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ABSTRACT

Studies ofWallerian degeneratio~ the phenomenon wherein axons severed ftom

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

axons and Schwann cells. This present study focused on Schwann cell changes that occur

following nerve injury. T0 tease out the different signals that influence the changes in

Schwann cell phenotype, the regulation of three Schwann cell genes, namely ciliary

neurotrophic factor (CNTF), leukemia inhibitory factor (LIF) and monocyte

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

regulated in a similar manner as myelin Po, is induced by axona! contact even in the

absence of transport from the nerve cell body. The mRNAs for LIF, which belongs to the

same family as CNTF, and MCP-l 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-l mRNA al the lesion site appears to be mediated by oxygen

radicals.ln vitro, Schwann ceUs produce MCP-l mRNA in response to TNF--a

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

to require NF-lCB activation. However, in vivo TNF-a is not crucial to the induction of

MCP-I mRNA in injured PNS. In contrast to the signal that decreases CNTF mRNA

synthesis, the signais that induce MCP-I and LIF mRNA are not strongly dependent on

axonal degeneration.
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RESUMÉ

La dégénérescence Wailérienne (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 (cellules

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 protéine-l chémoattracteur des

monocytes (monocyte chemoattractant protein-l; MCP-l). 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-I apparaissent de manière biphasique dans le nerf

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

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

radicaux libres. Le facteur de nécrose tumoral (turnor necrosis factor; TNF-a) provoque

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

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

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

périphérique. Enfin, dans le système nerveux périphérique, si la synthèse de CNTf est
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régulée à la baisse après lésion, les signaux qui induisent l'expression des ARNm de

MCP-I et du L[f ne sont pas exclusivement dépendant de la dégénérescence axonale.

üi
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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 ofcontact between the Schwann cell membrane and the

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

subsequent exposure ofthe transeeted nerve to the various components of the blood and

the activation ofthe resident immune cells. Tbese events lead to the change in Schwann

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

genes. This thesis project revealed the following:

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

regulated by components of the axolemma.

2. CNTf protein degradation in transected nerves ofC57BLlW1d mice is

delayed for Many days.

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

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

sustained induction in the distal segments by 24 hours.

4. LIF mRNA is induced by IL-I J3 in cultured fibroblasts but oot in cultured

Schwann cells.

5. MCP-I mRNA is expressed aIso in the injured nerve in a biphasic manner­

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

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

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

persists for at least 16 days.

vii
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7. The early induction ofMCP-l mRNA in injured nerves is mediated by oxygen

radicals.

8. TNF-a. stimulates the synthesis ofMCP-l mRNA in cultured Schwann cells

in a pathway that is mediated by oxygen radicals.

9. MCP-l mRNA induction still occurs in the injured nerves of mice which lack

types 1and II TNF receptors.

10. MCP-l mRNA expression is observed in the transected nerves ofC57BL/Wld

mice, which exhibit delayed Wallerian degeneration.

vili
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CHAPTER 1: INTRODUCTION

Traumatic nerve injuries, often resulting from vehicular accidents, and

neurodegenerative diseases usually lead to permanent neurological dysfunetions (Hefti,

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

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

1. WALLERIAN DEGENERATION

A. Morphologieal Changes in the (njured AIon

Nasse tirst observed the granular breakdown ofthe frog sciatic nerve below the

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

structural changes occur as early as 1 week after injury (Günther, Scbôn, 1840). Waller

later gave a detailed description of the physical changes that occu~ in the

g1ossopharyngeal and hypoglossal nerves of the frog during the tirst 15 days after

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

1850). This breakdown of the axon after it has been severed trom the nerve cell body is

DOW called Wallerian degeneration. Electron microscopie examination revealed that the

distal eut end ofthe nerve is charaeterized by swoUen axon bulbs in the tirst 2 mm and a

more normal 100king fiber distally (Donat, Wisniewski, 1973). Twelve hours after

transection, these swoUen axons already contain subaxolemmal accumulation of

mitochondria and dense bodies with the neurotilaments displaced to the center (Cravioto,

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

and other components ofthe axoplasm become a mass ofgranular debris within 24-48

1
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hours depending on the length ofthe severed nerve (Griffin, Hoffinan, 1993b). This

disintegration ofaxons occurs between 3-6 days in transected nerves of rabbits and cats

(Donat, Wisniewski, 1973).

Peripheral nerve transection also results in the fallure ofmotor neurons to transmit

electrical stimuli (Miledi, Slater, 1970). Analysis of the motor end-plates showed that

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

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

1970).

B. Axonal Degeneration Is Calcium Dependent

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

maintained in a medium containing calcium (Schlaepfer, Bunge, 1973; Schlaepfer, 1974).

Chelation ofcalcium in the bath medium, which results in the lowering of the intra­

axonal Ca~ concentration below the physiological concentration ofapproximately 0.3

IJM (Baker et al., 1971), preserves the axonal microtubules and neurofilament structures

(Schlaepfer, Bunge, 1973; Schlaepfer, 1974; Schlaepfer, 1977). Conversely, increasing

the calcium concentration or the addition ofcalcium ionophore or chemica1 detergent in

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

1973; Schlaepfer, 1974; Schlaepfer, 1977). Also, the addition ofcalcium channel

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

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

axona! concentrations ofcalcium.

2
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Calpains, the calcium-aetivated proteases, have been shown to degrade

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

sufficient concentrations of calcium and have been found to be present in the peripheral

nerve (Kamakura et al., 1983). Furthennore, the addition ofcalpaîn inhibitors to the

medium inhibits neuritelaxonal degeneration following axotomy (George et al., 1995).

The action ofcalpains represents one ofthe nonlysosomal pathway ofintraceUu1ar

protein degradation (Croall, Demartino, 1991). Tbere are two isoforms ofcalpain, J.1 and

m, each is a dimer consisting ofa 80 kDa and a 30 kOA subunits. In the brain, mcalpain

is localized to a restricted subpopulation ofneurons and glial cells (Hamakubo et al.,

1986; NIXOn, 1986). On the other hand, J,.Lcalpain is expressed primarily in the neurons

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

n. SCBWANN CELL RESPONSES

A. Breakdown of Myelin Sheath

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

around their target axons. Within 24 hours after nerve transection, fragmentation of

myelin lameUae occurs at the oodes ofRanvier and myelin ellipsoids start to fonn (Liu et

al., 1995). Dy 48 hours, the distal nerve stump is charaeterized by the ÜDear

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

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

phagoCYtose myelin ellipsoids and by 4-5 days, these myelin ellipsoids have been

degraded (Liu et al., 1995).

3
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The two isofonns (~ and m) ofcalpain are made by Schwann ceUs (Banik et al.,

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

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

nonnal turn-over ofmyelin proteins (Deshpande et al., 1995). The calpain aetivity in the

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

myelin compartment observed within 8 hours after transeetion (LoPachin et al., 1990).

B. Expression of Myelin Specifie Genes is Reduced

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

expression of a number of Schwann cell genes. The myelin genes are sorne of these

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

summarized in Table 2.

1. The Proteins of Peripheral Myelin

The myelin sheath is an organelle that is made up ofa large sheet ofplasma

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

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

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

(MBP), proteolipid protein (PLP) and peripheral myelin protein 22 (pMP22), Mediate

myelin wrapping and compaetion; and the second group, which includes myelin­

associated glycoprotein (MAG) and other less abundantly expressed glial proteins,

participate in the ditTerent stages ofmyelination (Lemke, 1988).
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a. Myelin Protein Po

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

abundant protein in PNS mye~ accounting for more than 500A. ofthe proteins in the

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

Schwann cells (Brockes et al., 1980). The extraceUular domain that is strueturally similar

ta a prototypic immunoglobulin domain (Lemke et al., 1988b) cao Mediate both

homotypic and heterotypic interaction with adjacent ceU membrane surfaces (D'Urso et

al., 1990; D'Urso et al., 1999). X-ray crystaUography showed that Po Molecules form

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

forming adhesive complexes and thus contribute ta the compaetion ofmyelin (Shapiro et

al., 1996). Furthennore, direct membrane intercalation ofthe Po Molecule via the

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

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

protein PMP-22 and fonn complexes at the cell membrane (D'Vrso et al., 1999). The Po

intracellular demain is rich in basic residues that can interaet with negatively charged

phospholipids ofthe adjacent cytoplasrnic regions of the Schwann cell membrane and

thus, contribute to the fonnation ofthe major dense line (Kirschner, Ganser, 1980;

Lemke, Axel, 1988a; Lemke, 1988).

Mice lacking the Po gene have hypomyelinated peripheral nerves, display

deficiencies in motor coordination and exhibit abnormal expression ofp75 LNGFR, other

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

still bas major dense fines but show poor compaction. Disruption ofboth Po and myelin

basic protein (MBP) leads to severe hypomyelinated, loss major dense lines, mostly
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uncompaeted myelin and similar behavioral phenotype as shiverer mice (Martini et al.,

1995).

b. Myelin Basic Proteins

Myelin basic proteins (MBPs) comprise a family ofat least six soluble, highly

cationic proteins, ranging in size from 14-22 kDa, th&t are transeribed from a single gene

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

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

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

Together these MBP proteins account for 30-40 % ofCNS myelin proteins and 5-15% of

myelin proteins in the PNS (Lemke, 1988). Like the intracellular domain ofPOt MBP is

rich in highly charged residues that CIO interaet with the negatively charged phospholipid

of the adjacent Schwann cell plasma membrane and thus contribute to the compaetion of

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

The two mutant mouse strains, shiverer and mye/in deficient (m/d), are deficient

in MBP expression (Mikoshiba et al., 1991). The shiverer mice lack a large portion ofthe

MBP gene, their CNS myetin are loosely wrapped and lack major dense lines but do not

show major abnonnalities in the PNS (privat et al., 1979; Rosenbluth, 1980a; Rosenbluth,

1980b). The mld mutant mice have duplicated MBP gene. A large ponion ofthe NlBP

gene is inverted upstream ofthe intact copy generating bath sense and anti-sense mRNAs

upon transcription (popko et al., 1988). However, patches ofMBP-containing myelin are

still present in the CNS of these mice (Mikoshiba et al., 1991). In mice lacking both MBP
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and Po genes, the PNS myelin lack the major dense line and most Schwann cells elaborate

uncompaeted myelin (Martini et al., 1995).

c. Peripheral Myelin Protein-22

Cloning ofperipheral myelin protein-22 (pMP-22) or SRi3 revealed that it is

identical to the previously cloned growth arrest specifie gene 3 (gas3), a protein which is

induced in Nm3T3 ceUs following serum starvation or contact inhibition ( Schneider et

al., 1988; Welcher et al., 1991; Lemke, 1993). The open reading frame ofPMP-22

predicts a protein that is 160 amine acids long with a molecular weight ofapproximately

18 kDa (Welcher et aL, 1991). It is a very hydrophobie molecule with four putative

transmembrane domains and two extraceUuJar domains (Manfioletti et al., 1990; D'Urso,

Müller, 1997). Pl\1P-22, a protein glycosylated at an asparagine residue located between

the tirst and second membrane spanning regions (Manfioletti et al., 1990; Welcher et al.,

1991; Spreyer et al., 1991), is localized to the compact regions of the peripheral myelin

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

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

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

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

Mice that carry extra copies ofPMP-22 gene also show deficiencies in PNS myelination

and behavioral abnormalities (Magyar et al., 1996). TrITr homozygotes can live for

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

humans, the hereditary peripheral neuropathy Charcot-Marie Tooth disease type 1A

(CMTIA) is associated with a duplication ofthe PMP-22 gene while the autosomal
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dominant hereditary neuropathy with Iiability to pressure palsies (HNPP) disorder is

associated with a deleted PMP-22 gene (Lemke, 1993; Snîpes et al., 1993). Mice lacking

the PMP-22 gene exhibit delayed myelination, but at postnatal day 24 hypermyelination

occurs, as determined by the presence ofmyelin tomacula, and 10 weeks afterb~

myelin and axonal degeneration are observed (Adlkofer et al., 1995).

d. Myelin-Associated Glycoprotein

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 isoforms containing 607 and 563 amino acids are results of alternative

splicing (reviewd by Quartes et al., 1992). The MAG gene has 13 exons and in exon 12

an in-frame termination codon has been identitied (Mikoshiba et al., 1991; Quarles et al.,

1992). Thus, the message containing exon 12 gives rise to the small isoform (S-MAG)

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

(Mikoshiba et ai., 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..6m deficient mice, the amount ofMBP

present in the brain is 50% ofthat ofcontrol mice and the CNS myelin is thinner and

more irregular (Umemori et al., 1994; Umemori et al., 1999). Recently, Fyn bas been

shown to activate the transcription ofMBP (Umemori et al., 1999). These observations

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

(Trapp, 1990). However, L-MAG accounts for only 5% ofthe total MAG mRNA in the
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PNS (Quarles et al., 1992). To date, it is not known whether the S..MAG associates with

other signalling components and transactivate other myelin genes.

Like neural-cell adhesion Molecule (NCAM), MAG belongs to the

immunoglobulin superfamily having five Ig-like demains in the extracellular region

(Lemke, 1988). In addition, the first Ig-like demain cantains the Arg..Gly-Asp (RGD)

sequence, which may he involved in binding to integrin-type receptors (Rouslahti,

Piersbacher, 1987). MAG is localized in periaxonal membranes ofcentral and peripheral

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

1982). It is expressed aIso in Schmidt-Lanterman incisures, paranodalloops and

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

interactions (Trapp et al., 1999).

The generation of mice with null mutations in myelin specifie genes bas

confirmed the roles ofthese myelin proteins in the formation and maintenance ofthe

myelin sheath. In summary, myelin proteins in the PNS have overlapping funetions. Po,

the most abundant protein in PNS mye~ appears to be involved at all stages of

myelination (Martini, Schachner, 1997). In addition, Pl\1P22 and to lesser extent MAG,

appear ta be important for initial ensheathment ofaxons (Magyar et al., 1996; Martini,

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

PMP-22 regulate myelin thickness (Martini et al., 1995), and except for MBP, MOst are

involved in the maintenance ofmyelin (Martini, Schachner, 1997).
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e. Changes in Myelin Protein Concentrations

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

absence ofaxons (Table 2). The loss ofaxonal influence during Wallerian degeneration

results in the decreased synthesis ofmyelin 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 al., 1993). FoUowing axonal regeneration, the re-expression ofmyelin

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

for nerve growth factor (p75 LNGFR), neural-cell adhesion Molecule (NCAM) and LI

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

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

myelin specifie genes, Schwann cells have been cu1tured in the absence ofserum and

treated with agents that elevate the intraeellular concentrations ofcAMP. Schwann cells

that are grown in the defined medium (serum-free) 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 ofintracellular cAMP May Mediate

the axon to Schwann cell signaling that triggers myelination. The etfeets of forskolin on

the expression ofmyelin protein mRNAs is inhibited by FGF-2, TGFJ3, GGF or serum

factors (Morgan et al., 1991; Stewart et al., 1995). However, in Schwann cell cultures

that have been established without prior exposure to serum during the culture process, Po

and MBP are constitutively expressed and addition ofGGFIneuregulin inhibits the

expression (Cheng, Mudge, 1996).
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2. Syntbesis Myelin-Specifie Transcription Faeton is Decreased

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

regulation of myelination: suppressed cAMP..inducible POU protein (SCIP) and krox-20.

a. Suppressed cAMP-Inducible POU Protein (SCIP)

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

Class mPOU domain family of transcription factors, which are expressed primarily in

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

1989; He et al., 1991). SCIP mRNA concentrations in Schwann cells are norrnally low

and increase markedly 1-3 hours after treatment with forskoli~ an agent that increases

intracellular cAMP concentrations (Monuki et al., 1989). The concentrations of SCIP

mRNA rernain elevated for as long as the intracellular cAMP concentrations in Schwann

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

after forskolin treatment (Monuki et al., 1989). Furthermore, in co-transfeetion

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

terminal domain and represses the transcription ofPo (He et al., 1991; Monuki et al.,

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

During rat embryogenesis, SCIP is tirst observed at E17 in the nuclei of Schwann

cells expressing LNGFR and SI00 in the dorsal root proximal ta the spinal cord and by

E19 expression spreads distally within the dorsal root (Zorick et al., 1996). Furthermore,

SCIP-üntunoreactivity is detected in Schwann cell nuclei ofneonatal rats (Scherer et al.,

1994). The expression ofSCIP mRNA in the sciatic nerve is most robust at Pl to P4 then

declines thereafter and is no longer detectable in the adult (Scherer et al., 1994; Zorick et
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al., 1996). Furthermore, in nonmyelinating peripheral glia like the satellite ceUs in the

DRG and the nonmyelinating Schwann cens in the superior cervical ganglion

postganglionic nerve, SCIP rnRNA is expressed transiently trom the end ofthe fiest

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

in the slight transient rise, from 1 to 12 days post-Iesion, ofSCIP mRNA while nerve

crush leads to a rise in SCIP rnRNA concentrations in the distal stump trom 8 days post­

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

transeetion of the sciatic nerve results in the reduetion of SCIP, Po, and histone ID

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

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

regulation ofmyelin genes.

b. Krox-20

The gene krox-20 or EGR-] was tirst described as a serum-responsive immediate

early gene that encodes a protein with CYS2/HiS2 zinc-finger motif and is closely related to

the transcription factor Sp1 (Chavrier et al., 1988; Chavrier et al., 1989; Cortner,

Famh~ 1990; Nardelli et al., 1991; Nardelli et al., 1992). The gene produet ofkrox-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 al., 1993).

Disruption ofthe krox-20 gene leads to the reduction or 10ss of rhombomeres 3 and 5 of

the hindbrain and die during the tirst two weeks after birth (Schneider-Maunoury et al.,

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

krox-20 is involved in myelination (Topilko et al., 1994).
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ln the PNS, krox-20-immunoreactivity is deteeted in the cytoplasm of dorsal root

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

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

nerves first appears at Pl in the dorsal roots and foUows a proximal to distal distribution

similar ta that ofSCIP but with a delay of 1-2 days (Zorick et al., 1996). However, the

use of transgenic mice carrying a /acZ insertion in the krox-20 gene, which do not present

phenotypes in the heterozygous state (krox-20 =1, showed that krox-20 is fust expressed

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

(Topilko et al., 1997). At EI5.5, krox-20 is expressed in the entire peripheral nerves. In

contrast ta SCIP expression, krox-20 expression is maintained in adulthood, coincident

with that of myelin 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 crush in rodents leads to a faIl in krox-20 expression and a

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

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

neuropathy krox-20-immunoreaetivity is deteeted in Schwann cells undergoing the

remyelination process (Topilko et al., 1997).

ln vitro studies showed that cultured Schwann cells do not synthesize krox-20 and

that a direct axODaI contact is necessary for the krox-20 expression in explants ofDRG

taken from E15.5 mouse embryos (Murphy et al., 1996). Neurons al various stages of

development have the capacity to induce krox-20 expression in Schwann cells trom

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

present in neurons and that the krox-20 expression is regulated by the developmental
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stage of the Schwann ceUs. However, explants ofDRG from E12.S embryos, which do

not normally synthesize krox-20, are able ta express krox-20 in the presence ofdiftùsable

factors from the neural tube; tbis action can be mimicked by treatment with NRG-~2 or

the combination ofFGF2 and either CNTF or LIF (Murphy et al., 1996).

C. Changes in Expression of IDtegrins

Axons control myelination by regulating the expression of the different Schwann

ceU genes including those ofthe receptors of the eomponents of the basal lamina.

Integrins are eeU surface receptors that Mediate ceU-cell and cell-extracellular matrix

interactions (Hynes, 1992). AIl integrins are composed of heterodimers ofCI and ~

subunits (Hynes, 1992). To date, Schwann eells have been shown to express CIl~1, Cl.6~1

and CX6~4 integrins, the receptors for laminin (Femandez-Valle et al., 1994; Niessen et al.,

1994; Feltri et al., 1994). ao~l is widely expressed while ao~4 expression is restrieted to

epithelial ceUs, sorne types of endothelial eells, perineural tibroblasts and Schwann cells

(Niessen et al., 1994). Schwann eells in culture synthesize al~l and <l6~1 integrins;

however, when cultured in the presence ofDRG neurons, myelinating Schwann cells

reduce the synthesis ofClIPI and CX6~1 and increase the synthesis ofaoa4 integrin

(Femandez-Valle et al., 1994). In addition, antibodies against ~l inhibit myelination by

blocking the differentiation of Schwann eeUs into a myelinating phenotype (Femandez­

Valle et al., 1994).

<l6a4 integrins are commonly found in hemidesmosomes, which are specialized

structures ofkeratinocytes and ather epithilial eells that mediate adhesion to underlying

basement membrane (Stepp et al., 1990; Sonnenberg et al., 1991). In the peripheral
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nerve, <X6a4 immunoreactivity is described as a thin ring around the myelin sheath and

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

In nonmyelinating Schwann cells, it is localized at contact regions between axons and the

Schwann ceUs (Niessen et al., 1994). FoUowing sciatic nerve crush, <X6 and 131 rnRNA

expression are not changed while that of P4 changes as does Po mRNA (Feltri et al.,

1994). In contrast, in transeeted sciatic nerves, J34 mRNA expression is markedly reduced

by 4 days after injury and tben increases pragressively fram 8 to 58 days following

transeetion (Feltri et al., 1994). AJthough J34 mRNA is re-expressed in chronically

denervated Schwann cel1s, it is no longer restrieted to the abaxonal region rather but is

distributed in a dif1ùse, non·polarized pattern (Feltri et al., 1994; Quattrini et al., 1996).

To date, this re·expression of P4 mRNA in transected nerves remains unexplained.

o. Schwann cell proliferation

Autoradiographie studies showed that the labelling index of mouse Schwann cells

in the degenerating nerve peaks on the third day after transection and declines thereafter

(Bradley, Asbury, 1970). The peak ofmitosis in rats and cats occurs 34 days after injury

(pellegrino et al., 1986; Oaklander et al., 1987; Griffio., Hoffinan, 1993b; Liu et al.,

1995). The signal for Schwann ceU proliferation during Wallerian degeneration is not

clearly understood.

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

and potent Schwann cell 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 cell proliferation through the activation of protein kinase
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C (Yoshimura et aI., 1993). Fibroblast growth factor-l (FGF-l), FGF-2 and platelet­

derived growth factor (pDGF) have weak mitogenic aetivities which can be potentiated

with the addition of forskolin, an agent that elevates intracellular cAMP, (Davis,

Stroobant, 1990; Chen et al., 1991). Increasing the concentration ofintraceUular cAMP

up-regulates POGF receptor and may possibly modulate receptors ofother growtb factor

in a similar manner (Weinmaster, Lemke, 1990). TGF-~ can also synergize with FGF2 or

PDGF to stimulate Schwann cell proliferation but the combination ofTGF..~ 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 promote survival of

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

that the "classical" neurotrophic factors might have actions outside ofthe nervous system

(Horigome et al., 1993; Kawamoto et al., 1995) and cytokines that primarily have

immune function act aIso on neurons (Vamamori et al., 1989; Kushima et al., 1992;

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

There are several familles of neurotrophic factors known to aet on neurons and

glial cells in the PNS. These trophic factors are the neurotrophin family (reviewed by

Ebendal, 1992), the IL-6 family ofcytokines or the neuropoietic cytokines (Emsberger et

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

transforming growth factor (TGF) superfamily (Stewart et al., 1995; Guénard et al., 1995;

Rosenthal, 1999). Perhaps severa! combinations of trophic factors might aet in concert to
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promote survival and maintenance of the neurons. The changes in trophic factor

expression foUowing axonaI degeneration are summarized in Table 3.

1. The neurotropbin family

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

first of this class of Molecules to be discovered and characterlzed (Levi-Montalcini,

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

features - each comprising of seven ~-strands which form three anti-parallel pairs

(Ebendal, 1992). The neurotrophins primarily aet on the cells in the nervous system

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

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

a. Nerve Growtb Factor

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

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

sympathetic ganglia (Levi-Montalcini, 1987). Production ofNGF in the adult nerve is

norrnally very low but following nerve transeetio~ NGF mRNA concentrations increase

in a biphasic manner (Heumann et al., 1987a; Heumann et al., 1987b). 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 ooly seen

when aetivated macrophages are added (Heumann et al., 1987b). In Wld mice which

exhibit subnormal recruitment of macrophages, sciatic nerve transection does not lead to
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a marked increase in NGF synthesis in the distal stump (Brown et al.~ 1991).

Macrophage-derived moleeules like IL...1~ (Lindholm et al., 1987) or TNF--a (Hattori et

al., 1993) stimulate the expression ofNGF rnRNA in fibroblasts in vitro. Cultured

Schwann eeUs synthesize NGF rnRNA only in response to stimulation be agents that

elevate intracelluIar cAMP (Matsuoka et al., 1991).

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

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

(Verge et al., 1989). The high affinity binding and signal transduction ofNGF involve

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

low-affinity NGF receptor (LNGFR) (Johnson et al., 1986), which is capable ofbinding

to ail the neurotrophins al a low affinity (reviewed by Ebendal, 1992). A1though p75 is

not necessary for neurotrophin signaling (Ibaiiez et al., 1992), it increases ligand binding

affinity 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 during development in emigrated neural crest cells (Shah et al., 1994) and

expression is maintained in the Schwann celllineage until the cells have differentiated

and started to express myelin proteins (Jesse~ Mirsky, 1991; Jessen et al., 1994). Sciatic

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

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

al., 1996). Disruption ofp75 gene results in the 10ss ofheat sensivity and associated with

ulcers in distal extremities (Lee et al., 1992). A1so, loss of innervation to the pineal gland

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

p75 NGF receptor (Lee et al.~ 1994).
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The high-affinity receptor ofNGF is a 140 kDa tyrosine kinase receptor that is a

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

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

sympathetic ganglia (Martin-Zanca et al., 1990). The binding ofNGF to Trk activates the

tyrosine kinase resulting in the tyrosine phosphorylation ofTrk (Kaplan et al., 1991a;

Kaplan et al., 1991b). ln rat pheochromocytoma PC12 cells, formation ofactivated Trk

homodimers Mediates neuronal survival and differentiation (Rovelli et al., 1993). In

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

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

neurons decrease following sciatic nerve transection (Verge et al., 1992). 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 small..sized neurons in the spinal and

trigernina! ganglia (Smeyne et al., 1994; Crawley et al., 1994).

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

with anhidrosis (CIPA), an autosomal-recessive disorder charaeterized by recurrent fever

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

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

Patients with CIPA exhibit defeets in trlcA ranging trom 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 (Ioda

et al., 1996).
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b. Brain-derived Growth Factor

The second member of the neurotrophin family was isolated from pig brain and is

called brain-derived neurotrophic factor (BDNF). It is expressed mainly in the nervous

system and in the periphery it is made ooly in heart, lung and skeletal muscle (Ebendal,

1992). The mature BDNF protein has approximately 50% amino acid sequence similarity

with NGF (Barde et al., 1982~ Leibrock et aL, 1989). Included in the conserved regions

are 6 cysteine resides that form the disultide bonds important for the stabilization ofthe

3-D structure (Thoenen, 1991).

BDNF supports the survival of trigeminal sensory neurons at the time that they

innervate their 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 weil as in

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

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

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

nerve transeetion leads to a slow increase ofBDNF mRNA concentrations in the distal

sturnp that starts at 3 days post-injury and reaches the maximum expression after 3-4

weeks (Meyer et al., 1992; Funakoshi et al., 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 ofTrkA, a product of the trk protooncogene, as the higb atlinity

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

receptor tyrosine kinases as the high atlinity receptors for the other neurotrophins
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(reviewed by Segal, Greenberg, 1996). In situ hybrization studies showed that while tr/cA

mRNA is localized in majority ofthe neurons in the DRG, trlcB mRNA is present in sorne

DRG neurons and also in Schwann cells (Carroll et al., 1992). The mRNA for fulliength

trlcB is expressed in the neurons while the mRNA for the truncated trkB is expressed in

satellite cells of the DRG (Wetmore, Oison, 1995). FoUowing sciatic neIVe or dorsal root

lesion, tr/cB mRNA increases in the ORO (Emfars et al., 1993). Moreover, the mRNA for

truncated trlcB , which is localized in Schwann cells, increases in the proximal nerve

segment but decreases in the distal nerve stump (Funakoshi et al., 1993).

Loss ofBDNF gene results in severe problems in coordination and balance

associated with loss ofneurons in sensory ganglia, particularly MOst neurons in the

vestibular ganglion (Enfors et al., 1994a). Examination ofthe trJcB deficient mice showed

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

development until Most neurons have extended their axons to their fields and could

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

c. Neurotrophin-3

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

partial sequence similarity between NGF and BDNF (Thoenen, 1991). NT-3 supports the

survival ofsympathetic neuroblasts before they become 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-derived cells fram the gut ioto neurons

and glia (Chalazonitis et al., 1994). In MOUse embryos, NT-3 mRNA concentrations are
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high in motor neurons, moderate in sympathetic ganglia, and almost undeteetable in

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

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

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

gradual1y restored to normallevels 2 weeks after injury (Funakoshi et al., 1993).

The actions ofNT-3 are mediated by ilS high affinity binding to TrkC tyrosine

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

(Windisch et al., 1995). Like trkB, tr/cC gene also encodes an isofonn that lacks the

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

this truncated fonn suifer trom severe developmental defects in the heart and the PNS

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

movement and postures and lack la muscle afferent projections to spinal motor neurons

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

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

abnonnallimb movements (Ernfors et al., 1994b), have severe 10ss ofsensory and

sympathetic neurons (>70%) (Farinas et al., 1994; Liebl et al., 1997), group la

proprioceptive aff'erents and muscle spindles are particularly absent (Kucera et ai., 1995)

and MOst die after birth (Ernfors et aI., 1994b).

d. Neurotrophin-4

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

ofthe conserved regions ofNGF, BDNF and NT-3 as primers (Thoenen, 1991).

Neurotrophin-4 (NT-4), which is which is identical to neurotrophin-5 (Berkemeier et al.,
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1991; Ip et al., 1992a), exerts its actions by binding to TrkB and p75 LNGFR (Klein et

al., 1992; Windisch et al., 1995; Ryden et al., 1995). In in vitro studies, NT-4 supports the

survival ofvestibular neurons protects them against ototoxic agents (Zheng et al., 1995).

Administration ofNT-4 rescues axotomized facial motor neurons of neonatal rats

(Keliatsos et al., 1994). NT-4 is widely expressed in the nervous system as weil as in

DenneuraI tissues (Timmusk et al., 1993). In the peripheral nerves, NT-4 mRNA

concentrations decrease in the distal stump 6-12 bours after transeetion and then

pregressively increase to concentrations eight rold ofnormal by 2 weeks (Funakoshi et

al., 1993).

Loss ofNT-1 gene in the mouse leads to deticits in sensory neurons 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 BDNF and NT-4 genes increases the severity of the sensory deficits while facial

motor neurons remain unaffeeted (Liu et al., 1995; Conover et al., 1995).

2. The neuropoietic cytokines

The second family of Molecules that can support the survival of neurons is a

group ofdistantly related cytokines that have predicted structural similarities (Bazan,

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

signal transducing subunit (Taga, 1996). This family of CYtokines includes ciliary

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

oncostatin-M (QSM), interleukin-ll (IL-Il), and eardiotrophin-l (CT-1) (Zhang et al.,

1994; Taga, 1996).
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a. Interleukin-6

IL-6 is a pleiotropic cytokine that is made by a number ofcell types including B­

cells (Hirano et al., 1986), monocytes (Aarden et al., 1987), tibroblasts (Guba et al.,

1992), and endothelial cells (Fabry et al., 1993). In the central nervous system (CNS), IL­

6 mRNA is deteeted in granule cells of the cerebellum, pyramidal neurons of the

hippocampus, and seleeted neuronal populations in the cortex and hypothalamus

(Schobitz et al., 1993). ll..-6 mRNA is oot detectable in the normal peripheral nerve but

foUowing sciatic nerve transectioo, ll..-6 mRNA is expressed in Schwann cells of the

distal nerve stump within 6 hours after transeetion but is already at low concentrations by

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

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

transeetion (Murphy et al., 1995).

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

for cultured catecholaminergic neurons from fetal and neonatal rat midbrain (Kushima et

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

of IL-6 and soluble IL-6 receptor (sIL-6R) results in the delay ofprogression of motor

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

human lL-6 and IL-6R genes exhibit accelerated axonal regeneration following injury ta

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 following a bacteria!

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

higher number ofDRG neurons undergoing cell death (Murphy et al., 1999).
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The effects of IL-6 are mediated by signaling threugh its receptor complex

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

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

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

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

al., 1993). The homodimerization of gp 130 leads ta the activation of the members of the

JAK family ofkinases (Narazaki et al., 1994), which are attached to the gp130 subunits,

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

b. Ciliary Neurotrophic Factor

Cïliary neurotrophic factor (CNTf) was tirs! described and isolated based on ilS

ability ta support the survival 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 (Stôckli et al., 1989; Lin et al., 1990). Furthermore,

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

from its cell of synthesis is presently not known (Stôckli et al., 1989).

Ta date, CNTF is known to have other patent etTects on several populations of

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

sympathetic neurons (Emsberger c;t al., 1989; Saadat et al., 1989), supports the survival

ofmotor (Sendtner et al., 1992a; Mitsumoto et al., 1994), hippocampal (lp et al., 1991),

sensory and preganglionic sympathetic neurons (Sendtner et al., 1994). AIso, CNTF

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

addition, CNTF stimulates the differentiation oftype 2 astrocytes from Q-2A progenitor
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cells (Hughes et al., 1988) and supports the survival ofoligodendrocytes (Louis et al.,

1993; Mayer et al., 1994). Like IL-6 and LIF, CNTF also induces the expression ofacute

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

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

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

abundantly in adult myelinated peripheral nerves, it decreases markedly foUowing nerve

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

1992). Re-expression ofCNTF in the nerve occurs after axonal regeneration once

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

function ofCNTF in the PNS remains unclear.

Clooing of the CNTF binding protei~ CNTFRa, reveaIed that it is a glycosyl­

phosphatidylinositol (GPI) linked molecule and has similarities with ll..-6 receptor a

(Davis ët ai., 1991~ Davis, Yancopoulos, 1993). Further studies showed that CNTF

responsiveness is mediated by the binding of CNTF ta CNTFRa, which in tum associates

with the funetional LIF receptor (the LIF receptor J3 and gp130 dîmer) (Baumann et al.,

1993; Davis et al., 1993; Stahl, Yancopoulos, 1994b). Gp130, the signal transducing

subunit of the IL-6 receptor comptex, is the common signal transducer for the members

ofthis cytokine family (Nishimoto et al., 1994; Ip, Yancopoulos, 1996). CNTFRa.

immunoreaetivity is present in adult neurons in hippocampal fonnation, piriform cortex,

olfaetory bulb, cerebellar Purkinje cells, pons, red nucleus and other nuelei associated

with motor control including ventral harn neurons of the spinal cord (MacLennan et al.,

1996). Expression is also observed in skeletal muscle and adult DRG neurons, both in the

perikarya and in the axons (MacLennan et al., 1996). During development, CNTFRa
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immunoreactivity is localized in difTerentiating neurons, including those in DRG,

sympathetic ganglia, ventral horn, intermediolateral column ofthe spinal cord and

developing brainstem nuclei (MacLennan et al., 1996).

c. Leukemia Inhibitory Factor

Leukemia inhibitory factor (LIF) was initially described in the nervous system as

the Molecule secreted by cultured heart cells which promoted the cholinergie

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

be important in blastocyst implantation, bone resorption, fat metabolis~ maintenance of

hematopoietic stem cells and in the induction ofhepatic acute phase response (Gearing,

1991). A recent investigation showed that LIF also stimulates survival of Schwann cells

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

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

probably because they share receptor components (lp et al., 1992b; Gearing, 1993;

Baumann et al., 1993; Taga, 1996). The functional LIF signaling receptor complex

consists ofgp 130 and LIF receptor ~ (LIFRP) (Taga, 1996).

LIF is normally present in peripherai nerves at very low concentrations and

indueed rapidly following nerve injury in the ipsilaterai DRG, and in segments distal and

immediately proximal to the lesion (Curtis et al., 1994; Banner, Patterson, 1994). The

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

(Banner, Patterson, 1994). AIso, LIFR~ mRNA concentration decreases in organ cultures

ofSCG and DRG (Banner, Patterson, 1994). However, studies investigating axonal
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transport showed that LIF is retrogradely transported to the cell bodies of sensory and

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

Mice deticient in eitherUF or CNTF gene are viable and do not show apparent

neurological abnormalities but CNTF null mice display mild motor dysfunetion

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

Rao et al., 1993). In addition, 2% of the Japanese population lack the CNTF gene but

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

both LlF and CNTF genes results in a dramatic loss of motor neurons and an earlier onset

ofmotor dysfunction (Sendtner et al., 1996). Mice lacking either CNTFRa or UFRp

gene exhibit dramatic 10ss of motor neurons and die soon after birth (DeChiara et al.,

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

(are) important for normal development ofmotoneurons. Disruption ofgp130 gene

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

birth (Yoshida et al., 1996).

d. Cardiotrophin-l

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

induce cardiac myocyte hypertrophy (pennica et al., 1995a). Like other members ofthis

family, CT-1 aIso stirnulates hepat0CYte production ofacute phase proteins (peters et al.,

1995). The trophic action ofCT.. 1 on rat DRG neurons in vitro is similar to that ofCNTF

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

secreted by differentiated myotubes (pennica et al., 1996). Treatment with CT..1 rescues

neonatal rat motor neurons after axotomy (pennica et al., 1996). Binding studies showed
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that CT-1 utilizes the functional LIF receptor complex for signal transduction (Pennica et

al., 1995b). ln addition, CT-I has been shawn to bind to a GPI-linked membrane protein

that is distinct from CNTFR'v' (pennica et al., 1996). It is possible that CT-1 is one ofthe

molecular signais from the target that promotes the survival of motor neurons during

embryogenesis.

3. Tbe Transforming Growth Factor Superfamily

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

related molecules that modulate cell growth, differentiation, migration and death (Wahl,

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

J3, aetivinslinhibins, M+llerian inhibitory substance (MIS), bone morphogenic proteins

(BMPs), glial-derived neurotrophic factor (GDNF) and ather related protems (Wahl,

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

dimerize and are proteolytically cleaved by furin peptidase resulting in dimers linked by

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

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

Francis, Wahl, 1994) and aetivins are dimers ofrelated aA and ~B chains, inhibins are

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

members ofthis superfamily, TGF-J3 and GDNF have potent actions in the nervous

system.
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a. Transrorming Growtb Factor-J3

The three mammalian TGF-~ isofarms are encoded by different genes but the

mature proteins share 70-80% homology in their amino acid sequence, bind to the same

receptors and have sunilar actions (Wahl, 1992; McCartney-Francis, Wahl, 1994). The

mature TGF-~ remains inactive as it is associated, thraugh a noncovalent interaction,

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

kDa modulatorlbinding pratein (Wahl, 1992~ McCartney-Francis, Wahl, 1994). ln vitro,

TGF-13 aetivated by denaturing conditions (e.g., extremes ofpH and heat), ionizing

radiation, plasmin, thrombospondin, and calpain (Schultz-Cherry, Murphy-Ullrich, 1993;

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

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

inhibits Po and galaetocerebroside synthesis and stimulates the synthesis of p75 LNGFR,

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

al., 1995). In additio~ in cocultures of rat embryonic DRG neurons and Schwann ceUs

from neonatal rat sciatic nerve maintained under myelinationg conditions, addition of

TGF-p blocks myelin formation (Guénard et al., 1995). In the TGF-J3-treated cocultures

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

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

TGF-~s exert their actions by binding to three ceU surface proteins. The type 1(53

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

participate in signal transduction while the type li (250-350 kOa) receptor, also called

betaglycan, binds and presents TGF-f3 to the functional signaling complex (McCartney­

Francis, Wahl, 1994).
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In the PNS, TGF-~1, -~2, and -133 have been detected by immunohistochemistry

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

vessels (Scherer et al., 1993; Rufer et al., 1994). In addition, TGF-~2 and -p3 are also

detected in the axoplasrn ofmost axons (Unsicker et al., 1991). Nonhem blot analysis

showed that TGF-J31 and-133 mRNA concentrations in rat sciatic nerve remain constant

from PI ta P90 but TGF-~2 mRNA concentration is below the detection limit (Scherer et

al., 1993). After sciatic nerve crush and transection, TGF-J3-immunoreactivity increased

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

(Rufer et al., 1994). The increased TGF-J3 staining in the lesioned sciatic nerves persisted

for at least 14 days (Rufer et al., 1994). The concentrations ofTGF-J31 mRNA starts to

increase 1 day post-axotomy and remains elevated in transected nerves for at least 24

days. Following nerve crush, TGF-~ 1 mRNA concentrations increase in the distal stump

1-8 days post-Iesion and gradually return to baseline concentrations between 8-24 days

(Scherer et al., 1993). In contrast, TGF-~3 mRNA concentrations decrease foUowing

axotomyand in crushed nerves, start to rise between 8-24 days. The patterns of

distribution ofTGF-~1 and TGF-~3 mRNA are comparable to that ofp75 LNGFR and Po

mRNA, respectively (Scherer et al., 1993). Cultured Schwann cells produce TGF-J31

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

b. Glial-Derived Neurotropbic Factor

Glial-derived growth factor (GDNF), a distant member ofTGF-~ family purified

from the supemantant of the glial cellline 849, was initially identified for its ability te

suppon survival and maturation ofcultured rat embryonic dopaminergic neurons (Lin et
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al., 1993). It bas been shown to promote survival ofembryonic rat motor neurons in vitro

and in vivo, and it prevents degeneration ofmotor neurons ofneonatal rats following

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

embryos in ovo rescues motar and sympathetic gangHa neurons but not DRG, nodose, or

ciliary gangHa neurons from programmed cell death (Oppenheim et al., 1995). GDNF

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

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

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

peripheral nerves results in an increase ofGDNF rnRNA in the distal nerve stump and the

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

Many of the actions ofGDNF 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; Schmalbruch,

Rosenthal, 1995). These effeets are mediated by the GDNF receptor complex - the ligand

binding receptor subunit GFRal, 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 mice, GFRal mRNA is expressed in the peripheral nerve and the spinal

cord while Ret is expressed in the spinal card motor neurons (Naveilhan et al., 1997).

FoUowing sciatic nerve crus~ GFRal rnRNA concentrations are increased in the distal

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

rnRNA, on the other band, increases rapidly in the spinal motor neurons and the DRG

neurons (Naveilhan et al., 1997).
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The other members of the GDNF family thus far are neurturin, which binds to

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

and persephin, which binds to GFRa.4 (Milbrandt et al., 1998~ Enokido et al., 1998).

These molecules also signal through the tyrosine kinase Ret (Trupp et al., 1998).

Disruption ofthe neurturin and GFRa2 genes revealed that these molecules are essential

for the development of the enteric nervous system and for the parasympathetic

cholinergic innervation of the lacrimal and the submandibular salivary glands (Rossi et

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

Molecules are distributed in injured peripheral nerve.

F. Neuregulins: the putative neuronal signais that regulate Schwann cell phenotype?

Neuregulins 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 mitogens for Schwann

cells, were initially puriiied from bovine pituitary extraets (RatTet al., 1978). Clooing of

GGFs revealed that a single gene encodes these Schwann cell mitogens as weil as

acetylcholine receptor-inducing activity (ARIA), neu differentiation factor (NDF) and

heregulins (HRG) (Marchionni et al., 1993). Alternative splicing gives rise to the

different a. and J3 isoforms ofneuregulin (Marchionni et al., 1993). Ali these Molecules

signal thraugh receptors belonging ta the EGF receptor family. NeulHER2lerbB2 is the

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

the ligand binding subunit (Vartanian et al., 1997). Heterodimerization ofeither erbB3 or
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erbB4 with erbB2 is necessary for signal transduction (Chen et al., 1996; Vartanian et al.,

1997).

In situ hybridization studies showed that during mouse embryogenesis, the

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

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

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

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

not in motor neurons (Vartanian et al., 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 from the dorsal aspect orthe neural tube and migrate to

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

system (PNS), bone, smooth muscle, pigment and endocrine cells (Bronner-Fraser,

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

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

further development of Schwann cell precursors into immature Schwann ceUs (LNGFR~,

S100) require the presence ofneurons (Jessen et al., 1994). In the absence of neurons,

fibroblast growth faetor-2 (FGF2) and neuregulin-~ 1 (NRG-131) can mediate the survival

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

al., 1994).

The importance ofneuregulins as the neuronal signais that mediate Schwann cell

development and function in vivo bas been investigated with the generation ofmice with

null mutations in the neuregulin gene as weil as in the genes encoding the funetional
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neuregulin receptors (Meyer, Birchmeier, 1995; Gassman et al., 1995; Riethmacher et al.,

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

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

Birchmeier, 1995). Most mice with targeted mutations in erhB3 gene die during

embryogenesis and the embryos that survive develop to term (Riethmacber et aL, 1997).

More detailed study of the embryonic development oferbB3 mutant mice showed that

Schwann ceU precursors and Schwann ceUs that associate with axons of the sensory and

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

weil as motor neurons appear normal at E12.5 but by E18.5 signiticant number ofcells

have undergone ceU death (Riethmacher et al., 1997). In contrast, mice deficient in

erhB2, the signal transducer, die at midgestation (E11) due ta fallure of the heart to

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

while trunk neural crest-derived sensory neurons in the DRG appear normal at EIO.5

(Lee et al., 1995). RecentIy, the cardiac defeet of these erbB2 null mice has been

genetically rescued and the mouse embryos lacking the erbB2 gene are able ta develop ta

teern 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

(Morris et al., 1999). These observations suggest that neuregulins made by neurons are

imponant signais for normal Schwann cell development.

Schwann ceUs are not ooly the target cells of neuregulins but are also the source

of synthesis ofthese molecules in the nerve during Wallerian degeneration (Carroll et al.,

1997). Neuregulins are not detected normally in uninjured nerves but following nerve
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lesion, the mRNA and protein concentrations of the GGF subfamily of neuregulins,

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

Tyrosine phosphorylation oferbB2, which marks the activation of the receptor, increases

in the sciatic nerve undergoing Wallerian degeneration (Kwon et al., 1997). The lime

course ofthe increase in concentration ofGGF and that of the increase in the activation

oferbB2 correlate with the time course of Schwann cell proliferation in the distal nerve

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

m. FlBROBLAST RESPONSE

In the normal nerve fibroblasts are found in the epineurium, perineurium and

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

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

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

restrueturing after injury, especially in cases where axonal regeneration bas been

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

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

the transeeted end and become embedded in the network ofcollagen tibrils (Thomas,

1966). In the distal nerve segments, endoneurial tibroblast-like cells proliferate at 2

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

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

nerve lesion the endoneurial cells completely surround and separate the basal lamina

tubes from each other (popovic et ai., 1994; Bradley et al., 1998). The message of
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fibroblast growth factor (FGF)-l and -2 increases in the proximal and distal stump after

nerve injury (Meisinger, Grothe, 1997) and may stimulate the proliferation offibroblasts.

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

Molecules that could help in the regeneration ofaxons (Lindholm et al., 1987) or

influence other non-neuronal cells (Horigome et al., 1993~ Kawamoto et al., 1995).

Fibroblasts stirnulated by interleukin-l, which May be derived from macrophages, and by

tumor necrosis factor (TNF}-a. produce NGF (Lindholm et al., 1987; Gordon, Gal1i,

1990). This tibroblast-derived NGF promotes survival ofneurons (Goedert et al., 1984;

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

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

IV. MACROPHAGE INFILTRATION

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

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

2-90/0 ofall endoneurial cells (Oldfors, 1980; Griffin et al., 1993a) and are found around

blood vessels, among nerve fibers in the endoneurium and around sensory neuronal cell

bodies (Lu, Richardson, 1993; Vass et al., 1993). The normal tum-over ofthese

mononuclear cells up to 80% in the DRO and 60% in the peripheral nerve within 3

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

degeneration, which elicits an inflammatory response that is restrieted to mononuclear

phagocytes (reviewed by Bruck, 1997). In rats, infi1trating mononuclear ceUs are tirst

deteeted by immunohistochemistry three days following injury and their numbers

increase thereafter (StaD et al., 1989; Chumasov, Svetikova, 1991; Taskinen, Rëytta,

1997). They farm perivascular infiltrates in the epineurium and are found around the vasa

nervosa and between myelinated and unmyelinated tibers (Chumasov, Svetikova, 1991).
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These macrophages remove axonal and myelin debris (Müller, Minwegen, 1987; Perry et

al., 1995; Brück et al., 1996). In the late stages ofWallerian degeneration, when the mass

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

appear, the number of mononuclear cells declines sharply and ooly clusters and chains of

4'foam" cells remain subsequently between the fibers (Chumasov, Svetikova, 1991).

These chains of foam cells are observed even 1.5 to 2 months fol1owing injury

(Chumasov, Svetikova, 1991; Lu, Richardson, 1993).

A. The molecular signais for monocyte boming

The mechanism ofmacrophage recruitment following nerve lesion is still not weil

understood. However, the initial "signal" appears to depend on the degeneration of the

axons (reviewed by Griffin et al., 1993a). In general, the extravasation ofleukocytes both

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

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

Springer, 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-immunoglobulin family (Springer, 1994). These interactions act in sequence,

not in parallel.

1. Selectins

The word selectin is derived from lectin and select from the same Latin root

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

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

adhesions that enable leukocytes to roll in the direction oftlow (Springer, 1994). The

three members of the selectin family aIl contain aN-terminal region similar to

mammalian C-type lectin foUowed by an epidermal growth factor (EGF)-like domain, a

variable number consensus repeats of complement regulatory proteins, a transmembrane
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domain and a shon cytoplasmic tail (pober, Cotran, 1991). The expression ofselectins is

limited to the cells of the vasculature (Springer, 1995). Thus, the role of selectins in the

migration of monocytic cells into the injured PNS has not been studied.

2. Cbemoattractants

Chemoattractants Mediate the activation of integrin adhesiveness and in directing

the migration ofleukocytes (Springer, 1994; Springer, 1995). The are two ways by which

cells cao migrate. In the process ofchemotaxis, leukocytes move in the direction of

increasing concentration of the chemoattractant. Altematively, cens cao move towards

increasing adhesiveness. The classical chemoatttractants, like formylated peptides,

complement fragments and arachidonic acid Metabolites act broadly on the leuk0CYtes

(Springer, 1994). However, aImost a decade ago, a family of chemoattractive cytokines

has been shown to specitically aet on subsets ofleukocytes (Leonard, Yoshimura, 1990).

This family ofchemokines is made up of small, basic and heparin-binding molecules,

with molecular weights ranging from 8 to 12 kDa, and is further classified based on their

sequence homology around two cysteine residues (Rollins, 1997). The Cl chemokines

have the CXC motif and mostly aet on neutrophils and nonhemotopoietic cells involved

in wound healing while the ~ chemokines have the CC motif and mostly aet on

monoCYtes, lymphocytes and eosinophils (Springer, 1995). The limited cellular

distribution ofchemokine receptors contributes to their specificity (Rollins, 1997). The

chemokine receptors are 7 transmembrane spanning, G-protein - coupled receptors

(Baggiolini et al., 1997). Although these receptors have overlapping specificities, their

ligand specificity does not cross the CC versus CXC boundaries (Springer, 1994).

The monocyte chemoattraetant protein... l (MCP-l) is a member of the p­

chemokine family. Human MCP-l, which was originally cloned from myelomonocytic

and glioma celllines, is synthesized by severa! immune and non...immune cells (Leonard,

Yoshimura, 1990). In the PNS, MCP-I mRNA expression has been observed in the nerve
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following tellurium-induced primary demyelination, nerve crush and nerve transection

(Toews et al., 1998). Recently, MCP-} mRNA was shown to be induced at the site of

trauma within 1.5 hours and in the distal stump within 16 hours (Carroll, Frohnert, 1998).

In addition, the peak ofexpression occurred 1day after nerve crush while in transected

nerve it was observed 2 days after injury (Toews et al., 1998). MCP-l rnRNA expression

has been localized to Schwann cells (RansohotJ: 1997). Thus, it is likely that Schwann

ceUs contribute to the homing of monocytic cells by synthesizing chemokines.

3. Leukointegrins

Integrins are cell surface receptors that Mediate cell-cell and cell-extracellular

matrix adhesion (Hynes, 1992). In co-cultures ofnerve segments and macrophages,

antibodies to complement receptor type 3 (CRJ) which is also known as Mac-l or aM~2

integrin bas been reported to inhibit the recruitment of phagocytes and the removal of

myelin debris (Lunn et aL, 1989; Bruck, Friede, 1990a). In addition, depletion of serum

complement in rats reduced recruitment of macrophages ioto the degenerating nerve and

macrophage activation (Levi-Montalcini, 1987). CRJ binds to iotraceUular adhesion

molecule-l (ICAM-l) (Hynes, 1992). ICAM-l, a 90 kDa glycoprotein that belongs to the

immunoglobulin superfamily, is primarily expressed in endothelial cells and is up­

regulated after cytokine stimulation (Springer, 1995). In the PNS, in spite of the

colocalization ofICAM-l with la antigen on macrophages in the nerve during the early

stages of experimental autoimmune neuritis, it was not initially detected on endothelial

cells and macrophages in transected nerves (Stoll et al., 1993b). However, another group

has observed that ICAM-l and vascular ceU adhesion molecu1e-l (VCAM-l) are

expressed on endothelial cells at the lesion site and in the distal stump of injured nerves

(Castano et al., 1996). Furthermore, ICAM-l deficient mice sciatic exhibit a reduction in

recruitment of macrophages in the distal stump and in the removal ofmyelin after sciatic

nerve transection (Vougioukas et al., 1998).
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AIl these observations suggest that MCP-l as weU as the interaction ofICAM-l

and CRJ contnDute to the honùng of monocytes into the injured peripheral nervous

tissue.

B. Macropbages remove myelin and nonal debris

The studies cfRamon y Cajal (Ramon y Cajal, 1928) and Nageone (as cited by

(Ramon y Cajal, 1928» suggested the involvement ofhematogenous cells in the

phagocytosis ofdegenerating myelin. This concept was later supported by the

experiments using the MilliceU diffusion chambers which revealed that non-resident

phagocytic cells are responsible for the removal of myelin (Beuche, Friede, 1984).

Selective inhibition of macrophages by the intraperitoneal injection of silica quartz dust

results in delayed myelin degradation (Müller, Minwegen, 1987). Inhibition or limiting

the recruitment of marcophages into the degenerating nerve by whole body irradiation or

intravenous injection ofdichloromethylene (ChMDP) also leads to the reduction of

myelin removal (perry et al., 1995; Brück et al., 1996). As sorne myelin degradation still

occurs even in the absence of infiltrating macrophages, the initial removal of myelin

could be attributed to Schwann ceUs and resident macrophages and that recruited

macrophages are required for the complete myelin degradation (perry et al., 1995).

Immunohistochemical studies revealed that these infiltrating cells are positive for

Mac-l (complement receptor type 3 or CRJ) 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 irnmunoglobulins (Hann et

al., 1988). In co-cultures of non-resident macrophages and nerve segments exposed to P­

mannosidase the infiltration of macrophages is inhibited while treatment with L­

fucosidase blocks myelin removal (Bruck, Friede, 1990b). A binding site for

polysaccharides is aise present on CRJ (Lambris, 1988) and a fucose-bearing surface

molecule enhances the activation ofmacrophage C3 receptor (Griffin, Mullinax, 1984).
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When the co-cultures ofmacrophages and nerve segments are maintained in a medium

supplented with C3..deficient serum, myelin phagocytosis is inhibited (Brticle, Friede,

1991). Furthermore, TNF--a treatment down..regulates CRJ expression and dramatically

reduces myelin uptake by phagoCYtic ceUs (Bruck et al., 1992). In vivo, depletion of

serum complement a day before sciatic nerve crush reduces the recruitment of

macrophages and their subsequent activation (Dalley et al., 1998b). Thus, CRJ appears to

be important for normal migration, activation, and phagocytic function of macrophages in

the degenerating nerves.

v. MAST CELL RESPONSE

Mast cells, which are often associated with hypersensitivity, release a number of

bioaetive compounds, including histamine, serotonin and TNF, upon stimulation

(reviewed by Purcell, Atterwill, 1995; Dines, Pwell, 1997). These cells are found in

connective 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 perineurium where they are often aggregated

into small groups near blood vessels; and in the endoneurium, these ccUs are few and are

round between nerve fibers and are not associated with blood vessels (Enerback et al.,

1965; Olsson, 1967).

A. Degranulation of Mast Cell!

Mechanical injury to the nerve, from a slight compression without microscopie

damage to the nerve, triggers the rapid degranuIation ofmast cells at the site of the lesion

(Enerback et al., 1965; 0lS500, 1967). Metachromatic CYtoplasmic granules have been

found around mast cells near blood vessels in the epineurium and perineurium and among

nerve fibers in the endoneurium (Olsseo, 1965; Olsson, 1967). In the distal nerve stump,
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no sign ofdegranulation has been observed for up to one week after injury (Olssoo, 1965;

01ssoo, 1967).

1. Mast cell degranulation affects the blood-nerve barrier

The blood-nerve barrier (BNB), which is comprised of the tightjunetions between

the endothelial cells ofthe blood vessels in the endoneuriurn and the perinuerial cens in

the perinuerium, protect the axons by regulating the endoneurial microenvironment

(Latker et al., 1991). One week after nerve injury, sorne serum proteins cross the BNB

and by 2 weeks, essentially ail Macromolecules cross the BNB and enter the endoneurium

(Seitz et al., 1989; Latker et al., 1991). In crush lesions the integrity of the BNB graduaUy

recovers while transection ofthe nerve renders the barrier permanently leaky (Seitz et al.,

1989).

Mast cell eytoplasmic granules contain proteases and biogenic amines, including

histamine and 5-hydroxytryptamine or serotonin (reviewed by Oines, Pwell, 1997). These

cells degranulate foUowing injury thereby releasing these molecules (OIS50o, 1965;

Enerback et al., 1965). Histamine concentrations in the nerve sheath, which contains the

mast cells, decrease within 2 hours after injury and then increases by 7 days and remains

elevated for at least 2 weeks in the distal nerve stumps (MacDonald et al., 1981). This

distribution correlates with the increase in mast cell numbers in the distal sturnp

(Enerback et al., 1965; Wmdebank et al., 1985). In addition, administration of histamine

and compound 48/80, which promotes mast cell degranulation, ioto 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 affect Scbwann cells as these cells appear to express

the S-HT2A serotonin receptor (Yoder et al., 1996). Concentrations of intracellular Ca++ in

Schwann cells increase in response to serotonin application (Yoder et al., 1996).
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However, it is not known how activation of this receptor in Schwann cells contribute to

the changes during Wallerian degeneration.

2. Mast ceU proteases cootribute to myelin degradation

Proteases are sorne of the enzymes present in the cytoplasmic granules ofmast

cells (Johnson et al., 1988; Dietsch, Hinrichs, 1991; Compton et al., 1998). Incubation of

CNS myelin with mast cell degranulation supernatant results in the degradation ofMBP

(Johnson et al., 1988; Dietsch, Hinrichs, 1991). In addition, MBP itselfcan stimulate the

degranulation of mast ceUs (Johnson et al., 1988). It is possible that proteases released

from mast cells contribute to the degradation of myelin after nerve injury.

B. Mast Cell Proliferation

After the initial degranulation following nerve injury, very few mast cells are

found around the site oflesion, and their number increases by 4 to 6 weeks (0Is500,

1965; Enerback et al., 1965). In the distal nerve segment on the other band, mast ceUs

number in the endoneurium increases starting at 2 days post-transection and remains

elevated for at least 40 weeks (Olssoo, 1965; Enerback et al., 1965; Latker et al., 1991).

No significant changes in epineurial mast cell number have been observed (Enerback et

al., 1965).

Interleukin-3 (IL-3) and stem cell factor (SCF) are the classical regulators ofmast

cell survival and proliferation (reviewed by Galli et al., 1993). However, neonatal rats

treated daily with NGF have increased mast cell numbers in a number of different tissues

(Aloe, Levi-Montalcini, 1977). Conversely, administration ofantibodies against NGF

results in the reduction ofmast cell numbers in vivo (Aloe, 1988). Rat peritoneal mast

cells express the high affinity receptor for NGF, trkA, but not p75 LNGFR (Horigome et
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al., 1993). Renee, NGF, which increases in the distal nerve stump after injury (Heumann

et al., 1987a; Heumann et al., 1987b) may contribute to the increase in endoneurial mast

cell numbers in the distal segments (Olssoo, 1965; Enerback et al., 1965). However, in rat

peritoneal mast cells, NGF does not stimulate proliferation but supports survival by

preventing apoptosis of ll..-3 deprived mast eells (Kawamoto et al., 1995). In addition,

NGF treatment ofmast cells induces the mRNA expression ofll..-3, IL-tO, TNF-a and

GM-CSF (Bullock, Johnson, Jr., 1996). Thus, in the injured nerves, macrophage-derived

ll..-1 (Lindholm et al., 1987) and mast cell-derived TNF..a (Gordon, Galli, 1990) may

stimulate fibroblasts ta produee NGF, which in tum stimulates the production ofll..-3 by

mast ceUs. ll..-3 is a patent growth factor for mast cells (Lantz, Huf( 1995).

VI. CS7CL/Wld MICE AS A TOOL TG STUDY WALLERIAN DEGENERATION

The mutant mouse strain C57BL/Wld, formerly ealled C57BUOla or Ola, is

charaeterized to have delayed Wallerian degeneration, a property that is intrinsie ta the

axon (Glass et al., 1993). Associated with the delayed Wallerian degeneration is the

retarded myelin breakdown and subnormal recruitment of myelomon0CYtic cells (Luno et

al., 1989). Concomitant with axonal breakdown, cell numbers in the distal stump of

control outbred ULP mice increase within three days following axotomy while in the

distal stump ofWld mice no change in eeU numbers is observed even 10 days after lesion

(Lunn et al., 1989). However, Wld nerve explants exhibit disintegration ofaxonal

CYt0skeleton and when co-cultured with non-resident macrophages, non-resident

macrophages migrate into the nerve (Bruck et al., 1995). In vitro, a higher concentration

ofcalcium is necessary for calpain to degrade neurotilaments (Glass et al., 1994).

However, cloning ofthe 80 kD ubunit ofm-calpain showed that m-calpain in Wld mice is

not difTerent from those ofcontrol mice (Glass et al., 1998). The mutation bas been
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mapped to mouse chromosome 4 (Lyon et al., 1993) and within the candidate region an

85-kb tandem triplication bas been identified (Coleman et al., 1998).

Studies on axonaI regeneration in Wld mice showed that the delayed degeneration

ofaxons 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 "cell

body response" to injury as detennined by an increase in GAP-43 mRNA concentration

and Jun-immunoreactivity in facial and sensory neurons is similar to that ofcontrol mice

(Bisbyet al., 1995). Hence, the delayed regeneration of sensory axons in Wld mice is

most likely due to the retarded degeneration of axons and not to the lack of neuronal ceU

body response to injury.
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Time

0-12 h

12-24 h

24-48 h

2-4d

Event

• degranulation of mast cens at the
lesion site

• t in Na, K and Cl concentrations in
Schwann cell cytoplasm;

• tin Ca concentrations in myelin
• accumulation oforganenes at the

transected end of the nerve

• degeneration ofmotor-end plates
• loss of action potentiaIs
• calcium-dependent granular

disintegration ofaxons
• fragmentation of myelin lamellae al

nodes of~vier
• mitosis ofendothelial cens

• linear fragmentation ofmyelin

• infiltration ofmacrophages
• phagocytosis of myelin and axonal

debris
• Schwann cell mitosis

Reference

Olsson, 1967;

Cravioto, 1969;

Donat, WisniewsJcL 1973;

LoPachin et al., 1990

Miledi, Slater, 1970;

Oaklander et al., 1987;

Griffin, Hoffinan, 1993;

Liu et al., 1995;

Schlaepfer, 1974

Chumasov, Svetikova,

1991; Liu et al., 1995;

Taskinen, Roytta, 1997;
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Table 2. Changes in the expression of Schwann cell Genes in peripheral nerves.

Marker During Nonmyelinating Myelinating Wallerian References
Development S.C. S.C. Degeneration

SIOO + + + + Jessen, Mirsky, 1991;
Jessen et al., 1994

Martini, Schachner, 1988a;
LI + + - + Martini, Schachner, 1988b

Jessen, Mirsky, 1991
Martini, Schachner, 1988a;

NCAM + (PSA) + - + Martini, Schachner, 19BBb;
Jessen, Mirsky, 1991
Jessen et al., 1994;

P75LNGFR + + ± + Scherer et al., 1994;
Zorick et al., 1996

GFAP + + - + Jessen, Mirsky, 1991;
Jessen, Mirsky, 1992

Poduslo, Windebank, 1985;
Po - - + - Gupta et al., 198B; Trapp et

al. , 1988; Kuhn et al., 1993
MBP - - + - Kuhn et al., 1993

Gupta et al., 1988; Trapp et
PMP·22 - - + - al. , 1988; Martini, Schachner,

1988b; Gupta et al., 1993
Martini, Schachner, 1988a;

MAG - - + - Gupta et al., 1993;
Jessen, Mirsky, 1991

Neureaulin - - - + (GGF) Carroll et al., 1997
ErbB2 ++ + + ++ Kwon et al., 1997;

Carroll et al., 1997
EmB] ++ + + ++ Carroll et al., 1997

(s.c.) Schwann cell; (PSA) polysialic acid; (GGF) glial growth factor;
(+) present; (-) absent; (±) barely detectable
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Table 3. Changes in npression of trophic 'acton in peripheral nerves foUowinl
genre injury.

Factor Normal Nerve After Injury References

NGF ± ++ (biphasic) (Heumann et al., 1987b;
Heumann et al., 1987a)

BDNF ± ++ (Miledi, Slater, 1970;
Funakosbi et al., 1993)_

NT-3 ++ ~++ (Funakoshi et al., 1993)
NT-4 + ~++ (Funakoshi et al., 1993)
ll..-6 - + (transient) (Bolin et al., 1995;

Zhong, Heumann, 1995;
Bourde et al., 1996)

CNTF +++ . (Sendtner et al., 1992;
Dobrea et al., 1992;

Rabinovsky et al., 1992;
Seniuk et al., 1992)

LIF ± ++ (Curtis et al., 1994;
Banner, Patterson, 1994)

TGF-~ + ++ (Scherer et al., 1993;
Rufer et al., 1994)

GDNF + ++ (Henderson et al., 1994;
Trupp et al., 1995;

Naveilhan et al., 1997)
IL-l ± ++ (Rotshenker et al., 1992)
ll..-10 ± ++ (biphasic) (Beleri et al., 1998)

TNF-a ± + (StoD et al., 1993a)
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CHAPTER 2: PURPOSE OF THE STUDY

Severing axons from the nerve eeU bodies leads to the restrueturing of the nerve

suggesting a very intimate relationship between the axons and the associated Schwann

ceUs and tightly regulated interactions between the different non-neuronal ceUs in the

nerve.

During Wallerian degeneration Schwann ceUs dedifferentiate - they reject the

myelin and dramatically reduce the synthesis of myelin proteins while the synthesis of

proteins norrnally present in immature and nonmyelinating Schwann eells 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 ofBüngner (Liu et al., 1995).

Macrophages in the distal stump increase in number and later remove axonal and myelin

debris (Bruek, 1997). At the lesion site mast eells degranulate within 15 minutes after

injury (Olsso~ 1967) and in the more distal segments their numbers increase by 1 week

(Enerback et al., (965). These cells release histamine and other biogenic~es from

their granules and alter the blood-nerve barrier permeability (Seitz et al., 1989) and are

potential source ofcytokines (Bulloc~ Johnson, Jr., 1996). Fibroblasts in the nerve

respond to the injury by undergoing proliferation (Thomas, 1966) and SYQthesis of

molecules sueh as NGF that cao contribute to the regeneration ofaxons (Lindholm et al.,

1987).

The present study focused on the changes undergone by Schwann cells and other

non-neuronal cells during Wallerian degeneration. The sources ofthe signais that initially

drive these changes may be divided into the foUowing:

a.) loss ofmolecules released from axons,

b.) loss ofcontact with molecules in the axolemma, and

c.) exposure to Molecules present in the blood and those secreted by

hematogenous cens.
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To tease out the different signais, the regulation ofthree Schwann ceU genes have been

investigated. The molecules studied are ciliary neurotrophic factor (CNTF), leukemia

inhibitory factor (LIF) and monocyte chemoattractant protein.l (MCP-l).

CNTF, chosen for its ability to support neuronal survival, is expressed postnatally

in the PNS, is abundant in adult myelinating peripheral nerves and is markedly reduced

foUowing injury (Sendtner et al., 1992b; Seniuk et al., 1992). LIF is closely related to

CNTF and has funetions that overlap with those ofCNTF (Gearing, 1993; Cheema et al.,

1994b). Unlike CNTF, LIF is normally present in peripheral nerves at very low

concentrations and is increased after axotomy (Cunis et al., 1994). The third Molecule

studied is not similar to CNTF and LIF in teniary structure and funetion. MCP-l is one of

the molecular signais involved in the migration ofmonocytes to sites of injury (Leonard,

Yoshimur~ 1990; Springer, 1994). However, Iike LIF, MCP-l is barely detectable in

normal PNS and is induced following nerve injury (Toews et al., 1998).

A greater understanding of the ditTerent ceUular and molecular interactions during

Wa1lerian degeneration may provide insights that can enhance axonaI regeneration both

in the PNS and CNS.
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Ciliary neurotrophic factor (CNTF) belongs to a family ofcytokines that similar

in their tertiary structure (Bazan, 1991) employs gp130 as the signal transducing receptor

(lp, Yancopoulos, 1992; Zhang et al., 1994; Stahl, Yancopoulos, 1994). CNTF was tirst

described based on its ability to support the survival of parasympathetic chick ciliary

Deurons (Adler et al., 1979). It is now known ta support the survival of sensory (Skaper,

Varon, 1986), sympathetic (Blottner et al., 1989), hippocampal (Ip et al., 1991) and motor

neurons in vitro (Arakawa et al., 1990). Furthermore, CNTF drives the differentiation of

sympathetic neurons in culture (Emsberger et al., 1989; Saadat et al., 1989).

Administration ofCNTF also rescues degenerating motor neurons (Snider et al., 1990;

Sendtner et al., 1992a; Mitsumoto et al., 1994) and substantia nigra dopaminergie

neurons (Hagg, Varon, 1993).

In the peripheral nervous system, CNTF is expressed postnally in a subset of

Schwann cells and is abundant in adult myelinated nerves (Dobrea et al., 1992).

Following nerve injury, CNTF rnRNA, protein and bioactivity are dramatically reduced

(Rabinovsky et al., 1992; Sendtner et al., 1992b; Seniuk et al., 1992). Thus, CNTF

appears to he distributed in the PNS in a sunilar fashion as that of myelin proteins. Il is

likely that myelin proteins and CNTF are regulated by simi1ar mechanisms. To study

these regulatory meehanisms, it is essential to establish Schwann ceU cultures and

determine whether CNTF synthesis is also reduced in vitro.

Schwann ceU cultures were established from sciatie nerves of 5-day old rats using

the modified method ofBrockes et al (1979). Briet1y, cells were dissociated from the

nerves by sequential coUagenase and trypsin digestion. CeUs were maintained in

Dulbecco's modified Eagle's medium (DMEM; Life Technologies, New York, USA)
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supplemented with 10010 serum. During the first three days in culture, cells were treated

with lO:M cytosine-3-D-aribinofuranoside (Ara-C; Sigma-Aldrich Canada Ltd, Oakville,

Ont., Canada) to remove proliferating cells. After the Ara-C treatment cells were

trypsinized and replated onto polylysine coated coverslips and/or petri plates.

Immunocytochemical studies were done on freshly dissociated cells that had been

plated for S.S hours using the antibodies against S100, the marker for glial cells, myelin

basic proteins (MBP) and myelin-associated 8lycoprotein (MAG). The polyclonal

antibody against SI00 was purchased trom Sigma-Aldrich Canada,Ltd (Oakville, Ont.),

the polyclonal antibody against MBP was a gift trom Dr. Peter Braun (McGill University,

Montreal, Que.) and the monoclonal anti-MAG was a gift from Dr. Robert OUM (McGill

University, Montreal, Que.). Results showed that 650/0 offresbly dissociated cells from

sciatic nerves of 5-day oid rats were immunopositive for SI00, 12% stained for MBP and

Il% stained 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 myelin protein synthesis is reduced in vitro (Morrison et al., 1991).

The synthesis ofCNTF mRNA in cultured Schwann cells was determined by

RNase protection assays. RNase protection assay was performed following the method of

Seniuk et. al. (1992). Data showed that cells freshly dissociated from 5-day old rats

synthesized CNTF mRNA but in 1-day and 5-day old Schwann cell cultures CNTF

mRNA concentrations were markedly reduced (Fig. 1).

To confirm that CNTF synthesis in cultured Schwann cells was reduced, Western

blot analysis was performed usÎDg a polyclonal antibody against the rat recombinant

CNTF. CNTF-immunoreaetive bands were visualized using 12jI-Protein-A (lCN,
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California, USA) at 0.3 J,lCilml blocking solution. Results sbowed that CNTF..

immunoreactivity was present in freshly dissociated cells and in l ..day old cultures but

not in cells cultured for 5 days (Fig. 2). Thus, similar to myelin proteins CNTF synthesis

in cultured Schwann cells a1so decreases. However, the amount of immunoreactive

CNTF in freshly dissociated Schwann cells appears to be a disproportionately less than

the amount ofCNTF message present in these ceUs. As CNTF mRNA has been reponed

to bave a half-life of6 hours (Carroll et al., 1993), perhaps factors important for optimal

post..transcrîptional processing and/or translation ofCNTF mRNA are present al very low

concentrations in Schwann cells from neonatal rats.

These observations suggest that CNTF, like myelin proteins, is influenced by the

presence of axons. However, the nature of tbis axonal signal remains to be determined.

In the co-culture ofembryonic rat DRG neurons and neonatal Schwann ceUs, CNTF

mRNA and protein were produced after 10 days in vitro (Lee et al., 1995). Furthermore,

in experiments where ensheathment ofaxonslneurites occur but myelination is inhibited

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

CNfF production in cultured Schwann ceUs by adding soluble factors iota the medium

but failed. Schwann ceUs treated with forskolin (Sigma), whicb elevated the intracellular

concentration of cAMP and has been shown to induce the expression ofmyelin proteins

in the absence of serum, macrophage-conditioned medium or neuregulin (a gift from Dr.

Salvatore Carbonetto) did not synthesize CNTF mRNA To date, the signais that

stimulates CNTF synthesis remains unknown.
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Figure 1. RNase protection assay of total RNA ftom freshly dissociated cells from

Schwann cells (SC) cultured for 0-5 days using a 32P-labelled CNTF probe. Sciatic nerves

(SN) trom 22-day old rats were used as positive control.
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Figure 2. Western blot analysis ofproteins extracted trom Schwann ceUs (SC) cu1tured

for 0...5 days using a polyclonal antibody against the rat recombinant CNTF (1:500) and

12SI-Protein...A for detectioD. Sciatic nerve (SN) and spleen (Spi) homogenates were used

as positive and negative controls, respectively.
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ABSTRACT

In peripheral nerves, ciliary neurotrophic factor (CNTF) is localized to a subset of

Schwann cells and is decreased in synthesis during Wallerian degeneration. This pattern

ofexpression is similar ta that of myelin protein genes. In the present study, C57BLIWld

mice, which exhibit delayed WaUerian degeneration, were used to determine the role of

axonal contact on the regulation of CNTF synthesis. Western blot analysis showed that

CNTF-immunoreaetivity in Wld nerves remained aImost normal even 10 days after

ligation when it was almost undeteetable in control mice. RT-PCR analysis revealed that

4 days after ligation, concentrations in WId and control mice were comparably low.

These observations suggest that maintenance ofaxona! contact in the absence ofaxonal

transport tram the cell body delays the down-reguJation ofCNTF rnRNA normally seen

after injury. AIso, during Wallerian degeneration in Wld mice, the decrease ofCNTF

protein is delayed for Many days longer than the decrease in CNTF rnRNA.

Keywords: CNTF, Po, C57BLIWld mice, Wal1erian degeneration
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INTRODUCTION

Cîliary neurotrophic factor (~1F), a 20-24 kDa protein named for its ability ta

promote the survival ofparasympathetic ciliary neurons tram embryonic chicks, is DOW

known ta have patent effeets on severa! classes ofneurons and glial cells. In intact

peripheral nerves, CNTF is synthesized in a subpopulation of Schwann cells from the

first post natal week throughout adulthood. Following nerve injury, CNTF mRNA and

protein are markedly reduced during Wallerian degeneration and gradually increase to

normallevels upon axonal regeneration and remyelination (Friedman et al., 1992;

Sendtner et al., 1992; Senîuk et al., 1992).

The expression of myelin protein genes involves a subset of Schwann eeUs,

rapidly rises during the tirst week of postnatallife, persists in mature animais, declines

after oerve injury, and is restored ta normallevels foUowing nerve regeneration (Trapp et

al., 1988; Gupta et al., 1993). The similar patterns ofsynthesis ofCNTF and myelin

proteins have led to the hypothesis that CNTF and myelin proteins are regulated by

common mechanisms.

Axons have long been known to modulate the expression ofmyelin proteins

although the molecu1ar nature ofthe putative axonaI signal is unknown. The influence of

axonal contact in the maintenance ofexpression ofPo, the major myelin protein of

Schwann eells, bas been demonstrated in the mutant mouse strain C57BLIWld,

previously known as C57BUOla. After nerve injury these mice have delayed breakdown

ofaxons and myelin and subnormal recruitment ofmyelomonocytic eells ta the distal

stump (Lunn et al., 1989). This primary axonal defect is associated with an autosomal
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dominant mutation (perry et al., 1990b) in WaUerian degeneration (Will) on chromosome

4 (Lyon et al., 1993). After nerve injury in these mice, Po synthesis declines at an

abnormally slow rate (Thomson et al., 1991). The present study in WLd mice was

undertaken to ascertain whether axonal contact regulates CNTF expression.
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MATERIALS AND METRODS

Surgery

C57BLIWld, C57BU6J and COI mice were obtained from a colony at Queen's

University; C57BU6J and COI mice were used as controls. Six animais from each

mouse strain were used for every experiment. Each experiment was repeated twice. Mice

were anesthetized with ether delivered via a nose-cone. The left sciatic nerve was ligated

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 distal to the lesion site (distal stumps) and

the contralateral nerves were coUected, immediately frozen on solid CÛ2 and processed

for protein extraction or the preparation oftotal RNA

Immunoblotting

For the extraction of proteins, frozen sciatic nerves were pulverized and

homogenized in 20 mM Tris-Cl, pH 7.5, butTer containing 1% Triton X-100, 150 mM

Na Cl, 1 mM EDTA, and 1 mM PMSF. The total protein content in the homogenates was

determined by the dye-binding method ofBradford (Bio-Rad Protein Assay Kit il)

(Bradford, 1976). Sciatic nerve homogenates (20-30 J.lg of protein) were separated by

SDS poluacrylamide gel eleetrophoresis and transferred onto a nitrocellulose membrane

for immunoblotting. The membranes were blocked with 5 % bovine serum a1bumin in

Tris saline solution and incubated with either a polyclonal antibody against the

recombinant rat CNTF protein raised in rabbit at a concentration of 1:500 for 3 hours at

room temperature or a polyclonal antibody against Po protein raised in rabbit at a
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concentration of 1:2000 ovemight al 4°C. Immunoreactive bands were detected using

12'I-protein-A (ICN) at a concentration of0.3 J.l.Cilml blocking solution for 1 hour at

room temperature. Autoradiograms were exposed from 6 to 24 hours.

RT·PCR and Southem Blotting

The total RNA was extraeted from frozen sciatic nerves using the method of

Chomczynski and Sacchi (Chomczynski, Sacchi, 1987) and reverse transcribed using

pd(N)6 random hexamers as primers and Moloney murine leukemia virus reverse

transcriptase. CNTF cDNA was amplified by polymerase chain reaction for 18 cycles of

95°C for 45 sec, 55°C for 45 sec and 72°C for 2 min using 5'­

GAATTCGGATCCATGGCTTTCGCAGAGCAA-3' (NT 1069-1086, Genbank

accession number U05342, with added BamHl site) as a sense primer and 5'-

CTACATTTGCTTGGCCCC-3' (complimentaI)' sequence to nt 1648-1665, Genbank

accession number U05342) as antisense primer. As contrais, parallel assays were

performed for myelin protein Po using 5'-ATACGGATCCATTGTGGTTTACACGGAC­

3' (nt 362-379 ofexon 2 (You et al., 1991) with added BamHl site) and 5'·

AAGTGGATCCCTATTTCTTATCCTTGCG-3' (complimentary sequence to nt 357-374

ofexon 6 (You et al., 1991) with added BamHl site) as sense and antisense primers,

respectively; and for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using 5'·

TGAAGGTCGGTGTCAACGGATTTGGC-3' (nt 35-60 (Tso et al., 1985» and 5'·

CATGTAGGCCATGAGGTCCCACCAC-3' (complimentary sequence to nt 994-1017

(Tso et al., 1985» as sense and antisense primers, respectively. The amplified produds

were separated by agarase gel electrophoresîs and transferred onto a nylon hybridization

65



•

•

membrane (Hybond-W) Amersham). Bound DNA was fixed on the membranes by UV

cross-linking at 0.12 joules. Southem blotting was performed using 32p labeUed antisense

oligonucleotide probes for CNTF (complimentary sequence to nt 1132-1171) (Genbank

accession number U05342), Po (compfunentary sequence to nt 795-845 ofexon 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 ofCNTF and Po mRNA in the normal and axotomized nerves, cDNA

reverse transcribed trom the total RNA trom intact nerves was diluted serially prier to the

amplification. Autoradiograms were exposed overnight and scanned by densitometry.

The concentration of message in the ligated nerves was determined as a percentage of

that in normal contralateral nerves.
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RESULTS

In control mice, CNTF-immunoreaetivity was reduced 4 days after ligation and

was almost undeteetable by 10 days post-surgery (Fig. la). In injured Wld nerves, CNTF­

immunoreactivity remained at near normallevels even at 10 days post-lesion (Fig. lb).

Autoradiograms exposed for a shorter time revealed that immunoreactivity observed in

injured Wld nerves was not due ta oversaturation ofthe signal. In control mice, all axons

have degenerated by 10 days foUowing axotomy, but in Wld mice, many axons survive

(Luno et al., 1989). Thus, it appears that axonal contact even in the absence oftranspon

from the nerve eeU body prevents the reduction of CNTF protein that occurs after nerve

injury.

Ten days after ligation, Po-immunoreactivity was no longer detected by

immunoblotting in the distal nerve stump ofcontrol mice while it was still present at

reduced concentrations in Wld mice (Fig. 2). In the region of the ligation site, Po­

immunoreaetivity was similar to that 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 tram control mice

(Luon et al., 1989).

The polyc1onal antibody used for irnmunoblotting recognized proteins with

molecu1ar weights higher than that ofCNTF (Fig. 1). These bands were reduced during

Wallerian degeneration in both Wld and control mice. However, in autoradiograms with

longer exposure rimes ofhomogenates trom rat spleen, which was used as negative

contro~ these bands were also observed. These proteins stiI1 have not been identified. The
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polyclonal antibody used to detect myelin Po recognized other proteins which were

present both in the uninjured and ligated nerves (Fig. 2). The identity of these proteins

remains unknown.

To confirm the finding that axonal contact maintains CNTF synthesis in

axotomized Wld nerves, CNTF mRNA concentrations were measured. Four days after

ligation, CNTF mRNA concentrations in the distal nerve segments ofW1d mice were

83% ofnonnai whereas concentration in COI mice had decreased ta 23% of normal (Fig.

3, Table 1). Ten days after axotomy, the concentrationsofCNTF mRNA in the injured

nerves ofWld were comparable to those ofcontrol mice. In comparison, Po mRNA

concentrations in nerves ligated 4 days before sacrifice were 36% ofnormal in Wld mice

and 7% ofnonnal in control mice. These observations of Po mRNA concentrations in

axotomized Wld Derves are consistent with previous evidence by Northern blot analysis

that concentrations in the distal nerve segments, 5 days after transection, decreased ta

41% of normal in Wld mice and aImost nil in control mice (Thomson et al., 1991).
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DISCUSSION

AIonai tnnsport is not necessary for eNTF induction

Induction ofCNTF mRNA and protein by axonal contact has been demonstrated

in cocultures of rat DRG neurons and Schwann cells (Lee et al., 1995). However, it bas

not been determined ifaxonaJ/neurite contact is sufficient to induce CNTF synthesis or a

rapidly transported signal from the cell body is required. Our results suggest that the

putative signal must be a slowly tumed-over component of the axolemma, since 4 days

after ligation, CNTF mRNA concentrations remained high in injured Wld nerves where

sorne axons persist, even though they were isolated from Molecules recentIy synthesized

in the nerve cell body. The rapid decline of CNTF in axotomized nerves ofcontrol mice

is presumably due to the rapid degeneration ofthe axolemma, rather than to loss ofa

rapidly-transported, rapidly turning-over signal from the cell body. The faet that the same

inference was made in the study ofthe myelin protein Po (Thomson et al., 1991)

strengthens the suggestion that these two Schwann cell proteins are regulated by similar

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 ofCNTF

mRNA, determined by RNase protection assay, decreased to Jess than 10% of normal by

3 days after transection (Seniuk et al., 1992) and ooly increased once regeneration and

remyelination had commenced. In the present investigatio~ the mRNA levels were

determined semi-quantitatively by RT-PCR It remains to he proved that rats mice difFer

significantly in this regard.
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Penisteace of CNTF protein in Wld mice

Although concentrations ofCNTF mRNA were low in both Wld and control mice

by 10 days after axotomy, CNTF-immunoreactivity was ooly slightly reduced in Wld

nerves, but barely deteetable in control nerves. This finding suggests that the CNTF

protein is more stable in Wld mice than in nonnal mice. Three explanations cao be

forwarded for the relative stability ofCNTF protein in Wld mice.

First, proteolytic processes May be altered within Schwann cells. In Wld mice the

degradation of neurofilaments by calcium-activated neutral proteases (calpains) is

subnormal (Glass et al., 1994). Calpain, which is present in virtually every eukaryotic

cell, is present in both cytocol and plasma membrane. Membrane bound ca1pain in the

brain and peripheraJ nerves is closely associated with the myelin sheath and is thought to

be involved in normal tum-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 al., 1990a) and it is not known whether the

subnormal aetivity of calpain extends ta non-neuronal ceUs ofWld mice.

An alternative explanation for the relative persistence ofCNTF in Wld mice

involves the subcellular localization of CNTF within Schwann cells. In normal sciatic

nerve, CNTF-irnrnunoreacitivity bas been deteeted in the vicinity of the myelin sheatb of

Schwann cells (McMahon, Kett-White, 1991; Rende et al., 1992) whereas in injured

nerve, it is present in patches surrounded by Schwann cell outer membrane and globules

of disintegrating myelin (McMahon, Ken...White, 1991). Thus, it is possible that CNTF is

targeted to the submembranous region ofthe cytoplasm and is removed with myelin

debris by macrophages. Accordingly, the limited phagocytosis by macrophages in injured
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nerves ofWld mice would account for the delayed removal ofCNTF and myelin

proteins.

A tbird possible explanation of the persistence ofCNTF protein in injured nerves

ofW1d mice despite the reduced mRNA concentration is the decreased rate ofrelease.

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 from ilS œil of synthesis bas

been studied in astrocytes which, unlike Schwann cells, constitutively synthesize CNTF

in culture (Kamiguchi et al., 1995). Treatment with cytokines such as epidermal growth

factor, IL·l~ and turnor necrosis faetor-a. (TNF-a) appear to increase the release of

CNTF into the culture medium without increasing the amount of protein within the cell.

In WJd mice, infiltration of myelomonocytic cells in the distal nerve stump is delayed. In

the absence of macrophage cytokines, a slow secretory rate could contribute to the

persistence ofCNTF protein in injured Wld nerves even though CNTF mRNA is already

reduced.

Does CNTF have a function in myelination?

The similar pattern ofexpression ofCNTF and Po suggest either that parallel

regulatory mechanisms are involved or that CNTF, together with other molecules, is

involved in regulation of Po expression. Although the molecu1ar nature ofthe axonal

signal modulating myelin Po synthesis has not been identified, the transcription factor

krox·20 has been impücated in myelination. The presence of krox-20 in Schwann cells

aIso requires axonal contact and spatial and temporal distributions ofkrox-20 are very

similarto those ofPo (Murphy et al., 1996; Zorick et al., 1996). There are two phases of
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krox-20 induction in the developing peripheral nervous system, first 15.5 days of

gestation during the transition trom precursor to Schwann ceUs an~ secon~ al one day

after birth when the Schwann cells stan expressing the myelin genes. Recently, it bas

been shown that the early induction ofkrox-20 in Schwann ceUs is influenced by

diftùsible factors from the neural tube (Murphy et al., 1996). Treatment with neu

difTerentiation factor-132 or the combination ofFGF2 and either CNTF or LIF can also

induce krox-20 expression. Less is known about the second phase ofkrox-20 induction,

at the rime the Schwann cells have committed to myelinate. The absence ofany

abnormality in myelination in mice with null deletion ofthe CNTF gene does not support

the hypothesis that CNTF is important in inducing myelin protein genes in Schwann

cells. However, it is possible that other molecules, for example LIF or cardiotrophin,

compensate for the lack ofCNTF in these mice.
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• Table 1. CNTF and Po mRNA concentrations in injured sciatic nerves ofCD1 and Wld

mice 4 and 10 days after ligation.

CNTF

CDI

Wld

4d

22.9 ±2.7%

82.9 ± 2.7 %

10 d

27.9 ± 2.2 %

20.2 ±2.7%

Po

4d

7.0±0.7%

36.2 ± 1.0 %

•

Results are expressed as percentage of message in normal contralateral nerve.
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Figure 1. Immunoblot analysis ofhomogenates (30 tJg protein) trom normal contralateral

(N) and ligated (L) sciatic nerves ofC57BL/6J (a) and Wld (h) mice sacrificed 4, 7, and

10 days after ligation. CNTF was detected using a polyclonal antibody against the

recombinant rat CNTF (1:500) and 125I_Protein..A (0.3 J,1Ci/ml). CNTF..immunoreactivity

is observed at 24 kOa. Rat sciatic nerve (SN) and spleen (Spi) were used as positive and

negative controls, respectively.
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Figure 2. Immunoblot analysis ofhomogenates (20 IJ.g) from normal contralateral (N)

and ligated (ligature site Lt and distal stump Ld) sciatic nerves ofC57BU6J and Wld

mice sacrificed 10 days after surgery. Po was deteeted using a polyclonal antibody at a

concentration of 1:2000 and 12~I-Protein·A (0.3 J,1Cilml). Po-immunoreactivity is observed

at 30 kOa.
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Figure 3. RT..PCR analysis of total RNA extraeted trom normal contralateral (N) and

ligated (L) sciatic nerves ofCO1and Wld mice four days after ligation.
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ABSTRACT

Leukemia inhibitory factor (LIF) promotes the cholinergie differentiation of sorne

sympathetic neurons and rescues axotomized motor neurons. In peripheral nerves, LIF is

expressed normally at very low concentrations and is increased foUowing nerve injury.

This study determined the spatio-temporal distribution ofLIF mRNA in injured

peripheral nerves and the regulation afLIF mRNA in Schwann cell cultures. Data

showed that LIF mRNA is induced at the lesion site within 6 hours after sciatic nerve

transection but ooly after 24 hours in the more distal segments. This pattern of

distribution ofLIF mRNA is similar to that ofNGF mRNA. To determine the

mechanisms involved in the regulation ofLIF, Schwann cell and tibroblast cultures were

established and treated with a-l~, a potent inducer ofNGF synthesis. Results showed

that IL-l ~ treatment led to an increase in LIF mRNA concentrations in fibroblasts but not

in Schwann cells. Thus, the regulation ofLIF mRNA appears to be similar to that ofNGF

mRNA

Keywords: leukemia inhibitory factor; sciatic nerve; Wallerian degeneration; IL-l
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INTRODUCTION

Cholinergie neuronal differentiation factor was tirst described as a 45 kDa

glycoprotein present in heart cell conditioned medium that influences the

neurotransmitter phenotype ofcultured rat sympathetic neurons (patterson, Cbun, 1977;

Fukada, 1985). Cloning and sequencing ofthis Molecule revealed that it is identical to the

previously characterized leukemia inhibitory factor (LIF), which was initially identitied

as a Molecule secreted by murine Krebs II ascites turnor cells that promotes the terminal

differentiation of the murine leukemic cellline Ml (Hilton et al., 1988). LIF is now

known to be involved in bone metabolism (Mori et al., 1989), fat metabolism (Abe et al.,

1986; Reid et al., 1990), maintenance of embryonic stem cells (Williams et al., 1988;

Smith et al., 1988), and induction of acute phase proteins (Baumann, Wong, 1989). In

addition, in the nervous syste~ LIF has been shown in vitro to stimulate the

differentiation of spinal cord neurons from their neural tube precursors (Richards et al.,

1992) and the generation ofsensory neurons from neural crest cells (Murphy et al.,

1991). ln vivo LIF rescues motor neurons from cell death following peripheral nerve

injury (Cheema et al., 1994).

LIF belongs to a family ofcytokines that share similar tertiary structures (Bazan,

1991). Cilîary neurotrophic factor (CNTF) and LIF have overlapping functions in the

PNS as CNTF employs the functional LIF receptor complex, which is comprised of

gp130 and LIF receptor-p, in addition to CNTF receptor-a for signal transduction (lp et

al., 1992; Ip et al., 1993). In contrast to the distribution ofCNTF, which is abundant in

adult, myelinated peripheral nerves and is markedly reduced after nerve injury (Seniuk et
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al., 1992; Sendtner et al., 1992), LIF mRNA is barely detectable in normal peripheral

nerves and increases foUowing nerve injury (Curtis et al., 1994).

This study was undenaken to determine the spatial and temporal distribution of

LIF in the nerve after injury and to investigate the mechanisms involved in the regulation

oCLIF mRNA in injured peripheral nerves.
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MATERIALS AND METHODS

Animal Manipulations. Female Sprague-Dawley rats were purchased from Charles

River Laboratory, Quebec, Canada. The right sciatic nerve ofdeeply anesthetized animais

was transected near the origin. 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 1), 5-25 mm (distal 2) and 25-45 mm (distal 3)

from the transected end. The nerve segments were then frozen in liquid nitrogen.

CeU Cultures. Schwann cells were established from sciatic nerves of2-day old rats

(Charles River Laboratory, Quebec) following the method ofBrockes et al (Brockes et

al., 1979). 8rietly, cells were dissociated by sequential trypsin (Life Technologies, New

York, USA) and collagenase (Boehringer-Mannhein, ) digestions. Cells were grown in

Dl\ŒM (Life Technologies, New Yorle, USA) supplemented with10% serum. Cultures

treated with 10 JJ,M cytosine -~-D-arabinofuranoside (Ara-C; Sigma-Aldrich Canada Ltd.,

Oakville, Ont., Canada) for the tirst 3 days to eliminate fast dividing cells, which are

presumably fibroblasts. Cells were trypsinized and replated onto polylysine coated petri

dishes. CeUs were allowed to recover for 24 hours. Schwann cell cultures, which are 90­

950/0 SI00 immunopositive, were treated with 1 ng/ml interleukin-l~ (IL-l~; R & D

Systems, Minnesota, USA) for 3 hours. At the end ofthe treatment period, ceUs were

harvested and processed for total RNA extraction.

Fibroblasts from sciatic nerves of2-day oId rats were estabüshed by growing the

freshly dissociated cells in the absence ofAra-C during the first 3 days. Once cells
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became confluent the cultures were then passaged. More than 95% ofthe cells obtained

after 15 passages were immmunopositive for Tby1. 1, a marker for fibroblasts, and were

used in the experiments. Fibroblast cultures were maintained in DMEM and

supplemented with 10% serum. These cells were treated with 1 ng/ml IL-l~ for three

hours. At the end of the treatment period, cens were harvested and processed for total

RNA extraction.

RNase Protection Assay. Frozen sciatic nerves were pulverized and homogenized in a

solution containing guanidinium isothiocyanate as total RNA was extracted using the

method ofChornczynski and Sacchi (Chornczynski, Sacchi, 1987). RNase protection

assay was performed on total RNA extracted either tram cells or from sciatic nerves as

described by Seniuk et al (Seniuk et al., 1992).

Reverse Transcriptase- Polymerase Chain Reaction (RT-PCR) and Southem

Blotting. One microgram of total RNA was reverse transcribed using the pd(N)6 random

hexamers as primers and Moloney murine leukemia virus reverse transcriptase. The

amplification ofLIF cDNA by polymerase chain reaction for 21 cycles of95°C for 45

seconds, 55°C for 45 seconds and 72°C for 2 minutes was perfonned using the 5'­

CAACTGGCTCAACTCAAC-3' (nt 151-168; (Yamamori et al., 1989» and 5'-

CTAGAAAGGCCTGGACCAC-3' (complimentary sequence to nt 592-609; (Yamamori

et al., 1989» as sense and antisense primers, respectively. The cDNA for glyceraldehyde­

3-phosphate dehydrogenase (GAPDH) was performed using 5'­

TGAAGGTCGGTGTCAACGGAITTGGC-3' (nt 35-60; (Tso et al., 1985» and 5'-
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CATGTAGGCCATGAGGTCCCACCAC-3' (complimentary sequence to nt 994-1017;

(Tso et al., 1985) as sense and antisense primers, respectively. The amplified produets

were separated by 1% agarose gel electrophoresis and transferred onto a nylon

hybridization membrane (Hybond-N+, Amersh~ Arlington Heights, IL, USA).

Southern blotting was done using antisense oligonucleotide probes labelled with 32p. The

probe used for LIF was the complementary sequence to nt 451-500 (Yamamori et al.,

1989) and the GAPDH probe was complimentary sequence to nt 710-750 (Tso et al.,

1985). Autoradiograms were exposed overnight.
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RESULTS

The temporal distribution ofLIF was determined in the nerves after sciatic nerve

transection. Results from RNase protection assays showed that LIF mRNA

concentrations in the transected nerves started to increase 6 hours after injury (Fig. 1). No

deteetable LIF mRNA was observed in dorsal root ganglia associated with nerves that

had been transeeted } to 8 days earlier (data not shown).

To determine the spatial distribution of the LIF mRNA in injured nerves, upon

sacrifice, at several tinte points after transeetion, Derves were divided into three segments

(Fig. 2). The tirst 5-mm fragment distal to the lesion (distal 1 or the lesion site), the tirst

2·cm fragment distal to the site oflesion (dista12) and the next 2-cm segment of the

nerve (distal 3) were coUected. Data showed that 6 hours after transection LIF mRNA is

induced at the site oflesion but not in the more distal segments (Fig. 3). This pattern of

expression was maintained for at least 18 hours (Fig. 4A). By 24 hours after injury, LIF

mRNA was induced in the eotire distal stump. The expression afLIF mRNA in the distal

stump remained elevated al 8 days post-injury (Fig. 4B).

This biphasic pattern ofLIF mRNA expression in the injured nerve is similar to

that ofnerve growtb factor (NGF) mRNA. These two molecules could be induced in the

nerve by similar mechanisms. One of the molecules that induce NGF synthesis in

fibroblasts but not in Schwann ceUs is ll..-I. It is possible that IL-} regulates also the

expression ofLIF mRNA. Thus, Schwann ceUs and nerve fibroblasts were cultured and

treated with 1 ag/ml of IL-Ip. Results showed that IL-I J3 induced the expression of

MCP-I mRNA in fibroblasts (Fig. 5). Schwann ceUs, which constitutively expressed
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MCP-I mRNAdid not respond to IL-Ill Thus, LIF mRNA is regulated in a similar

manner as NGF mRNA in vitro.

The lack ofresponse of Schwann cells to IL-I3 stimulation may be attributed to

either the absence of the components for IL-I signalling in Schwann cells or the

excessive production ofa-I receptor antagonist (ll...-Ira). RT-PCR and Southem blot

analysis showed that IL-} receptor } mRNA and ll..-l receptor accessory protein mRNA

were expressed by cultured Schwann cells (data not shown). Thus, it is possible that in

our Schwann ceU cultures IL-I ra might be produced in concentrations sufficient ta black

the amount of IL-I ~ present in the medium.
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DISCUSSION

Our results showed no increase in LIF mRNA concentrations in the ipsilaterai

DRG while a strong induction ofLIF mRNA was observed in the transeeted nerve. In

contrast, a previous study showed that in organotypic cultures ofDRG LIF mRNA

concentration increased after 24 hours of incubation (Banner, Patterson, 1994). Hence, it

is likely that signais from the blood or the resident immune cells panicipate in the

regulation ofLIF rnRNA. Altematively, in vivo an inhibitory signal may prevent the

induction oCLIF mRNA in the ORO after sciatic nerve transeetion.

In transeeted peripheral nerves, LIF 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 distal stump 24 hours after axotomy. The signal for the early induction of LIF

mRNA at the lesion site could be derived from cells or molecules present in the blood

and/or the degranulation ofmast cells at the site oflesion (Olssoo, 1967; Olsson, 1965;

Johnson et al., 1988; Dietsch, Hinrichs, 1991; Purcell, Atterwill, 1995).

The 1ater induction ofLIF mRNA in the distal nerve segments is consistent with

the idea that an inhibitory signai is lost when axonaI transport fram the nerve cell body is

interrupted. In addition, cytokines trom the blood, resident mast cells, or macrophages are

possible sources of positive signais for the induction ofLIF mRNA in the transected

nerve.

The biphasic expression ofLIF rnRNA in injured peripheral nerves is reminiscent

of that ofNGF mRNA This correlation suggests that LIF mRNA synthesis may he

regulated by cellular mechanisms similar to those that regulate the synthesis ofNGF
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mRNA (Heumann et al., 1987b; Heumann et al., 1987a), in particular by macrophage...

derived cytokines (Heumann et al., 1987b; Lindholm et al., 1987).

n.....l~, TNFooO. and TGF...~ have been shown to stimulate the production ofLIF

mRNA in other cell types (Aloisi et al., 1994; Lotz et al., 1992; Arici et al., 1995; Jansen

et al., 1996). This study verified previous finding that LIF mRNA is constitutively

expressed in cultured Schwann ceUs (Curtis et al., 1994). Furthermore, results showed

that ll..-l stimulates LIF mRNA production in nerve fibroblasts but not in Schwann ceUs.

These observations support the hypothesis that some of the molecular regulatory

mechanisms involved in the synthesis ofLIF and NGF in injured nerves are similar.

In summary, the results ofthis investigation showed that LIF mRNA is expressed

in the transeeted nerve in a biphasic manner and its synthesis May be regulated by

mechanisms sirnilar ta that ofNGF mRNA synthesis.
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Figure 1. RNase protection assay of total RNA from the contraletral nerve and the distal

stump 3 hours, 6 hours and 1 day after sciatic nerve transection. Total RNA from

Schwann cens was used as positive control. Cyclophilin (Cyclo) probe was used to

determine the relative amounts of total RNA used in the assay.
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Figure 2. Schematic diagram ofthe distal stump after it was divided to separate the

lesion site (dist 1) trom the more distal segments (dist 2 and 3).
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Figure 3. LIF mRNA distribution in the sciatic nerve 6 hours after transection as

determined by RNase protection assay. Total RNA from Schwann cells was used as a

positive control. cont - contralateral nerve~ dist 1, 2, and 3 - distal nerve segments 1

(Iesion site), 2, and 3; Cyclo - cyclophilin.
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Figure 4. RT-PCR and Southem blot analysis for LIF and GAPDH were perfonned

using the total RNA tram the different nerve segments 3 hours to 1 day after transection

(A) and 2 to 4 days post-injury (B). cont - contralateral nerve; dist 1, 2, and 3 - distal

nerve segments 1 (lesion site), 2, and 3.
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Figure S. RNase protection assay oftotal RNA isolated trom Schwann cell (Schw) and

tibroblasts (Fibro) cultures treated with 1 ng/ml IT..-l J3 (T) for 3 hours. U - untreated

cultures; Cyclo - cyclophilin.
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CHAPTER6:

TUMOR NECROSIS FACTOR-ALPHA INDUCES MONOCYTE

CHEMOATTRACTANT PROTEIN-l mRNA

IN A SCHWANN CELL LINE

M. C. 5ubaDg and P. M. Richardson

Montreal General Hospital research Institute and McGill University

1650 Cedar Avenue, Montreal, Quebec, Canada

Published in Annals of the New York Academy ofScïences, 883: 523-525, 1999.
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Schwann cells synthesize neurotrophic factors (1) as well as myelin proteins and

sorne Molecules with immunological functions (2). Recently, a mRNA for a small basic

protein which specificaUy attraets and aetivates monoCYtes to sites of inflammation,

monocyte chemoattraetant protein-l (MCP-l) (3), has been deteeted in peripheral nerves

during Wallerian degeneration (4) and after demyelination following tellurium

intoxication (5). Schwann cells (4) and other cell types (6, 7) stimulated by turnor

necrosis faetor-a (TNF-a) synthesize MCP-l mRNA. Knowledge of the regulation of

MCP-l in Schwann cells would provide insight on the recruitment of monocytes to the

endoneurium during Wallerian degeneration.

This study using the rat Schwann cel1line SCL 4.1/F7 was designed to investigate

the mechanism ofregulation ofMCP-l mRNA by TNF-a. SCL 4.1/F7 cells (European

Collection for Animal Cell Culture, UK) were grown in DMEM supplemented with 1()oA.

fetaI calf serum and treated for 3 hours with various concentrations ofTNF-a (R & D,

Minnesota, USA). At the end oftreatrnent period, cells were washed with DEPC-treated

PBS and total RNA was extraeted using Trizol Reagent (Life Technologies, New York,

USA). RNase protection assays (8) were performed with 32P-Iabelled MCP-I cRNA

probe and cyclophilin mRNA as a control gene. After scanning ofthe autoradiograms,

the MCP-l mRNA signal was expressed as a percentage ofthe signal for cyclophilin

mRNA.

Data from Roase protection assays revealed that MCP-l mRNA is present at low

concentration in untreated SCL 4.11F7 cells and increases markedly in concentration after

stimulation by TNF-a. (Fig. 1).

Binding ofTNF-a to its cell surface receptor, TNF receptor 1 (PSS) or TNF

receptor 2 (P75) MaY lead to either the activation ofNF-lCB as a consequence ofthe

phosphorylation and subsequent degradation ofIlCB or the activation ofthe c-Jun N­

terminal kinase (JNK) pathway (9). The two pathways bifurcate at the level ofadaptor
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prote~ TNF receptor-associated factor 2 (TRAF 2). The induction ofMCP-l mRNA by

TNF-a in murine fibroblast cells involves activation ofthe NF-lCB signaling pathway (6).

Curcumin (diferuloyl methane) is a naturally occurring polyphenolic

phytochemical with anti-inflammatory and anti-oxidant properties. In earlier studies

curcurnin was shawn to suppress the induction ofMCP-l in bone marrow stromal ceUs

by IL-lp and TNF-a (7) and inhibit the aetivity ofNF-lCB in T celllines thraugh direct

modification of pSO and blocking the degradation of IlCB (l0). To ascertain whether the

induction ofMCP-l mRNA in Schwann cells by TNF-a depends upon the generation of

oxygen anions, seL 4.l1F7 cells were incubated for 3 hours with TNF-a (5 ng/ml) in the

absence or presence ofvarying concentrations ofcurcumin. As shawn in Fig. 2 curcumin

treatment decreases the TNF-a-induced MCP-l mRNA expression.

In a Schwann cellline SeL 4.11F7, TNF-a stimulates the transcription ofMCP-l

mRNA through a pathway that is inhibited by curcumin.
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Figure 1. SeL 4.11F7 cells were treated for three hours with TNF-a with concentrations

ranging fram 0 to lOng/ml. At the end ofthe treatment period, ceUs were washed with

PBS, and total RNA was extraeted and used for RNase protection assays. Concentrations

ofMCP·l mRNA are expressed as percentage ofcyclophilin mRNA concentration.
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Figure 2. SeL 4.11F7 cells were treated for 3 hours with 5 ng/ml TNF-a in the presence

ofvarying concentrations ofcurcumin (0..100 J,LM). RNase protection assays were

performed on total RNA from these treated cells. MCP..1 mRNA concentrations are

expressed as percentage ofcyclophilin rnRNA concentrations.
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CHAPTER 7:

ANTI-OXIDANTS INHIBIT THE EXPRESSION OF

MONOCYTE CHEMOATTRACTANT PROTEIN-l IN

PERIPHERAL NERVOUS TISSUE
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ABSTRACT

The signal and the source ofthe signal for monocyte/macrophage entry inlo the

injured peripheral nervous tissue are currently not clear. This study was undertaken to

determine the distribution ofthe chemokine monocyte chemoattraetant protein-l (MCP­

1) and investigate the mechanisms that regulate MCP-l expression in the injured

peripheral nervous tissue. Results from RNase protection assays showed that MCP-l

mRNA concentrations increased in the ipsilateral dorsal root ganglia within 1dayafter

nerve transeetion and persisted for at least 16 days. In the nerve, MCP-l mRNA

concentrations increased at the lesion site within 3 hours after injury and in the more

distal segments by 24 hours. MCP-l mRNA expression was alse observed in Schwann

cells treated by TNF-a. but not in cells treated with IT..-lp, TGF-p, ll.,..6 or NGF. This

induction by TNF-a ofMCP-l mRNA synthesis in Schwann cells was inhibited by anti­

oxidants. However, in mice that lack TNF receptor types 1and fi, the inerease in MCP-l

mRNA concentrations in the distal stump 2 to 8 days foUowing nerve transection was

comparable ta that in control mice. Thus, TNF-a does not appear to be necessary for the

induction ofMCP-1 in injured peripheral nerves. However, the possible contribution of

TNF-a. in the stimulation ofMCP-l synthesis in the distal stump has not been excluded.

The importance ofMCP-l in the recruitment ofmonocytes into the injured

peripherai nervous tissue was studied in C57BUWId (Wld) mice, which exhibit delayed

axonal degeneration. Results showed that MCP-l mRNA expression in the distal stump

ofWld mice was similar to that ofcontrol mice. Thus, MCP-l expression is oot sufficient

for the infiltration ofmonocytes/macrophages into the injured oerves ofthe Wld mice.

lOS



•

•

INTRODUCTION

Macrophages participate in the repair ofdamaged tissue. In the distal nerve

stump, macrophages remove myelin and axonal debris (StoD et al., 1989), modulate

Schwann œil proliferation and differentiation (Baichwal et al., 1988) and salvage lipids

for reutilization during regeneration (Goodrum, 1991; Goodrum, Bouldin, 1996) and

induce synthesis of neurotrophic agents (Lindholm et al., 1987; Heumann et al., 1987b).

Macrophages that surround axotomized dorsal root ganglion DRO neurons (Lu,

Richardson, 1993) also May contribute to axonal regrowth.

The macrophages that constitute 2-9% (Arvidson, 1977; Oldfors, 1980) of the

population of nOMeuronal cells in the peripheral nervous system (PNS) are constantly

renewed from the blood (Vass et al., 1993). Following injury, in contrast to events in

other damaged tissue, the accumulation of macrophages in the injured peripheral nerve is

not preceded by the infiltration ofpolymorphonuclear neutrophils (perry, Brown, 1992).

The increase in number ofmacrophages in both the DRG and nerve is believed to retlect

an increase influx ofmonocytes. In general, migration of leukocytes depends on the

interactions of seleetins with their mucin ligands, chemoattractants with their receptors

and integrins with members ofIg family (Springer, 1994). Chemoattraetants are

important for activation of leukointegrins and in directing the migration of leukocytes

(Baggiolini, 1998). Chemokines, small cytokines with molecular weights ranging trom 8

to 12 kD, are cell-type specific chemoattraetants that help to determine the cellular

composition of intlammatory infiltrates (Rollins, 1997). Monocyte chemoattraetant

protein-l (MCP-l) is a member of the CC chemokine family that specifically attraets and

aetivates monocytes to sites ofinflammation (Leonard, Yoshimura, 1990). In the PNS,

MCP-l mRNA expression has been observed in the nerve after tellurium intoxicatio~

nerve crush and transection (Toews et al., 1998).
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The present study was designed to i) investigate the spatio-temporal distribution

ofMCP-1 mRNA in sciatic nerve following nerve transection, ü) ascertain its presence in

the DRG after nerve injury and ili) determine sorne of the factors which regulate MCP-l

expression in the PNS.

MATERIALS AND METROnS

Animal Manipulations

Adult, female Sprague-Dawley rats were purchased trom Charles River

Laboratory (New Yorle, USA). The mouse strain deficient in c-kit and ilS control strain

were purchased from Jackson Laboratories (Maine, USA) and the mice lacking the two

TNF·V' receptors were gifts trom Horst Bleuthmann ofHoffinan-LaRoehe (Basel,

Switzerland). The C57BLIWld (Wld) mice were gifts from Dr. M.A. Bisby and the age­

matehed controls, C57BU6 (B6) mice, were purchased from Jackson Laboratories

(Maine, USA). The right sciatie nerves of deeply anesthetized animais were transeeted at

the sciatic noteh. Upon sacrifice, from 3 hours to 16 days after surgery, sciatie nerves and

dorsal root ganglia (DRG) were colleeted and frozen. Three segments were separated

trom the distal segment ofeach rat sciatic nerve, 0·5 mm (tip), 5-25 mm (distal 1) and

25-45 mm (distal 2) trom the site oftransection. For mouse nerve the tirst 3-4 mm (tip)

segment was separated from the rest of the distal segment. In eaeh experiment, 6 to 8 rats

or 8 to 10 mice were used. Each experiment was repeated 3 tintes. The animal protoeols

were approved by McGill University Animal Care Committee.

CeU Culture

Schwann œil cultures were established trom sciatie nerves of 2-day old Sprague­

Dawley rats by a modification ofthe method of Brockes et. al. (Brockes et al., 1979).
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Cultures grown in DMEM supplemented with 1(lOlO fetal calf serum were treated with

10J,lM cytosine arahinofuranoside (Ara-C) for 3 days. CeUs were then trypsinized and

replated on polylysine coated 6-well plates. Twenty-four hours later, cultures were

treated for 3 hours with interleukin-l~ (IL-l~) (1 nglml), tumor necrosis faetor-a (TNF­

a) (5 ng/ml), transforming growth faetor-~ 1 (TGF-(31) (5 ng/ml), interleukin-6 (IL-6) (10

nglm1) and lipopolysaccharide (LPS) (500 ng/ml). To determine whether anti-oxidants

mediate the stimulation ofMCP-1 mRNA synthesis by TNF-a, primary cultures of

Schwann cells and the rat Schwann cell line SCL4.11F7 (European Collection for Animal

CeU Cultures, UK) were treated with TNF-a. (S nglml) in the presence or absence of

either curcumin (50 J,JM) or quercetin (l00 J,JM). Each in vitro experiment was repeated 3

times. The cytokines were obtained trom R & 0 Systems (Minneso~ USA); Ara-C,

LPS, quercetin and curcumin were from Sigma-Aldrich Canada Ltd (Oakville, Ont.,

Canada) and the Dulbecco's modified Eagle's medium (DMEM) was from Life

Technologies (New York, USA).

RNA Extraction and RNase Protection Assay

For extraction ofRNA frozen samples were pulverized in liquid nitrogen,

homogenized in Trizol Reagent (Life Technologies, New York, USA), extraeted in

phenol-chloroform and subsequently precipitated in isopropanol. Samples were washed

in 75% ethanol, dried and resuspended in DEPC-treated water.

Three micrograms oftotal RNA were used for RNase protection assay (Seniuk et

al., 1992). The probe for MCP-l protecting a 359-bp fragment ofthe rat MCP-l,

generated by linearization ofthe pGEM7Z-rMCP-I#8 by Pwll and transcription with

SP6 RNA polymerase. Cyclophilin probe was used as a control for the quantity and

quality ofRNA Data were quantified by scanning the density and area ofbands on

autoradiograms with the SciScan 5000. Message for MCP-I was normalized ta that for

cyclophilin mRNA
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Electropboretic Mobility Sbift Assay

SCL4.11F7 cells were treated with TNF-a (5 ng/m1) for for 15 min., 30 min., 1 br.

and 2 hrs. At the lime ofharvest, cells were washed and scraped inta 1.5 ml cold

phosphate buffered saline and processed for the isolation ofnuclear proteins using the

rapid micropreparation technique ofAndrews and Falier (Andrews, Falier, 1991). Protein

content in the extracts was determined by the dye-binding method ofBradford (Bio-Rad

Protein Assay Kit II; (Bradford, 1976».

The activation orthe nuclear factor NF-lCB in the different samples

electrophoretic mobility shift assay as described by St-Denis et. al. {St-Denis et ai.,

1998)using the consensus oligonucleotide for NF-lCB/c-Rel binding site (Lenardo,

Baltimore, 1989) from Santa Cruz Biotechnology, Inc. (Californi~ USA).

Histologieal Eumination ofNe~es

The contralateral nerve and the distal stump were colleeted tram Wld and 86

mice 10 days after transeetion. 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 light microscope.

RESULTS

~ICP-l mRNA syntbesis in donal root ganglia

By RNase protection assay, MCP-l mRNA was deteeted at low concentration in

DRO collected from unoperated animais (Fig. 1). Concentrations ofMCP-l mRNA in

lumbar DRG taken from sham operated animais and in cervical DRGs trom nerve-injured
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animals were comparable to that in DRG trom unoperated rats. An increase in MCP-l

mRNA concentration in ipsilaterallumbar DRG was observed within 24 hours after nerve

transection and persisted for at least 16 days.

MCP-l mRNA syntbesis in sciatic nerves

To study the spatial distribution ofMCP-l rnRNA in the injured nerve (Fig. 2),

the tirst S-mm fragment distal to the lesion (tip), the tirst 2-cm fragment distal to the "tip"

(distal 1) and the next segment of the nerve (distal 2) were coUeeted separately. Results

frOID RNase protection assays show that the concentration ofMCP-l mRNA at the tip or

the site oflesion increased within 3 hours and peaked at 6 hours after axotomy (Fig. 3a).

Twenty-four hours after injury, the concentrations of MCP-l mRNA decreased at the tip

but started to increase in distal segments 1 and 2. The signal for MCP-l mRNA remained

elevated in the distal stump for at least 8 days (Fig. 3b). As MCP-l mRNA expression in

the ipsilateral DRG persisted for at least 16 days, the concentration ofMCP-l rnRNA in

the distal nerve segment 16 days after transection was a1so deterrnined. Result showed

that MCP-l mRNA concentration remained elevated in the distal stump 16 days

following injury (Fig. 4). The induction ofMCP-l rnRNA in injured nerve is biphasic.

TNF-a ioduces MCP-l mRNA expression in cultured Schwann ceUs

In many eeU types, the proinflammatory molecules, IL.. }~ (Villiger et al., 1992)

and TNF-a. (Hayashi et al., 1995; Ping et al., 1996), are potent inducers ofMCP-l. To

determine the factors which regulate the synthesis ofMCP-l in vitro, Schwann ceUs were

treated for 3 hours with IL-lp, TNF-a, TGF-pl, IL-6 or LPS. By RNase protection

assays, MCP-l mRNA concentrations were shown to increase dramatica1ly following

treatment with TNF-a but not with a-Ip, TGF·~l, or ll..-6 (Fig. Sa). A slight increase in

MCP-l mRNA concentratiOll was seen foUowing LPS stimulation.
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Ta ascertain the time course ofMCP-1 rnRNA induction in Schwann ceUs

following TNF-a stimulation, cells 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 ofMCP-1 rnRNA as early 1 hour after stimulation (Fig. 5b).

The induction ofMCP-l mRNA by TNF-'v' is mediated by oxygen radicals

One possible signalling pathway for the induction ofMCP-l mRNA by TNF-a.

involves the reactive oxygen species (ROS). The expression of MCP-l in synovial cells

(Sato et al., 1996; Sato et al., 1997) and bone marrow stromal ceUs (XU et al., 1997) in

response ta TNF-a can be attenuated by anti-oxidants. In human aortic smooth muscle

ceUs, induction ofMCP-l by POGF is mediated by the generation of superoxide anion

(02'-) and the subsequent activation ofNF-KB (Marumo et al., 1997).

In the rat Schwann cellline SCL 4.11F7, TNF-a induced the synthesis ofMCP-l

rnRNA in a dose-dependent fashion and this induction was inhibited by curcumin. In the

present study, we investigated whether the etTeet ofTNF-'ti in primary cultures of

Schwann ceUs wiU also be inhibited by anti-oxidants. Schwann cells were treated for 3

hours with TNF-a in the absence or presence ofquercetin or curcumin. Data from RNase

protection assays revealed that these compounds inhibited the induction ofMCP-l

rnRNA in response to TNF-a stimulation (Fig. 6a). Thus, TNF-<l induces the expression

ofMCP-l rnRNA in Schwann ceUs through a pathway that involves the generation of

oxygen radicals.

The involvement ofoxygen radicals in the induction ofMCP-l rnRNA in

degenerating nerves is difficult to investigate in an in vivo paradigm, thus, the effeet of

anti...oxidants on MCP-l rnRNA expression in organ cultures of sciatic nerves was

determined. RNase protection assays showed that in organ cultures of sciatic nerves

incubated for 3 hours in a medium containing serum, the induction ofMCP-l rnRNA was
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not abrogated by the addition ofanti-oxidants (Fig. 6b). However, in cultures ofsciatic

nerves incubated for 3 hours in a serum-free medium, the addition ofquercetin reduced

the induction ofMCP-l mRNA Curcumin was not as effective in reducing the

concentrations ofMCP-l mRNA induced in organ cultures of sciatic nerves. These

observations suggest that the early induction ofMCP-l rnRNA in the nerve is mediated,

at least in part, by oxygen radicals.

TNF-a exerts its effects binding ta its receptors and activating either one oftwo

pathways - one pathway involves the activation ofNF-lCB and the other involves the

activation ofc-Jun N-terminal kinase (JNK) (Henkel et al., 1993; Liu et al., 1996). In a

number ofcell types TNF-a. induces the production ofMCP-l through a pathway that

aetivates nuclear factor NF-lCB (Ueda et al., 1997; Ping et al., 1999). The in vivo

footprinting of the murine and human MCP-l promoter revealed that there are at least 2

sites for 6B binding (ping et al., 1996; Ueda et al., 1997). Hence, it is likely that in

Schwann cells TNF-a. mediates its effect through the activation ofNF-ICB.

The Schwann ceU line SCL4.11F7 bas been shown previously to express MCP-l

mRNA in response to TNF-a treatment in a dose-dependent manner. This induction of

MCP-l mRNA by TNF-a. was inhibited by the anti-oxidant curcumin in a dose­

dependent fashion. Using nuclear extracts ofSCL4.1fF7 cells treated with TNF-a for

varying lengths of incubation time, eletrophoretic mobility shift assays for NF-1CB were

performed. Results showed that NF-KB binding to the labelled consensus oligonucleotide

was observed using the nuclear extraets ofuntreated and TNF-a treated SCU. lIF7 cells

(Fig. 7a). It appears that at least one ofthe DNA binding subunits ofNF-1CB is

constitutively activated in SCL4.lIF7 cells.

To further verify whether NF-1CB activation is important in the expression of

Mcp.. l mRNA in Scbwann cells, cultures were treated for 3 hours with either TNF-a. or

NGF, which had been shown to stimulate the nuclear translocation ofthe p65 subunit of

NF-lCB in rat Schwann ceUs (Carter et al., 1996). Results trom RNase protection assays
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showed that NGF does oot stimulate the expression ofMCP-l mRNA in Schwann ceUs

(Fig.7b).

Presence of mature mast ceUs are not necessary for the early expression MCP-l

mRNA in tbe nene

Mast ceUs have been shown to degranulate withio 15 minutes foUowing nerve

injury (Olsson, 1967) and certain molecules known to be capable of stimulating the

synthesis ofMCP-l. In faet, mast eeUs are able ta produee MCP..1 in response to stem

cell factor (SCf) stimulation (Baghestanian et al., 1997). To determine whether mast eeU

degranulation is important in the induction ofMCP-l mRNA at the lesion site, sciatie

nerve transection was also performed on mice which are deficient io c-kit. the reeeptor

for SCF, which is necessary for maturation ofmast eeUs (Galti et al., 1993). RNase

protection assays show that within 6 hours after injury, the mRNA for JE, the mouse

homologue for MCP-l, was induced in·injured sciatie nerves ofc-kit miee (Fig. 8) with

increase in concentration comparable to that of the control strain.

TNF-a is not necessary for MCP-l espression in injured sciatic nenres

To determine the importance ofTNF-a. in the regulation ofMCP.. l synthesis in

the PNS in vivo, the right sciatic nerve was transeeted on mice with null mutation ofTNF

receptor types 1 and 2. Data from RNase protection assays show that the concentration of

MCP-l mRNA was increased at the lesion site within 6 hours ofnerve transection and

elevated at the distal stump at least during the following 2-4 days (Fig. 9). These

responses in the mice with deleted TNF-a. receptors mice were not observed ta be

different than in wild type miee.
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Mouse JE, the homologue orMCP-l, is expressed in transected Wld nerves

The mutant strain CS7BUWld (Wld) is charaeterized to have delayed Wal1erian

degeneration and is associated with retarded breakdown of myelin and subnormal

recruitment of macrophages (Luno et al., 1989). Transection of the right sciatic nerve was

performed on C57BU6 (B6) and C57BlIW1d (WId) mice. Results from RNase protection

assays showed that the message for JE increased at the lesion site within 6 hours after

injury and by 4 days JE mRNA was also increased in the distal nerve segments (Fig.

10a). Similar to the JE mRNA expression in 86 nerves, JE mRNA concentrations

increased within 6 hours at the site oflesioo and by 4 days the increase in JE mRN,A

concentrations was also observed in the distal nerve stumps ofW1d mice (Fig. lOb).

Histological examination of the nerves transected 10 days earlier showed that in 86 mice

the myelin has degenerated while in W1d mice Many of the fibers still have intact myelin

(Fig. Il). Thus, it appears that expression of JE mRNA in transeeted nerves is oot enough

to recruit macrophages.

DISCUSSION

MCP-l mRNA is ioduced quicldy in the injured DRG

Previously, many ofthe macrophages in DRG associated with injured nerves were

shown ta surround healthy neurons and appear before neuronal death occurs (Lu,

Richardson, 1993). The present finding that MCP..1 mRNA expression increases in the

injured DRG before the start ofmacrophage infiltration (Lu, Richardson, 1993)is

117



•

•

consistent with the hypothesis that MCP...1 contributes to the recruitrnent of monocytes to

the DRG. However, the possibility that sorne resident macrophages dedifferentiate and

proliferate during Wallerian degeneration bas oot been excluded.

The localizatioo ofMCP...1 mRNA in the DRG has not been ascertained.

However, the non-neuronal ceUs are the most likely sources ofMCP-l in the ganglia. If

50, sorne of the neuronal cell body responses may provide a direct or an indirect stimulus

for MCP-l synthesis.

Biphasic expression ofMCP-l in the injured seiatic nenre

The distribution ofMCP-I mRNA in injured sciatic nerve, an early induction

within 3 hours at the site of injury and a later induction beginning 24 hours after injury in

distal segments is similar to that for NGF (Heumann et al., 1987b; Heumann et al.,

1987a) and LIF (unpublished data) mRNAs.

The initial increase in MCP-l mRNA concentration is attributable to the exposure

of the nerve ta molecules rapidly released tram the axons, components of the blood or

those secreted by the non...neuronal ceUs. The murine gene JE, which encodes the mouse

homologue of MCP-l, was tirst 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, wbich degranulate rapidly after injury (Olsson,

1967), contribute ta the early induction ofMCP-l in injured nerve is not supported by our

observations in c...kit mice. The contribution of mast cells in the regulation ofMCP-l

mRNA synthesis in the distal nerve stump remains to be ascertained.

Factors contnbuting to the sustained expression ofMCP-l in the distal stump

might include the diffiJsion of molecules from the site of injury, activation of resident

macrophages and/or dedifferentiation of Schwann cells following loss ofaxonal contact.

Aetivated macrophages are good sources ofreaetive oxygen species (MacMicking et al.,
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1997) and cytokines (Bruck, 1997), such as TNF-o., which are capable of stirnulating the

synthesis ofMCP-l. However, results in this study showed that in Wld mice wherein

delayed Wallerian degeneration is associated with subnormal recruitment ofmacrophages

(Lunn et al., 1989), the expression ofMCP-l mRNA is similar to that ofcontrol mice.

Thus, macrophages in degenerating nerves do not appear to be the ooly signal for MCP-l

synthesis.

TNF-a. stimulates the expression of MCP-l mRNA in cultured Schwann cells but is

not crucial for MCP-l mRNA induction in injured peripheral nenres

Five possible cellular sources ofMCP-l in the PNS are blood cells, mast cells,

resident macrophages, tibroblasts and Schwann cells. In this study, the production of

MCP-l mRNA by Schwann cells was investigated. Present observations show that

primary Schwann cell cultures increase the synthesis ofMCP-l mRNA in respoose to

TNF..a. and, ta a lesser extent, LPS but not to IL-l~, TGF-~ 1 and IL-6. In many cell

types, IL-l and TNF-a are potent inducers ofMCP-l SYDthesis (Villiger et al., 1992;

Hayashi et al., 1995; Ping et al., 1996; Ueda et al., 1997). However, in this study, n..-l~

failed to stimulate the expression ofMCP-l mRNA in Schwann cells. To date Schwann

cells have oot clearly been shown ta respond to IL-I although IL-l receptor 1 and IL-l

receptor accessory protein have been deteeted in cultured Schwann ceUs by RT-PCR and

Southern blct analysis (unpublished data). Perhaps high concentrations of the IL-l

receptor antagonist are present in the cultures and thus blocking the binding ofll..-l to its

receptor.
TNF-<l stimulation ofSchwann cells has been shown to inhibit proliferation,

reduce the expression of myelin protein Po and glial fibrillary acidic protein (GFAP) and

decrease gap junctional conductance (Chandross et al., 1996). Binding ofTNF-a to its
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receptors may trigger the phosphorylation and subsequent degradation of I6B resulting in

the activation ofNF-KB (Henkel et al., 1993) and/or the activation of the activator

protein-l (AP-l) thraugh the JNK pathway (Liu et al., 1996). The bifurcation ofthe two

kinase cascades occurs at the level ofTNF receptor-assoclated factor 2 (TRAF 2) (Song

et al., 1997). In the present study, induction ofMCP-l 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 ofTNF-a. by blocking the activation of mitogen­

aetivated protein kinaselextracellular signal-regulated kinase kinase 1 (MEKK1) in the

JNK pathway (Yokoo, Kitamura, 1997; Chen, Tan, 1998) and by preventing the

phosphorylation and the subsequent degradation ofIlCB in the NF...K8 pathway (Sato et

al., 1997; Brennan, O'Neill, 1998). Curcumin also interferes with the binding ofthe pSO

subunit ofNF-1CB to the DNA binding site (Brennan, O'Neill, 1998).

The results of this study showed that TNF-a. stimulates the synthesis ofMCP·l

mRNA in cultured Schwann eells through a pathway that is mediated by oxygen radicals.

In addition, the induction ofMCP-l mRNA in Schwann cells does not appear to be

mediated by NF-ICB activation. However, the nuc1eotide sequence of the conunercially

obtained probe, which is the consensus binding site for NF-lCB/c-Rel (Lenardo,

Baltimore, 1989), used in the EMSAs 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-lCB/Rel family: pSO, p52, p65/RelA,

c..Rel and ReIB (Feuillard et al., 1996; Ueda et al., 1997; Krushel et al., 1999). The

functional nuclear factor NF-lCB is a dîmer ofany ofthe subunits (Lenardo, Baltimore,

1989; Baeuerle, 1991). There are different isoforms ofNF-lCB in the nuclear extracts of

TNF-a-treated ceUs and the pSO/p65 heterodimer is the predominant isofonn (Ueda et al.,
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1997; Ping et al., 1996). Furthermore, the p65 subunit appears to be crucial for MCP-l

induction in TNF--a.-treated cells (Ueda et al., 1997; Ping et al., 1999). However, NGF,

which failed to induce the expression ofMCP-l mRNA in Schwann ceUs, had been

previously shown to aetivate the nuclear translocation ofNF-1CB isoforms containing the

p65 subunit in cultured Schwann cells (Carter et al., 1996). Thus, it is likely that the

induction ofMCP-l mRNA in Schwann cells in response to TNF--a. stimulation may be

mediated by other NF-ICB isoforms besides those that have the p65 subunit. A1ternatively,

TNF-a. MaY mediate its effects in Schwann cells thraugh the activation of the JNK

pathway.

Although TNF-a. stimulates the production ofMCP-l mRNA in cultured

Schwann cells, the observations on MCP-I mRNA concentrations in injured nerves of

mice lacking both p55 and p75 receptors for TNF-a suggest that TNF-a is not necessary

for the induction ofMCP-l in injured PNS tissue. These findings corroborate the

observations that after injury the increase in macrophage numbers in p55-/p75 knock-out

mice is comparable ta that of the wild type while mice deficient in bath n..-IR type 1 and

p55 TNF receptor show reduced macrophage infiltration (Dailey et al., 1998). It is

probable that the absence of TNF-a bioactivity is compeosated by the actions of other

cytokines, such as IL-l~(Villiger et al., 1992), TGF-~ (Takeshita et al., 1995), PDGF

(Cochran et al., 1983) and LIF (Musso et al., 1995). These tindings, however, do oot

exclude the possibility that TNF-CL cootributes to the regulation ofMCP-l in the distal

stump.

Expression of MCP-l mRNA is Dot enough for the normal recruitment of

macropbages

The results of this study showed that JE mRNA was induced in the distal stump of

Wld mice 4 days after transection even though axonal degeneration in these mice is

delayed. Hence, these observations suggest that the expression ofMCP-l in axotomized

121



•

•

nerves is not sufficient for normal monocyte infiltration. MCP-l is not the ooly

chemokine involved in the migration of monocytes (reviewed by (Springer, 1994;

Springer, 1995; Rollins, 1997». Also, in general, there are 2 other molecu1ar interactions

that are necessary for leukocyte migration. The patterns ofdistribution of selectins and

leukointegrins that are important for monocyte migration have not been detennined in

Wld transected sciatic nerves.

The present tindings are in contrast to the data in an earlier study where JE

mRNA in Wld mice was not detected by in situ hybridization in the distal stump ofW1d

mice 7 days after injury (Carroll, Frohnert, 1998). These conflicting observations 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 situ hybridization used in the

previous study. In addition, the time points employed in the two investigations are

different.

Summary

MCP-l mRNA concentrations increase after nerve injury in both nerve and DRG

well before increases in macrophage numbers are observed. The induction ofMCP-l

mRNA in Schwann cells May be regulated by factors, such as TNF-a, which Mediate

their effeets through a pathway that is inhibited by anti-oxidants. However, TNF-a is not

crucial for the induction ofMCP-l in degenerating mouse sciatic nerves. In addition, in

C57BLIWld mice, which exhibit delayed axonal degeneration, MCP-l mRNA

concentrations in the distal nerve stump Încrease.
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Figure 1. RNase protection assay oftotal RNA isolated fram dorsal root ganglia (ORO)

taken from normal, unoperated (N) and 2-day sham operated animais and those which

had sciatic nerve transection (SN cut). ContraIateraI, left (L) and ipsilateral, right (R)

ORG were taken 1-16 days (d) after injury. MCP-I - monocyte chemoattraetant protein­

1; Cyclo - cyclophilin.

128



•

•

•

1Shlm 1 S N C u t
1 Id 1 1d Id 4d Id .d

N:L R:L R L R L R L R L R
--- - -~ --............. ---

- MCP-l

-Cyclo



•

•

Figure 2. Schematic diagram ofthe transeeted sciatic nerve. ORG - dorsal root ganglion;

distal - distal nerve stump.
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Figure 3. RNase protection assay oftotal RNA isolated trom sciatic nerves of normal,

unoperated rats (0) and from those which had undergone sciatic nerve transection. (A)

Rats were sacrificed 3 hours ta1 day after transeetion and (D) 2 ta 8 days post-injury. c­

contralateral nerve; dist l, 2 and 3 - distal nerve segment l, 2 and 3; MCP-I - monocyte

chemoattraetant protein·l; Cyclo - cyclophilin.

130



• A
13h Ih 1d
: dlSt 1 dl.t 1 dut

"le 1 2 31e 1 2 31e 1 2 3

""''''''''1 - MCP-1

1 2 d 4d 8 d
1

1 dlst 1 dlst 1 dlst
nle1 23,c1231 C 1 23

••• ._. .. •• -MCp·1

• B

.- ~ 1 .. .

- Cyclo

•
- Cyclo



•

•

Figure 4. Concentrations ofMCP-l mRNA in the contralateral and transected sciatic

nerves 16 days after injury as measured by RNase protection assay. 0 - sciatic nerves

trom unoperated rats. MCP... 1 mRNA concentrations are expressed relative to the

cyclophilin mRNA concentrations.
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Figure 5. Induction ofMCP-1 mRNA in Schwann cells. (A). MCP-l rnRt'lA

concentrations in Schwann cells treated for 3 hours with various cytokines were

measured by RNase protection assay. Lane 1 - no treatment; lane 2 - IL-IP(1 ng/ml);

lane 3 - TNF-a (5 ng/ml); lane 4 - TGF-~ (5 ng/ml); lane 5 - ll..-6 (10 ng/ml), and lane 6­

LPS (500 ng/ml). (B). RNase protection assay to measure MCP-l mRNA concentrations

in Schwann cells treated with 5 n'i/ml TNF-a for 30 minutes (lane 2), 1 hour (lane 3), 3

hours (lane 4), and 5 hours (lane 5). Lane 1 - MCP-l mRNA concentration in Schwann

cells at the start of the treatment. Cyclophilin (Cyclo) probe was used as basis for

comparing MCP-l mRNAs in ditTerent samples.
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Figure 6. Anti-oxidants inhibit the MCP-I mRNA induction. (A). MCP-l mRNA

concentrations in the Schwann cells treated for 3 hours with 5 ng/ml TNF-a. in the

presence ofeither 50 J.,LM curcumin or 100 J.lM quercetin. (B). Organotypic cultures of

sciatic nerves incubated in either serum-containing or serum-free 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 extraets from

SeL 4.lIF? cells treated with 5 ng/ml TNF-n. Lane 1 - stact of treatment; lane 2 - 15

minutes; lane 3 - 30 minutes; lane 4 - 1 hour; lane 5 - 2 hours; lane 6 - addition of 50x

excess of cold oligonucleotide probe to cells treated for 2 hours. (D). RNase protection

assay of total RNA from untreated Schwann cells CU) and cultures treated with either 10

ng/ml NGF (N) or 5 ng/ml TNF-a. (T).
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Figure 8. Murine JE mRNA (mJE) concentrations in contralateral (L) and distal sciatic

nerve stump (R) ofcontrol mice and thase which are deficient in c-kit gene 6 hours after

transection as measured by RNase protection assay.
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Figure 9. Murine JE mRNA (mJE) concentrations in B6x129Fl mice and those that are

deficient in the genes encoding the two TNF..a, receptors (TNFRKO) 6 hours to 4 days

after right sciatic nerve transection as determined by Rnase protection assay. C ­

contralateral nerve~ T - tip, lesion site~ 0 - distal stump~ Cyclo - cyclophilin.
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Figure 10. Concentrations ofmurine JE in C57BU6 (A) and C57BLlWld (B) mice 6

hours and 4 days after right sciatic nerve transeetion as measured by Rnase protection

assay. C - contralateral nerve; Dl - distal 1 or the lesion site; D2 - distal stump; Cyclo ­

cyclophilin.
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Figure Il. Semi-thin sections of sciatic nerves from contraJateraJ nerves (A, C) and distal

stumps (B, 0) of C57BU6 (A, B) and C57BLM'ld mice (C, D) 10 days following sciatic

nerve transeetion..
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CHAPTER 8: SUMMARY OF RESULTS

This and other studies of the events foUowing the disintegration ofaxons after

peripheral nerve injury have revealed an intimate relationship that occurs between axons

and the associated Schwann cells and between the ditTerent non-neuronal ceUs. The

expression of Many of the Schwann genes is influenced by the presence ofaxons. The

myelin proteins are the classica1 axonally-regulated molecules made by Schwann cells.

Another signal that might influence Schwann cell responses to injury is the exposure to

the ditTerent components of the blood. Molecules secreted by hematogenous cells have

been shown to influence the changes in gene expression of fibroblasts (Heumann et al.,

1987a; 1987b). To detennine the importance ofthese different signais, the present study

focused on three genes expressed by Schwann cells and other non-neuronal ceUs, ciliary

neurotrophic and leukemia inhibitory factors and monocyte chemoattraetant protein-l,

and investigated the factors that regulate their expression in peripheral nerves.

CILIARY NEUROTROpmC FACTOR

Ciliary neurotrophic factor (CNTF) is abundantly expressed in normal peripheral

nerves. Early studies have shawn that CNTF rnRNA and protein are reduced in the nerve

after injury (Friedman et al., 1992; Sendtner et al., 1992b; Seniuk et al., 1992). These

findings have led to the hypathesis that sunilar factors regulate myelin protein and CNTF

synthesis.

Ta investigate the factors that influence CNTF expression, Schwann cell cultures

were established tram sciatic nerves ofneonatal rats. Immunocytochemical studies on
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cells dissociated trom 5-day old rats showed that about 65% of the cells were positive for

S100, a marker for glial celis and 11-12% stained for myelin proteins. Twenty-four bours

after plating these cells did not stain for myelin proteins. Western blot analysis showed

that freshly dissociated cells were immunopositive for CNTF but 5-day old cultures had

no deteetable CNTF protein. Rnase protection assay showed that the freshly dissociated

cells expressed CNTF mRNA. The concentration ofCNTF mRNA decreased in cells

plated overnight. These results indicate that CNTF is also down-regulated in vitro

supporting the hypothesis that CNTF and myeün proteins are regulated in a similar

manner.

One factor that regulates myelin protein synthesis is the presence ofaxona!

contact and another possible factor is the interruption ofaxonal transport. To distinguish

between these two possibilities, sciatic nerve ligation was performed on the CS7BLIWld

mouse strain, which is charaeterized by delayed Wallerian degeneration (Lunn et al.,

1989). RT-PCR analysis orthe total RNA fram contralateral and axotomized Wld and

COI nerves showed that at 4 days post-ligation CNTF mRNA declined to 23% of normal

concentrations in control mice while it was reduced to 83% of nonnal concentrations in

Wld mice. By 10 days CNTF mRNA concentration in Wld mice was already comparable

to that of control mice. In comparison, Po mRNA concentrations 4 days after axotomy

were reduced ta 7% ofnonnal in control mice while it was reduced to 36% ofnonnal in

W1d mice.

Western blot analysis showed that in ligated nerves ofcontrol mice CNTF­

immunoreactivity (CNTF-IR) was reduced 4 days after surgery and was no longer

deteetable by 10 days. In Wld mice, CNTF-IR in ligated nerves remained at near DOnnai
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levels even at 10 days post-injury. In contrast, Po-IR was greatly reduced in nerves 10

days after ligation.

In summary, after ügation of sciatic nerves ofWld mice, with consequent

interruption ofaxonal transport trom the nerve cell body but axonal contact is

maintained, the reduction ofCNTF mRNA concentrations was more delayed than in

wild-type mice. Moreover, in Wld mice, the reduetion in CNTF-immunoreactivity was

even further delayed. This delay in protein degradation could be due to the known

paucity ofmacrophages in the injured nerve or a possible subnormal activity of protease

involved in CNTF degradation. CNTF and myelin proteins respond in similar fashion

during Wallerian degeneration and in cultured Schwann cells. This concordance could

reflect a common mechanism of induction or a dependence of one on the other.

LEUKEMIA INHIBITORY FACTOR

LIF is nonnally expressed in peripheral nerves at very low levels and is induced

after injury (Cunis et al., 1994). The possible sources ofLIF in the injured nerves include

Schwann cells, fibroblasts, macrophages and mast cells. This study investigated the

spatial and temporal distribution ofLIF mRNA in injured sciatic nerves.

The message for LIF was detennined in the different segments ofthe distal stump.

Transection of the sciatic nerve led to the induction ofLIF mRNA expression at the site

of lesion within 6 hours but not in the distal stump. This pattern ofexpression persisted

for at least 18 hours. LIF mRNA expression in the entire distal segment was observed by

24 hours and increased thereafter.
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Ta study the regulation ofLIF in injured nerves, Schwann cells were treated with

various cytokines. However, none of the treatment regimes used resulted in the induction

ofLIF mRNA. In contr~ nerve fibroblasts expressed LIF mRNA when stimulated with

IL-l~. Thus, for LIF as for NGF synthesis (Lindholm et al., 1987), fibroblasts but not

Schwann cells respond to IL-l treatment.

MONOCYTE CHEMOATfRACTANT PROTEIN-l

Regulation of MCP-l in the PNS

This study determined the spatio-temporal distribution and the regulation of the

mRNA for the chemokine monocyte chemoattractant protein-l (MCP-l) in injured PNS.

RNase protection assays ofDRG trom the uninjured and injured side showed that

MCP-l mRNA was induced in the ipsilateral DRG within a day after nerve transection.

Hence, MCP-l mRNA appears ta be synthesized in the DRG before the increase in

macrophage numbers is observed (Lu, Richardson, 1993). These observations support the

hypothesis that MCP-l is involved in the recruitment of monocytes to injured PNS.

Analysis of the different segments of the distal stump by RNase protection assay

showed that MCP-l mRNA was induced al the site oflesion within 3 hours after

transeetion. By 24 hours, the entire distal stump expressed MCP-l mRNA. Thus, MCP-l

mRNA is expressed in the injured nerve weIl before the infiltration ofblood-bome

monocytes (Chumasov, Svetikova, 1991; Taskinen, Roytta, 1997).

There are at least three possible cellular sources ofMCP-l in the nerve ­

tibroblasts, macrophages and Schwann cells. Expression ofMCP-l mRNA in fibroblasts,

and macrophages had heen documented in other systems (ping et al., 1996; Liebler et al.,
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1994; Weyrich et al., 1996; Gourmala et al., 1997; Ueda et al., 1997; Ping et al., 1999). In

this study, the synthesis ofMCP-1 by Schwann cens was investigated. RNase protection

assay revealed that Schwann cells express low levels ofMCP-1 mRNA and that

treatrnent with LPS and TNF-a, but not IL-I~, TGF-~, IL-6 or NGF, increased MCP-l

mRNA concentrations. This induction ofMCP-l mRNA in Schwann cells was observed

as early as 1 hour following TNF-a stimulation.

The anti-oxidants curcumin, querce~ and N-acetyl-L-cysteine (NAC) suppress

the expression ofMCP-1 in response to CYtokine stimulation in various cell 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 cellline SCL14.11F7, the effects of

antioxidants on the expression of MCP-I in response to stimulation by TNF-a, IL-I J3 and

LPS were studied. Results showed that NAC had no etfeet on the induction ofMCP-1

mRNA by TNF-a. Curcumin and quercetin were shown to inhibit MCP-I mRNA

expression in Schwann cells treated with TNF-a. These anti-oxidants inhibited MCP-I

mRNA induction in a dose response manner.

Results from Rnase protection assays showed that sciatic nerve fragments

incubated for three hours in either serum-containing or defined medium synthesized

MCP-l mRNA and that quercetin reduced this induction ofMCP-1 mRNA in organ

cultures maintained in defined medium. These observations indicate that early synthesis

ofMCP-1 mRNA in the nerve is mediated by oxygen radicals.

TNF-a exens its effect by transducing a signal through either the NF-ICB or the

JNK pathways (Song et al., 1997; Liu et al., 1996). Anti-oxidants are able to block bath

pathways (Sato et al., 1997; Che~ Tan, 1998). Ta detennine whether TNF-a stimulates
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MCP-l mRNA synthesis through the Nf-lCB pathway, activation ofNF-lCB was

ascertained by gel retardation assays. However, data showed that at least one protein in

the nuclear extraet of SCL4.1/F7 cellline constitutively binds to a consensus NF-lCB

DNA binding site. Also, treatment of Schwann cells with NGf, which is stimulates the

nuclear translocation ofthe p65 subunit of the Nf-ICB complex (Carter et al., 1996),

failed to induce MCP-l mRNA. However, the activated NF-ICB is a heterodimer ofany of

the members of the NF-KB/c-Rel family (Lenardo, Baltimore, 1989; Baeuerle, 1991).

Hence, MCP-l rnRNA induction by TNF-a. in Schwann cells May be mediated by

members of the NF-teB/c-Rel family apart from p65. Altematively, TNF-a Mediates

MCP-l 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.

Ta determine the possible contribution of mast eeH produets to the regulation of

MCP-l expression, right sciatic nerve transeetion was performed on mice with defective

gene for c-kit, the receptor for the mast cell 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

1mRNA concentration at the lesion site 6 hours after transection was comparable to that

ofcontrol mice. Therefore, degranulation ofmast cells at the lesion site is not essential ta

the early induction ofJE, the mouse homologue ofMCP-l, in injured nerves.

Ta investigate the physiological raie ofTNF-a. in the induction ofMCP-l or JE

mRNA in injured nerves, right sciatic nerve transection was perfonned on TNF receptor

knock-out mice. Data showed that production ofJE mRNA in the distal nerve stump was

comparable to that of the control mice. Thus, TNF-a. is not essential in the synthesis of
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MCP-l or JE in peripheral nerves after injury. This result is consistent with the finding

that migration ofmonocytes and macrophages to the distal stump is hindered ooly when

both IL-l receptor and p55 TNF receptor have been deleted in mice (Dailey et al.,

1998a).

Although MCP-l mRNA distribution in degenerating nerves is similar to that of

LIF mRNA, the mechanisms of regulation are shown to be different.

Function of MCP-l in the PNS:

The delayed Wallerian degeneration in Wld mice is associated with delayed

breakdown ofmyelin and subnormal recruitment ofmacrophages (Lunn et al., 1989). A

previous study showed that JE mRNA was not deteetable by in situ hybridization in Wld

distal oerve stump 7 days after injury (Carroll, Frohnert, 1998). However, in the present

study data from RNase protection assays showed that JE mRNA was ioduced in the distal

stump within 2 days after transeetion 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 suggest that expression ofMCP-1 mRNA is oot the only signal

necessary for the normal recruitment of myelomoooCYtic cells into the injured nerves.
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CHArTER 9: CONCLUSION

The results ofthis study suggest that the loss ofaxonal signais, particularly the

molecules present in the axolemma, foUowing peripheral nerve injury leads to the

cessation ofCNTF and myelin protein synthesis by Schwann ceUs. Thus, constant axonal

signais are necessary to maintain the expression ofthese Schwann ceU genes (Fig. lA).

In addition to the loss ofaxonal signais, an injury results in the breakdown ofthe

blood-nerve barrier exposing the intrinsic cells in the nerve to the various components of

the blood. Cytokines, such as n..-l J3 or TNF-a, present in the plasma or secreted by

hematogenous cells may stimulate the expression ofLIF in tibroblasts and MCP-l in

Schwann cells and maybe in other non-neuronal cells (Fig. lB).

MCP-I synthesized by Schwann cells may contribute ta the signais necessary for

the recruitment of monoCYtes into the injured nerve.

The physiological raIe ofLIF in injured is still unclear. However, human

monocytes treated with LIF synthesize IL-6 (Gross et al., 1992) and chemokines such as

IL-8 and MCP-I (Mussa et al., 1995). It is possible that the LIF synthesized in injured

nerve contribute ta the progression ofthe intlammatory reaction that is necessary for the

removal ofmyelin and axonal debris and in the restructuring of the nerve. Figure 1C

represents the state of the distal nerve stump wherein all the debris have been cleared, the

Schwann eeUs have formed the bands ofBüngner and may be producing sorne growth

factors and the fibroblasts synthesize NGF (Heumann et al., 1987a; 1987b) and LIF in

response to a-l. This environment is now favorable for axonal regrowth or regeneration.

146



•

•

Figure 1. Schematic diagram ofthe events that oceur in the nerve foUowing injury.

(A.) Diagram representing a myelinated nerve. Unknown axonal signais (??) influence

the synthesis ofCNTF in a subset ofSchwann cells. The arrow ( 1) marks the site of

injury. (B.) After injury, mast cells at the site of injury degranulates, the myelin breaks

down and is later removed by macrophages (McI», Schwann cells and fibroblasts

proliferate. IL-l released from macrophages could stimulate the fibroblast to synthesize

LIF and NGF. LIF can aet on monocytes/macrophages to produce chemokines and

maybe other cytokines. TNF-a. from macrophages can stimulate Schwann cells to secrete

MCP-l, which contributes to the recruitment ofmonocytes. It can also stimulate

fibroblasts to synthesize NGF. (C.) This diagram represents a nerve wherein ail axonal

and myelin debris have been removed, Schwann have formed the bands ofBÜDgner, the

inflammatory cells start to be cleared from the distal stump and the nonneuronal cells are

producing growth factors which promote axonal regeneration.
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• CHAPTER 10: FUTURE DIRECTIONS

The regulation ofthree genes studied - CNTF, LIF and MCP-l - could he studied

further and may provide a greater understanding ofWallerian degeneration.

Ciliary Neurotropbic Factor:

Analysis of eNTF promoter

The synthesis ofmolecules such as CNTF and myelin proteins (Gupta et al.,

1993; Kuhn et al., 1993) depend on the contact between the neuron's axOR and the

Schwann cell. For several decades now attempts to identify the axonal component

responsible for the regulation of myelin proteins have not been fruitful. Promoter analysis

using transgenic mice or transfeeted cells has been the approach taken in last decade to

further the study of the biology of myelin proteins. Thus, to better understand the

mechanism ofregulation ofCNTF synthesis, it would be wise to determine the different

cis elements present in the CNTF promoter. Furthermore, investigation of the post­

transcriptional processing of the CNTF mRNA may be fruitful.

The sequences immediately 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-I site and a G-rich region are present upstream of

the transcription start site (Lam et al., 1991; Carroll et al., 1993).

Analysis of the regulatory regions of the human CNTF gene revealed that a 240

bp sequence upstream ofthe translation stan codon is sufficient for transcription and an

additional 4 kb upstream fragment is needed for expression in some Schwann cells

(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 fragments (Stefanuto et

• al., 1995). To date these upstrearn and downstream fragments have not been sequenced

and analyzed. Ta narrow down the specific regions within the 4 kb upstream and the 2 kb
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downstream fragments that are necessary for robust Schwann cell-specific expression,

Schwann cells ",ill be transfected with severa! deletion constructs. Transgenic mice could

aIso be generated to analyze the different regulatory regions of the CNTF promoter.

Sequencing these upstream and downstream fragments could prove valuable. Once the

sequences have been obtaine~ comparisons can be done between these CNTF regulatory

regions with those of the different myelin protein genes and krox-20 gene.

Post-transcriptional regulation of CNTF mRNA

In chapter 3 of this thesis, the amount of CNTF protein in Schwann ceUs freshly

dissociated from 5-day oid rats appears to be disproportionately low compared to the

amount ofCNTF message present in these cells. As the half-life ofCNTF mRNA is 6

hours (Carroll et al., 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 (Stôcldi et al., 1989) and its subcellular Iocalization is not yet known. It is

likely that CNTF mRNA is transported to its subcellular loealization before it is

translated.

SeveraI eeU types employ RNA localization to achieve high local concentrations

of proteins (Hazelrigg, 1998). ~-aetin mRNA has been observed to be rapidly localized

into processes and growth cones ofcerebrocortical neurons as RNA granules (BasseU et

al., 1998). Granules containing MBP mRNA have been detected in the processes and

myelin compartment ofoligodendrocytes (Ainger et al., 1997; Boccaccio et al., 1999). In

the 3' untranslated region (UTR) ofMBP mRN~ a 21..nuc1eotide sequence bas been

identified as the RNA transport signal (RTS) and a region between nucleotides 1,130 and

1,473 is the RNA localization region (RLR) (Ainger et al., 1997). The RTS ofthe MBP

mRNA is homologous to the 3' UTR of sorne rraRNAs known to be transported including

sequences in the 3' UTR ofmyelin associated/oligodendrocytic basic protein, the open

reading frame (ORf) ofglial tibrillary acidic protein and N-type calcium channel and the
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5' UTR ofnitric oxide synthase (Ainger et al., 1997). Homologous sequences are a1so

found in mRNAs not known ta he transported. Sequencing the 5' and 3' UTR orthe

CNTF mRNA and identifying sites where RNA binding proteins can bind may shed light

on its post-transcriptional regulation and provide insights on its mode oftransport and

even ilS mechanism of release. In addition, microinjeetions of labeUed CNTF mRNA into

Schwann cells May be used ta study the subcellular localization ofthe message.

Leukemia Inhibitory Factor:

Further analysis or LIF promoter

Murine LIF exist as a diffusible fonn as weIl as a matrix-bound form, which is

generated by using an alternative promoter (Rathjen et al., 1990). The present study has

not determined which type ofLIF protein is synthesized by non-neuronal cells following

nerve injury./n situ hybridization and RNase protection assays using probes that

recognize exon 1 or the a1temate exon 1 could be performed ta determine which form oi

LIF is made in injured nerves. Analysis of the promoters and more distal regulatory

elernents may be helpful in determining the regulation ofthis gene.

The initial analysis of the murine LIF promoter showed that 72 bases upstream of

the TATA-box are imponant for expression but a negative reguJatory site is present

between positions -360 and -249 (Stahl, Gou~ 1993). The promoter ofhuman LIF gene

has 2 putative c-ets binding sites (Bamberger et al., 1997) and steroid-responsive

elements within the 666 bp fragment in the 5'-tlanking region (Bamberger et al., 1997,

1998). Cloning and sequencing a bigger fragment upstream ofthe transcription stan site

would reveal sorne ofthe cis elements present in the promoter and distal regulatory

regions ofthe LIF gene.

Monocyte Chemoattnctant Protein-}:

Dissecting the iotncellular pathway in the induction orMCP-I by TNF-a
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The mechanism ofregulation ofMCP-l in Schwann cells by TNF-a could he

further studied by using inhibitors that specifically block the activation ofeither NF-1CB

or JNK.

The activation ofJNK bas been previously shown to be blocked by CEP-1347

(KT 7515), which is a semi-synthetic derivative ofK-252a (Maroney et al., 1998). The

effeet ofthis inhibitor on the TNF-a-induced MCP-l expression in Schwann cells could

he investigated.

NF-KB-dependent gene expression is also regulated through the p38 pathway,

which modulates the binding ofNF-K.8 to the cis elements (Vanden Berghe et al., 1998).

In human mesangial ceUs, the induction ofMCP-1 by IL-l is mediated by p38 MAP

kinase (Rovin et al., 1999). An inhibitor ofp38, SB 203580, inhibits the phosphorylation

of TF IID (TBP or TATA-binding protein) and thus, blocks its activation and its

interaction with p65 NF-KB (Carter et al., 1999). Hence, the importance ofthe NF-KS

pathway in the induction ofMCP-l in Schwann ceUs could be examined using p38

inhibitors such as SB 203580 and compared to ERK inhibitor PD 0980589 (Vanden

Berghe et al., 1998; Caner et al., 1999).

Post-transcriptional regulation of MCP-l

The NF-lCB signaling pathway can a1so be inhibited by glucocorticoids by

inducing the production ofIlCB (Auphan et al., 1995). However, in PDGF-treated rat

smooth muscle ceUs, dexamethsone intluenced the expression ofMCP-l by enhancing

the degradation ofthe transcripts (poon et al., 1999). The dexamethasone-sensitive site, a
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224 nucleotide fragment, is located in the S'end and not in the putative AU-rich region in

the 3' untranslated end of the rat MCP-l mRNA (poon et al., 1999). Further analysis of

the 5' and 3' untranslated regions orthe MCP-l mRNA might reveal more regulatory

elements and identify the RNA-binding proteins involved in the regulation ofMCP-l

expression.

Investigation on the rote or proinnammatory cytokines in the regulation or MCP-l

in injured nerves

Data tram the present study suggested that TNF-a is not the only factor involved

in the regulation ofMCP-1 in injured nerves. Perhaps IL..} compensated for the absence

ofTNF-a. bioactivity in mice lacking both TNF-a. receptors. To determine whether the

combination ofIL-l and TNF-a. is physiologically important for the induction ofMCP-}

in injured nerves, the expression ofMCP-l in injured nerves ofmice lacking bath IL-IR!

and p55 TNFR (Dailey et al., 1998a) should be investigated.

153



•

•

APPENDIX

Determination of RNA Concentrations

This entire thesis is based on the methodologies which detennine the amount of

messenger RNA present in the nerve samples as well as in cultured cells. Below are the

protocols for total RNA extraction, reverse-transcription polymerase chain reaction (RT­

PCR) and RNase protection assay.

Total RNA ExtnctioD

The method was a modification of the protocol described by Chomczynski and

Sacchi (1987).

1. Nerves were frozen in liquid nitrogen, pulverized with mortar and pestle and

homogenized in a solution containing duanidinium isothiocyanate (Solution Cl. CeUs

in culture were washed with DEPC-treated phosphate-buffered saline, lysed with

solution C and homogenized.

2. Three microliters ofPolyI (10mglml) was added as carrier and added 1/10 x volume 2

M NaOAc, pH 4.0 and mixed weU.

3. Added 1 x volume water-saturated phenol and mixed weil.

4. Added 1110 x volume CHCh:isoamyl alcohol (49: 1), mixed weil and incubated on ice

for at least 15 minutes.

5. Spun al 14,000 x g for la minutes and collected the aqueous phase.

6. Extraeted with Tris-saturated phenol:CHCh:isoamyl alcohol (25:24:1), spun and

collected aqueous phase.
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7. Extracted with CHCh:isoamyl alcohol (24:1), spun and coUected aqueous phase.

8. Added 3 x volume 99010 EtOH and incubated at -70°C for at least 2 hours.

9. Spun at 14,000 x g for 10 minutes and removed supernatant.

la. Added 300 JJ.14M LiCI and incubated on ice for 30 minutes.

Il. Spun, removed supernatant and resuspended pellet in 300 J,l1 DEPC-treated water.

12. Added 30 J.Ù 3M NaOAc, pH5.2 and 900 ).li 99010 EtOH.

13. Incubated at -70°C for at least 2 hours.

14. Spun, discarded supematant and washed pellet twice with 75% EtOH and once with

99% EtOH.

15. Air dried pellet.

16. Resuspended in 10-20 J.Ù DEPC-treated water.

17. Took 1 J.Ù aliquot and diluted ta 100 J.l1 with DEPC-treated water.

18. Measured O~60 and OD280.

19. Arnount ofRNA present in sample calculated as OD260 x 40 uglml x 100 (dilution

factor) x 1 mUI000 J.Ù.

20. Ran 1 % fonnamide gel ta determine the integrity of the RNA samples.

Revene-transcriptase Polymerase Chain Reaction

For reverse transaiptiOD, IIJ8 total RNA was initially mixed with 1 J,Ll pd<N>6 (1

Jlg/J,Ll) and the volume was brought to 15 J.Ù with HPLC-grade water. Samples were then

incubated at 65°C for la minutes then at 4°C for 10 minutes. The following were added

ta the samples: 6 J.Ù Gibco's 5X First Strand Buffer, 7 J.Ù 6.25 mM dNTPs, 1 lJ1 0.1 M
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OTT, 1 J.Ù RNase inhibitor and 1 J.Ù~V-Reverse Transcriptase. The mixtures were

incubated at 37°C for 2 hours then at 95°C for 5 minutes. Reverse transcribed samples

were stored at -20°C.

For mast of the mouse nerve samples, the total RNA extracted was almast always

less than 1 1l8. Thus, the RNA samples were divided iota three and and one-third ofeach

sample was used far reverse transcription. The rest of the samples were stored al -70°C

for later use.

The amplification of a specifie eDNA was carried out in O.6-ml microcentrifuge

tubes. The reaaian mixture had the following recipe:

10 x PCR Buffer 5.0 III

50 mM MgCb 1.5 ,.11

5 mMdNTPs 3.0 J.Ù

10 JJM 5' primer 5.0 III

10 J,1M 3' primer 5.0 J.Ù

HPLC water 20-29 J.Ù

Taq polyrnerase 0.5 J.Ù

cDNA 1-10 III

Before each cDNA sample was added, 50 J,J.1 of minerai oil was layered on eaeh mixture.

The differeot primers used are described in chapters 4 and 5. Mouse CNTF cDNA was

amplified for 18 cycles of9SoC for 4S sec, 55°C for 45 sec and 72°C for 2 min. Mouse Po

and GAPDH cDNAs were amplified for 20 cycles. The rat LIF cDNA was amplified for

21 cycles. The linearity ofthe cycle numbers used was determined by amplifying the
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positive control cDNA samples from 12 to 30 cycles. To visualize and to verify the

identity ofthe amplified products, Southern blotting was perfonned.

Ta determine the amount ofCNTF rnRNA in the distal nerve stump relative ta the

concentrations present in the contralateral nerve, seriai dilutions of the cDNA tram the

contralateral nerves were performed before the amplification step. cDNA from the

contralateral nerves were diluted as foUows: lx~0.5x~O.2Sx-*>.125-+0.0625x.

Southem blotting

The PCR products were separated by 1% agarose electrophoresis, transferred

ante a nylon membrane (Hybond-W, Amersham) and the bound cDNA were fixed on the

membrane by UV 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 32p labelled antisense

oligonucleotide probe was then added. The probes for CNTF, Po, GAPDH are described

in chapter 4 while the probe for LIF is described in chapter S. The membranes were

hybridized with the labelled probe ovemight (al most 18 hours) al 37°C. Blats were

washed at least twice with 2 x SSC at room temperature for 4S minutes. After the

removal ofexcess washing solution, blots were wrapped with Saran plastic wrap and

exposed to a Kodak film overnight.

157



•

•

RNue Protection Assay

Prepartion of the cRNA probe:

Rat CNTF (Seniuk et al., 1992), LIF and MCP-I and mouse JE cDNAs were

obtained by RT-PCR using Schwann ceU and sciatic nerve RNA as templates.

Oligonucleotides (18-22 bases long) corresponding to each end ofthe mature proteins

were used as primers. BamHl restriction sites have been added ta the primers. The

amplified rat CNTF, LIF and MCP-I cDNAs were ligated ioto the pGEM-7Zf{-) plasmid

veetor white the mouse JE cDNA was ligated into the pGEM-T plasmid veetor. The 117­

bp BamHI-Psti cyclophilin cDNA subcloned into the Bluescript KS(+) plasmid vector

was a gift from Dr. George Kuchel. The CNTF-, LIF·, MCP-I-pGEM-7Zf{-) and JE­

pGEM-T plasmids were linearized with Pvull while the cyclophilin-Bluescript KS(~)

plasmid was linearized with EcoRI . Linearized plasmids were diluted to a concentration

of250 ngll-Ù and used as templates for cRNA synthesis.

For cRNA synthesis, the following reagents were mixed al room temperature: 5 J.&1

5 X Transcription ButTer, 2.5 III BSA (1 mg/ml), II-Ù 0.75 M OTT, 1 J.Ù 10 mM GTP, 1

I-Ù ATP, IJ.Ù UTP, 10 J.Ü 32p-CTP (400 mCi/mol), 1 III RNase inhibitor, 0.5 III DEPC

water, 1 J.Ü linearized plasmid, and 1 J,l1 RNA polymerase. The mixture was incubated at

40°C for 2 hours. To remove the plasmid template, 10 units ofRNase-free DNase 1was

added and the mixture was incubated at 37°C for 15 minutes. The probe was purified by

phenoVchloroform extraction followed by the use ofthe Arnicon Microcon-SO spin

column and by ethanol precipitation. The pelleted probe was resuspended in 100 JJ.1

hybridization buffer.
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Three micrograms ofRNA sample and lOs cpm of probe were heated al S5°C and

hybridized at sooe overnight. RNase digestion was perfonned al 37°C for 1 hour using a

combination ofRNase Tl (300U/ml) and RNase A (la J.1gfml). Undigested hybridized

RNAs were separated by 4 % acrylamide-urea electrophoresis. Gels were dried and

exposed to a Kodak film overnight.
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