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1. Kurzfassung

Das häufigste Glykoprotein in Myelin von peripheren Nerven ist das

Zelladhäsionsmolekül P0. Po erfüllt entscheidende Funktionen bei der Bildung und der

Erhaltung von Myelin. Myelinscheiden ermöglichen eine rasche elektrische

Signalübertragung in Axonen und dazu dient Myelin als Schutzschicht der Axone.

Mutationen im P0-Gen führen zu erblichen demyelinisierenden Nervenkrankheiten, die

durch einen fortschreitenden Verfall der Myelinscheiden und durch langsamere

Nervenleitgeschwindigkeiten gekennzeichnet sind Mause mit einer inaktivierten Po-

Genkopie (Po'" Mäuse) sind ein anerkanntes Tiermodell für einige Arten von erblichen

Nervenkrankheiten. Die verminderte Menge von P0-Protein im Myelin von P0K Mäuse

führt zu einer normal erscheinenden Bildung von Myelinscheiden, die aber in der

späteren Entwicklung degenerieren. In den degenerierenden Nerven werden

T Lymphozyten und Makrophagen gefunden Wir konnten zeigen, dass der

fortschreitende Verlauf der Demyelinisierung mit einem Anstieg der Zahl der

einwandernden T Lymphozyten und Makrophagen verbunden ist. Um zu sehen, ob

möglicherweise das Immunsystem einen Einfluss auf die Nervenkrankheit hat, wurden

P</~ Mäuse mit immundefizienten Mäusen gekreuzt. Die Immundefrzienz der hier

verwendeten Mäuse resultiert entweder aus der lnaktivierung des Rekombination¬

aktivierenden Gen-1 (RAG-1") oder aus dem Verlust der a-Untereinheit des T Zeil-

Rezeptors (TCRa"). Unsere Ergebnisse zeigen, dass die Demyelinisierung und die

Verschlechterung der Nervenleiteigenschaften von lV~ Mäusen bei defizientem

Iminunsystem weniger ausgeprägt sind. Darüber hinaus ist die Frequenz der T Zellen, die

auf Myelinbestandteile wie Po, P„, oder Myelin-basisches Protein mit Zellteilung

reagieren, in Po'" Mausen erhöht. Zusammenfassend schlagen wir mit der vorliegenden

Studie vor, dass in Mäusen mit einer pnmar genetisch verursachten Nervenkrankheit

gegen eigene Myelinbestandteile gerichtete Immunzellen den Verlauf der

Demyelinisierung deutlich verschlechtern



2. Summary

The adhesive cell surface molecule P0 is the most abundant glycoprotein in peripheral

nerve myelin and fulfills pivotal functions during myelin formation and maintenance.

Mutations in the corresponding gene cause hereditary demyelinating neuropathies, which

are characterized by a progressive degeneration of myelin sheaths and in consequence by

slowed nerve conduction velocities Mice heterozygously deficient in P« (P0'~ mice) are

an established animal model for a subtype of hereditary neuropathies. The reduced dose

of Po protein in myelin of Po"" mice leads to an apparently normal formation of myelin

sheaths, later on followed by demyelination. T-lymphocytes and macrophages are present

in the demyelinating nerves. We show that progressive demyelination is associated with

increased numbers of infiltrating T-lymphocytes and macrophages. In order to monitor

the possible involvement of the immune system in myelin pathology, we crossbred Po+"

mice with null mutants for the recombination activating gene 1 (RAG-1") or with mice

deficient in the T cell receptor a-subunit (TCRa") We found that in P0+" mice myelin

degeneration and impairment of nerve conduction properties is less severe if the immune

system is deficient. Moreover, isolated T-lymphocytes from P0+" mice show enhanced

reactivity to myelin components of the peripheral nerve, such as P0, P_, and myelin basic

protein. We hypothesize that autoreactive immune cells can significantly foster the

demyelinating phenotype of mice with a primarily genetically based peripheral

neuropathy.
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3. Introduction

The main task of the nervous system is the transmission of electrical signals in the form

of action potentials to distant target organs through specialized processes of neurons,

termed axons Especially in the peripheral nervous system (PNS), action potentials have

to be transmitted over distances of up to the largest extension of the organism in a fast

and reliable manner.

3.1 Formation and composition of myelin

In vertebrates, axonal signal transmission is enhanced by a fatty layer around the axon,

the myelin sheath. Although myelin sheaths in the central nervous system (CNS) and in

the PNS share some structural and functional properties, they differ for instance in the

biochemical composition or in the cells forming myelin. Myelin sheaths in the CNS are

formed by oligodendrocytes, whereas in the PNS, a different cell type called Schwann

cells elaborates a similar structure.

Oligodendrocytes are a CNS-specific glial cell type derived from precursor cells that

arise in restricted regions of the neural tube They migrate throughout the CNS to

populate the presumptive white matter Terminal differentiation is achieved by single

oligodendrocytes extending several processes to enwrap multiple axons and to form

several myelinated axonal segment, the so called internodes (for review Miller and Ono,

1998).

In the PNS, myelin is formed by Schwann cells, a glial cell type originating from the

neural crest, which also gives rise to neurons and other glial cell types (Bronner Fraser,

1995a; Bronner Fraser, 1995b) Schwann cell precursor cells migrate along axonal tracts

and initially ensheath bundles of axons. Survival of Schwann cell precursors is regulated

by signals from axons. There is a line of evidence that this axonal signal consists of beta-

neuregulin (NRG-ß, also known as NDF, heregulin, ARIA, GGF, or SMDF, for review

Jessen and Mirsky, 1998)

By the time of birth in rodents, Schwann cells attain a promyelinating stage, in which

individual, so called *'myelin-competenf' large caliber axons are sorted out of these
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bundles to associate with additional Schwann cells and to establish a 1 ; 1 relationship (for

review Mirsky and Jessen, 1996). In contrast to Oligodendrocytes, a Schwann cell

myelinates only a single segment (up to 1 5 mm) of one axon. Axons are covered over

the entire length with consecutive Schwann cells.

Once this 1 1 relationship established, Schwann cells start to differentiate into myelin-

forming cells The differentiation process is characterized by the initiation of expression

of high levels of myelin-specific proteins and the synthesis of large amounts of cell

membrane that are wrapped around the axon in a spiral-like layer. The cytoplasm

originally contained within the cell membrane layers is extruded resulting in the

compaction of the myelin sheath. The close opposition of intracellular aspects of the

membrane bilayers yields in the major dense line and extracellular aspects form the

intraperiod line.

Myelin functions mainly as an electric insulator, allowing the exchange of ions only at the

not myelinated segment of the axon between two Schwann cells, termed node of

Ranvier. Therefore the action potential is transmitted from one node to the next in a

saltatory way, which leads to a rapid and energy-saving propagation of action potentials

even in axons with a relatively small caliber

Myelin sheaths are mainly composed of various lipids, which constitute about 70% of the

total dry weight. The myelin bilayer has highly specialized properties as a result of its

unique lipid composition. This is reflected in mice deficient for an enzyme of the lipid

biosynthesis, the UDP galactosexeramide galactosyltransferase (cgf) (Bosio et al.,

1996; Coetzee et al., 1996), leading to a lack of the galactolipid galactocerebroside and

sulfatide in the myelin sheath These mice yet form myelin sheaths that exhibit major

dense lines and intraperiod lines with spacing comparable to controls. Flowever an

altered nodal length, reversed lateral loops and deficits in the velocity of nerve

conduction are observed in cgf" mice The alterations are much more prominent in the

CNS and there especially at nodal regions (Dupree et al
, 1998a). Taking together, the

current data indicate that these lipids are essential for formation and the long-term

maintenance of myelin (Dupree et al
, 1998b)

For the purpose of the current study, we would like to focus on proteins expressed in

myelin Proteins are quantitatively minor components of the myelin sheath Nevertheless
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they fulfill crucial functions in the development and maintenance of myelin, as revealed

by the genetic deficiency or mutations in various proteins expressed in the myelin sheath

3.2 Classification of Charcot-Marie-Tooth disease

Of particular interest for this study are the genes in which mutations were found in

human in association with Charcot-Marie-Tooth (CMT) disease. CMT is a common

disorder of the PNS with a prevalence estimated between 1/2500 and 1/4000 in western

population (Mendell, 1998; Skre, 1974) This heterogeneous group of disorders of the

PNS is named after Jean Martin Charcot, Pierre Marie (Charcot and Marie, 1886), and

Howard Henry Tooth (Tooth, 1886), who described cases of an autosomal dominantly

inherited syndrome characterized by a progressive weakness followed by atrophy first of

the lower extremities, then progressing to the hands and the arms. Clinical features

include an impairment of both motor and sensory nerve functions. The onset of CMT is

typically during the first or second decade of life There is a wide variation in clinical

presentation of CMT, ranging from patients with severe distal atrophy and marked hand

and foot deformity, to individuals with minimal distal muscle weakness (for reviews

Keller and Chance, 1999; Suter and Snipes, 1995)

Derived from a currently widely accepted classification this group of disorders is also

known as hereditary motor and sensory neuropathies (HMSN, (Dyck et al, 1993) Based

on clinical, electrophysiological, and increasingly genetical findings CMT is classified

into various subtypes

Charcot-Marie-Tooth disease type 1

CMT1 (HMSN I) is characterized by demyelination, as revealed electrophysiologically

by significantly lowered nerve conduction velocities (NCVs) and pathologically by

segmental demyelination and remyelination and the presence of supernumerary Schwann

cells. The so called onion bulbs are a striking feature of hereditary neuropathies and also

characteristic for many other demyelinating neuropathies Onion bulb cells are often

arranged in multiple layers around thinly myelinated axons giving the nerve a

"hypertrophic" aspect (for review Dvck et al
, 1993)
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Onion bulb cells express some of the markers for immature non-myelinating Schwann

cells (Guénard et al., 1996; Hanemann et al., 1997). This led to the hypothesis that

Schwann cells with degenerating myelin might undergo a dedifferentiation and

subsequently proliferate again. The recently shown dependency of survival of adult

Schwann cell on autocrine trophic factors (Meier et al., 1999) could therefore implicate a

competition among Schwann cells for trophic factors which might be represented in the

close approaching of the supernumerary cells to "healthy" axon-Schwann cell formation

As the most frequent observation about 70% of patients with CMT1 (Bort et al., 1995;

Wise et al., 1993)) carry a duplication of a 1.5 megabase region on chromosome 17pll.2

(Lupski et al., 1991a; Raeymaekers et al, 1991). This locus contains the gene for

peripheral myelin protein PMP22 (Matsunami et al., 1992; Patel et al., 1992; Timmerman

et al, 1992; Valentijn et al., 1992) and neuropathies associated with mutations in the

pmp22 gene are classified as CMT type 1A. Flanking this chromosome region there are

repetitive elements found which may favor the chromosomal recombination and thus may

create a "hot spot" for the duplication (Pentao et al., 1992; for review Keller and

Chance, 1999).

A subtype clinically indistinguishable from CMT1A is associated with mutations in the

gene of myelin protein zero (Po, MPZ) (Hayasaka et al, 1993a) and therefore this

subtype is termed CMT1B. There are a continuously growing number of different types

of mutations in the gene for P0 which also display a wide variation in clinical phenotypes

(for reviews Nelis et al., 1999; Warner et al, 1996).

The dominant X-linked form of CMT is termed CMTX. As these mutations are located

on the X chromosome, females heterozygous for the mutation are only mildly affected,

whereas males hemizygous for the mutations show a more severe clinical phenotype The

onset of CMTX is in childhood In general, CMTX patients display a similar clinical

phenotype as CMT1 patients, although the progressive distal weakness tends to be

severer in CMTX and conversely the NCVs are less reduced than in CMT1. As in other

forms of CMT, the clinical features of CMTX vary m severity among affected patients

even within the same family (Hahn et al, 1990, Rozear et al., 1987). CMTX is

associated with mutations in the gene of connexin 32 on chromosome Xql3 1 (Bergoffen

et al, 1993).
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Charcot-Marie-Tooth disease type 2

CMT2 (HMSN II) is characterized by normal or near normal NCVs, and the major

pathological feature is a decreased number of large myelinated axons without prominent

demyelination and remyelination (Dyck et ai, 1993) CMT2 has a later age of onset. For

CMT2 several loci are known, but so far no genes are characterized (for review Nelis et

al., 1999).

Deierine-Sottas syndrome

Dejerine-Sottas syndrome (DSS, also called Dejerine-Sottas disease (DSD), CMT3, or

HMSNIIl) is a severe, infantile onset, demyelinating polyneuropathy (Dyck et al., 1993).

The clinical features overlap with those of severe CMTl. Therefore the separation of

CMTl and DSS may be unwarranted, all the more some cases of DSS are associated

with mutations in the genes of PMP22 and P0 (for review Keller and Chance, 1999).

The classification of CMTl as demyelinating form and CMT2 as axonal form is however

an oversimplification. The progressive nature of CMTl seems not to arise from the

demyelination and remyelination processes revealed by decreased NCVs, but rather from

a progressive loss of axons as revealed by decreased amplitudes of motor action

potentials (Lupski et al, 1991b). Accordingly several patients with CMTl mutations

have been diagnosed as CMT2 according their clinical phenotype (Sghirlanzoni et ah,

1992; Timmerman et al
,
1996).

This presentation of CMT subtypes is not exhaustive The classification will probably be

subject to further modifications in future, as recently also mutations in the transcription

factor KROX20 (EGR2) were found to be associated with hereditary neuropathies of the

CMTl type and with congenital hypomyelmating neuropathy (Warner et al, 1998).

Furthermore, there are 18 loci known to be associated with peripheral hereditary

neuropathies (for review Nelis et al
, 1999), but the corresponding genes wait to be

characterized.
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3.3 Overview of myelin proteins with relevance for inherited neuropathies

Peripheral myelin protein 22 (PMP22)

The pmp22 gene encodes for a protein with an apparent molecular weight of 22 kD. It

contains a single N-glycosylation site and four putative transmembrane domains (Spreyer

et al., 1991, Welcher et al., 1991) PMP22 is member of a family of cell surface

molecules (Taylor and Suter, 1996) with still unclear functions.

The transcriptional regulation of PMÜP22 expression is complex and involves two

different promotors upstream of two alternative noncoding exons 1A or IB, respectively

(Suter et al, 1994). Both transcripts give rise to identical proteins. Exon 1A is

preferentially found in myelinating Schwann cells whereas exon IB is primarily used in

non-neuronal tissues as lung, gut and heart (Bosse et al., 1994; Suter et al., 1994).

Recently it was reported that the pmp22 gene is also regulated on different post-

transcriptional levels. Transient transfection of N1H3T3-fibroblasts and rat Schwann cells

demonstrated that the alternative 5'UTRs and the 3'UTR exert differential regulatory

influences on the translation efficiency (Bosse et al., 1999).

In the PNS, PMP22 is localized in compact myelin (Weicher et al., 1991). An

involvement in myelin formation is revealed by the myelin diseases associated with

mutations in PMP22. Two distinct point mutations in the pmp22 gene are found in

Trembler or in Trembler-J mice (Suter et al., 1992a. Suter et al., 1992b), which suffer

from severe hypomyehnating neuropathy. Accordingly, several point mutations in the

human pmp22 gene are associated with CMTl A or DSS (for review Naef and Suter,

1998).

Apparently, not only a mutated gene product, but also an alteration of the gene doses of

PMP22 leads to abnormalities in myelin As mentioned above, in human the duplication

of the chromosomal region containing the pmp22 gene leads to three functional gene

copies and to the clinical phenotype of CMT IA Further support is derived from

transgenic rats with approximately 3 extra copies of the pmp22 gene These animal

models develop myelin alteration closely resembling to the human neuropathy in CMTlA

as assessed by morphological and physiological criteria (Sercda et al, 1996) The
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pathological hallmarks of CMTlA and these animal models include segmental

demyelination and remyelination. An accumulation of proteins in intracellular protein

trafficking pathways is observed, however the exact mechanisms is currently not known

by which the additional dose of PMP22 leads to pathological alterations. Transgenic

mice with approximately 16 or 30 extra copies of the pmp22 gene show an almost

complete lack of myelin formation, termed dysmyelination (Magyar et al., 1996). An

intermediate severity of the phenotype has been described for mice with 8 extra copies of

the human pmp22 gene (Huxley et al., 1996).

The reciprocal event of the CMTlA duplication is the deletion of the same region of the

chromosome, which is associated with the hereditary neuropathy with liability to

pressure palsies (HNPP, (Chance et al., 1993). HNPP is characterized by focal myelin

thickenings, the so called "tomacula" with a high tendency to degenerate at later stages

(Windebank, 1993). Mice heterozygous for a null mutation of PMP22 (PMP22+~) show a

progressive demyelinating neuropathy reminiscent of HNPP (Adlkofer et al, 1997),

whereas homozygous knock out mice (PMP22") show a delay already in the onset of

myelination, followed by a much more severe hypermyelination with extensive tomacula

formation, and later on a pronounced myelin degeneration and axonal loss (Adlkofer et

al., 1995). Based on these observations, a function of PMP22 in initiation of myelination,

regulation of myelin thickness, and in maintenance of myelin is hypothesized (Martini and

Schachner, 1997; Naef and Suter, 1998).

Myelin protein zero (PO)

A number of the characterized proteins expressed in myelin belong to the

immunoglobulin (Ig-) superfamily of cell adhesion molecules. Except few GPT-linked

molecules, cell adhesion molecules of the Ig-family consist typically of an intracellular

and a transmembrane domain and one to several extracellular Ig-like domains.

The most abundant protein in myelin of mammalian PNS is myelin protein zero (P0,

MJ3Z) Pn accounts for 50-60% of total protein mass (Greenfield et al
, 1973). The gene

encoding for P0 is located on chromosome 1 both in mouse (Kuhn et al., 1990) and

human (Flayasaka et al, 1993b, Pham Dinh et al, 1993). From cDNA sequence
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information, a mature P0 protein with 219 amino acids (»24 kD) can be deduced (Lemke

and Axel, 1985). The higher apparent molecular weight of 30 kD of isolated P0 protein is

attributed to glycosylation, possibly at the single N-linked glycosylation site (Asn-93)

located in the Ig-like domain (Bollensen and Schachner, 1987)

In mammals, P0 protein expression is most prominent in Schwann cells and not found in

other tissues than the PNS. Massive expression of Po parallels the rate of myelin

production. The strong expression during the first postnatal weeks is followed by a

decline to low and stable levels once myelination is accomplished (Trapp et al, 1981;

Wiggins et al., 1975)

Experiments in chicken (Bhattacharyya et al, 1991) and rats (Baron et al., 1994) have

revealed an expression of P0 at lower levels long before onset of myelination. The

expression in the neural crest, in Schwann cell precursors, and embryonic Schwann cells

is irrespective of whether they will myelinate or not (Lee et al, 1997). This may indicate

that Po acts as specific marker for the Schwann cell lineage at this time point. The

function of Po already at this early time point is unclear. Later on P0 is upregulated in

myelinating Schwann cells and downregulated in non-myelinating Schwann cells,

demonstrating a complex regulation of the expression of the P0 gene (Brown and Lemke,

1997; Cheng and Mudge, 1996)

In mature myelin sheaths, P0 is localized in the compacted regions (Martini et al., 1988;

Trapp et al, 1981). The localization lead to a proposed function as structural protein

holding the myelin lamellae together. In accordance, several studies have shown that the

Ig-like domain of Pn can mediate the cell adhesive properties in vitro (D'Urso et al,

1990; Filbin et al, 1990, Griffith et al, 1992, Schneider Schaulies et al, 1990; Zhang et

al., 1996) In this view, homophilic interaction of the extracellular domain of Pn

molecules leads to the compaction of opposing Schwann cell membranes and the

formation of the intraperiod line (Lemke, 1988) The crystal structure of the extracellular

Ig-like domain of Pn supports this vtew and suggests that P0 molecules can form

tetramers (Shapiro et al, 1996) In addition, a solvent-exposed tryptophan side chain

(Trp-28) at the apex of the crvstahzed extracellular Ig-like domain of P0 is suggested for

a direct interaction of Po molecules with the opposing myelin membrane Thus, a

formation of adhesive complexes could mediate the exact spacing of myelin membranes

(Shapiro et al. 1996)
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The intracellular domain of Po contains a strong positive charge due to basic amino acids.

They are believed to interact with negatively charged lipids on the adjacent membrane

and thus contribute to the formation of the major dense line (Ding and Brunden, 1994;

Kirschner and Ganser, 1980, Lemke and Axel, 1985, Martini et al., 1995a).

The crucial role of Po in myelin of the PNS is demonstrated in mice deficient in P0 (Giese

et al., 1992). Mice homozygously deficient for P0 (Po" mice) were generated by

homologous recombination P0" mice show a dramatically impaired formation of myelin

sheaths, a hypomyelination along with reduced membrane compaction, and an abnormal

expression of other molecules involved in myelination (Giese et al., 1992) This is

associated with impaired motor coordination and conduction properties (Zielasek et al.,

1996) and occasional convulsions (Giese et al, 1992)

In contrast, peripheral nerves of mice heterozygous for the knockout mutation (IV")

show a normal myelin formation by morphological criteria at the age of four weeks

(Giese et al, 1992; Martini et al., 1995b), despite an expression of Po protein reduced to

approximately the half of the expression in nerves of wild type mice (Giese et al., 1992).

With increasing age, however, a progressive demyelination resembling mild forms of

CMT1B is observed (Martini et al., 1995b) First signs detectable in morphology appear

in mice at four month of age Prominent features of the demyelination are too thin myelin

sheaths with respect to the corresponding axon diameters and the presence of

supernumerary Schwann cells, the onion bulbs (Guenard et al., 1996; Martini et al.,

1995b) In addition, vivid differences in myelin thickness along one fiber suggest a

segmental demyelination (Martini et al, 1995b, Shy et al., 1997) A large number of

myelinating Schwann cells of Po'" mice formed ovoid inclusions at the paranodes as

observed in teased fiber preparations These ovoids are never detected in wild type mice

and may reflect a pronounced susceptibility of the paranodal region for degenerative

events (Martini et al, 1995b).
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Connexin 32 (Cx32)

Another protein found in myelin of the PNS is the Cx32 protein belonging to the family

of gap junction proteins. Connexin proteins have four transmembrane domains in

common and are named according to their apparent molecular weight. In the current

model, connexin molecules oligomerize in the membrane to form hexamers, also called

connexons. Connexons interact with connexons in the adjacent membrane to form pores

or channels. In specialized regions of the cell membrane, the so called gap junctions,

these channels allow an intercellular exchange of small molecules

In the myelin of the PNS Cx32 is mainly found in uncompacted membrane aspects as the

paranodal loops and the Schmidt-Lanterman incisures (Bergoffen et al., 1993; Scherer et

al., 1995). Based on this expression pattern, Cx32 was proposed to enable a short-cut

pathway for diffusion across the layers of Schwann cell membrane of myelin sheaths

(Scherer et al., 1995).

Mice deficient in Cx32 (Cx32") display a relatively mild phenotype (Nelles et al, 1996)

and the formation of myelin in the PNS is normal as analyzed by morphological methods

(Anzini et al., 1997) Furthermore, a study investigating the function of Cx32 as pore

forming molecule has revealed that the radial diffusion of low molecular weight dyes

across the myelin sheath is not interrupted in myelinating Schwann cells of Cx32" mice

(Balice-Gordon et al, 1998) These findings indicate that other molecules have to

participate in forming gap junctions in these cells, even though Cx32 is so far the only

known molecule of this family expressed in myelin of the PNS. A specific transport

mechanism within cytoplasmic domains m a circumferencial pathway is very unlikely

since the radial pathway across the myelin sheath is estimated to be approximately one

million times faster than the circumferential pathway (Balice-Gordon et al., 1998)

Although the apparent normal formation of peripheral myelin in the absence of Cx32

gives no indication about functions of Cx32 during myelin formation, a function in

maintenance of myelin is shown bv the observation of a late-onset mild peripheral

neuropathy in Cx32" mice (Anzini et al
, 1997) Similar to CMTX patients with

mutations in the Cx32 gene, structural abnormalities are characterized by thinly

myelinated axons, a progresshe onion bulb formation, enlarged periaxonal collars, and
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abnormal organization of non-compacted regions of myelin (Bergoffen et al., 1993; for

reviews Martini, 1997; Scherer, 1997).

Transcription factors

The genes associated with hereditary neuropathies were recently extended with a gene of

a family very distinct from structural myelin proteins (Warner et al, 1998). The Krox-20

gene (also known as EGR2) is part of a multigene family encoding Cys(2)-His(2) type

zinc-finger proteins and the protein acts as a transcription factor (Nardelli et al., 1991)

At least two transcription factors have been shown to be involved in the initiation of

myelination. The expression of the "suppressed cAMP inducible POU-domain" (SCIP)

protein (also known as Oct-6 or Tst-1) is induced in Schwann cells by contact with

axons, is maximal in promyelinating cells and is gradually extinguished as cells begin to

myelinate (Monuki et al, 1990; Scherer et al., 1994. Zorick et al, 1996) In contrast to

SCIP, the expression of Krox-20 is detected in promyelinating Schwann cells only -24

hours after these cells first become SCIP positive Stable expression of Krox-20 is

specifically associated with the onset of myelination in the peripheral nervous system and

is thereafter maintained into adulthood (Blanchard et al, 1996, Zorick et al, 1996)

The functional roles of these transcription factors in myelin formation were confirmed by

genetically engineered mutations Remarkably, peripheral nerves of SCIP" mice show

only a transient stalling of Schwann cell differentiation at the promyelinating stage in the

first postnatal week. During subsequent weeks, there is an increasingly normal

myelination observed, which leads to nearly normal appearing nerves with slightly thinner

myelin sheaths in young SCIP" adults (Jaegle et al, 1996) Interestingly, targeted

expression of a dominant-negative truncated mutant of SCIP using the promoter of Po

(Po-ASClP) results in an accelerated Schwann cell differentiation and myelination

(Messing et al., 1992, Weinstein et al, 1995) Based on these data, the following

functions were attributed to SCIP Induced by axonal contact, SCIP expression holds

promyelinating Schwann cells in an immature stage eventually allowing sufficient

Schwann cell proliferation and differentiation The complete lack in SCIP" results

thereby in an initial slowing of myelination possibly reflecting a disturbed axon-Schwann
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cell interaction. The fact that apparently myelination, although delayed, can start even in

the absence of SCIP may indicate that the function of SCIP is not essential for the

promyelinating-to-myelinating transition, at least not in so far investigated paradigms

The lack of SCIP might be compensated by other factors The interpretation of the

accelerated myelination of Po-ASClP mice is complicated by the reported very early

activity of the P0 promoter already in migrating Schwann cell precursors (Lee et al
,

1997), and by the repressive effect of SCIP on the Po promoter (Monuki et al, 1993),

i.e. ASCIP possibly downregulates in this construct its own expression and the

expression of endogenous SCIP In the natural situation without transgene, the

subsequent downregulation of SOP then allows the terminal differentiation of Schwann

cells (Jaegle and Meijer, 1998; Zorick et al, 1999)

Krox-20" mice display a disrupted hindbrain segmentation and development (Swiatek

and Gridley, 1993) and a block of Schwann-cell differentiation at an early stage (Topilko

et al, 1994). The assessment of functional roles of Krox-20 during myelin formation in

the PNS is hindered by the fact that most Krox-20" mice die shortly after birth.

Nevertheless it was possible to show that in surviving Krox-20" mice at postnatal day 12

(PI2) the SOP expression is not downregulated as in Krox-20+' or Krox-20+".

Furthermore Krox-20" Schwann cells do not withdraw from cell cycle at P12, which is

compensated by a dramatically increased apoptosis of Schwann cells. In addition, Krox-

20 transactivates the P0 promoter in cultured rat Schwann cells in cotransfection

experiments. These data demonstrate that the loss of Krox-20 arrests the differentiation

of Schwann cells in mice at the promyelinatmg stage (Zorick et al, 1999).

It remains to identify the factor inducing Krox-20 expression Krox-20 is not found in the

non-myelinating Schwann cell lineage (Zorick et al
, 1996) Therefore most probably an

axonal signal either induces Krox-20 expression in Schwann cells in contact with axons

that are prone to acquire a myelin sheath .AlternativeIv axons remaining non-myelinated

transmit a signal repressing Krox-20 expression Another question is whether Krox-20 is

sufficient and necessary to induce myelination Due to the early lethality of Krox-20"

mice it can not be excluded that at latet stages compensating mechanisms would lead to

myelination as observed in SOP" mice

The identified recessive or dominant mtssense mutations in the Krox-20 gene of patients

with congenital hypomyelinating neuropatlw (CHN) and a family with Charcot-Marie-
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Tooth type 1 (CMTl) support the hypothesis that Krox-20 may be a transcription factor

affecting late myelin gene expression and that mutations in Krox-20 may result in human

neuropathies (Warner et al, 1998).

Myelin associated glycoprotein (MA G)

Although so far no association of diseases of the nervous system with mutations in the

human gene for the myelin associated glycoprotein (MAG) has been shown, this

molecule is of interest in that its absence in genetically engineered mice leads to a myelin

degeneration reminiscent ofthat in inherited neuropathies

MAG is a member of the lg-superfamily It consists of five extracellular Ig-like domains

and is expressed in myelinating glial cells in the PNS and CNS. In the following we

would like to focus on its role in peripheral myelin.

MAG is a minor constituent of myelin and is found in non-compacted regions of the

myelin sheath as the periaxonal collar, the paranodal loops, and in Schmidt-Lanterman

incisures and the outer cytoplasma membrane of Schwann cells (for review Bartsch,

1996).

If Schwann cells were infected in vitro with retrovirases expressing MAG, the Schwann

cells displayed a promoted ensheathment of larger caliber axons (Owens et al, 1990).

Accordingly, in corresponding experiments with retrovirases expressing antisense RNA

for MAG, these Schwann cells showed a reduced ability of sorting out and ensheathment

of larger caliber axons in co-culture with dorsal root ganglion neurons (Owens and

Bunge, 1991) The inhibition of myelination in the latter case was attributed to the

reduced MAG expression and therefore a function of MAG in initial stages of

myelination was suggested To address the function of MAG, MAG-deficient mice were

generated (Li et al
,
1994. Montag et al, 1994) In contrast to earlier findings with

antisense RNA, cultured Schwann cells of MAG deficient mice do myelinate DRG

neurons in vitro (Carenim et al, 1998) Also in vivo, an initial formation of apparently

normal myelin in the P\S is observed (Li et al., 1994, Montag et al, 1994) Starting

approximately at an age of three month, absence of MAG was correlated with reduced

axonal calibers, decreased neurofilament spacing, and reduced neurofilament
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phosphorylation in the PNS (Yin et al., 1998). At later stages there is a slowly

progressive degeneration of myelin and axons in the PNS ofMAG mutant mice (Carenini

et al., 1997; Fruttiger et al., 1995) This is represented in pathological alterations

including myelin tomacula, onion bulb formation, and myelin ovoids indicative for axonal

degeneration The degeneration of axons in association with mutations primarily

affecting myelin formation reflects an interaction between axons and Schwann cell that

may be crucial for the maintenance of axonal connections (Adlkofer et al., 1995; Frei et

al, 1999).

Two distinct isoforms, large MAG (L-MAG) and small MAG (S-MAG), are produced

through the alternative splicing of the primary MAG transcript (Tropak et al., 1988).

Interestingly and in contrast to the null MAG mutants, in aged mutant animals expressing

only the S-MAG isoform PNS axons and myelin do not degenerate, indicating that S-

MAG is sufficient to maintain PNS integrity (Fujita et al., 1998).

Only the cytoplasmic domain of L-MAG, but not of S-MAG, contains a unique

phosphorylation site that has been shown to associate with the fyn tyrosine kinase, one of

the non-receptor-type tyrosine kinases of the Src family. Crosslinking of L-MAG with

antibodies induces a rapid increase in the specific activity of fyn kinase (Umemori et al.,

1994). The fyn tyrosine kinase was recently reported to stimulate the activity of the

promoter of the myelin basic protein (MBP) gene coupled to a reporter gene when

transfected in CV1 cells (Umemori et al, 1999) Moreover, L-MAG is expressed

abundantly early in the myelination process, possibly indicating an important role in the

initial stages of myelination Nevertheless the lack of this phosphorylation site neither in

the MAG" nor in the L-MAG" leads to detectable abnormalities in PNS myelin formation

(Fujita et al, 1998)
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As a summary the following mutant mice show in a simplified view a marked impairment

at the onset of myelin formation in the PNS, leading to a severe hypomyelination or even

a complete dysmyelination:

• Po"

• PMP22""

• trembler and trembler-J

• PMP22 overexpressing transgenic mice

• Krox20"

The following animal mutants display an apparently normal formation of myelin followed

by demyelination and remyelination:

• Po'"

• Cx32" (male: Cx32y/-)

• PMP22'"

• PMP22 overexpressing transgenic rat (Sereda et al., 1996)

• MAG"

Mice double deficient in two of myelin proteins were generated to asses a possible

compensatory mechanism in single deficient mice during myelin formation Interestingly,

either P0'"Cx32" mice (Neuberg et al, 1998) as well as MAG'NCAM" double mutant

(Carenini et al., 1997) show still a seemingly normal myelin formation in the PNS.

However the demyelination at later stages is accelerated in both double mutants when

compared to the respective single mutants. These results may indicate a high redundancy

of functions of myelin proteins during myelin formation with elevated expression of

myelin proteins. A deficiency in myelin proteins may be mirrored at later stages in an

impaired capacity of maintenance This impaired maintenance may be due to a structural

instability caused by the reduced levels of the respective protein. Alternatively the

compensatory mechanism may no longer be effective at lower expression of myelin

proteins in adult stages (Carenini el aL 1997. Neuberg et al, 1998).
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3.4 P0+- mouse as model for human diseases

The current study has focused on the P0
"

mouse as model for CMT IB disease in human

(for review Martini, 1997) CMT1B patients usually are heterozygous for various point

mutations in Po (for review Nelis et al., 1999) Considerable variance is observed among

CMT1B patients with different Po mutations (De Jonghe et al., 1999). In a group of

patients with mutations in the gene for P0, tomacula-like profiles resembling those seen in

HNPP (see above) were observed (Gabreels-Festen et al., 1996). Tomacula were not

observed in lV~ mice. This divergence is attributed to toxic gain-of-functions of mutated

Po molecules (Hayasaka et al, 1993a) Possible mechanisms for toxic gain-of-functions

could be a binding to new ligands, or changed binding properties. Alternatively a

hypothesized retention in the endoplasmic reticulum could lead to a disruption of protein

trafficking, as it is shown for mutations in the genes for PLP (Gow et al., 1998), PMP22

(Tobler et al., 1999), or Cx32 (Deschênes et al., 1997) Such toxic gain of functions

would not be reflected by the knock out mutation of the mouse. This is mirrored by the

relatively mild phenotype of P0J~ mice and strikingly also of mutations in human leading

to a truncated Po protein and presumably to a loss of function (Martini, 1997; Warner et

al., 1996). The same P0 null mutation in a homozygous state in human leads to the more

severe phenotype of DSS (Sghirlanzoni et al, 1992, Warner et al, 1996), perfectly

matching with the phenotypes of the heterozygous Pn
"

and the more severelv affected

homozygous Po" mice (Giese et al, 1992, Martini et al., 1995b) Furthermore,

abnormalities in myelin similar to those m IV
"

mice were observed in biopsies of some

CMT IB patients ( Gabreels-Festen et al, 199ö, Martini, 1997)

An other line of evidence is derived from investigations of nerve conduction properties of

Po-deficient mice m vivo Typical signs of demyelinating neuropathies are encountered as

slowing of nerve conduction velocity, temporal dispersion, polyphasia and increased

latencies (Martini et al, 1995b, Shy et al
,
1097, Zielasek et al, 1996).

Taking together, despite important differences between mouse and men as for instance in

the size of the organism or in life span, there ts a considerable line of evidence that the

Po
"

mouse can serve as valuable model for particular cases of Pn-related inherited

neuropathies (for review Martini. 19Q7)
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3.5 Possible role of the immune system

During analysis of P0-deficient mice, the observation of immune system derived cells

within the endoneurium of demyelinating nerves arose the question of a possible

involvement of the immune system (Martini et al, 1995b, Schmid et al., 1996; Shy et al,

1997). Could the presence of immune system derived cells point out to an active role of

the immune system in the demyelination9

Indeed also in nerve biopsies of CMT IB patients there are infiltrating inflammatory cells

found (Stoll et al., 1998), however in clearly lower numbers if compared to neuropathies

with established inflammatory contribution (Schmidt et al, 1996) Additional evidence

for a role of the immune system in demyelination is derived from the observed variance in

onset and severity in inherited peripheral neuropathies (De Jonghe et al., 1999). As

mentioned above, this variance may be in a large part due to the different mutations

occurring in different cases However within a family with an autosomal dominant

pedigree, the same mutation can be assumed to be responsible for the neuropathy.

Nevertheless remarkable intrafamilial differences in time course and severity of disease

are observed (Bird et al, 1997, Birouk et al, 1997) Therefore additional epigenetic

factors or environmental influences modulating the phenotype of the disease are

hypothesized (Birouk et al., 1997) The immune system could be such a factor that is

influenced by the environment and therefore could have a variable effect on the disease

progression Actually, already in 1982, P.1 Dyck and co-workers reported a clinical

improvement of some CMT patients under immunosuppressive treatment (Dyck et al.,

1982a). At that time, there were no data about the nature of the different mutations and

patients have been classified mainly accotdmg to clinical and electrophysiological data.

Therefore the patients in this early studies might have represented a rather heterogeneous

group. Subsequently a number of publications have addressed the question of a possible

role of the immune system in inherited neuropathies, mainly by investigating different

parameters of the immune system m affected CMT patients (Gregory et al, 1993,

Mitchell et al.. 1991, Solders et al. 1992, Stoll et al, 1998, Williams et al, 1987,

Williams et al, 1993, Williams and Wright, 1993)



20 Intioduction

Acquired human neuropathies with involvement of the immune system

In order to study a possible involvement of the immune system in demyelination in

inherited neuropathies, a comparison with other demyelinating neuropathies might be

instinctive.

Various approaches have underlined the involvement of the immune system in acquired

neuropathies as for instance the Guillain-Barre-syndrome (GBS) or the chronic

inflammatory demyelinating polyneuropathy (ODP, for reviews Härtung et al, 1993,

Steck et al, 1998) GBS is frequently associated with cytomegalovirus infections (for

review Härtung et al
, 1998) or occurs in 30-45% of all cases 1-3 weeks after infection

with certain strains of the enteropathogen Campylobacter jejuni (Yuki et al, 1990, for

reviews Hao et al., 1998; Ho et al., 1998) The demyelination is found in association with

cross-reactive antibodies generated against bacterial antigens (lipopolysaccharides) that

share epitopes with gangliosides and related glycolipids in the myelin membrane

(molecular mimicry; Yuki, 1997)

Experimental autoimmune neuritis

The major part of the data concerning possible mechanisms are derived from studies in

the animal model for GBS, the experimental autoimmune neuritis (EAN). In EAN, a

demyelinating phenotype can be induced by active immunization of rats with peripheral

myelin preparations, purified peptides of myelin proteins or purified complete proteins as

IV, Po (for review Härtung et al
, 1993), or recently also PMP22 (Gabriel et al, 1998).

Apparently all currently known effector mechanisms of the immune svstem are involved

in the pathogenesis of EAN, namely the humoral response with antibodies and the

cellular response with T lymphocytes (T ceils) and macrophages

Brief introduction into basic mechanisms of the immune svstem

Higher animals possess a highly sophisticated immune system dedicated to the effective

resistance to the invasion of foreign, possibly pathogenic macromolecules or organisms
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Specific immune responses are mounted against foreign material, generally directed

against macromolecules, which are called antigens Antigens are taken up in peripheral

organs, processed, and transported to lymphoid tissue by specialized cells, the antigen

presenting cells (APC). Macrophages and especially dendritic cells are considered as

"professional APC", other cell types may act as less efficient "facultative APC". Antigens

are presented to lymphocytes in the context of major histocompatibility complex (MHC)

molecules and co-stimulatory molecules can direct efficiency and specificity of antigen

presentation.

The interaction of APC and naive lymphocytes is confined to organized lymphoid tissues

and it is found to be most efficient in lymph node and spleen. An interaction of antigen

with B lymphocytes (B cells) leads to the production of specific antibodies. By genetic

recombination mechanisms, a huge variety of B cells expressing individual antibodies is

created. From this pool of mature B cells, B cells expressing specific antibodies are

stimulated by antigen to expand and form clones (clonal selection). Another class of

lymphocytes, the so called T cells recognize specific antigens by virtue of their T cell

receptors (TCR). TCR variety is generated by similar gene rearrangement mechanisms as

for antibodies. Antigens localized in MHC class II molecules are recognized by T cells

expressing the CD4 co-receptor. CD4+ T cells display the "helper phenotype" and by

secretion of cytokines, they can amplify the production of specific antibodies in B cells.

A subset of T lymphocytes expressing the CD8 co-receptor are called "killer T cells" as

they are involved in the destraction of vims infected or foreign cells.

Although the effective neutralization of pathogens is an essential prerequisite for survival

of an organism, it must in some wav be able to tolerate its own antigens The

discrimination of self versus non-self cells is necessary to prevent destruction of self

tissue Unfortunately, the immune svstem occasionally fails to prevent self-reactions and

this can result in so called autoimmune diseases

Several complex mechanisms are involved in immune tolerance, which here can only be

presented in a brief and superficial manner

Antigens that are permanently present within lymphoid organs and/or are continuously

transported by migrating cells throughout the lymphohemopoietic system, render the

specific immune cells unresponsive A so called "negative selection" in the thymus
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eliminates maturing T cells recognizing this permanently present self antigens and

diminishes thereby potential autoreactive T cells.

Potentially self-reacting B cells are easily detected in healthy individuals, but for some

reasons they do not react against self antigens, a phenomenon known as "clonal anergy"

In sum, the presence of antigen, dependent upon localization, dose, and time, is proposed

to regulate immune responses (for review Zinkernagel et al., 1997).

Due to a certain physical separation in non-pathological states, the role of antigen

presence in the regulation of immune responses against nerve-derived epitopes may be of

particular concern.

What is known about mechanisms involved in initiation of EAN?

The complex regulatory interaction between all parts of the immune system renders the

mechanisms hard to assess, by which the immune system acts on the PNS in EAN and

also in other diseases. In addition, nervous tissue has many particularities regarding

immune responses. To sum up the welter of data, much of it conflicting ,
is no easy task.

The following hypothetical model with emphasis on possible initial mechanisms tries to

resume the current knowledge in this field

EAN is frequently assessed by clinical scores reflecting the functional impairment of the

PNS. Clinical scores typically peak -14 days after immunization, which is in accordance

with the time course of a typical primary' immune response.

Injected myelin components are supposed to be processed and presented as antigen by

APC. There is currently no evidence for the APC type and the place of interaction of

APC with naive lymphocytes in active EAN An obvious candidate for APC would be

endoneurial macrophages, as they express constitutively MHC II (Griffin et al., 1992).

Clinical signs
ofactivelyinducedEANcanbeinhibitedwithhighdose(30mg/kg)cyclosporinA(CsA),whereaslowdose(4mg/kg)CsAleadtoarelapsingEAN(McCombeetal.,1990).CsAhasbeenshowntohaveaninhibitoryeffectonTcellactivation(Boreletal.,1976)andiswidelyusedasimmunosuppressanttopreventgraft-versus-hostreactionsintransplantation

medicine
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A role of T cells was demonstrated by the isolation of T cells specific for myelin

antigens At present only CD4+ T cells (helper phenotype) can be expanded in culture.

EAN can be induced by an adoptive transfer (AT-EAN, passive immunization) of these

activated CD4+ T cells expanded by stimulation with P2, Po, or MBP (for review Gold et

al., 1999).

Activated T cells can migrate non-antigen-specifically across endothelial cells forming

the blood nerve barrier (BNB). Adhesion molecules play an essential role in this

extravasation process and systemic application of blocking antibodies to various

adhesions molecules has been reported to be effective in EAN (for review Gold et al.,

1999).

In a series of experiments, Pollard and coworkers have addressed the question of antigen

specificity in EAN. They found that only the combination of a nonneuronal antigen

injected into the nerve, the systemic administration of T cells specific for this antigen, and

the systemic administration of rabbit EAN serum lead to a demyelinating phenotype and

to alterations of nerve conduction properties (Pollard et al., 1995). The direct injection

of myelin specific T cells into the nerve does not cause a demyelination, but an opening

of BNB for antibodies (Spies et al, 1995) Different antibodies directed against various

myelin epitopes have been shown to have demyelinating properties, when injected into

the endoneurium of sciatic nerves (Hughes et al, 1985)

In summary infiltrated CD4+ T cells can lead to an opening of the BNB in an antigen

specific manner, most probably mediated by cytokines (Schmidt et al., 1992).

This antigen specificity implies an antigen presenting cell type and an organized lymphoid

tissue for an efficient and specific cell interaction For nervous tissue no equivalent for

draining lymph vessels are known Lymph vessels usually rely peripheral tissue and

lymph nodes and allow migration of antigen-transporting APC to encounter lymphocytes

in lymph nodes

Selective targeting of macrophages by dich Iormethylene diphosphonate-containing

liposomes leads to a significantly milder disease of AT-EAN and confirms that also

macrophages are involved in EAN (Jung et al, 1993) Even though Schwann cells in

vitro are shown to express MHC 11 or interact with T cells, there is no evidence for such

a role in vivo (for reviews Gold et al, 1999, Härtung et al, 1993). Conceivable is a

cytokine production by Schwann cells under certain pathologic conditions
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In summary, only the opening of the BNB for antibodies and the attraction of additional

cell types leads to the demyelinating phenotype in AT-EAN. Before onset of clinical

signs most T cells found within the nerve are CD4-positive, whereas CD8+ T cells

prevail afterwards Though especially at later stages macrophages greatly outnumber

lymphocytes (Brosnan et al., 1985).

A considerable difference between acquired inflammatory neuropathies and hereditary

neuropathies lies in the disease course. The inflammatory diseases are normally acute and

immunosuppressive treatment usually leads to rapid and sometimes even complete

recovery. In contrast, hereditary neuropathies are chronic, usually slowly progressing,

and so far no treatment is available. Besides these differences, both groups of diseases

share demyelination in the PNS as common hallmark.

Increased levels of immune system derived cells as T cells and macrophages can also be

found in nervous tissue of CIDP patients. However these immune system derived cells

are present over a prolonged time of disease (Gabreëls-Festen et al., 1993; Schmidt et

al., 1996). Therefore this form of demyelinating neuropathy with a still ignored cause of

disease can be seen in some aspects as a link between hereditary and acquired

neuropathies. Interestingly, the P04" mouse was suggested also as a model for chronic

inflammatory demyelinating polyneuropathy (CIDP), based on the findings of asymmetric

slowing ofmotor nerves and focal regions of demyelination (Shy et al, 1997)

As a summary we can conclude that components of the immune system can lead to a

demyelinating phenotype in intact nerves of the PNS.

To asses the role of the immune system in inherited neuropathies, an approach by a

genetic immune deficiency was initiated

3.6 Genetic models for immune deficiency

A model for immune deficiency such as the severe combined immunodeficiency (SOD)

mouse (Bosnia et al, 1983) should not be able to direct immune reactions against

hypothesized myelin targets The absence of an immune system in IV'SCID double
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mutant mice could therefore result in an improvement of the neuropathy. SOD is defined

by a naturally occurring mutation in the DNA-dependent protein kinase (Blunt et al,

1995) This mutation interferes with DNA double-strand break repair and V(D)J

recombination and consequently affects the development of both B cells and T cells,

which produce antibodies or constitute the antigen-specific cellular immune response.

respectively

Another immunodeftcient mutant used in this study is the mouse deficient for the T cell

receptor alpha subunit (TCRa"; Philpott et al
. 1992) Distinct classes of T cells are

found that express either TCR molecules composed of a ß subunit dimers or

alternatively express y 5 TCR molecules In by homologous recombination genetically

engineered TCRa" mutant mice primarily an elimination of a ß T cells in thymus and

spleen is observed Asa ß T cells respond to specific pathogens by collaborating with

antibody-producing B cells in distinct lymphoid organs such as the spleen and Peyer's

patches, a complex phenotype of immune deficiency is observed in TCRa" mice The

precise influence of a ß T cells on B cell development is however poorly understood.

The y ô T cells are reported to develop in normal numbers in TCRa" mice, and there was

an increase in splenic B cells observed (Philpott et al
, 1992).

A third immunodeficient model is the mouse deficient for the recombination activating

gene (RAG-1") (Mombaerts et al, 1992a) RAG-1 either activates or catalyzes the

V(D)J recombination reaction of immunoglobulin and T cell receptor genes The immune

system of the RAG-1" mice can be described as similar to that of said mice. RAG-1"

mice have small lymphoid organs that are totally deficient in both mature T cells and B

cells

An "immunodeficiency" closer to a possible clinical application is the effect of treatment

with cyclosporin A (CsA) This drug, a fungus derhed small peptide has been shown to

have an inhibitor}' effect on T cell activation (Borel et al., 1976). It is widelv used as

immunosuppressant to prevent graft-versus-host reactions in transplantation medicine A

possible effect of CsA on the pathogenesis in P0
"

mice could eventually be correlated
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with earliei attempts of tieatment of HMSN patients with the immunosuppressive

glucocorticosteioid preparation prednisone (Dyck et al, 1982b)
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4. Materials and methods

4.1 Animal husbandry

Mice with a null mutation of the gene for protein zero were generated by conventional

gene targeting techniques as described previously (Giese et al., 1992) and by an embryo

transfer introduced in specific pathogen-free (SPF) conditions (according the guidelines

of the Federation of European Laboratory Animal Science Associations (FELASA)) at

the Institute of Laboratory Animal Science, University of Zurich. Seid mice on a C57B16

background were obtained from the Jackson Laboratory (Bar Harbor, USA). Mice

deficient for the T cell receptor a subunit (TCRa",(Philpott et al., 1992) or RAG-1"

mice (Mombaerts et al, 1992a) were obtained from the breeding colonies of R.

Zinkernagel (University of Zürich). TCRa" mice were bred on a mixed background

(129/Ola/Hsd, BALB/c, C57B1/6). For the generation of both P0" and RAG-1" mice the

embryonic stem cell line AB 1 (derived from the 129 mouse strain) were used to generate

chimeras with C57B1/6 blastocysts P0
"

and RAG-1" mice were crossed 5-6 times into

C57B1/6 (R. Martini and S. Tonegawa respectively, personal communication).

Mice heterozygous for the null mutation of the P0 gene (P0+~) were cross-bred separately

with each of the immune deficient mutant described above, i.e. with SOD, TCRa", and

RAG-1" mice. In the following the breading strategy is exemplified for the case of the

Po/RAG-1 breeding (Fig. 5). In the F2 generation, immune deficient P0'"/RAG-1" mice

were compared with littermates heterozygous for both null mutations (TV TRAG-U~)

P0H7RAG-1" and P0+7RAG-l" littermates served as controls.

4.2 Genotyping: of the P0 gene knockout mutation by polymerase chain

reaction (PCR)

For the genotyping of the Po gene knockout mutation, a polymerase chain reaction

(PCR) on genomic DNA isolated from tail clips was established 0 5-1 cm of tail was

incubated overnight at 55°C in 0 7 ml of 50 mM Tris-HCl at pFI 8, 0 1 M EDTA, 0 1 M

NaCl, 1 % SDS containing 0 7 mg Proteinase K (Boehringer) Proteins were precipitated
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by adding 0.25 ml of saturated NaCl solution. After centrifugation for 7 min at 13000

rpm, the DNA in the supernatant was precipitated by mixing 0.6 ml of the supernatant

with 0.4 ml of isopropanol. The DNA was recovered by a centrifugation for 4 min at

13000 rpm and the pellet was washed with 70% ethanol and solubilized in 0.1 ml TE

buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA).

Oligonucleotide primer were designed based on the sequence of the Po gene (Lemke et

al, 1988) and the sequence of the neo resistance cassette (pMClweopolyA, Stratagene)

inserted for the gene disruption. For primer design the Oligo computer program was

used. The presence of wild-type or mutant Po gene alleles was detected by using a set of

three primers. Oligonucleotide "P0 sense" (5'-TCAGTTCCTTGTCCCCCGCTCTC-3')

has a sequence complementary to the Po gene sequence upstream of the insertion site of

the neo cassette. The sequence of the oligonucleotide "neo"

(5'-GGCTGCAGGGTCGCTCGGTGTTC-3') is complementary to the neo cassette.

Oligonucleotide "P0 antisense" (5'-ACTTGTCTCTTCTGGGTAATCAA-3') has a

sequence complementary to the Po gene sequence downstream of the insertion site. A

PCR with 0.5 mM of oligonucleotides "P0 sense" and "neo", 0 5 units of recombinant

Taq-Polymerase (GibcoBRL, LifeTechnologies), lx reaction buffer (GibcoBRL,

LifeTechnologies), 1 5 mM MgCl2, 0.2 mM dNTP, 55°C annealing temperature and 35

cycles lead to a 334 bp product on a Po gene copy with the null mutation A PCR with I

mM of oligonucleotides "P0 sense" and "P0 antisense" and identical conditions resulted in

a 500 bp product on a wild-type Po gene copy without inserted neo cassette.

4.3 Fluorescence activated cell sorting (FACS)

The phenotype of the immune system was determined by fluorescence activated cell

sorting (FACS) analysis of peripheral blood cells. 50-100 ml of blood was suspended in 2

ml of FACS buffer (PBS supplemented with 2% FCS, 10 mM EDTA and 0,1% Na

azide) Cells were harvested by a centrifugation at 400g for 6 min Cells in the pellet

were stained in the dark at 4°C for 15-30 min with PE-coupled anti-CD4 antibodies and

FITC-coupled anti-CD8 antibodies (PhaiMingen, Hamburg) After lysis of erythrocytes

with FACS Lysing Solution (Becton Dickinson, Heidelberg), up to 10000 events in a
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lymphocyte gate were acquired on a FACScan instrument (Becton Dickinson,

Heidelberg) The percentage of CD4 and CD8 positive lymphocytes was determined As

examplified or the P0/RAG-1 breeding (Fig 7), animals with less than 2% of CD4 and

CD8 single positive lymphocytes were considered as homozygous for the RAG-1

knockout mutation.

For the following experiments, the investigator was always blinded for the genotypes of

mice.

4.4 Immunohistochemistry

To quantitatively asses the immune reaction within the nerves of P0'" and control wild-

type (Po++) mice, markers for lymphocytes (CD8, CD4, (Brideau et al., 1980)) or for

mouse macrophages (F4/80, (Austin and Gordon, 1981)) were used. Both femoral

nerves were removed from mice kept in conventional breeding facilities ( ETH

Hönggerberg, Zürich). Nerves were placed in embedding medium (Tissue-Tek, O C T

Compound, Miles) and rapidly frozen in isopentane cooled by liquid nitrogen On a

cryostat, serial cross sections with a thickness of 14 pm were obtained. Sections were

mounted on slides (Superfrost Plus, Menzel-Glaser), fixed in acetone for 10 min, air-

dried and stored at -20°C in an air-tight box filled with hygroscopic material Sections

were then immunostained according to the protocol previously described (Guénard et al.,

J 999, Schnell et al, 1997). In detail, sections were incubated with primary antibodies for

1.5 h at room temperature. For detection of T-lymphocvtes, anti-mouse CD8 or anti-

mouse CD4 monoclonal antibodies (1 50 of supernatants of hybridoma cell lines TS 169

or TS 191, respectively (Cobbold et al. 1984), generous gift of R Zinkernagel) were

used For detection of macrophages, anti-mouse F4/80 (1 500, Serotec) was used

Between each antibody incubation, sections were rinsed three times in 5 mM Tris buffer

at pH 7 5. After incubation with secondary' alkaline phosphatase-conjugated goat-anti-rat

antibody (1 75, BioSource) for 1 h, sections were incubated with tertiary alkaline

phosphatase-conjugated donkey-anti-goat antibody (1 75, Jackson ImmunoResearch) for

1 h at room temperature The reaction was visualized bv incubating the sections at room

temperature for 40 min in a solution containing 0 025% levamisole (Sigma), 0 3%
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dimethviformamide (Merck), 0 025% naphthol tSigma). 0 01% neufuchsm (Merck) and

0 02% sodium nitrite (Sigma) in 0 2 M Tris buffer at pH 9 0. Sections of spleen of wild-

type mice were used as positive controls and for negative control the primary antibody

was omitted The occurrence of positive profiles was counted on cryosections and the

mean occurrence per mm" for different genotypes and ages was calculated For each age

and genotype, nerves of 3 animals (except for P„
.
8 and 21 months. 2 mice each) were

examined and in total approximately 5400 sections were considered for this study

4.5 Electrophvsiolopy

""VilT1 Spinal cord

^^#-!

/ \F^ Proximal

stimulation

Distal

U*T stimulation
.

/v

Recording

distance -> nerve conduction

velocity (NCV)

Fig. I: Schematic representation of the electrophysiologic methodology examplified on a

human leg (left part) The original recording (inset) displays the voltage at the recording
electrodes plotted against time The triangle marks the time point of stimulation, "Lat"

indicates the latency of the M-response F-waves are believed to represent antidromic

impulses reflected m spinal neurons Vs longer signal transmission pathways lead to

clearer differences in nerve conduction velocities. F-wa\e latencies (A3) are particularely
sensitive to demyelinating processes
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Nerve conduction properties of sciatic nerves from 13-month-old myelin mutants

homozygously deficient in RAG-1 (IV7RAG-L") and myelin mutants heterozygously

deficient in RAG-1 (Po"VRAG-T") as well as from myelin wild type mice either homo- or

heterozygously deficient in RAG-1 (P0 '/RAG-1", Po""/RAG-1'*) were determined by

established electrophysiological methods as previously described in detail (Martini et al,

1995b; Zielasek et al, 1996). In brief, anesthetized mice (Hypnorm, Janssen, Belgium)

received subcutaneous stimulating electrodes at the sciatic notch (proximal stimulation)

and above the ankle (distal stimulation) Recording electrodes were placed

subcutaneously close to the hallux and between digits 2 and 3. Body temperature was

kept at 33°C with an infrared heating lamp before starting recordings Studies were

performed with a current 50%o higher than that needed to elicit maximal stimulation In

all experiments, the investigator was not aware of the genotype of the mice. For motor

nerve conduction studies, the following parameters were measured: Proximal and distal

M-response latencies, proximal and distal F-wave latencies, and amplitudes of compound

muscle action potentials Nerve conduction velocities were calculated from the latency

measurements and the distance of the stimulation sites. In analogy to the different

PO/RAG-1 mutants, nerve conduction properties from 13-month-old Po~'7TCRcf, P0+"

/TCRa"*, P0a+/TCRa"" and Po'VTCRof" mice were determined. Statistical analysis was

performed using a one-sided t-test

4.6 Tissue preservation for electron microscopy

Femoral nerves of mice were processed for electron microscopy as previously described

(Lindberg et al, 1999, Martini et al, 1995b) Briefly, mice were anaesthetized with a

lethal dose of anaesthetic (Rompun, Bayer and Ketanest, Parke-Davis) and transcardially

perfused with 0 1 M cacodylate buffer containing 4% paraformaldehyde and 2%

glutaraldchyde After removal, nerves were postfixed in the same fixative overnight

Then nerves were osmificated with 2% osmiumtetroxkle in 0 IM cacodylate buffer for

2h, dehydrated in acetone and embedded in Spurr's medium
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4.7 Morphometry

For light microscopy, semithin sections (0.5 pm thick) were stained with alkaline

methylene blue. For electron microscopy, ultrathin sections (80 nm) were contrasted

with lead citrate. Quantification of total nuclei and myelin competent axons was

performed on cross sections of the quadriceps branch of the femoral nerve. For this

purpose, all nuclei were counted on semithin sections at a final magnification of 600x.

For the analysis of Po/SCID mice, 100 fibres of the quadriceps branch were arbitrarily

chosen at the EM and myelin abnormalities were registered

For the analysis of P0/RAG-1 and P0/TCRa mice, the number of myelin competent axons

(larger than 2 urn in diameter) that were not or only thinly myelinated (less than 5 turns),

was determined by electron microscopy Analysis of morphometric data was done by

electron microscopy of ultrathin cross sections of the quadriceps branch of the femoral

nerve. The thickness of the myelin sheath in relation to the diameter of the axon is

expressed by the g-ratio. The g-ratio is calculated as the perimeter of the fiber (axon and

myelin sheath) divided by the perimeter of the axon (Friede, 1972). The diameter of

axons or fibers was calculated as diameter of a circle with identical circumference

(Friede, 1972). The endoneurial space was determined as the fraction of total nerve area

not occupied by fibers Electronmicrographs of two randomly selected parts per nerve

cross section were digitized with a scanner (Hewlett Packard 4C). Morphometric

parameters were evaluated at a final magnification of 8000x using the Image Tool

Application VI.28 program (University of Texas UTHSCSA and available from the

internet http 7/ddsdx uthscsa.edu/dig/download.html) Statistical significance of

differences between mean values was determined bv double sided Student's t-test usine

Microsoft Excel software

4.8 Culture of splenocytes and proliferation assay

Splenocytes from four myelin wild type (Po* ) and fout P0
"

mice at the age of eight

months were seeded into 96-well microtiter plates at a density of 1.5 x 106/ml (Nunc,

Wiesbaden, Germany). Splenocytes were exposed to recombinant human (rh) Pn. rhP2
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(Weishaupt et al, 1995), rat MBP (10 pg/ml each) or concanavalin A (Con A, 2 5

pg/ml) as described (Pette et al, 1990; Stienekemeier et al, 1999) except that we used

1% autologous serum and added 5x10s M 2-mercaptoethanol After three days, murine

interleukin (IL)-2 (2.5 ng ml; R&O-Systems, Wiesbaden, Germany) was added On dav

eight, the non-adherent cells from each plate were splitted into two new microtiter plates.

Cells were reactivated on day 14 by addition of irradiated, syngeneic splenocytes to both

subcultures while the respective antigens were added to only one as described for the

split well technique (Pette et al. 1990). After 48 h, cells were pulsed with tritiated

thymidine and harvested 16 hours later (Stienekemeier et al, 1999). Corresponding

cultures were compared for specific proliferation. Wells showing a thymidine

incorporation of > 1000 counts per minute and a stimulation index of > 3 in comparison

to control wells without antigen were considered positive. For each antigen, at least 96

primary wells were screened. Statistical analysis was performed with the Mann-Whitney-

U-test using the Prism computer program (GraphPad Software Incorporated, San Diego

(CA), USA). P-values < 0 05 were considered statistically significant.

4.9 Immunosuppression with cyclosporin A

In a study designed as initial pilot experiment. P0+- mice were treated daily with 15mg

cyclosporin per kg body weight Optoral (Novartis) containing 100mg/ml cyclosporin

was diluted with 0.9%. NaCl and injected i p As placebo control, age matched P0+- mice

were injected with 0 9% NaCl containing 0 6% ethanol (concentration adjusted to 12%

ethanol content in Optoral). 3 mice in each group were analyzed at an age of 9 months

after 4 months of treatment.
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5. Results:

5.1 Disease progression correlates with CD8-positive and F4/80-positive

infiltrates

In an attempt to confirm previous observations of the presence of immune system

derived cells within the nerves of adult P0J" mice (Schmid et al, 1996), markers for

lymphocytes (CD4, CD8; (Brideau et al, 1980) or for mouse macrophages (F4/80;

Austin and Gordon, 1981) were used. In cross sections of femoral nerves of four- to 21-

month-old mice, CD4- and CD8-positive cells were always rounded, whereas F4/80-

positive cells were usually ramified or showed at least a few slender processes (Fig. 2).

The analysis was carried out with the investigator being not aware of the genotype of the

nerve sections. CD4-positive cells were predominantly detectable in the endoneurium of

nerves from Po4" mice of six months of age and older, whereas they were only very rarely

detected in nerves from wild type (P0+4) mice (not shown). Generally, endoneurial CD8-

positive cells were more frequent than CD4-positive cells When comparing nerves from

P0+" versus Po++ mice, there was no quantitative difference in the number of CD8-positive

cells at 4 months of age (Fig. 3), a stage where the very first pathological changes are

detectable in P0"" mice (Martini et al, 1995b). However, at six months and older, the

number of CD8-positive profiles was always higher in nerves from Po+" versus P(/+ mice,

although there was considerable heterogeneity (Fig. 3). This was possibly caused by the

previously reported non-uniform distribution of lymphocytes along the course of the

nerve (Shy et al, 1997) F4/80-positive endoneurial profiles outnumbered CD8-positive

cells by a factor of about 20 (Fig. 3). In contrast to CD8-positive profiles, the numbers of

F4/80-positive profiles were already elevated in four-month-old Po"" mice when

compared to age-matched P0*4 mice (Fig 3). Statistical analysis comparing Po'* to P0''

by a two-way ANOVA test resulted in p-values of p-0 0035 and p-0 064 for F4/80 and

CD8, respectively Adjusting for multiple tests according Bonferroni-Holm proves that

the difference in the occurrence of F4/80-positive profiles in nerves of Po"" versus Po'* is

significant (p<-0 025) The difference in CD8-positive profiles does not reach significance
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(p>0.05), which might be related to the considerable heterogeneity in the distribution of

the cells.

1 *»'
'

5 äMät iwa:
e

Fig. 2: Sections of femoral nerves immunolabeled with antibodies to CD8 (a), or F4/80

(b), respectively. As controls, serial sections of spleen were immunolabeled with

antibodies to CD8 (c), F4/80 (d), or negative control with first antibody omitted (e),

respectively. Note the mutual exclusion of CD8 and T4/80 positive cells m spleen,
(asterisks in c-e indicating the same structure m serial sections, bar in b: 10 pm (for a

and b), 600 pm (for c-e))
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5.2 Generation of double mutant mouse and genotyping

By crossbreeding P0'* mice with immune-deficient mice (here exemplified by RAG-1 )

and intercrossing the individuals of the Fl generation, we obtained an F2 generation with

myelin mutants homozygously deficient in RAG-1 (P0 /RAG-1 ) and myelin mutants

heterozygously deficient in RAG-1 (Po'/RAG-T) In addition, P0*4 mice eithei homo-

,
P0 /RAG-1 '*) were obtained

Fig. 5: Breeding scheme

Individual genotypes are

represented in rectangles The

mendehan transmission of

mutations m both genes from

the founder generation
deficient in one gene (top row)
to the double mutants m the F2

generation (bottom) is shown

A corresponding pattern of crossbreeding of P0 mice was earned out with mice bearing

the seid mutation and with mice deficient in the TCRa-subumt

The heterozygous deficiency of Po was determined by PCR on isolations of genomic

DNA of individual mice The established method piovides a iapid and leliable

genotyping for the P0 knockout mutation (Fig 6) The phenotype of immune deficient

mice was determined bv flow cytometnc anaKsis of petiphetal blood cells (Fig 7)

In agieement with pi e\ tous tepotts (Mombaeits et al 1992a) about 50% of the animals

in the F2 genetation displayed an immune deficiency defined b\ the lack of CD4- and

CDS-smgle positive T-Kmphocvtes tn penphetal blood as detected by flow e\tometty

lhese animals weie consideted homoz\gous foi the cotiespondtng mutation affecting

the development of the immune s\ stern Tn the îemainmg titter mates piesumably

or heterozygously deficient m RAG-1 (Po /RAG-1
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heterozygous for the corresponding mutation, the number of CD4- and CD8-positive T-

lymphocytes was indistinguishable from values from wildtype animals reflecting normal

T cell development in. heterozygous mice as previously described (Mombaerts, 1995).

wt :(P0+)

P0 deficient :(P0-)

500 bp

/

Fig. 6: Genotyping of the Po gene disruption.
Schematic representation of the genomic structure of the first exon of the mouse P„ gene

in wildtype situation (top) and in the case of a disruption of the gene by the insertion of a

neo cassette (below). Arrows are indicating the positions of sequences hybridizing with

oligonucleotides used in PCR. Numbers are indicating the size of the corresponding
amplified fragment. At the bottom, amplification products (one mouse per lane) analyzed
by agarose gel electrophoresis. Mice displaying only the upper (larger) band were

genotyped as wildtype (IV ), mice displaying 2 bands were considered as heterozygous
(Pol-"
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Fig. 7: FACS analysis of peripheral blood cells of Po/RAG-l mice at an age of 13

months.

For two representative mice, the immunreactivity of ceils labeled with fluoresence-

conjugated anti-CD4 antibodies or anti-CD8 antibodies is visualized. Each dot

represents the fluorescence intensity of a single labeled cell. Numbers within quadrants
indicate the percentage of cells in the lymphocyte gate that are CD4+CD8- (upper left

quadrant), CD4+CD8+ (upper right), CD4-CÜ8- (lower left quadrant), or CD4-CD8+

(lower right).

Flow cytometry allows a clear discrimination of immune competence (Fig. 7, left panel)

and immune deficiency (Fig. 7, right panel) based on the phenotypic manifestation of

the genetic deficiency for essential components of the immune system. In peripheral

blood of RAG-F* mice no CD44 or CD8^ cells above background level (<2%) were

detected indicating a complete lack of V lymphocytes. Tn TCRa"* mice minor

populations of CÜ4+ or CD8+ cells (<5%) were observed possibly constituted of y 8 T

cells. Flow cytometric analysis of peripheral blood cells was routinely performed within

the first months after birth and a second time prior to sacrifice for morphologic analysis.

In aged mice previously showing the immune deficient sad phenotype, a variable

increase of CD4 and CD8 positive lymphocytes was observed, whereas TCRa* and

RAG-F" mice exhibited a stable phenotype over the entire life span.
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5.3 Subtle influence of the seid mutation on myelin ofP0*'SCID mice

Double mutant P0/SCID mice were analyzed at the age of 6 month. Investigation of

semithin cross sections of femoral nerves revealed that the neuropathy caused by the P0'"

mutation was not markedly altered by the seid mutation neither in heterozygous form

associated with immune competence (Pn4"scul \ referred to as Po**), nor compared to the

seid mutation in the homozygous form (Po** ,cld,,CKl) P^'SCID), leading to immune

deficiency. Investigations by electron microscopy showed a subtle tendency of increased

myelin abnormalities in P0+" mice as compared to Po
"

SOD (Fig 9)

Fig. 8: Electronmicrographs of cross-sectioned axon-Schwann cell units in femoral

nerves (a) Example of a myelin sheath with no signs of pathological alterations Note the

compact appearance of myelin lamellae (b) Supernumerary Schwann cells ensheating a

thinly myelinated axon are characterized by a surounding basal lamina (c) Examples of

focal decompactions lacking cvtoplasma between displaced membranes (d) Myelin
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sheath with decompacted turns. Note in the outer uncompacted aspects the presence of

cytoplasma

normal myelin decompacted decomp, + Onion bulbs

Onion bulbs

Fig. 9: 100 fibbers in cross sections of the quadriceps branch were arbitrarily chosen at

the EM and myelin abnormalities were registered For PP'" and P.,' SOD, the mean and

standard deviation of nerves of 3 animals are shown For P() SOD. data of one animal

were shown for comparison The sad mutation leads m Po" mice to a significant increase

(p=0,036) of normal myelin sheaths and to a reduction (p=O,008) of decompacted myelin
sheaths (two-sided paired Student's t-test)

"Onion bulbs" are supernumerary Schwann cells often lying close to a liber and were

identified by a surrounding basal lamina (Fig 8b) Onion bulbs were only found in IV"

mice, with no significant difference between Pi,
"

and P„
"

SOD (Fig 9)

Myelin sheaths with decompacted aspects extending more than a quartet of

circumference of a myelin sheath were considered as "decompacted" (Fig 8) This

criteria also includes paranodal regions or Schmtdt-Lanterman incisures These

"abnormalities" are also frequently observed in nerves of Po" mice (Fig 9), but difficult

to distinguish from decompactions induced by reduced levels of Po
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Fig. 10: representative semithm section of femoral nerves of Po+" (left) and P0+"SCID
(right) at an age of 8 months.

A similar analysis was performed with Po/Scid animals at 8 month. As modification to

the first analysis at 6 month of age, myelin sheaths displaying only focally decompacted

areas not containing detectable cytoplasma between separated myelin lamelae were

recorded in a new category as "artefacts" Fig. 8c). These structures were considered as

artefacts due to insufficient fixation and a subsequent mechanical disruption and have

been recorded in the previous analysis recorded as "normal myelin".

70%

60%

50%

40%

30%

20%

10%

0%

DP0+-

P0+-SCID

[IP0++

P0++SCID

_L*
-\

normal "artefacts" decompacted decomp. + Onion bulbs

myelin O.-bulbs

Fig. 11: 100 fibers of the quadriceps branch were arbitrarily chosen at the EM and

myelin abnormalities were registered. The mean and standard deviation of the

quantification of nerves of 3 mice per genotype are shown.
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At 8 month of age, no significant difference in the percentage of the different

abnormalities ofPo" myelin compared to Po+" SOD could be observed. (Fig. 11)

However a clear increase of focally decompacted myelin, registered as "artefacts" was

observed in Po++ SOD animals.

5.4 Deficiency in the TCRa gene leads to milder pathological changes in

Po+"mice

We compared quadriceps nerves from eight-month-old P0+7TCRa
' "

(n = 4) versus P0+*

/TCRa"* (n = 3) mice both at the light- and electron microscopic level. While nerves of

Po+H mice displayed a normal phenotype independent of the TCRa genotype, the

pathological alterations in the immune deficient PoH7TCRa"" mice were clearly less

pronounced than in the immune competent Po+7TCRa+" littermates (Fig. 12).

Fig. 12: Electronmicrographs of representative areas of the quadriceps branch of

femoral nerves of a Po4 7TCRa+* mouse (left) and a Po 7TCRa~* mouse (right). Note the

reduced endoneurial space in immune deficient PoH7TCRa*~ mouse. (Bar: 10 pm)
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Fig. 13: Representation of endoneuttal space and g-tatto fhe mean values and standart

deviations are shown fot the indicated genonpes \ote the significant teduction of

endoneurial space in immune deficient P-,
"

TCRa mice

For instance, in Po "/TCRa" mice, the numbei of Schwann cell nuclei was significantly

reduced when compared to values fiom P,. "TCRa
"

littermates (26 7 =i 112 nuclei

versus 53 8 ± 13 3 nuclei, p*-0 04". Fig 16) \Kelm competent axons that weie not or

only thinly myelinated (less than s turns) were onh found m immune competent lV"

/'TCRa'* mice (15 i- 5 per cross section) furthermore, the endoneurial space was less

expanded in P0 VTCRa"* mice in compaiison to the P„
"

TCRa
"

littermates (p<0 05 Fig

13) Also, myelin was thicker in iVVTCRa"" mice than m Po"1 VTCRa'" mice, although the

differences between g-ratios (see Mateuals and Methods) were not statistically

significant (Fig 13) The number of myelinated axons in the quadriceps branch (472 ± 32

versus 485 ± 12) and the mean of the fibei diameter (6 9 - 0 2 pm versus 7 0 -1 0 9 pm)

did not significantly diffet between P0
"

TCRa" and P,, "-TCRa
"

mice, excluding these

parameters as reason for reduced endoneurial space in Pn V TCRa"" mice The diameter of

axons with compact ravelin sheaths were reduced in P> deficient mice, however no

significant difference in axon diameter was observed between P07fCRa*" and P„
*

/TCRa
"

mice (5 0 ± 0 8 pm versus 5 l -t 0 1 pm)
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We also investigated the number of F4/80-positive macrophages in quadriceps nerves of

iVVTCRa"" mice in comparison to the P0 VTCRa*" littermates at eight months of age

(101,3±6,4 versus 201±26,9 profiles per mm\ p-0,0035)

5.5 Improved maintenance of myelin in Ppmice deficient for the RAG-1

gene

We investigated semithin sections of femoral quadriceps nerves of Po'VRAG-l'* and

Po^/RAG-l" mice at the age of 13 months We found that, independent of the RAG-1

genotype, these nerves were of normal phenotype with thick myelin, overall compact

appearance with small endoneurial spaces between the nerve fibers and absence of

features indicative of demyelination (Fig 14 and 15)

Next, we compared quadriceps femoral nerves from 13-month-old Po'VRAG-l'" mice

with nerves from P0 "/RAG-1" littermates In semithin sections, all mice of P0" genotype

showed pathological alterations indicative of compromised myelin maintenance (Fig. 14).

However, two principle categories of pathological severity could be distinguished by an

investigator who was not aware of the genotype. In all cases, the more severely affected

nerves were from Po^/RAG-T" mice, while the nerves with less pronounced pathological

alterations were derived from immune-deficient P0"VRAG-l"" mice (Fig 14)
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Fig. 14: Representative semithin cross sections of femoral quadriceps nerves from Po^VRAG-
1+" (a), P0H7RAG-F" (b), P0+7RAG-1+" (c) and iV/RAG-l" mice (d) and ultrathin cross sections

of femoral quadriceps nerves from P0+7RAG-1+" (e) and P0'7RAG-F" mice (f) at the age of 13

months.

In P0+7RAG-1+" mice (c, e), numerous thinly myelinated and demyelinated axons are visible as

well as extended endoneurial spaces with supernumerary Schwann cells (arrows in e, f). In P0+"
/RAG-1" mice (d, f), these pathological characteristics are less pronounced. Note normal

appearance of axon-Schwann cell units in Po++/RAG-l+~ (a) and Po'VRAG-l" mice (b). Bar in d:

20pm (for a - d); bar in f: 5pm (for e and f)
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The nerves of Po'VRAG-l" mice were characterized by thicker myelin sheaths and

significantly lower numbers of cell nuclei (Fig, 16) that mostly belonged to typical

Schwann cell onion bulbs. Such supernumerary Schwann cells are a well established

indicator of demyelination in mice and humans (for review, Martini, 1997) so that their

reduced numbers in the Po'VRAG-l" mutants reflect a lower degree of myelin

degeneration. Possibly as consequence of the lower number of supernumerary Schwann

cells, the nerves of the P0"/RAG-F" mice appeared more compact in that the myelinated

fibers were separated by smaller endoneurial spaces The number of myelin-competent,

i.e., thick caliber axons was similar in both Po'VRAG-l" and Po'VRAG-l" mutants (496

± 26 versus 436 ± 74 axons).

In the following, we quantified the pathological alterations in the different mutants by

electron microscopy. As exemplified in Fig 14 and in agreement with the light

microscopic findings, pathological features were less severe in P0+VRAG-1"" versus Po'*

/RAG-11"" mice (Fig. 15) Particularly striking were the thicker myelin sheaths in the lV'

/RAG-F* mice as indicated by their significantly lower g-ratio values when compared to

the Po^VRAG-T" littermates. Supporting the impression by light microscopy, the

endoneurial space was significantly less expanded in IVVRAG-F" mice in comparison to

the Po'VRAG-1
'"

littermates when quantified on electron micrographs (Fig 15).



48 Results

% endoneurial space

80

60

40

20

0

«I*

— |—JE

P0+- P0+- P0++ P0++

RAG+- RAG- RAG+- RAG-

mean g-ratîo

0,85

0,80

0,75

0,70

P0+- P0+- P0++ P0++

RAG+- RAG-- RAG+- RAG

Fig. 15: Representation ot endoneural space and s-iatio fhe mean values and standait

deviations aie shown tot the indicated genotypes Note the significant ieduction ot

endoneural space and thickei myelin indicated b\ a lowei e-iatio in immune deficient

Po /RAG-1 mice

A significant i eduction m axon diametet of P, R\G-1 mice vet sus wt-ltke contiol

Po h/RAG-l mice in quadnceps neues is obseived (*" 6 -, 0 2um \ et sus 7 4 ± 0 2pm,

p-0,009) Howevet have immune deficient P R \(t-t mice snmlat axon caiibei as

immune competent 17 RAG-1 (5 I - 0 7um \ et sus ^ o ± 0 2pm)

We also investigated the numbei of 14 80-positrve niaciophases in 17 "R\G-1 versus

P0h/RAG-l mice Most mteiestmgh maciophages ate teduced in numbei s m one P>

/RAG-1 mouse (140 pei mm ) vet sus a P RAG-1 litteimate (346 pei mm ) at U

month of age Although this obseivation teteis to only one individual of each genotype,

we consider the ieduced numbei of maciophages in the P0 /RAG-1 mouse as télevant,

since analogous investigations in othet immune-deficient mice (P0 fCRf/ and Po

/TCRa mice) revealed a similai ieduction with fughet numbei s of individuals

investigated (n -= 3, see abov e)

fo lesume the motphological analysis in P f( R and P RAG-1 double mutants at

diffeient ages, the numbets of cell nuclei m semithin sections stained with methylene blue

ate shown Bv elect!onmictoscopy we confit med that most ot these nuclei belong to
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supernumerary Schwann cells as identified by the presence of a basal lamina The number

of cell nuclei therefore represents an indicator for the progression of the neuropathy

Quantification of nuclei

120 T _""

!—#— PQ+-TCR+-

—*— P0+-TCR-

—I— P0+- RAG+-

—X— P0+- RAG-

Fig. 16:The means ± standard deviation of the number of cell nuclei in cross sections of

quadriceps nerve are indicated (n-3) Data points of the same genotvpe are linked by¬

lines

The number of nuclei in Pn "/TCRa" was found to be significantly decreased in

comparison to Po'VTCRa
"

at 8 months \t 1 "i months P0
"

mice show a dramatically

increased number of nuclei to similar levels irrespective of the TCRa genotype

The number of nuclei in P0""/RAG-F" at 8 months is not significantlv different from the

levels of Po'VRAG-l
"

In immune deficient Pn 7RAG-1" the number of nuclei at an age

of 13 months are similar to the levels at 8 months, however in immune competent Po
*

/RAG-F" there is an increase to a smntficantlv hmher nuclei number observed

too

80

B 60

40

20

13

age in months
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In order to test whether the immune system has a functional impact on conduction

properties of peripheral nerves of P0'" mutants, mice were subjected to

electrophysiological investigations by an examiner not aware of the genotypes.

5.6 No detectable influence of the seid mutation on nerve conduction

properties in Pn+~SCID mice

Conduction properties in P0++, P0^+SCID, Po", and Po""SOD mice at the age of 8 months

were investigated (Table 1). Although the differences between IV" and Po" described in

earlier studies were reproduced, no significant modulation of any parameter by the seid

mutation was observed.

prox. M-response

latency (ms)

distal F-wave

latency (ms)
proximal

amplitude (mV)

NCV (m/s)

Po" (n=5) 1.6 + 0.3 4 5±0.6§ 15+3 42 ±8

Po++SOD (n=7) 1 5 + 0.2 4 9 7 0 5 13+3 40 ±4

Po+"(n=5) 1.5 ±0.3 5 6 ± 0.4^ 14 ±5 41 + 13

Po+"SOD (n=4) 1.4 + 0.1 5 6 + 04 15 + 5 42 + 5

Table 1: Results of electrophysiological investigations of P0/SOD mice were shown as

mean value + standard deviation. M-response latency, amplitudes and nerve conduction

velocities (NCV) show no detectable variance The P0+" genotype leads to significantly
increased F-wave latencies if compared to Po"" controls (§: p=0.03; double sided FJ-test).

5.7 Less impaired nerve conduction properties in Pn+'mice deficient in the

TCRa gene

We investigated conduction properties in P0'7TCRa ", P0 VTCRa"*, P0'VTCRa'", and

P0"/TCRa" mice at 13 months of age Conduction properties in P0'VTCRa" mice were

less affected than in Po"VTCRa"" littermates Motor nerve conduction velocities were

significantly higher in the IVVTCRa"" mice Other parameteis, such as latencies of M-

responses and of F-waves tended to show less impaired nerve conduction without
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reaching statistical significance, probably due to the low number of mice available (Table

2)

prox M-response

latency (ms)

distal F-wave

latency (ms)

proximal

amplitude (mV)

NCV (m/s)

Po47TCRa'"(n=l) 1 5 48 15 40

P0++/TCRa"" (m=4) 1 4 + 0.2 4 8 ± 0 5 11 ±2 46 ±7

P0"/TCRa"(n=4) 2 1 ±02 7 2 + 06 10±3 26±4S

Po'VTCRa" (n=3) 19 + 00 6 8 ± 1 0 10 + 3 37 ± 7sS

Table 2: The results of electrophysiologic investigations of Po/TCRa mice were shown

as mean values + standard deviation à
p<0 05 (double sided t-test, differences between

P04
'

and Po+* not considered for statistical testing)

5.8 Nerve conduction properties of P0*'mice deficient for the RAG-1 gene

are indicative for reduced demyelination

In sciatic nerves of 13-month-old Po*'/RAG-1" and P0H/RAG-F" mice, conduction

properties were comparable to those previously described for P0,f mice (Zielasek et al.,

1996) (Fig 17). In both P0'"/RAG-1
"

and Po "/RAG-F" mice, conduction properties were

impaired when compared with littermates of Po" genotype However, when comparing

Po'VRAG-l"" and Po'VRAG-l" mice, the latter mutants showed better conduction

properties This was reflected by significantly shorter latencies of M-responses and of F-

waves after distal or proximal stimulations (Fig 17)
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Fig. 17: Schematic representation of paiameters of conduction properties of sciatic

nerves of Po^TLAG- ! ", 17 'RAG-1"", Pn
"

RAG-1
"

and Po ''RAG-1
**

mice.

Note that m Po'"/RAG-1" mice, nerve conduction properties arc significantly imprcwed
when compared to values from P0"/RAG-1

*

mice Each black dot represents the value

of one sciatic nerve from one single mouse investigated, short horizontal bars represent

mean values ± standard deviations

Consequently, nerve conduction velocities tended to be higher m Pn "/RAG-F" mice

(48 2 ± 27 8 m/s versus 32 2 ± 3 2 m/s), although the difference was not statistically

significant, possibly due to considerable heterogenitv Amplitudes of compound muscle

responses were not significantly different in Pn "/RAG-1
"

versus Po "/RAG-F" mutants

(13 9 ± 4 1 mV versus 118 ;- 3 7 mV after distal stimulations, n=4 for each genotype)
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In contrast, amplitudes of Po'VRAG-l
"

were significantly higher compared to

P0'VRAG-F* (19 3 i 2 5 mV versus 15 4+14 mV after distal stimulations, p-0 01)

5.9 Increased freguency of myelin-reactive splenocytes in P0* mice

Based on the observation that the immune system appears to be involved in

demyelination in P0+" mice, we tested the hypothesis that in Po" mice an increased

proportion of T-lymphocytes might recognize components of peripheral nerve myelin as

autoantigens. We used the split well technique (Pette et al, 1994) and compared the

specific proliferative responses of isolated splenocytes from eight-month-old P0+4 and

Po" single mutant mice, i e., at an age of advanced myelin degeneration in P0+" mice.

Myelin components elicited a significantly higher proliferative response in P0^~ versus

Po" mice (Fig. 18) By contrast, stimulation with concanavalin A as a control for

proliferative capacity caused comparable proliferative responses in both Po" and Po+

mice (Fig. 18).
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rhPO rhP2 ratMBP ConA

Fig. 18: Schematic representation of the proliferative response of splenocytes from

eight-month-old Po^ (filled bars) and Pn" mice (open bars) to myelin components and to

concanavalin A.

Stimulation of isolated splenocytes from P0"
"

or P0
"

mice by different myelin antigens

was performed using the split well technique. Each column represents the mean of the

percentage of positive wells of four mice ± standard errors of the mean. All myelin

components tested elicited a higher proliferative response in Po'" versus Po"" mice and

statistical significance (p ^ 0 05) was achieved when the proliferative responses against

the three myelin components were summed up Stimulation with concanavalin A (Con

A) was taken as positive control for the proliferative capacity of splenocytes from P0'H

and Po" mice.

5.10 Immunosuppression of Po mice by cyclosporin A

In order to investigate whether the efiect of an immune deficiency due to genetic defects

can also be imitated by a pharmacological immunosuppression, Po"" mice were treated
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with cyclosporin A, a drug used in transplantation medicine to prevent host versus graft

reactions.

Inspection of semithin sections (Fig. 19) revealed a unusual high variance in the

phenotype of both drug and placebo treated animals. The number of myelin competent

axons completely devoid of myelin was reduced in tendency in cyclosporin threaten

mice compared to placebo treated animals (15.3 ±7.1 versus 24.3 ±9.1 axons), however

the number of nuclei (66.3 ± 14.9 versus 61.3 ± 19.1 nuclei) or endoneurial space

(60,5% ±9,1 versus 64% ± 9.6) did not significantly strengthen this hypothesis.

% \ X ^

t *7P •

Fig. 19: Photographic representation of semithm sections of femoral nerves of P0H* mice
at the age of 10 months treated for 5 months with cyclosporin (top row) or placebo
control (bottom). Note the unusual high variance m the phenotype of placebo treated

nerves.
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6. Discussion

In order to investigate the role of the immune system in the demyelination occurring in

Po+" mice, double mutant mice are generated by cross breeding Po'" mice with various

immune deficient mutant mice The severity of the neuropathy developing in P0" mice

was assessed by comparing immune competent P0" versus immune deficient P0"

littermates by morphological and electrophysiological techniques. Signs of the

neuropathy were found to develop in all investigated P04* mice, however considerable

modulation of the neuropathy by the immune system was revealed. Although not

experimentally proven in detail, it is plausible to assume that the immune deficiency

observed in double mutant mice is identical to that described for the respective immune

deficient single mutant mice

6.1 Pr/SCID

The comparison of P0""SC1D mice to P0
"

littermates has revealed a only subtle effect of

SCID on myelin pathology at an age of 6 months This difference in myelin

decompaction was not observed in Po "SCID mice analyzed at an age of 8 months Our

observations of increased levels of CD4+ and CD8+ lymphocytes in flow cytometric

analysis of peripheral blood cells of aged P0/SCID mice and similar reports in the

literature (Klein et al., 1997) raised the hypothesis, that especially in the C57/B16 strain

background the sad mutation becomes "leaky" in aged seid mice Therefore an influence

of the immune system might be ignored when comparing P01" and P0"SC1D due to

incomplete immune deficiency in aged P7"SC1D mice

The immune system of our Po/SCID is nevertheless severely impaired, as sad mice kept

for trial purposes under non-SPF-condttions did succumb to infections of Staphylococcus

aureus, an usually non-pathogen ubiquitous germ FACS analysis of infected sad mice

revealed a dramatic increase of CD4 positive and CDS positive lymphocytes This

phenomenon is possibly explained bv so called superantigens of Staphylococcus aureus

inducing an antigen-unspecific response Lymphocytes in C57/BL6 sad mice seem
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therefore to be able to proliferate, however they are apparently incapable of clearing

infections.

In this view the "partial" immune system of P0"SCID mice is apparently able to exert

similar effects on peripheral nerves as an intact immune system. Although this partial

immune deficiency in C57/BL6 sad mice is not well defined, these observations might

provide hints when considering mechanisms involved in the demyelination of P(>" mice

We cannot exclude that an effect of the immune system would be detectable in P0'

versus P0"SCID at elevated ages, as the progressing neuropathy may cause initially

subtle differences to become more apparent. Due to the observation of one-year-old

leaky seid mice and the availability of better defined models, a morphological

investigation oïseid mice older than eight month was not conducted.

A striking observation is the clear increase of "artefacts" in myelin of P0*fSCID animals.

No satisfying explanation for this phenomenon could be found. As the focus of this study

was shifted towards better defined models (see below) and no further animals were

investigated, the biological relevance of this limited number of observation is difficult to

assess.

As minima! conclusion the seid mice are not suited as model for immune deficiency in

order to detect an effect of the immune system in Po" mice.

6.2 Pr/TCRa

The homozygous null mutation for the T cell receptor a gene leads to complex

alterations in the development of the immune system Primarily the absence of the TCRa

chain leads to a loss of a ß T cells, but y 5 T cell and B cell populations are maintained.

In TCRa* mice, intestinal intraepithelial lymphocytes can be identified which express the

TCRß chain in the absence of the TCRa chain The role of T cells expressing solely the

TCRß chain or the TCRyÔ chains is not clear T cells expressing a homodimeric form of

the TCRß chains in TCRa*" mice can be clonally expanded upon stimulation (Takahashi

et al, 1999) and a constitutive biological activity of TCRß intestinal intraepithelial

lymphocytes in TCRa" mice is reported (Neuhaus et al. 1996) tn addition to

mechanisms possibly compensating for the lack of ex ß T cells, the TCRa deficiency
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might also have a negative influence on other components of the immune system For

instance autoimmune lupus-prone mice deficient in TCRa developed lower levels of

specific autoantibodies, accompanied by less severe or delayed renal and cutaneous

disease (Peng et al., 1997)

A significantly milder neuropathy of immune deficient P0"/TCRa"" mice was observed at

two different ages in morphological investigations and electrophysiological

measurements revealed significantly improved nerve conduction velocities at an age of

13 months. The failure to reach significance in the difference of electrophysiological

parameters at 8 months is attributed to the inferior sensitivity of the method compared to

morphology (Martini et af, 1995b; Zielasek et af, 1996). The natural variance in the

results of electrophysiological investigations require high numbers of investigated mice to

allow the detection of subtle differences by statistical analysis. Due to practical reasons

the number of mice in our study has been limited. The detection of significant differences

in low numbers of investigated mice is in consequence indicative for considerably

different conduction properties. Electrophysiology reflects functional parameters in living

animals and is therefore a valuable tool for the purpose of our study.

In morphological analysis of peripheral nerves, the endoneurial space was used as

parameter to asses nerve pathology Of course the possibility to create artefacts in

endoneurial fluid by perfusion has to be considered In this view the increase of

endoneurial space in P0" mice and the decrease of endoneurial space in immune deficient

mice was confirmed on cryosections of not perfused nerves In addition the observation

of collagen fibrils in endoneurial space by electronmicroscopy makes a mere perfusion

artefact improbable Consequently, areas randomly chosen for morphometry were

excluded from analysis if major parts lacked collagen fibrils and extracellular matrix.

The increase of endoneurial space is described in certain inherited neuropathies in human

as "interstitial edema" and "hypertrophy" (Dyck et al, 1993), but is rather seen as a

hallmark for inflammatory neuropathies Due to generally poorer fixation of human

biopsies, it is not possible to directly compare coi responding studies of endoneurial

space in human and mice Taking these considerations into account, the endoneurial

space was found to be an accessible and reliable indicator for pathology of peripheral
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nerves. Differences of morphometric parameters along the length of the nerve were

considered by carefully selecting for all morphologic investigations cross sections at the

level of the branching of the femoral nerve into quadriceps and saphenous nerve

The significant reduction of the endoneurial space in conjunction with thicker myelin

sheaths and improved conduction properties is therefore considered as evidence for

milder pathology in immune deficient Po 7 TCRa"" mice In conclusion, P0
"

mice that are

immune deficient due to a genetic deficiency in the TCRa gene display a clear

improvement of the pathological phenotype in comparison to immune competent P0*"

/TCRa" littermates, which coherently show the detrimental effect of the immune system.

6.3 Pn/RAG-1

RAG-1 is a necessary component in mechanisms responsible for somatic DNA

rearrangements that produce a large diversity of mature genes encoding T cell receptors

and Immunglobulins The impairment of V(D)J recombination in RAG-1 "mice leads to a

complete loss of mature B cells and T cells. Amazingly RAG-1 expression is found not

only in cells and organs of the immune system but RAG-1 is also expressed in the brain.

RAG-F" mice are reported to have no obvious brain phenotype and we did not find

significant morphological alterations in the PNS of Po "/RAG-F" mice.

However there might be a link of somatic DNA rearrangements to neuronal development

as recent studies have shown that recombination-related genes are also necessary for

normal neuronal development (for review Chun and Schatz, 1999) Although there is no

clear evidence for genetic recombination in the nervous system, abnormal neuronal death

and consequent embryonic death is observed in deletion of two independent genes

involved in DNA rearrangements Ignoring so far the reason for neuronal death, there

might therefore exist similarities between immunological and neurobiological

mechanisms in normal development At this point a significance for our study is hard to

asses However does the similarity of the effect of a second immune deficiency (TCRa"")

independent of DNA recombination activity favot the hypothesis that the reduced
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pathology observed in Po+7RAG-l*" mice is due to the absence of a functional immune

system.

Similar to the results of P0/TCRa mice (see discussion above), a significant reduction of

endoneurial space is found in immune deficient P0'7RAG-F" mice as compared to

immune competent P0^7RAG-1'* mice. In addition significantly thicker myelin sheaths as

demonstrated by a lower g-ratio support the view of improved myelin maintenance in

aged immune deficient P()"/RAG-F" mice.

Although not a principal aim of this study, a significant reduction in axon diameter of Po"

/RAG-l" versus Po'^/RAG-T" in quadriceps nerves was observed. The reduction of

caliber in axons with degenerating myelin is presumably the reversal of the increased

caliber of myelinated axons. In previous studies, a reduction of mean axon diameter was

measured in the pectineus nerves of one-year-old Po" mice without reaching statistical

significance. The mean axon diameter in quadriceps nerves of P0T+/RAG-l" (7 4 ±

0.2pm) in our study is higher than the corresponding value in the pectineus nerve (4.3 ±

0.4pm, (Martini et al., 1995b), and similar values in measurements of pectineus nerves to

test our setup). These results indicate that although due to practical reasons only a

randomly selected subset of the total number of axons in the quadriceps nerve can be

measured, the quadriceps nerve is suited as paradigm for the analysis of pathological

alterations. In the pectineus nerve, the total number of approximately 100 axons and thus

a constant population can be addressed, however the intrinsic smaller axon diameter and

presumably the higher content of sensory axons may reduce the measurable extent of

pathological alterations

In this context, a remarkable observation is the fact that axon diameters are not

significantly influenced by the immune system in P0
"

mice Immune deficient P0" mice

have similar axon caliber as immune competent P0" mice in two independent models for

immune deficiency Despite lower g-ratio and electrophysiological parameters in the P0'"

/RAG-F" mice indicating a reduced demyelination. the decrease of axon caliber in
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demyelinating nerves can apparently not be inhibited by the removal of the immune

system.

This observation might also be the reason why P0"/RAG-F" mice display a lower g-ratio

(thicker myelin) than Po'/RAG-F" or P0 7RAG-1
"

littermates. The number of turns of

Schwann cell membrane around the axon increases with axon caliber, that means

normally myelinated axons with higher caliber have also an increased physical thickness

of myelin as measured by the distance from the innermost lamellae to the outermost. The

mode of calculation for the g-ratio includes the axon caliber and therefore the g-ratio is a

better indicator for physiological myelin thickness than the actual physical thickness.

However the mathematical model of the g-ratio slightly overcompensates the

physiological effect of the axon caliber and therefore a normal population of higher

caliber axons as in Po'VRAG-l'* mice tends to have a higher g-ratios (thinner myelin)

than a normally myelinated population of small caliber axons. This fact makes it

misguiding to compare myelin thickness of axon populations with different axon caliber

by means of the g-ratio. The analyzed populations of axons of P0VRAG-F* mice versus

P0++/RAG-F" littermates display different axon caliber and therefore the lower g-ratio of

Po"/RAG-F" mice could indicate that the physical myelin thickness is maintained in axons

with decreased caliber. Obviously there is no experimental evidence for the suggested

plasticity in axon caliber. To elucidate dynamic processes in a complex degenerating and

regenerating environment by means of morphological analysis of static pictures would

require the refined analysis of axon caliber at several time points in the progression of the

neuropathy in P0" mice.

Investigations of nerve conduction properties were carried out to asses the function in

vivo. The increase of latencies and lowered nerve conduction velocities in P0" mice is

indicative of demyelination. In the absence of a functional immune system Po "/RAG-1"

mice showed better conduction properties than immune competent P0"/RAG-F*

littermates, i.e. lower latencies. Latencies after both distal and proximal stimulation are

used to calculate nerve conduction velocities. In addition, acquirement of both values

increases the reliability by providing data of two independent stimulations of the same

nerve
.
In conclusion latency measurements largely support the morphological findings of

reduced demyelination in 17 7RAG-F" in the absence of a functional immune svstem
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The interpretation of the results of the determination of amplitudes of compound action

potentials is not this straightforward. Amplitudes of compound action potentials can be

seen as parameter reflecting the number of axons stimulated in electrophysiological

testing. Amplitudes were not significantly different in P0 "/RAG-F" versus Po'VRAG-l"

mutants. Intriguingly the immune deficiency in Po /RAG-F" leads to a significant

decrease of the amplitude compared to P0* /RAG-1 Although the methodology used is

optimized for latency measurements and so far no correlation of amplitudes with

pathology in P0" mice could by detected, the decrease in amplitude in RAG-1 deficient

mice could be seen as indicator for axonal loss. However at the investigated proximal

levels of the femoral nerve no signs of axonal loss could be found. A direct influence of

the immune deficiency in decreasing amplitudes is possible, which might override the

beneficial effects of the immune deficiency as observed in other parameters of nerve

conduction properties in P0"/RAG-F".

Amplitudes of compound action potentials are of particular interest in correlation with

human CMT disease. In patients affected by chronic demyelinating diseases generally

distally pronounced symptoms as weakness followed by atrophy are found in conjunction

with reduced amplitudes. This observations are all indicative for a loss of connection of

axons with target muscle fibers. R. Frei and colleagues could recently show that in P0"

mice as model for Dejerine-Sottas syndrome a significant axonal loss is observed,

however only in very distal sensory nerves in the toe and not in more proximal parts of

the same nerve. Indirect evidence for loss of motor axons is found in the detection of

enlarged motor units by means of muscle group typing (Frei et al., 1999) Similar

investigations in P0" mice are currently undertaken

Taken together, it would be worthwhile to investigate axon numbers in distal sensory

nerves of P0/RAG-1 mice to check whether the reduction of amplitudes of compound

action potentials in RAG-1 deficient mice is associated with axonal loss in distal sensory

nerves, as shown for P0"" mice If deficiency in RAG-1 leads to a reduced axon number,

its role in neuronal development and especially in pathfinding processes should be

assessed (see above) If the decreased amplitude m RAG-1 deficient mice is not

correlated with axonal loss in distal sensory nerves, one could check whether the
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improved myelin maintenance of immune deficient Po'VRAG-l"" mice leads also to an

reduced axonal loss when compared to immune competent P0"/RAG-1
"

littermates.

In nerves of P0+* mice, the number of cell nuclei were found to increase with age and

disease progression Most of the nuclei belonged to Schwann cells as revealed by

electronmicroscopy. P0"/TCR"" at 8 months and P0"/RAG" at 13 months displayed

significant lower number of nuclei than their respective immune competent littermates.

The generally higher levels of P0/TCR reflects a faster disease progression in Po/TCR

(see below). Intriguingly, the approximately equal levels for Po'VTCR" and Po+VTCR" at

13 months are in contrast to the difference between Po'VTCR" and Po'VTCR"" in the

results of electrophysiological investigations of the same animals. As hypothesis,

reaching of a physiological limit for Schwann cell number within a nerve of Po" mice is

proposed. Apparently the TCRa"" immune deficiency does not prevent to reach this limit

in Schwann cell number, although with two ages investigated, no deductions concerning

the time course can be made.

6.4 Direct comparison of Po/TCRa versus Pp/RAG-1

In designing theses experiments, the initial idea was to test and distinguish a primarily T

cell mediated effect from an possible involvement of antibodies. In EAN both

components of the immune system are necessary to elicit an acute focal conduction block

and perivascular demyelination (Spies et al, 1995) We observed that P0"/TCRa** mice

primarily lacking T cells show a similarly alleviated phenotype as Po'VRAG-l ""mice

lacking both B cells and T cells This finding would suggest an action of T cells with only

minor effects of antibodies However this conclusion is challenged by several arguments.

First, beside the reported reduction of lupus specific antibodies (see above), it is

reasonable to assume additional alterations of remaining components of the immune

system in TCRa" mice lacking functional a ß T cells As long as targets of the

hypothesized immune raction are undefined, foi instance determination of specific

antibody titers is not possible As second argument, we observed a moderately
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accelerated disease progression in P0'VTCRa" when compared to single mutant P0" or

Po"/RAG-l". This might suggest an increased reactivity of heterozygously deficient

TCRa+* immune cells. However there is no evidence for this hypothesis, as TCRa" mice

displayed a wild type-like immune system in so far reported experiments. An alternative

explanation is the strain background of TCRa"" mice which are used to generate the

double mutants. The TCRa"" breeding contains the BALB/c strain as a minor constituent,

which may cause a slight difference to the background of the Po/RAG-1 breeding The

RAG-1 breeding and the P0 breeding have virtually identical backgrounds For instance,

for BALB/c and C57BL/6 mice a slightly different cytokine profile in the CNS is

reported (Falcone et af, 1998). Cytokine expression patterns and possibly other

epigenetic factors might be a reason for an accelerated progression of the neuropathy in

mice containing BALB/c in their strain background

Interestingly in initial descriptions of TCRa and RAG-1 mutant mice (Mombaerts,

1995), a higher incidence of inflammatory bowel disease (IBD) was described in TCRa

deficient mice compared to RAG-1 deficient mice housed in the same rooms. The

inflammatory bowel disease was initially hypothesized to result from a spontaneous

autoimmune attack due to a dysregulation of the immune system (Mombaerts, 1995).

Recent studies however have shown that a single microbial species, Cryptosporidium

parvum, is capable of triggering the development of IBD-like lesions in germfree TCRa**

mice, which failed to develop spontaneously IBD if maintained germfree or colonized

with a limited number of intestinal bacteria (Sacco et al., 1998). TCRa"" and P0/TCRa"*

animals used in this study displayed normal survival rate exceeding 2 years and clinical

symptoms for IBD as diarrhea were not observed The discrepancies in the literature

concerning the development of IBD in TCRa"* mice are even more confusing due to

possible differences in at least two independently generated TCRa deficient mouse lines

(Mombaerts et al, 1992b; Philpott et al, 1992) Nevertheless the suggested higher

susceptibility of TCRa deficient mice to develop IBD remains puzzling as RAG-1 mutant

mice having neither B nor T lymphocytes would be expected to be more susceptible to

infections. In summary IBD does not develop spontaneously or result from a generalized

antigenic stimulation, but rather requires induction by specific stimulus. Differences in
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the remaining components of the immune system in TCRa* versus RAG-1"" may then

determine the pathological result of the stimulation, suggesting that TCRa" mice might

have an elevated susceptibility for some forms of autoimmune reactions. Possibly these

considerations are of relevance for our studies, especially when comparing the myelin

phenotype of P0' VTCRa"" versus P0 "/RAG-1"' mice

In conclusion both models of immune deficiency display a similar effect in enhancing the

maintenance of myelin in P0+" mice Due to the points discussed above, no definitive

conclusions about mechanisms can be drawn, an effect of the immune system on

demyelinating processes is however emphasized by the observation in two independent

models for immune deficiency.

6.5 Splenocyte stimulation

Another and independent argument for the involvement of immune cells in the myelin

pathology of P0" mice is the observation that in splenocyte preparations from P0'" mice

the frequencies of leukocytes proliferating in response to myelin components was higher

than in preparations from P0" mice. Although we did not investigate the cytokine release

of these myelin-specific T-lymphocytes and current methods asses exclusively the

proliferation of CD4-positive lymphocytes, we suggest that the elevated frequency of

proliferating T-lymphocytes in Po" mice reflects the involvement of the immune system

in the myelin pathology of P0" mice The highest frequency of proliferating cells was

observed when P0 was offered to leukocytes from P0" mice. Why P0 appears to be a

main immunogenic component in Pn" mice is presently not known. In experimental

autoimmune neuritis (EAN) in rat, P2 is a much stronger neuritogen than P0 (Linington et

af, 1992), but there might be differences among species On the other hand, even in

heterozygous mutants, P0 is still the most abundant peripheral myelin protein (Giese et

al., 1992) which could explain a substantial role of Po as an immunogenic component.

This does not preclude the possibility that other myelin components that have not been

tested could elicit even stronger immune responses



67 Discussion

6.6 Immune suppression

In order to investigate the possibility to mimic the effect of an immune deficiency by

pharmacological immunosuppression, 17
*

mice were treated with cyclosporin A (CsA)

CsA causes immunosuppression by blocking the calcium-dependent activation of

antigen-reactive T cells (Borel et al, 1976, for review Snyder et al., 1998). CsA is used

therapeutically for a variety of purposes One of the most important is the treatment of

patients undergoing organ transplantation to prevent acute host-versus-graft rejection.

Although standard immunosuppressive therapy allows a high graft survival rate for the

first years, chronic rejection reactions occur later on at a considerable rate They are

difficult to manage with immunosuppressive drugs and remain a major problem in

transplantation medicine. Moreover CsA immunosuppression also diminishes symptoms

of autoimmune diseases such as myocarditis and glomerulonephritis. Its established use

in patients makes CsA well suited for a possible application in inherited neuropathies,

although also considerable side effects are encountered Among these a higher tumor

risk, which is derived from a direct cellular effect of CsA on tumor cells resulting in

increased number of metastases (Hojo et al. 1999)

The results of a pilot study of CsA-treatment of P0
"

mice are not conclusive. Although

CD4/CD8-double positive peripheral lymphocytes as a typical initial effect of CsA-

treatment were observed in flow cytometry, no significant effect on myelin pathology of

P0" mice was detectable The observation of an unusual high variance in the phenotype

was unexpected and possibly responsible for the failure to demonstrate an effect of

immune suppression on the neuropathy Evidently- a correlation with daily intraperitoneal

injections of carrier solution containing small amounts of ethanol is hypothesized. In an

ongoing project, an oral application of the drug is therefore evaluated Largely dependent

on the results of these studies also other approaches might be considered For instance in

other diseases with supposed autoimmune involvement as rheumatoid arthritis, the

effectiveness of immunosuppressors as CsA is controversially discussed (Kremer, 1998)

The blockade of T cell activation by CsA alone apparently has an unsatisfactory

beneficial effect on rheumatoid arthiitis Therefore a combination therapy is currently

discussed
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Alternative to the block of T cell activation, the modulation of other mechanisms

involved in the generation of autoimmune responses may be assessed. For instance the

induction of specific immune tolerance -teaching the immune system to accept specific

antigens as "self- has some conceptual advantages to immunosuppressive therapies. For

instance a suppression of clinical and histological signs of EAN is observed with

preceding oral administration of myelin antigens and thereby possibly an induction of

tolerance (Cunningham et af, 1983; Gaupp et af, 1997). Several tolerogenic agents,

such as the T cell co-stimulatory blockers, CTLA4-lg, anti-CD40L or anti-B7, can

induce donor-specific tolerance in rodent transplant models (for review Waldmann and

Cobbold, 1998). Currently monoclonal antibodies to CD40L (Kim et af, 1998) and

CTLA4-lg are used in clinical trials for the treatment of different autoimmune diseases

(Novak, 1999). The blockade of the CD40-CD154 (CD40L) costimulatory pathway has

also been shown to suppress relapses in mice with established relapsing experimental

autoimmune encephalomyelitis (R-EAE; Howard et af, 1999). The chronic progression

of disease in inherited neuropathies might therefore be well suited for tolerogenic agents

to prevent an aggravation of disease by the immune system

Another promising approach to the treatment of autoimmune diseases was recently

presented by the strategy to eliminate autoreactive T cells by the internal suicide program

(for review Brunner and Mueller, 1999) When first activated, T cells are resistant to an

activation induced internal suicide program but they become sensitized during the

effector phase of the immune response Bisindolylmaleimide VIII (Bis VIII) may

promote cell death of activated T cells by interfering with inhibitors of apoptosis. In

contrast to immunosuppresive drugs. Bis Mil appears not to paralyze the immune

system but rather targets activated lymphocytes that emerge during establishing of an

autoimmune disorder. Mounting of immune responses should still be possible. Bis VIII

yyas shown to abrogate autoimmunity in two different models, experimental autoimmune

encephalomyelitis (EAE) and adjuvant arthritis Due to the predictable onset of inherited

neuropathies, timely treatment with Bis Mil might inhibit the establishment of the

hypothesized cascade of immunoreactions leading to an exacerbation of the mvelin

pathology
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6.7 Proposed model for mechanism

tissue destruction

migration

regulation

immune response

APC -> T-cell response

B-cell response -> antibodies

Fig. 21: Hypothetical model for mechanisms leading to pathology in P0" mice.

Immunization with myelin antigen can lead to tissue destruction as known from EAN.

The model can be combined to a circular pathway by adding chronic demyelination and

hypothetical antigen release in Pn" mice

The mechanism leading to an involvement of the immune system during demyelination in

Po" mice is presently not known

By analyzing the morphometrical data describing axonal caliber and myelin thickness in

Po/RAG-1 mice, we can build up testable hypothesis, although the mechanism was not

directly addressed in this study In the current view, myelination leads to axon diameter

increase as observed in normal development A Schwann cell derived signal involving

MAG modulates locally the caliber of the axon (Yin et al, 1998) A demyelination leads

to a decrease of axon caliber (de Waegh et al
, 1992), supposedly through the loss of

Schwann cell signals Subsequent remvelination restores axon calibers up to a certain

extend (Hsieh et al, 1994), although g-ratios remain increased
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In our model, milder demyelination indicated for instance by thick myelin sheaths in P0+*

/RAG-F* is associated with a similar reduction of axonal caliber as in severely

demyelinating nerves of Po"/RAG-F" mice. This observation is indicative that solely the

reduction of the dose of Po protein in myelin sheaths of Po" mice induces a reduction of

axon caliber, although the exact development of axon caliber with time remains to be

shown in P0"/RAG-1 mice. The immune system may then foster the demyelination of

unstable myelin sheaths that are adjusting to hypothetically decreasing axon caliber.

Alternatively thicker myelin sheaths in Po'VRAG-l"' could theoretically be due to

enhanced remyelination in immune deficient mice, although there is no evidence for

altered myelin thickness in immune deficient Po* mice nor are so far studies available

that address remyelination in immune deficient mice

Therefore it is possible that the reduction of Po may result in an intrinsic instability of

myelin leading to an initial attraction of macrophages by Schwann cell-derived cytokines

followed by a macrophage mediated attraction of T-lymphocytes. An argument in favour

of this model is our observation that the number of macrophages is increased already at

four months of age in P0" mice, while the number of cytotoxic T cells is not yet elevated

at this age. The activation of autoimmune T-lymphocytes by antigen-presenting

macrophages could eventually result in a local cascade of cellular and humoral immune

reactions leading to demyelination (Gold et al, 1999) and/or to a continued attraction

and activation of macrophages by T-lymphocyte-derived cytokines

6.8 Conclusions and perspectives

In the present study, we demonstrate that in a mouse model for hereditary neuropathies,

demyelination is less severe when the immune svstem is impaired. Absence of a

functional immune system and amelioration of the pathological phenotype is achieved in

two independent genetic defects (RAG-F" and TCRa"") thus supporting a role of the

immune system in the demyelinating phenotype of Pn"" mice
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Effect of the immune system in other models for inherited neuropathies?

In order to generalize and confirm the role of the immune system in hereditary

demyelinating neuropathies, other models for these types of diseases might be

investigated in similar approaches by cross breeding with immune deficient mice

Obvious models for such attempts are the mice deficient in connexin32 (Cx32") or

Pmp22" (see introduction).

The role of macrophages?

The reduced numbers of macrophages in the less impaired nerves of immune-deficient

myelin mutants could indicate a devastating role of macrophages during genetically-

induced demyelination, as is the case in primarily immune-mediated disorders of the

nervous system, such as EAE and EAN (Huitinga et af, 1990; Jung et af, 1993).

However, it is also possible that the lower number of macrophages is rather the

consequence of than the cause for a less severe pathological status of the immune

deficient myelin mutants. Thus, further studies are needed to characterize the roles of

macrophages in genetically mediated demyelination In an approach similar to the

generation of immune-deficient myelin mutants, P0" mice deficient in macrophage

functions are generated. Osteopetrotic op/op mice carry a point mutation in the gene for

the macrophage colony stimulating factor (M-CSF) and display deficits in the

development of macrophages (Yoshida et al, 1990) Provided that nerves of Pn" op/op

mice show a significantly reduced macrophage infiltration, a functional role for

macrophages can be deduced in analogy' to this study

Additional factors involved in the pathogenesis?

The demonstration of a detrimental influence of the immune system does not preclude

other factors being involved in the pathogenesis For instance, in different models for

neuropathies an exclusion of pathology in mainly sensory branches of peripheral nerves is

observed This phenomenon is uniquely described foi rodents and may provide kevs for
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the elucidation of protective mechanisms. Putative differences between sensory and

motor nerve branches may include a different regulation of myelin gene expression,

possibly induced by differential supply of trophic factors. Therefore sensory branches in

rodents are a suited paradigm for verifying putative protective mechanisms by checking

for an unique occurrence of these protective mechanisms in sensory branches.

The observation that different mouse strain backgrounds possibly influence the severity

of the neuropathy in P0" mice might be verified by backcrossing the Po knockout

mutation into the BALB/c strain. If backcrossed BALB/c P0" mice display a significantly

accelerated disease progression in comparison to C57B16 P0+* mice, this would

definitively explain the observed difference in progression of disease between P0+7RAG-

l" and Po VTCRa" mice. Although the influence of the BALB/c background is

intriguingly invariable in the mixed strain background and therefore dominant and

presumably multigenic, linkage studies in variably affected mice derived from

intercrossing C57B16 P0" and BALB/c P0"" mice might lead to corresponding loci and

genes.

Sferjs towards an elucidation of mechanisms

The demonstration of a detrimental effect of the immune system on myelin sheaths in P0+*

mice elicits the question about possible mechanisms

Reduced demyelination process or enhanced remyelination^

A basic question is whether the absence of an immune system leads to reduced

demyelination or an enhanced remyelination

The reduced number of Schwann cell nuclei and elevated myelin thickness are indicative

for reduced demyelination in immune deficient Po"" mice, however we cannot exclude a

direct effect of the immune deficiency on these parameters By a systematic measurement

of internodal length in teased fiber preparations this question can be addressed

Internodal length is known to be shorter after regeneration (Dyck et al, 1982a).
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Therefore a smaller internodal length in teased fiber preparations of immune competent

compared to immune deficient P0" mice would be indicative for an effect of the immune

system on the demyelination process. However also the axon caliber has an influence on

internodal length and therefore a similar distribution of axon calibers has to be

demonstrated in both teased fiber preparations

Involvement of antigen-specific responses?

Demyelination in P0" mice occurs also in the absence of a functional immune system,

however to a reduced degree. The immune deficiency possibly impairs both antigen-

specific responses and antigen-unspecific effects as for instance basal levels of cytokines

Therefore a relevant question remains to what extend antigen-specific T cell responses

are involved in demyelination. Splenocytes isolated of P0
"

mice proliferate in response to

myelin antigens with a higher frequency than splenocytes of P0" control mice. This is

indicative for a previous in vivo stimulation of T cells recognizing myelin antigens ,

however the physiological relevance of this observation is difficult to judge. In order to

address this question, bone marrow chimeras are generated. Bone marrow contains

hematopoietic stem cells able to reconstitute complete immune system functions.

Therefore P0+VRAG-F" mice are reconstituted either with bone marrow of transgenic

mice expressing only one, not myelin-specific TCR or with bone marrow of wild type

mice. Provided that the transplanted bone marrow cells are accepted over the period of

the experiment, the effect of not myelin-specific T cells on the neuropathy can be

observed. At the least, this experiment can confirm the devastating role of the immune

system derived from bone marrow of wild type mice and transplanted into P0 "/RAG-1"

mice.

Enhanced susceptibility of P0+- mice to myelin-specific immune responses?

A fundamental point are the steps leading to the establishment of the hypothesized

circular pathway resulting in autoimmunity The perception of chronically released

myelin antigens leading to autoreactive immune responses might be tested by repeated
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injections of myelin preparations into the endoneurium of peripheral nerves of wild type

or also Po" mice. In analogy to reports about the effects of endoneurial injection of T

cells and antibodies (Hughes et af, 1985; Spies et af, 1995), the morphological analysis

of nerves at different sites distant to the injection site may reveal the effects of a systemic

immune response Yet immune responses against peripheral myelin antigens are difficult

to elicit in mice. Immunization with peripheral myelin components results in moderate

EAN in mice and considerable differences in susceptibility are observed among different

strains (Taylor and Hughes, 1985). In this view ongoing immune reactions directed

against myelin components in P0" mice might facilitate the induction of EAN in P0" mice

by active immunization with myelin components or also by adoptive transfer of myelin

specific T cell lines. However in analyzing these experiments the superposition of the

acute phenotype of EAN and the slowly progressing chronic demyelination in P0+* mice

has to be considered. An increased susceptibility of P0" mice for EAN may be tested as

well as a long lasting effect of an acute EAN episode on the disease progression of Po4"

mice

Role of the MHC haplotype in inherited neuropathies?

Initial steps of an antigen-specific immune response require antigen processing and

antigen presentation In autoimmune processes targeted against nervous tissue, fairly few

is known about antigen presenting cell type and place of interaction with effector

immune cells As previously outlined, macrophages with their constitutive expression of

MHC II are an obvious candidate for APC function The kind of presented antigen varies

with the combination of molecules responsible for presentation, the so called MHC

haplotype To underline the role of antigen presentation, a recent study of actively

induced MOG-EAF2 in rat has revealed a determination of disease susceptibility by the

class II MHC haplotype Experimental autoimmune encephalomyelitis (EAE) induced by

active immunization with the myelin oligodendrocyte glycoprotein (MOG) is an

antibody-mediated, T cell-dependent demyelinating disease affecting mainly the CNS In

contrast to other purely T cell-mediated models of EAE. the "resistant" Brown Norway

rat strain is susceptible to MOG-EAE Analysis of congenic strains carrying different
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MHC haplotypes demonstrated a modulation of severity and clinical course by an MHC

or MHC-linked effect (Stefferl et af, 1999). Disease severity was correlated with MOG-

specific antibodies, and therefore a MHC-linked effect on the B cell response is

postulated in MOG-EAE

Despite important differences of inherited neuropathies to MOG-EAE, it might therefore

be worthwhile to consider a role of the MHC haplotype also in inherited neuropathies by

comparing the disease of congenic Po" mice with different MHC haplotypes.

Effector mechanisms?

Following the induction of immune responses, the next question is which immune

effector mechanisms are involved in disease pathogenesis. Both the immune deficient

models and the splenocyte stimulation experiments are compatible with an involvement

of T cells. P0+" mice might therefore be a suitable source for the isolation of neuritogenic

T cell lines which can be obtained from split well assays with an eventually extended

panel of myelin antigens. So far neuritogenic T cell lines capable to induce demyelinating

EAN in mouse are not available and can provide further insights in demyelinating

mechanisms. The recently reported induction of EAN in CD47CD8"" double mutant mice

on the C57BL6 strain background (Zhu et al, 1999) might open new possibilities,

although they describe a controversially discussed use of pertussis toxin in the induction

of AT-EAN. Furthermore the labeling of CW T cells prior to adoptive transfer (Flügel

et af, 1999) might illuminate the fate of the injected cells and possibly also the places of

interaction with APC and other cell types

Representations of mechanisms of actions of the immune system on nervous tissue are

almost solely derived from EAE models in which disease is T cell mediated and is

independent of the B cell response This has lead to a T cell-centered interpretation,

which might not represent the complexity of both cellular and humoral immune effector

mechanisms involved in pathogenesis of other diseases For instance in M0G-F77E the

formation of demyelinating lesions depends on synergy between the MOG-speciiic T cell

and antibody response (Lmington et al
,
1993) Whether antibodies play a role tn the
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demyelination of Po'" mice could most elegantly be tested by a transplantation of bone

marrow of antibody deficient mice into Po"/RAG-F" recipient mice.

Role of cytokines?

When considering mechanisms in antigen-specific or also antigen-independent immune

reactions, cytokines are an obvious factor to include. The role of cytokines in

demyelinating and inflammatory neuropathies appears to be rather complex. Previous

studies of the expression of cytokines have suggested a classification into rather pro¬

inflammatory of the Thl-type as tumor necrosis factor-alpha (TNF-a), or interferon-

gamma (IFN-y). Cytokines with more anti-inflammatory effects as interleukin (11)-10, II-

4, ,
11-6 or TGF-ß2 were classified as Th2-type. However, recent studies using a variety

of genetically engineered animals in which the genes for cytokines and/or their receptors

have been inactivated have called into question the Thl-Th2 paradigm in experimental

autoimmune encephalitis (EAE).

For instance mice lacking TNF-a, a potent mediator of inflammation, develop

nevertheless severe neurological impairment with high mortality and extensive

inflammation and demyelination Treatment yvith TNF dramatically reduces disease

severity in both TNF"* mice and in other TNF" mice highly susceptible to the MOG-

induced EAE (Liu et al, 1998)

Only 0-6% of mice on the BALB/c strain background develop EAE when immunized

with myelin basic protein in adjuvant Strikingly, in BALB/c mice lacking IFN-y, EAE is

of unusually high severity Therefore, in BALB/c mice, the proinflammatory cytokine

IFN-y confers resistance to EAE (Krakowski and Owens, 1996)

On the other hand, IL-4-deficient C57BL/6 mice, and to a lesser extent the lL-4-deficient

BALB/c mice, developed a more severe form of EAE^ and an increased expression of

proinflammatory cytokines in the CNS than their wild-type littermates (Falcone et af,

1998)

Another group found that 1L-10- but not lL-4-deficient mice had accelerated EAE

following immunization with MOG Spontaneous recoveiy from EAE occurred in

normal and lL-4-deficient mice, but not in mice deficient in IL-10 (Samoilova et af,

1998)
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To complete the confusing results of EAE in cytokine-deficient mice, 11-6"" mice are

found to be resistant to MOG-induced EAE (Eugster et af, 1998)

In support of an action of cytokines also in inflammatory processes of the PNS, a

therapeutic effect of the anti-inflammatory cytokine transforming growth factor (TGF)-

beta 2 on actively induced EAN, but not on AT-EAN is observed (Jung et af, 1994).

The investigation of cytokine expression might reveal a role in the demyelination of Po"

mice. The expression of cytokines in nerves of either immune competent or immune

deficient Po"1" mice can be assessed at different stages of disease An elegant method for

profiling of multiple cytokines is the RNAse protection assay (Hobbs et af, 1993). The

cellular location of cytokines with an expression correlating the neuropathy might then

be studied in detail by in situ hybridization

Clinical implications

A relevant question concerns the clinical implications of our findings Most forms of Po~

related hereditary neuropathies are caused by heterozygous mutations that only seldom

result in a pure reduction of gene dosis (Scherer and Chance, 1995; Warner et af, 1996).

Rather, toxic gain-of-function and dominant-negative effects might be the leading

detrimental mechanisms in most of the Po-mutation-mediated disorders (Scherer, 1997,

Warner et af, 1996; Wong and Filbin. 1996, Zhang and Filbin, 1998). This, however,

does not argue against the possibility that in patients suffering from such detrimental

processes immune-mediated mechanisms are involved as a secondary cause as we have

shown for the P0" mice Rather, it is plausible to assume that the involvement of the

immune system as an aggravating component is not confined to hereditary neuropathies

caused by P0-mutations, but might be widespread among the different types of hereditary

neuropathies Interestingly, in a variety of CMT patients of unknown genotype, elevated

levels of activated T-lymphocytes have been detected in the peripheral blood (Williams

et al, 1992, Williams et al, 1987) Furthermore, some patients are teported to develop a

sudden worsening of their clinical neuropathy and show inflammatory infiltrates in nerve

biopsies (Malandrint et al, 1999) and clinically respond to corticosteroids (Dyck et al,
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1993) Taking into consideration that immune reactions can be superimposed on the

clinical and pathological phenotype of CMT, it might be worthwhile to investigate

whether among patients with chronic inflammatory demyelinating polyradiculopathy

(CIDP) some might carry CMT mutations which would lead to a more pronounced

immune reaction. In analogy, it is intriguing to speculate that mutations in myelin and

other genes of the central nervous system could elicit similar immune reactions that

could manifest themselves in multiple sclerosis and modulate the disease course

Our finding that in P0" mice, the immune system contributes to demyelination might

offer the possibility to understand the pathologic mechanisms of demyelination in at least

some forms of inherited neuropathies. It might, therefore, be worthwhile to re-consider

treatment strategies with appropriate immunomodulators or suppressors to ameliorate

the immune mediated pathological components of the still untreatable monogenic

disorders. In addition, the knowledge about the participation of the immune system in

primarily genetically-based neuropathies might extend out understanding of the

pathomechanisms occurring in neurodegenerative disorders in general
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