the stari of macrophage infiltration (Lu, Richardson, 1993)is 



consistent with the hypothesis that MCP-1 contributes to the recmitment of monocytes to 

the DRG. However, the possibility that some resident macrophages dedifferentiate and 

proliferate during Wderian degeneration has not been excluded. 

The localization of MCP-1 mRNA in the DRG has not been ascertained. 

However, the non-neuronal cells are the most likely sources of MCP- 1 in the ganglia If 

so, some of the neuronal ceil body responses may provide a direct or an indirect stimulus 

for MCP- 1 synthesis. 

Biphasic expression of MCP-1 in the injurrd sciatic ncrve 

The distribution of MCP- l mRNA in injured sciatic nerve, an early induction 

withîn 3 hours at the site of injury and a later induction beginning 24 hours &ter injury in 

distal segments is similar to that for NGF (Heumann et al., 1987b; Heumann et al., 

1987a) and LIF (unpubiished data) rnRNAs. 

The initial increase in MCP-1 mRNA concentration is attributable to the exposure 

of the nerve to molecules rapidly released fiom the axons, components of the blood or 

those secreted by the non-neuronal cels. The murine gene JE, which encodes the mouse 

homologue of MCP-1, was first identified as a platelet-derived growth factor (PDGF)- 

inducible early response gene (Cochran et al., 1983). Activated platelets are known to 

release PDGF and other molecules which induce MCP- I expression (Deuel Kawahara, 

1991). The hypothesis that mast cells, which degranulate rapidly afier injury (Olsson, 

1967), contribute to the early induction of MCP-l in injured nerve is not supported by out 

observations in c-kil mice. The contribution of mast cells in the regdation of MCP-1 

mRNA synthesis in the distal nerve stump remains to be ascertained. 

Factors contriiuting to the sustained expression of MCP-l in the distal stump 

might include the diaision of molecules fiom the site of injury, activation of resident 

macrophages andor dedifferentiation of Schwann cells following loss of axond contact. 

Activated macrophages are good sources of reaaive oxygen species (MacMicking et al., 



1997) and cytokines (Brück, 1997), such as TNF-a, which are capable of sîimuiating the 

synthesis of MCP-1. However, results in this shidy showed that in Wld mice wherein 

delayed Wdenan degeneration is associated with subnonnal recruitment of macrophages 

(LUM et al., 1989), the expression of MCP-1 mRNA is simiiar to that of control rnice. 

Thus, macrophages in degenerating nerves do not appear to be the only signal for MCP-1 

synthesis. 

TNFu stimulates the expression of MCP-1 mRNA in cultured Schwann cells but is 

not crucial for MCP-1 mRNA induction in injured peripheral neives 

Five possible cellular sources of MCP-1 in the PNS are blood cells, mast cells, 

resident macrophages, fibroblasts and Schwann cells. In this study, the production of 

MCP-1 rnRNA by Schwann ceUs was investigated. Present observations show that 

pnmary Schwann ce11 cultures increase the synthesis of MCP-1 mRNA in response to 

R I F a  and, to a lesser extem, LPS but not to ILI P, TGF-P 1 and IL-6. In many ce11 

types, L I  and TM-a are potent inducers of MCP-l synthesis (Viiiiger et al., 1992; 

Hayashi et ai., 1995; Ping et ai., 1996; Ueda et al., 1997). However, in this shidy, IL-la 

failed to stimulate the expression of MCP-1 mRNA in Schwann celis. To date Schwann 

celis have not cleariy been shown to respond to IL-1 although IL- I receptor 1 and IL- I 

receptor accessory protein have been detected in cultured Schwann ceils by RT-PCR and 

Southem blot andysis (unpubfished data). Perhaps high concentrations of the IL-1 

receptor antagonist are present in the cultures and thus blocking the binding of IL-1 to its 

receptor. 
TNFa stimulation of Schwann cells has been shown to inhibit proiif'ération, 

reduce the expression of myeh protein Po and @al fibrillary acidic protein (GFAP) and 

decrease gap junnional conductance (Chandross et al., 1996). Bindiig of TNFa to its 



receptors may trigger the phosphoryIation and subsequent degradation of I6B resulting in 

the activation of NF-KB (Henkel et al., 1993) andlor the activation of the activator 

protein- 1 (AP-1) through the JNK pathway (Liu et al., 1996). The bifurcation o f  the two 

kinase cascades occurs at the level of RJF receptor-assoaated factor 2 (TRAF 2) (Song 

et al., 1997). In the present study, induction of MCP-1 mRNA in Schwann cells by TNF- 

a could be abrogated by anti-oxidants, curcumin and quercetin. These anti-oxidants have 

been shown to inhibit the action of TNFa by blocking the activation of rnitogen- 

activated protein kinase/extracellular signal-regulated kinase kinase 1 (MEKKI) in the 

JNK pathway (Yokoo, Kitamura, 1997; Chen, Tan, 1998) and by preventing the 

phosphoryiation and the subsequent degradation of IKB in the NF-KB pathway (Sato et 

ai., 1997; Breman, OWeill, 1998). Curcumin also inteneres with the binding of the p50 

subunit of NF-KB to the DNA binding site @reman, O'Neill, 1998). 

The results of this study showed that TNF-a stimulates the synthesis of MCP-1 

mRNA in cultured Schwann cells through a pathway that is mediated by oxygen radicals. 

In addition, the induction of MCP-1 mRNA in Schwann celis does not appear to be 

mediated by NF-& activation. However, the nucleotide sequence of the commercidy 

obtained probe, which is the consensus binding site for NF-&/c-Re1 (Lenardo, 

Baltimore, 1989), used in the EMS& is not identical to any of the known 6B binding 

sites in the human and murine MCP-1 promoter (Ueda et al., 1997; Ping et al., 1996; Ping 

et al., 1999). There are different proteins in the NF-wB/Rel fâmiiy: p50, p52, p65/ReiA, 

c-Re1 and Rem (Feuillard et al., 1996; Ueda et ai., 1997; Knishel et al., 1999). The 

functional nuclear factor NF-KB is a dimer of any of the subunits (Lenardo, Baltimore, 

1989; Baeuerle, 199 1). There are different isofom of NF-& in the nuclear extracts of 

TNFu-treated celis and the ~ 5 0 1 ~ 6 5  heterodirner is the predorninant isoforrn (Ueda et al., 



1997; Ping et al., 1996). Furbermore, the p65 subunit appears to be crucial for MCP-1 

induction in TNF-a-treated ceUs (Ueda et al., 1997; Phg et al., 1999). However, NGF, 

which fdd to induce the expression of MCP-I rnRNA in Schwann ceus, had been 

previously show to activate the nuclear translocation of NF-tcB isofonns containhg the 

p65 subunit in culhired Schwann cells (Carter et al., 1996). Thus, it is likely that the 

induction of MCP-1 -A in Schwann cells in response to T N F a  stimulation may be 

mediated by other NF-KB isofom besides those that have the p65 subunit. Altematively, 

TNF-a may mediate its eEects in Schwann ceiis through the activation of the JM< 

pathway . 

Although TNFa stimulates the production of MCP-1 M A  in cultured 

Schwann cefls, the observations on MCP- 1 mEWA concentrations in injured nerves of 

mice lacking both p55 and p75 receptors for TNFa suggest that TNFa  is not necessary 

for the induction of MCP-1 in injured PNS tissue. These hdings corroborate the 

observations that afler injury the increase in macrophage numben in ~ 5 5 4 ~ 7 5  knock-out 

mice is comparable to that of the wild type while mice deficient in both IL-IR type 1 and 

pS5 TNF receptor show reduced macrophage infiltration @dey et al., 1998). It is 

probable that the absence of T N F s  bioactivity is compensated by the actions of other 

cytokines, nich as IL4 p(Vil1iger et al., 1 WZ), TGF-0 (Takeshita et al., 1995), PDGF 

(Cochran et al., 1983) and L E  (Musso et al., 1995). These findings, however, do not 

exclude the possibility that TNF-a contributes to the regulation of MCP-1 in the distal 

Expression of MCP-1 -A is not eiiough for the normal recmitment of 

macrophages 

The results of this study showed that JE mRNA was induced in the distal sturnp of 

Wld mice 4 days after transeaion even though axonal degeneration in these mice is 

delayed. Hence, these obsewations suggest that the expression of MCP-1 in axotomized 



nerves is not sufEcient for normal monocyte infiltration. MCP- 1 is not the only 

chemokine involved in the migration of monocytes (reviewed by (Springer, 1994; 

Springer, 1995; Rollins, 1997)). Also, in general, there are 2 other molecular interactions 

that are necessary for leukocyte migration. The patterns of distribution of selectins and 

leukointegrins that are important for monocyte migration have not been determined in 

Wld transected sciatic nerves. 

The present findings are in contrat to the data in an earlier study where JE 

mRNA in Wld mice was not detected by in fitu hybridization in the distal stump of Wld 

mice 7 days afler injury (Carroll, Frohnert, 1998). These conflichg obsenations may be 

due to the difference in the sensitivity between the two mRNA detection methods - the 

RNase protection used in the present study and the in silu hybridization used in the 

previous study. In addition, the time points employed in the two investigations are 

different . 

Summary 

MCP-I mRNA concentrations increase after nerve injury in both nerve and DRG 

weli before increases in macrophage numbers are observed. The induction of MCP-1 

mRNA in Schwann cells may be regulated by factors, such as TNFu, which mediate 

their effects through a pathway that is inhibited by anti-oxidants. However, T N F a  is not 

crucial for the induction of MCP-1 in degenerating mouse sciatic nerves. In addition, Ui 

C57BUWld rnice, which exhibit delayed axonal degeneration, MCP- 1 rnRNA 

concentrations in the distal nene stump increase. 
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Figure 1. RNase protection assay of total RNA isolated fiom dorsal root gangha (DRG) 

taken fiom normal, unoperated and 2-day sharn operated animais and those which 

had sciatic nerve transection (SN cut). Contralaterai, left (L) and ipsilateral, right (R) 

DRG were taken 1 -16 days (d) &ter injury. MCP-1 - monocyte chemoattractant protein- 

1 ; Cyclo - cyclophilin. 
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Figure 2. Schematic diagram of the transected sciatic nerve. DRG - dorsal root ganglion; 

distal - distal nerve stump. 





Figure 3. RNase protection assay of total RNA isolated fiorn sciatic nerves of normal, 

unoperated rats (n) and fiom those which had undergone sciatic nerve transection. (A) 

Rats were sacrificed 3 hours tol day after transection and (B) 2 to 8 days post-injury. c - 

convalateral nerve; dist 1,  2 and 3 - distai nerve segment 1 ,  2 and 3; MCP-1 - monocyte 

chemoattractant protein-l; Cyclo - cyclophilin. 
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Figure 4. Concentrations of MCP- 1 mRNA in the contralateral and transected sciatic 

nerves 16 days after injuty as meauired by RNase protection assay. O - sciatic nerves 

fiom unoperated rats. MCP- 1 mRNA concentrations are expressed relative to the 

cyclophilin mRNA concentrations. 





Figure 5. Induction of MCP- 1 mRNA in Schwann ceiis. (A). MCP- I mRNA 

concentrations in Schwann cdls treated for 3 hours with various cytokines were 

measured by RNase protection assay. Lane 1 - no treatment; lane 2 - IL-IP (1 ng/rni); 

lane 3 - ïNFa ( 5  ng/mi); lane 4 - TGF-B ( 5  nghl); lane 5 - IL-6 (10 ng/ml), and lane 6 - 
LPS (500 ng/ml). (B). RNase protection assay to measure MCP-I mRNA concentrations 

in Schwann ceiis treated with 5 nghl TNFa for 30 minutes (lane 2), 1 hou (lane 3), 3 

hours (lane 4), and 5 houn (lane 5) .  Lane 1 - MCP- 1 mRNA concentration in Schwann 

ceiis at the start of the treatment. Cyclophilin (Cyclo) probe was used as basis for 

comparing MCP- 1 niRNAs in different samples. 
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Figure 6. Anti-oxidants inhibit the MCP-1 mRNA induction. (A). MCP- 1 mRNA 

concentrations in the Schwann cens treated for 3 hours with 5 nghl T N F a  in the 

presence of either 50 pM curcumin or 100 pM quercetin. (B). Organotypic cultures of 

sciatic nenes incubated in either serum-containhg or senim-fiee medium were treated 

with either curcumin or quercetin for 3 hours. Cyclophilin mRNA (Cyclo) was used to 

measure the relative amounts of total RNA used in RNase protection assay. 
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Figure 7. (A). Electrophoretic mobility shift assay for NF-KB of nuclear extracts fiom 

SCL 4.1E7 cells treated with 5 ng/ml TNFa.  Lane 1 - aart of treatment; lane 2 - 15 

minutes; lane 3 - 30 minutes; lane 4 - 1 hour; lane 5 - 2 hours; lane 6 - addition of 5ûx 

excess of cold oligonucleotide probe to cells treated for 2 hours. (B). RNase protection 

assay of total RNA from untreated Schwann cells CU) and cultures treated with either 10 

n g / d  NGF (N) or 5 nghl T N F a  (T). 





Figure 8. Murine JE mRNA (a) concentrations in contralateral (L) and distd sciatic 

nerve stump (R) of control mice and those which are deficient in c-kit gene 6 hours afler 

transedon as measured by RNase protection assay . 
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Figure 9. Murine JE mRNA (mlE) concentrations in B6x129F1 mice and those that are 

deficient in the genes encoding the two T N F a  receptors (TNFRKO) 6 hours to 4 days 

after right sciatic nerve transedon as determined by Rnase protection assay. C - 

contralateral nerve; T - tip, lesion site; D - distal stump; Cycio - cyclophilin. 





Figure 10. Concentrations of murine JE in C57BU6 (A) and C57BL/Wld (B) mice 6 

hours and 4 days after right sciatic nerve transection as measured by Rnase protection 

assay. C - contralateral nerve; Dl - distal I or the lesion site; D2 - distal stump; Cyclo - 

cyclophilin. 
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Figure 11. Semi-thin sections of sciatic nerves from convalateral nerves (A, C) and distal 

stumps (B, D) of C57BU6 (A, B) and C57BLMl'ld mice (C, D) 10 days following sciatic 

nerve transection.. 





CHAPTER 8: SUMMARY OF RESULTS 

This and other studies of the events following the disintegration of axons after 

peripheral nerve injury have revealed an intimate relationship that occurs between axons 

and the associated Schwann cel1s and between the different non-neuronal ceiis. The 

expression of many of the Schwann genes is iduenced by the presence of axons. The 

myelin proteins are the ciassical axonally-regulated molecules made by Schwann ceils. 

Another signal that might influence Schwann ce11 responses to injury is tne exposure to 

the different components of the blood. Molecules secreted by hematogenous cells have 

been show to influence the changes in gene expression of fibroblasts (Heumann et al., 

1987a; 1987b). To detemüne the importance of these difEerent signals, the present study 

focused on three genes expressed by Schwann cells and other non-neuronal cells, ciliary 

neurotrophic and leukemia inhibitory factors and monocyte chemoattractant protein-1, 

and investigated the factors that reguiate their expression in peripheral nerves. 

ClLIARY NEUROTROPHIC FACTOR 

Ciliaxy neurotrophic factor (CNTF) is abundantly expressed in normal peripheral 

nerves. Early studies have shown that CNTF mRNA and protein are reduced in the nerve 

&er injury (Friedman et al., 1992; Sendtner et al., 1992b; Seniuk et ai., 1992). These 

hdings have led to the hypothesis that similar factors regulate myelin protein and CNlF 

synthesis. 

To investigate the factors that influence CNTF expression, Schwann ce1 cultures 

were established from sciatic nerves of neonatal rats. lmmunocytochemid studies on 



cells dissociated fiom 5-day old rats showed that about 65% of the cells were positive for 

S100, a marker for glial celis and 1142% stahed for myelin proteins. Twenty-four hours 

&er plating these celis did not stain for myelin proteins. Western blot analysis showed 

that fieshly dissociated ceUs were imrnunopositive for CNTF but 5-day old cultures had 

no detectable CNTF protein. Rnase protection assay showed that the fieshly dissociated 

cells expressed CNTF mRNA. The concentration of CNTF mRNA decreased in cells 

plated ovemight. These results indicate that CNTF is also dom-regulated in vin0 

supporting the hypothesis that CNTF and myelin protehs are regulated in a similar 

manner. 

One factor that reguiates myelin protein synthesis is the presence of axonal 

contact and another possible factor is the interruption of axonal transport. To distinguish 

between these two possibilities, sciatic nerve ligation was performed on the C57BUWld 

mouse strain, which is characterized by delayed Wallenan degeneration (Lunn et al., 

1989). RT-PCR analysis of the total RNA eom contralaterai and axotornized Wld and 

CD1 nerves showed that at 4 days poa-ligation CNTF mRNA declined to 23% of n o d  

concentrations in control mice while it was reduced to 83% of normal concentrations in 

Wld rnice. By 10 days CNTF mRNA concentration in Wld mice was already comparable 

to that of control rnice. In cornparison, Po mRNA concentrations 4 days after axotomy 

were reduced to 7% of normal in control mice while it was reduced to 36% of normal in 

Wld mice. 

Western blot analysis showed that in ligated nerves of control mice CNTF- 

imniunoreactivity (CNTF-IR) was reduced 4 days &er surgery and was no longer 

detectable by 10 days. In Wld mice, CNTF-IR in iigated nerves remained at near normal 



levels even at 10 days post-injury. In wntrast, PO-IR was greatly reduced in nerves 10 

days &er ligation. 

In summary, after tigation of sciatic nerves of Wld mice, with consequent 

intemption of axonal transport from the nerve ce1 body but axonal contact is 

maintained, the reduction of CNTF mRNA concentrations was more delayed than in 

wild-type mice. Moreover, in Wid mice, the reduction in CNTF-immunoreactivity was 

even M e r  delayed. This delay in protein degradation could be due to the known 

paucity of macrophages in the injured nerve or a possible subnormal activity of protease 

involved in CNTF degradation. CNTF and myelin proteins respond in sirnilar fashion 

during Wallerian degeneration and in cultured Schwann cells. This concordance could 

refltxt a common rnechanism of induction or a dependence of one on the other. 

L E W M I A  INHIBITORY FACTOR 

LE is nomally expressed in peripheral nerves at vely low levels and is induced 

&er injury (Curtis et al., 1994). The possible sources of LIF in the injured nerves include 

Schwann cells, fibroblastq macrophages and mast cells. This study investigated the 

spatial and temporal distribution of LIF m . A  in injured sciatic nerves. 

The message for L E  was detemiined in the different segments of the distal stump. 

Transedon of the sciatic newe led to the induction of L E  mRNA expression at the site 

of lesion within 6 hours but not in the distal stump. This pattern of expression persisted 

for at ieast 18 hours. L E  mRNA expression in the entire distal segment was observed by 

24 hours and increased thereafter. 



To study the regulation of LE in injured nerves, Schwann cells were treated with 

various cytokines. However, none of the treatment regirnes used resulted in the induction 

of LIF mRNA. In contrast, nerve fibroblasts expressed LI. mRNA when stimulateci with 

ILI P. Thus, for LIF as for NGF synthesis (Lindholm et al., 1987), fibroblasts but not 

Schwann cens respond to IL-1 treatment. 

MONOCYTE CaEMOATTRACTANT PROTEIN-1 

Regulation of MCP-1 in the PNS 

This study determined the spatio-temporal distribution and the regulation of the 

mRNA for the chemokine monocyte chemoattractant protein-l (MCP- 1) in injured PNS. 

RNase protection assays of DRG from the uninjured and injured side showed that 

MCP-I mRNA was induced in the ipsilateral DRG within a day aller nerve transection. 

Hence, MCP-I M A  appears to be synthesized in the DRG before the increase in 

macrophage numbers is observed (Lu, Richardson, 1993). These observations support the 

hypothesis that MCP-1 is involved in the recmitment of monocytes to injured PNS. 

Anaiysis of the different segments of the distal stump by RNase protection assay 

showed that MCP-1 mRNA was induced at the site of lesion within 3 hours &er 

transection. By 24 hours, the entire distal sturnp expressed MCP-1 mRNA. Thus, MCP-1 

mRNA is expressed in the injured nerve well before the infiltration of blood-borne 

monocytes (Chumasov, Svetikova, 199 1 ; Taskinen, Roytt& 1997). 

There are at lem three possible cellular sources of MCP- l in the nerve - 

fibroblasts, macrophages and Schwann ceus. Expression of MCP-1 mRNA in fibroblasts, 

and macrophages had been doaimented in other systems (Ping et al., 1996; Liebler et al., 



1994; Weyrich et ai., 1996; Gourmala et ai., 1997; Ueda et al., 1997; Ping et al., 1999). In 

this study, the synthesis of MCP-1 by Schwann cells was hvestigated. RNase protection 

assay reveaied that Schwann ceiis express low levels of MCP- l mRNA and that 

treatrnent with LPS and ma, but not IL- 1 P, TGF-P, I L 4  or NGF, increased MCP-1 

rnRNA concentrations. This induction of MCP-1 mRNA in Schwann cells was observed 

as eady as 1 hour following TNFa stimulation. 

The anti-oxidants curcumin, quercetin, and N-acetyl-L-cysteine (NAC) suppress 

the expression of MCP- 1 in response to cytokine stimulation in various celi types 

(Satriano et al., 1993; Sato et al., 1996; Sato et al., 1997; Xu et al., 1997). In primary 

cultures of Schwann cells and the rat Schwann ce11 fine SCL 14. VF7, the effects of 

antioxidants on the expression of MCP- 1 in response to stimulation by TNFs, IL- 1 P and 

LPS were studied. Results showed that NAC had no effect on the induction of MCP-I 

rnRNA by TNF-a. Curcumin and quercetin were show to inhibit MCP- 1 mRNA 

expression in Schwann cells treated with TNF-a. These anrisxidants inhibited MCP-1 

mRNA induction in a dose response manner. 

Resuits fiom h a s e  protection assays showed t hat sciatic nerve hgrnent s 

incubated for three houn in either se=-containhg or defined medium synthesùed 

MCP-1 mRNA and that quercetin reduced this induction of MCP- 1 mRNA in organ 

cultures maintained in defined medium. These observations indicate that early synthesis 

of MCP- 1 mRNA in the nerve is mediated by oxygen radicals. 

TNF-a exens its efect by transducing a signal through either the NF-KB or the 

MK pathways (Song et al., 1997; Liu et al., 1996). Anti-oxidants are able to block both 

pathways (Sato et al., 1997; Cheq Tan, 1998). To determine whether T N F a  nimulates 



MCP-I mRNA synthesis through the N F 4 3  pathway, activation of NF-KB was 

ascertained by gel retardation assays. However, data showed that at least one protein in 

the nuclear extract of SCL4.1/F7 ce11 line constitutively binds to a consensus NF-KB 

DNA binding site. Also, treatment of Schwann cells with NGF, which is stimulates the 

nuclear translocation of the p65 subunit of the NF-KB cornplex (Carter et al., 1996), 

failed to induce MCP-I mRNA. However, the activated NF-KB is a heterodimer of any of 

the members of the NF-KSk-Re1 family (Lenardo, Baltimore, 1989; Baeuerle, 1991). 

Hence, MCP-1 mRNA i n d d o n  by TNFa in Schwann cells may be mediated by 

members of the NF-&/c-Rel family apart from p65. Altematively, R J F a  mediates 

MCP-1 mRNA induction through the activation of the JNK pathway. The possibility that 

basal activation of transcription factors during the extraction of nuclear proteins could not 

be discounted . 

To determine the possible contribution of mas ce11 products to the regulation of 

MCP-1 expression, nght sciatic nerve transection was performed on mice with defeçtive 

gene for c-kt, the receptor for the mast ce11 maturation factor, the stem cell factor (SCF) 

(Galli et al., 1993). Data showed that in the absence of c-kit and mature mast cells, MCP- 

1 mRNA concentration at the lesion site 6 hours after transection was comparable to that 

of control mice. Therefore, degranulation of mast ceUs at the Iesion site is not essential to 

the early induction of JE, the mouse homologue of MCP- 1, in injured nerves. 

To investigate the physiological role of TW-a in the induction of MCP-1 or JE 

mRNA in injured nerves, nght sciatic nerve transection was perfomed on TNF receptor 

knock-out mice. Data showed that production of JE mRNA in the distal nerve stump was 

comparable to that of the control mice. Thus, TWa is not essentiai in the synthesis of 



MCP-1 or JE in peripheral nerves after injury. This redt is consistent with the finâing 

that migration of monocytes and macrophages to the distal stump is hindered oniy when 

both IL- 1 receptor and p5 5 TNF receptor have been deleted in mice @dey a al., 

l998a). 

Aithough MCP-I mRNA distribution in degenerating nerves is siMlar to that of 

LIF the mechanisms of regdation are shown to be difTerent. 

Function of MCP-1 in the PNS: 

The delayed Waiierian degeneration in Wld mice is associated with delayed 

breakdown of myelin and wbnomal recruitment of macrophages (Lunn et al., 1989). A 

previous study showed that JE mRNA was not detectable by in situ hybridization in Wld 

distal neme stump 7 days after injury (Carroll, Frohnert, 1998). However, in the present 

study data fiom N a s e  protection assays showed that JE mRNA was induced in the distal 

s m p  within 2 days &er transeaion and persisted for at least 4 days. The phenotype of 

the Wld mice used in this study was verified by histology with plastic embedded sections. 

These observations suggea that expression of MCP-l mRNA is not the oniy signal 

necessary for the normal recruitment of myelomonocytic cells into the injured nerves. 



CHAPTER 9: CONCLUSION 

The results of this study suggest that the loss of axonai signals, particularly the 

molecules present in the axolemma, foilowing peripheral newe injury leads to the 

cessation of CNTF and myelin protein synthesis by Schwann cells. Thus, constant axonal 

signais are necessary to maintain the expression of these Schwann ce11 genes (Fig. lA). 

In addition to the loss of axonal signais, an injury results in the breakdown of the 

blood-nerve bamier exposing the intrinsic cells in the nerve to the various components of 

the blood. Cytokines, such as IL4 B or TNF-a, present in the plasma or secreted by 

hematogenous cells may stimulate the expression of LIF in fibroblasts and MCP-1 in 

Schwann cells and maybe in other non-neuronal cells (Fig. 1 B). 

MCP- 1 synthesized by Schwann cells rnay contribute to the signals necessary for 

the recruitment of monocytes into the injured nerve. 

The physiological role of LIF in injured is dl1 unclear. However, human 

monocytes treated with L E  synthesize iL-6 (Gruss et al., 1992) and chemokines such as 

IL-8 and MCP-I (Musso et al., 1995). It is possible that the LIF synthesûed in injured 

nerve contribute to the progression of the idammatory reaction that is necessary for the 

removal of myeiii and a x o d  debris and in the restnichiring of the newe. Figure 1C 

represents the state of the distal nente stump wherein ail the debris have been cleared, the 

Schwann celis have formed the bands of Büngner and may be producing some growth 

factors and the fibroblasts synthesize NGF (Heumann et al., 1987% 1987b) and LIF in 

response to I L I .  This environment is now favorable for axonal regrowth or regenetation. 



Fi yn 1. Schematic diagram of the events that o c w  in the nerve foliowing injury. 

(A.) Diagram representing a myelinated nerve. Unknown axonal signals (??) innuence 

the synthesis of CNTF in a subset of Schwann cells. The arrow ( 1 ) marks the site of 

injury. (B.) After injury, rnast cells at the site of injury degranulates, the myelin breaks 

down and is later removed by macrophages (Ma), Schwann cells and fibroblasts 

promerate. IL4 released from macrophages could stimulate the fibroblast to synthesize 

L E  and NGF. LXF can act on monocytes/mactophages to produce chemokines and 

maybe other cytokines. TNF-a from macrophages can stimulate Schwann ceUs to secrete 

MCP- 1, which contnbutes to the r d t m e n t  of monocytes. It can also stimulate 

fibroblasts to synthesize NGF. (C.) This diagram represents a nerve wherein dl axonal 

and myeiin debris have been removed, Schwann have fonned the bands of Büngner, the 

infiammatory ceUs start to be cleared from the distal stump and the nonneuronai ceUs are 

producing growth factors which promote axonal regeneration. 
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CHAPTER 10: FUTURE DIRECTIONS 

The regdation of three genes studied - CNTF, LIF and MCP-1 - could be studied 

further and may provide a greater understandimg of Wderian degeneration. 

Ciliary Ncurotrophic Factor: 

Andysis of CNTF promoter 

The synthesis of molecules such as CNTF and myelin proteins (Gupta et al., 

1993; Kuhn et al., 1993) depend on the contact between the neuron's axon and the 

Schwann cell. For several decades now attempts to idenufy the axonal component 

responsible for the regulation of myelin proteins have not been hitfbl. Promoter analysis 

using transgenic mice or transfected ceiis has been the approach taken in last decade to 

fùrther the study of the biology of myelin proteins. Thus, to better understand the 

mechanism of regulation of CNTF synthesis, it would be wise to detemiine the dinerent 

cis elements present in the CNTF promoter. Furthemore, investigation of the post- 

transcriptional processing of the CNTF mRNA may be hitful. 

The sequences Unmediately upstream of the transcription start site of the human 

(Lam et al., 1991) and rat CNTF promoters (Carroll et al., 1993) have been reported. 

Sequence analysis showed that an AP-1 site and a G-nch region are present upstream of 

the transcription a m  site (Lam et al., 199 1; Carroll et al., 1993). 

Andysis of the regdatory regions of the human CNTF gene revealed that a 240 

bp sequence upstream of the translation stan  codon is suEdent for transcription and an 

additional 4 kb upstream fiagrnent is needed for expression in some Schwann celis 

(Stefanuto et al., 1995). For proper high level gene expression in sciatic nerves, a 2 kb 

downstream fragment is necessary in addition to the 2 upstream fiagments (Stefanuto et 

al., 1995). To date these upstrearn and downstream fiagments have not been sequenced 

and analyzed. To narrow d o m  the specific regions within the 4 kb upstream and the 2 kb 



downstream f?agments that are necessary for robust Schwann cell-specific expression, 

Schwann cells wlil be transfkcted with several deletion constnicts. Transgenic mice could 

also be generated to analyze the different regulatory regions of the CNTF promoter. 

Sequencing these upstream and dowmtream ûagments could prove valuable. Once the 

sequences have been obtained, cornparisons can be done between these CNTF regulatory 

regions with those of the diierent myelin protein genes and krox-20 gene. 

Post-transcriptional regulation of CNTF mRNA 

In chapter 3 of this thesis, the arnount of CNTF protein in Schwann ceils fiesMy 

dissociated from 5-day old rats appears to be disproportionately low compared to the 

arnount of CNTF message present in these celis. As the haifWe of CNTF mRNA is 6 

hours (Carroll et ai., 1993), it is possible that the CNTF expression is post- 

transcriptionally regulated. The CNTF protein does not have a consensus sequence for a 

signal peptide (Stockü et al., 1989) and its subcellular localization is not yet known. It is 

likely that CNTF mRNA is transported to its subcellular localkation before it is 

trmslated. 

Several cell types employ RNA localization to achieve high local concentrations 

of proteins (Hazelrigg, 1998). p-actin mRNA has been observed to be rapidly localized 

into processes and growth cones of cerebrocortical neurons as RNA granules (BasseIl et 

al., 1998). Granules containhg MBP mRNA have been detected in the processes and 

myelin cornpanment of oligodendrocytes (Ainger et al., 1997; Boccaccio et al., 1999). In 

the 3' untranslated region (UTR) of MBP mRNq a 2 1-nucleotide sequence has been 

identifieci as the RNA transpon signal (RTS) and a region between nucleotides 1,130 and 

1,473 is the RNA loch t i on  region (RLR) (Ainger a al., 1997). The RTS of the MBP 

mRNA is homologous to the 3' UTR of some rmAs known to be transported including 

sequences in the 3' UTR of myeiin associated/oligodendrocytic basic protein, the open 

reading frame (ORF) of glial fibrillq acidic protein and N-type calcium chaanel and the 



5' UTR of nitric oxide synthase (Ainger et al., 1997). Homologous sequences are also 

found in mRNAs not known to be uansported. Sequencing the 5' and 3' UTR of the 

CNTF mRNA and identdjing sites where RNA binding proteins can bind may shed iight 

on its post-transcriptional regulation and provide insights on its mode of transport and 

even its mechanism of release. In addition, microinjections of labelled CNTF mRNA into 

Schwann ceiis may be used to study the subcellular localization of the message. 

Leukcmia Inhibitor), Factor: 

Furthcr analysis of LIF promotcr 

M u ~ e  LIF exkt as a Wsible form as well as a matrix-bound forni, which is 

generated by using an alternative promoter (Rathjen et al., 1990). The present study has 

not determined which type of LIF protein is synthesized by non-neuronal cells following 

nerve injury. In situ hybridization and RNase protection assays using probes that 

recognize exon 1 or the altemate exon 1 could be performed to determine which form of 

L E  is made in injured nerves. Analysis of the promoters and more distal regulatory 

elements may be helpful in determining the regulation of this gene. 

The initiai analysis of the murine LIF promoter showed that 72 bases upstream of 

the TATA-box are imponant for expression but a negative regulatory site is present 

between positions -360 and -249 (Stahi, Gough, 1993). The promoter of human LIF gene 

has 2 putative c-ets binding sites (Barnberger et ai., 1997) and steroid-responsive 

elements within the 666 bp fiagrnent in the 5'-flanking region (Bamberger et al., 1997, 

1998). Cloning and sequencing a bigger fiagrnent upstream of the transcription start site 

would reveal some of the cis elements present in the promoter and distal regulatory 

regions of the LIF gene. 

Monocyte Chemoattractant Protein-1: 

Dissecting the intnecllular pathway in the induction o f  MCP-1 by TNF-a 



The mechanism of regulation of MCP-1 in Schwann cells by RIF-a could be 

fùrther studied by ushg inhibitors that specifically block the activation of either NF-& 

or JNK. 

The activation of MK has been previously shown to be blocked by CEP-1347 

(KT 75 15), which is a semi-synthetic derivative of K-252a (Maroney et al., 1998). The 

effect of this inhibitor on the TNFa-induced MCP-1 expression in Schwann ceiis could 

be investigated. 

NF-KB-dependent gene expression is also regulated through the p38 pathway, 

which modulates the binding of NF-KB to the cis elements (Vanden Berghe et al., 1998). 

In human mesangial cells, the induction of MCP-l by IL- 1 is mediated by p38 MAP 

kinase (Rovin et al., 1999). An inhibitor of p38, SB 203580, inhibits the phosphorylation 

of TF IID (TBP or TATA-binding protein) and thus, blocks its activation and its 

interaction with p65 NF-& (Carter et al., 1999). Hence, the importance of the N F 4 3  

pathway in the induction of MCP- 1 in Schwann cells could be examined ushg p38 

inhibitors such as SB 203580 and compared to ERK inhibitor PD 0980589 (Vanden 

Berghe et al., 1998; Carter et al., 1999). 

Post-transcriptional regdation of MCP-1 

The NF-& signahg pathway can dso be inhibited by glucocorticoids by 

inducing the production of I d  (Auphan et ai., 1995). However, in PDGF-treated rat 

smooth muscle celis, dexamethsone infiuenced the expression of MCP-l by enhancing 

the degradation of the transcripts (Poon et al., 1999). The dexamethasone-sensitive site, a 



224 nucleotide fragment, is located in the 5' end and not in the putative AU-nch region in 

the 3' untranslated end of the rat MCP- 1 mRNA (Poon et al., 1999). Further d y s i s  of 

the 5' and 3' untranslated regioas of the MCP-1 mRNA might reveal more regulatory 

elements and identify the RNA-bindllig proteins involved in the regulation of MCP-1 

expression. 

Investigation on the role of proinflammatory cytokines in the regulation of MCP-1 

in injured nerves 

Data fiom the present study suggested that T N F a  is not the ody factor involved 

in the regulation of MCP-1 in injured nerves. Perhaps IL4 cornpensated for the absence 

of TNF-a bioactivity in mice lacking both M a  receptors. To determine whether the 

combination of IL4 and TNFa is physiologically important for the induction of MCP-1 

in injured nerves, the expression of MCP- 1 in injured nerves of mice lacking both IL- IR1 

and p55 TNFR @dey et al., 1998a) should be investigated. 



APPENDIX 

Determination of RNA concentrations 

This entire thesis is based on the rnethodologies which detennine the amount of 

messenger RNA present in the nerve sarnples as well as in cultured cells. Beiow are the 

protocols for total RNA extraction, reverse-transcription polymerase chah reaction (RT- 

PCR) and RNase protection assay. 

Total RNA Extraction 

The method was a modification of the protocol described by Chomczynski and 

Sacchi (1987). 

Nerves were fiozen in liquid nitrogen, pulverized with mortar and pestle and 

homogenized in a solution containing duanidinium isothiocyanate (Solution C). Celis 

in culture were washed with DEPC-treated phosphate-buffered saline, lysed with 

solution C and homogenized. 

Three microliters of PolyI (1 Omg/ml) was added as carrier and added 1/10 x volume 2 

M NaOAc, pH 4.0 and mixed weli. 

Added 1 x volume water-saturated phenol and mixed wek 

Added 1/10 x volume CHCb:isoarnyl alcohol(49: l), mixed well and incubated on ice 

for at least 1 5 minutes. 

Spun at 14,000 x g for 10 rninutes and miiected the aqueous phase. 

Extracteci with Tris-saturated phen01:CHCl~:isoamyl alcohol(25:24: l), spun and 

coiiected aqueous phase. 



7. Extracted with CHC13:isoamyl alcohol(24: 1), spun and coUected aqueous phase. 

8. Added 3 x volume 99% EtOH and incubated at -70°C for at least 2 hours. 

9. Spun at 14,000 x g for I O  minutes and removed supernatant. 

10. Added 300 pi 4M LiCl and hcubated on ice for 30 minutes. 

1 1. Spun, removed supernatant and resuspended pellet in 300 pl DEPC-treated water. 

12. Added 30 N 3 M  NaOAc, pH52 and 900 pi 99% EtOH. 

13. hcubated at -70°C for at least 2 hours. 

14. Spun, discarded supernatant and washed pellet twice with 75% EtOH and once with 

99% EtOH. 

1 5 .  Air dned pellet. 

16. Resuspended in 10-20 pl DEPC-treated water. 

17. Took 1 jd aiiquot and diluted to 100 pl with DEPC-treated water. 

18. Measured O&60 and 

19. Amount of RNA present in sample caiculated as OD~M) x 40 ugh l  x 100 (dilution 

factor) x 1 mVl000 pi. 

20. Ran 1 % formamide gel to determine the integrity of the RNA samples. 

Revenctranscriptase Polymerase Chain Reaction 

For reverse transcription, 1pg total RNA was Uiitially maed with 1 pi pd(N)s (1 

@pl) and the volume was brought to 15 pi with HPLC-grade water. Samples were then 

incubated at 65°C for 10 minutes then at 4°C for 10 minutes. The foiiowing were added 

to the samples: 6 pi Gibco's 5X First Strand BufKer, 7 pi 6.25 mM (INTPs, 1 pi 0.1 M 



DTT, I pl RNase inhibitor and 1 pl MMLV-Reverse Transcriptase. The mixtures were 

incubated at 37OC for 2 hours then at 9S°C for 5 minutes. Reverse transcribed samples 

were stored at -20°C. 

For most of the mouse nerve sarnples, the total RNA extracted was almost always 

less than 1 pg. Thus, the RNA samples were divided into three and and one-third of each 

sample was used for reverse transcription. The rest of the samples were stored at -70°C 

for iater use. 

The amplification of a specific cDNA was camed out in 0.6-ml microcentrifige 

tubes. The reaction mixture had the following recipe: 

10 x PCR BufFer 5.0 pl 

50 mM MgC12 1.5 pl 

5 mMdNTPs 3.0 pl 

10 pM 5' primer 5.0 pl 

10 pM 3' primer 5.0 pl 

HPLC water 20-29 

Taq polymerase 0.5 pl 

cDNA 1-10 pl 

Before each dlNA sample was added, 50 pl of mineral oil was layered on each mixture. 

The different prîmers used are described in chapters 4 and 5. Mouse CNTF cDNA was 

ampiified for 18 cycles of 95°C for 45 sec, 55OC for 45 sec and 72OC for 2 min. Mouse PO 

and GAPDH cDNAs were ampiified for 20 cycles. The rat LE cDNA was ampiüied for 

21 cycles. The iinearity of the cycle numbers used was determined by ampiifjmg the 



positive control cDNA samples from 12 to 30 cycles. To v i s u a h  and to ve* the 

identity of the amplifieci products, Southem blotting was performed. 

To determine the arnount of CN'ïF mRNA in the distai nerve stump relative to the 

concentrations present in the contralateral nerve, serial dilutions of the cDNA fiom the 

contralateral nerves were performed before the amplification step. cDNA fiom the 

contralateral nerves were diluted as folows: 1x+O. Sx+O.2Sx+û. 125-0.0625~. 

Southem blotting 

The PCR products were separated by 1 % agarose electrophoresis, tramferrd 

onto a nylon membrane (Hybond-K, Amersham) and the bound cDNA were £ked on the 

membrane by W cross-linking at 0.12 joules. Membranes were incubated in 

prehybridization solution at 37°C for at least 2 hour. Once the prehybridization solution 

was discarded and replaced with hybridization solution, the "P labelled antisense 

oligonucleotide probe was then added. The probes for CNTF, Po, GAPDH are described 

in chapter 4 wMe the probe for L E  is described in chapter 5. The membranes were 

hybndized with the labelied probe oveniight (at rnost 18 hours) at 37OC. Blots were 

washed at least twice with 2 x SSC at room temperature for 45 minutes. M e r  the 

rernoval of excess washing solution, blots were wrapped with S a m  plastic wrap and 

exposed to a Kodak film overnight. 



RNase Protection Assay 

Prepartion of the CRNA probe: 

Rat CNTF (Seniuk et al., 1992), LIF and MCP-1 and mouse JE cDNAs were 

obtained by RT-PCR using Schwann ceil and sciatic nerve RNA as templates. 

Oligonucleotides (1 8-22 bases long) correspondhg to each end of the mature proteins 

were used as primers. BamH 1 restriction sites have been added to the primas. The 

amplified rat CNTF, LIF and MCP-1 cDNAs were ligated into the pGEM-7Z$-) plasmid 

vector while the mouse JE cDNA was iigated into the pGEM-T plasrnid vector. The 1 17- 

bp BarnH1 -Pd cyclophilin cDNA subcloned into the Bluescript KS'') plasrnid vector 

was a gift fiorn Dr. George Kuchel. The CNn-, LE-, MCP-1-pGEM-7Zq-) and JE- 

pGEM-T plasmids were linearized with PvuII while the cyclophilin-Bluescript KS(" 
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