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SUMMARY

A new method is described that enables longitudinal and cross sections of an individual

nerve frbre to be cut at multiple specified sites along the fìbre by the use of a unique marker

system. In this way the internal structure of the fibre can be correlated with the external

appearance. Individual myelinated nerve fibres were teased apart in epoxy resin and

mounted onto a carbon-coated slide, and after orientation and marking of specific sites of

interest are snap frozen to liberate the orientated and marked fibres for embedding on the

surface of an epoxy resin block for subsequent longitudinal or transverse sectioning. This

method is particularly useful for the correlative study of myelin-axon relationships.

One hundred and six teased nerve fibres from sural nerve biopsies of cases of sensory

neuropathy with mitochondrial abnormalities, uraemic neuropathy, IgM anti-GMl

neuropathy and a normal sural nerve were examined using this technique. Correlation of the

flrndings on cross and longitudinal sections with the external appearance of teased fìbres has

yielded new insights in the interpretation and classification of pathological changes

affecting peripheral nerves.

Focal myelin swellings and tomacula in teased nerye fibres from a case of IgM anti-myelin-

associated glycoprotein (MAG) paraproteinaemic neuropathy were examined using this

novel technique. Five different morphologic abnormalities were identified consisting of

myelin sheath outfolding, myelin sheath infolding, enlargement of the adaxonal space,

myelin degeneration, multiple increased concentric loops, and a combination of these

structural abnormalities often in association with myelin degeneration. Similar structural

changes were found in externally normal segments of teased fibres without evidence of

myelin swelling or tomacula from the same case. These structural abnormalities were
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consistent with a disturbance of the normal adhesion functions of MAG in the maintenance

of axon-myelin relationship s.

The pathogenesis of tomacula in mice with a null mutation of the myelin-associated

glycoprotein (MAG) gene is not well understood. Using this technique it was demonstrated

that tomacula in MAG-deficient mice were formed by redundant myelin infoldings and

outfoldings in the paranodal regions as early as 4 weeks after birth and that these increased

in size and frequency with age. Although tomacula showed degenerative changes with

increasing age, there was no evidence of demyelination/remyelination. Longitudinal

sections of teased nerve fibers also showed early redundant myelin foldings in externally

normal paranodal regions. These data and the absence of internodal tomacula support a role

for MAG in the maintenance of myelin at the paranodal regions.
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1.1 INTRODUCTION

The discovery of myelinated nerve fibres (VßÐ is credited by Cajal (1909) to Ehrenberg,

who in 1833 described nerve fïbres in teased preparations as consisting of cylindrical tubes

(Rosenbluth, 1999). The morphology of peripheral nerves was examined in teased fibre

studies by Ranvier in 1871, who demonstrated the node of Ranvier for the first time. In the

second half of 19th century, Remak, Ranvier, Kolliker, Renaut, Gombault, Retzius and Cajal

described the normal and pathologic features of teased nerve fibres including unfixed fresh

material using various teasing methods (cited in Dyck and Lofgren 1968; Dyck et al., 1984).

However, poor tissue fixation and the technical diffrculty in teasing often resulted in short

preparations (limited to only one or part of an internode) and numerous artefacts (Hiscoe,

L947;Lubinska, 1956). In the middle of the 20û century, the technique for preparing single

nerve fibres was refrned further (Dyck and Lofgren, 1966, 1968; Thomas and Young, 1949;

Vizoso and Young, 1948). The current method for preparing teased fibres and the criteria

for classifying pathological abnormalities of teased nerve fibres are based on these

descriptions (Dyck et aL.,1984,1993ø, Thomas et al.,1997).

The teased fibre technique is the best approach to study peripheral MFs in their continuity.

The examination of teased fibres has proved particular value in studying the dimensions of

the nodes of Ranvier (Cavanagh and Jacobs, 1964), in measuring internodal length (Hiscoe,

1947; Lascelles and Thomas, 1966), in detecting segmental demyelination (Dyck and

Lofgren, 1968; Lubinska, 1961), in differentiating axonal from myelin changes (Dyck et al.,

l97Ib), and in precisely localizing molecules along MFs (Sheikh et al., 1999a). This

procedure permits evaluation of consecutive internodes or segments of the same myelinated

nerve fibre and may be used to detect and establish the frequency of certain neuropathologic

abnormalities with more sensitivity than by using fìxed sections (Dyck et al.,l993a).
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1.2 NORMAL STRUCTURE OF MYELINATED I{ERVE FIBRES (MFs)

The morphology of normal MFs has been reviewed by Thomas et al. (1993) and Berthold

and Rydmark (1995) and the molecular biology by Scherer (1996), Arroyo et al. (1999),

Arroyo and Scherer (2000), and Peles and Salzer (2000). The MF consists of an axon which

is a single continuous neuronal process, surrounded by Schwann cells arranged serially

outside of the axon. Each Schwann cell eilMraps the axon segment in a myelin sheath, a

specialized multilayered cell membrane. Myelinated axons are completely covered by

myelin sheaths except at the initial segments (the small segment adjoining the neuron cell

body) and the nodes of Ranvier at the junction of consecutive Schwann cells where the axon

is directly exposed to the extracellular milieu. The axonal segment between two

neighbouring nodes of Ranvier and its myelin sheath, corresponding to the extension of one

Schwann cell, constitute an internode. In adult human nerves, internodal length ranges from

about 200 ¡rm to 1800 ¡rm (Thomas et al., 1993). Longitudinally, an internode can be

separated into three main parts: a central stereotyped internodal (STIN) region forming

about 95%, of the whole intemodal length and proximal and distal paranodes, each

corresponding2to 3 percent of the whole internodal length (Fig. 1-1).

STIN STIN

RR

PN PN

Figure 1-1. Diagram to show the terminology used. IN: internode; NoR: the node of

Ranvier; PNP : paranodal-nodal-paranodal region; PN : paranode; STIN : stereotyped

internodal region. Modified from Thomas et al. (1993).

On transverse section, a MF consists of two main concenkic zones: an outer Schwann cell

zone and an inner axon zone. In the intemodal region the Schwann cell zone consists of

concentric layers: the outer (abaxonal) and inner (adaxonal) cytoplasmic compartments and
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the myelin compartment in between. The Schwann cell generates the myelin during

development in a process of continuous spiral wrapping, close packing, and cell membrane

condensation. The inner and outer parts of the Schwann cell membrane, which contact the

adjacent layer of the myelin sheath, are called the inner and outer mesaxon, respectively.

The innermost turn of the Schwann cell spiral corresponds to the inner cytoplasmic layer

and the outermost to the outer layer. Intervening turns form the compact myelin lamellae.

A large number of thin cytoplasmic cords (Golgi-Rezzonico spirals) spiral through the

compact myelin layer connecting the outer and inner Schwann cell cytoplasmic

compartments creating a funnel shaped cleft through the compact myelin, the Schmidt-

Lanterman incisure (SLD The axon is separated from the adaxonal Schwann cell

membrane by a narrow extracellular gap (a few to 30 nm in standard electron microscopy

(EM) preparations), the adaxonal or periaxonal space (Berthold and Rydmark, 1995;

Thomas et aL.,1993).

The size of a MF is conventionally measured in the STIN region, avoiding the Schwann cell

perikaryon and ranges from I to 20 pm in diameter in mammals. The length and the

thickness of MFs increase with age during development, and on maturation the fibre

diameter is positively related to the internodal length (Gutrecht and Dyck et al., 1970;

Lascelles and Thomas, 1966). An abnormally short internodal length usually results from

remyelination after segmental demyelination or regeneration after complete degeneration of

the fibre (Chopra and Hurwitz, 1967; Dyck and Lambert, 1968; Fullerton et al., 1965;

Lascelles and Thomas et al., 1966). The axonal circumference is linearly related to the

length of the myelin spiral (Dyck et al.,l993a).
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1.2.1Myelin

In the peripheral nervous system (PNS), myelin is the multilamellar spiral of specialized

Schwann cell membrane that ensheaths axons larger than 1 pm in diameter and its function

is to increase axonal conduction velocity by restricting the depolarizing ionic fluxes that

generate action potentials to nodes of Ranvier (Salzer, 1997; Thomas et aL.,1993). Lipids

and proteins are the two principal components of myelin. Cholesterol and sphingolipids

(cerebroside and sulfatide) are the main myelin lipids (Hudson, 1990; Suter and Snipes,

1995). Proteins represent 20-30yo of the PNS myelin dry weight. Glycoproteins account

for at least 60Yo ofthe total proteins, basic proteins for 20-30Yo and diverse proteins for the

remaining 10-20% (Garbay et a1.,2000; Mezei, 1993, Thomas et al., 1997). The myelin

sheath itself can be divided into compact and non-compact myelin.

Compact myelin

Compact myelin is found in the internodal regions and forms the bulk of the myelin sheath.

In EM, the myelin sheath is characterized by a highly regular construction composed of

spirally arranged lamellae that are alternately dark (the major dense lines) and light (the

intermediate or intraperiod lines), which have a radial periodicity of about 14 nm following

conventional preparation for EM and 18 nm in fresh nerves by X-ray diffraction. The major

dense line is derived by extrusion of Schwann cell cytoplasm and the fusion of apposed

inner cytoplasmic surfaces of the spiral Schwann cell membrane. The intermediate line is

derived by approximation of the external surfaces of the Schwann cell membrane. An

extracellular space of approximately 5 nm remains between the two membranes so that the

intermediate line consists of a pair of lines with an intervening lucent gap under high

magnifìcation of EM,
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Compact myelin proteins

The major proteins of compact myelin include protein zero (P6), peripheral myelin protein

22 (Pl\/P22) and myelin basic protein (I\ßP).

P6, a glycoprotein of 30 kD molecular weight, is specihc to PNS myelin and accounts for

over 50Yo of the total myelin protein. It is a member of the immunoglobulin superfamily

and consists of a single extracellular immunoglobulin-like domain, one transmembrane

domain and a basic cytoplasmic domain (Lemke, 1986, 1993; Lemke and Axel, 1985). The

single Ig-like domain contains one glycosylation site, which contains the HNK-I

carbohydrate epitope (Bollensen and Schachner, 1987). P6 mediates cell-cell interactions

(D'Urso et aL.,1990; Filbin et aL.,1990; Schneider-Schaulies et a|.,7990). The extracellular

domain of Po forms tetramers, with four molecules arranged around a central hole (Shapiro

et al., 1996). These tetramers may interact with their counterpafts on the apposing cell

membrane, forming a lattice that holds the apposed extracellular surfaces together to

stabilize the intermediate line of compact myelin. In addition, direct membrane

intercalation of the molecule via a tryptophan side chain has been proposed to mediate the

exact membrane spacing in the myelin (Shapiro et al., 1996). The positively charged

cytoplasmic domain of Po has been suggested to interact with negatively charged

phospholipids of the adjacent cytoplasmic parts of the Schwann cell membrane leading to

the formation of the major dense line (Ding and Brunden 1994). Therefore, Ps protein plays

an important role in myelin compaction and stabilization and is an integral component of

normal myelin. During development, Ps is expressed on Schwann cells at the initial stage of

myelination, down-regulated in non-compacted myelin at maturation, and confined to

compacted myelin (Martini, 1994b; Trapp et al., 1986). Pe gene maps on human

chromosome Iq22-q23, spans approximately 7 kb and consists of six coding exons

corresponding to the functional domains (Bird et al., 1982; Hayasaka et al., 1993).
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Mutations in human Ps gene cause a demyelinating neuropathy (Nelis et aL.,1999; Scherer,

I997b). Analysis of Po null mice confirms that Pe is involved in the spiral formation of the

Schwann cell membrane around the axon, myelin compaction, formation of the major dense

line and in determining the appropriate thickness of myelin (in collaboration with MBP),

and maintenance of normal myelin (Martini and Schachner, 1997). Mice homozygously

deficient for Po show hypomyelination as early as postnatal 4 days and subsequent

demyelination and impaired nerve conduction, resembling Dejerine-Sottas Syndrome

(DSS) Mice heterozygously deficient for Po show normal myelination, but develop

progressive demyelination after four months of age, resembling the demyelinating

neuropathy accompanying Pe mutation in man (Charcot-Marie-Tooth (CMT) disease type

1B) (Martini, 1999; Martini et al., 1995a). Additionally, Shy et al. (1997) reported

heterozygous Po knockout (Po*^) mice develop a neuropathy that resembles chronic

inflammatory demyelinating polyneuropathy (CIDP).

Pl\/P22 is a 22 kD hydrophobic intrinsic membrane protein of unknown function and

accounts for 2-5Yo of PNS myelin protein (Welcher et aL.,1991; Snipes and Suteq 1995). It

is also present in the plasma membrane of Schwann cells of unmyelinated fibres and onion

bulbs (Haney et al., 1996a). PMP22 consists of 160 amino acids including four

transmembrane domains, two extracellular loops, one intracellular loop and two short

intracellular tails (D'Urso and Múller,1997; Quarles 1997). Low levels of PMP22 are also

expressed in other tissues, including lung, gut, ovary, heart, spinal cord and brain (Baechner

et al., 1995; Parmantier et al., 1995; Taylor et al., 1995; Taylor and Suter, 1996). It

structurally resembles an ion channel, and also carries a consensus sequence for asparagine-

linked glycosylation on which the L2/HNK-1 carbohydrate epitope is present (Hammer e/

al., 1993; Schachner and Martini, 1995; Snipes et al.; 1993). The PMP22 gene maps to

human chromosome l7pll.2-p12. It spans approximately 40 kb and contains four coding
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exons and t\ryo 5'-untranslated exons (Suter et a1.,1994). Mutations affecting thePNP22

gene including duplications, deletions, and point mutations are responsible for the most

common forms of hereditary peripheral neuropathies in man including CMTIÀ hereditary

neuropathy with liability to pressure palsies (HNPP), and a subtype of DSS Q'[aef and Suter,

1998). The complete absence of PMP22, which has been created in Pmp null mice but not

described in humans, leads to a severe demyelinating neuropathy in mice (Adlkofer et al.,

1995). Heterozygous Pmp deficient mice have a mild demyelinating neuropathy with the

structural abnormalities found in HNPP (Adlkofer et al., 1997). Mutations in the murine

PI\/PZ2 gene are responsible for the naturally occurring CMT mouse models Trembler (Tr)

and Trembler-Jackson 1fy'; lSuter et al., l992ab). Myelin in Tr and Ty' animals is

inappropriately thin for the size of the axon and has a tendency to be uncompacted,

especially near the nodes of Ranvier (Ayers and Anderson,1973,l975;Low,l976ab).

MBP accounts for 5-15% of PNS myelin and is a cytoplasmic protein, which together with

po, contributes to the formation of the major dense line. The Shiverel mouse, a naturally

occurring null-mutant for MBP, is characterized by hypomyelination in the CNS

(Rosenbluth, 1980a). The PNS myelin is relatively spared (Kirschner and Ganser, 1980;

Rosenbluth, 1980ó), probably because the basic cytoplasmic domain of P6 may effectively

substitute for MBP (Ding and Brunden, 1994; Martini et al., I995a). Subtle pathological

changes in the shape and number of Schmidt-Lanterman clefts in shiverer mice (Gould el

at., 1995) may suggest MBP regulates other myelin proteins (Connexin 32 (Cx32) and

myelin-associated glycoprotein (MAG)) at these sites (Smith-Slatas and Barbarese, 2000).

Noncompact myelin

In some regions of the myelin, the apposed inner cytoplasmic surfaces of the spiral Schwann

cell membrane do not fuse to form major dense line, but contain Schwann cell cytoplasm.
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Myelin in these regions is called noncompact myelin. Noncompact myelin is found in

Schmidt-Lanterman incisures (SCIs) and paranodes. The structure of paranodes will be

discussed in section 1.2.4.

S chmi dt-Lant erm an in cis ur es ( S Cß )

Schmidt (1874) and Lanterman (1877) first described these funnel-shaped clefts in the

myelin sheath. SLIs, also called Schmidt-Lanterman clefts (SLCs) are part of the normal

structure of MFs (Thomas et al., 1993) although they were previously regarded as

histological artefacts (Young, 1944). Myelin is intemrpted at irregular intervals by SLCs at

an angle of about 9o to the long axis of the sheath (Friede and Samorajski, 1969; Hall and

V/illiams 1970). The orientation of SLCs is not regularly in one direction or another along

the internode, but in those near to nodes of Ranvier, the narrow ends tend to be directed

away from the node (Hiscoe, 1947). SLCs tend not to be present in the paranodal regions

and perinuclear regions (Hiscoe,1947; 'Webster, 1965). In cross sections, the region of a

fibre which contains a SLC is charactenzedby a gap between two concentric rings of tightly

spaced myelin lamellae (Fig. 1-2). The major proteins of the myelin in SLCs include Cx32

and MAG.

Figure 1-2. Electron micrograph (x 2000). A transverse section of 2 myelinated nerve

fibres from a human sural nerve shows SLCs, which are characterizedby a gap between two

concentric regions of tightly spaced myelin lamellae.
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At SLCs the major dense lines of myelin separate to enclose the cytoplasmic spirals of

Golgi-Rezzonico that follow a helical course to connect the outer and inner belts of

Schwann cell cytoplasm. They may extend through the whole width of the myelin layer or

involve only a section of the myelin circumference (Ghabriel and Allt, 1981; Thomas et al.,

1993). The cytoplasmic spiral of Golgi-Rezzonico usually contains a single helical

microtubule, which may have a mechanical supportive function stabilizing the cytoplasmic

spiral (Ghabriel and Allt, l98l). Membrane-bound dense bodies, multivesicular bodies and

lysosomes are also observed in the SLCs of the PNS (Hall and Williams, 1970). Adherens

junctions (previously referred to as "desmosome-like" junctions) commonly transverse the

outer portion of SLCs (Hall and Williams, 1970; Arroyo and Scherer, 2000). Organelles,

which were approximately the size of mitochondria, have been observed in SLCs, but could

not be identifïed with certainty (Ghabriel and 411t, 1981). In freeze-fracture studies, tight

junctions run in a spiral through the SLCs at both the adaxonal and the abaxonal ends and

are continuous with the inner and outer mesaxonal tight junctions. These tight junctions are

composed of linear arrays of particles (Sandri et al. , 1977; Stolinski er al, , 1985).

Hall and Williams (1970) reported SLCs in myelin sheaths composed of only five lamellae

although Friede and Samorajski (1969) did not find them in fïbres with less than20 myelin

lamellae. SLCs may be detected in remyelinating fibres with2 to 3 lamellae (Thomas et al.,

1993). The number of SLCs per internode is directly related to the thickness of the myelin

sheath and fibre diameter in normal adult (Buchthal et a\.,7987; Hiscoe, 1947;Friede and

Samorajski , 1969; Ghabriel and Allt, 1979ab,1980), developing (Hiscoe, 1947;Friede and

Samorajski,1969), regenerated (Hiscoe, 1947) and remyelinated (Ghabriel and Allt, 1980)

peripheral nerve fibres. Buchthal et at. (1987) reported that large MFs (9.7-12.4 pm in

diameter) of human sural nerve contained 35 SLCs per mm and small MFs (3.6-6 pm in

diameter) contained 8 SLCs per mm. In large MFs, the SLCs extended over 13 ¡rm and the
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total length of all SLCs amounted to nearly 50% of the internodal length. In small MFs, the

SLCs extended over 9 ¡rm and the total length of all SLCs amounted to 6%o of the internodal

length in small fibres.

The role of SLCs remains unclear. Several functions have been suggested including,

elongation of the myelinated fibres in response to physiologic stresses, transport of

metabolic substances across the myelin sheath, metabolic maintenance of the myelin sheath

and longitudinal growth of the myelin sheath (Balice-Gordon et al., 1998; Ghabriel and Allt,

1981; Scherer, 1999; Thomas et a1.,1993).

Morphologic alterations of SLCs have been described experimentally. During Wallerian

degeneration, dilation and increased cytoplasmic density have been noted in SLCs (Ghabriel

and Allt, I979ab). Immersion of nerve fìbres in hypotonic solutions leads to dilation of

SLCs and immersion in hypertonic solutions leads to closure of SLCs (Hall and Williams,

1970). Dilation of SLCs has also been noted following exposure to vibration (Ho and Yu,

1989), toxic agents (Vuorinen and Röyttä, l990ab) and electrical stimulation (Hall and

Williams, 1970). Disorganization and degeneration of myelin were observed at SLCs in

experimental allergic neuritis and experimental allergic encephalomyelitis (lxllt et al.,1988;

Saida et al., 1979; Saida et al., 1980, Westland and Pollard, 1987). SLCs may be the

principal target of autoimmune attack in human demyelinating and axonal neuropathies

(Gortzen et al., 1999; Quattrini et a\.,1991). Disorganization of SLCs and invagination of

membranes seemingly arising from SLCs were also commonly seen in xenografts from

CMT1A and X-linked CMT (CMTX) (Sahenk and Mendell, 1999). In a large series of

human sural nerve biopsies, structural alterations of SLCs were classified into three groups

based on changes in shape and dimension, modes of disintegration and the presence of

inclusions (Schröder and Himmelmann, 1992). Abnormal inclusions comprised
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membranous whorls, uniform and pleomorphic lysosome-like bodies, accumulation of

granular substances at major dense and intraperiod lines of the myelin sheath. Membranous

whorls, detected in 89 biopsies, were the most frequent type of inclusion and most

prominent in chloroquine neuropathy where they also occurred in adaxonal and abaxonal

cytoplasm of Schwann cells (Schröder and Himmelmann, 1992). Variations in the shape

and dimension of SLCs included folding, dilation, and pocket formation

(compartmentalization). Compartmenlalization of the myelin sheath at incisures associated

with formation of myelin loops was a frequent feature in myotonic dystrophy.

Disintegration at incisures comprised a fine vesicular and a gross vacuolar type. The

authors suggested that the ultrastructural changes in SLCs are sensitive indicators of human

neuropathies offering clues to the type of the underlying pathomechanism (Schröder and

Himmelmann,1992).

A comprehensive analysis by Ghabriel and Allt (1981) indicated that there was no

significant increase of the number of SLCs in degenerating or demyelinating fibres.

However, the frequency of SLCs per unit length was greater in regenerated and

remyelinated fibres than in normal fìbres (Hiscoe, 1947; Ghabriel and Allt, 1980, 1981).

Gould et al. (1995) reported that the number of SLCs was more than doubled in

homozygous MBP deficient mice. An increased number of SLCs was also observed in the

xenografts from CMTIA and CMTX (Sahenk and Mendell, 1999).

I.2.2 Axons

An axon consists of a relatively firm gelatinous cord of neuronal cytoplasm, the axoplasm,

which is enclosed by the axonal part of the neuronal cell membrane, the axolemma

(Berthold and Rydmark, 1995; Thomas el a|.,1993).
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Axolemma

In conventional EM preparations, the axolemma appears as an 8 nm thick, asymmetric,

triple-layered membrane. Freeze-fracture preparations have shown that the outer aspect of

the inner leaflet of the axolemma, the P-face, is rich in intramembranous particles (IMPs).

The inner aspect of the outer leaflet, the E-face displays relatively few IMPs, except at

nodes of Ranvier. These IMPs are about 10 nm in diameter and may represent voltage-

sensitive Na* channels (Stolinski et a\.,1985, Tao-Cheng and Rosenbluth, 1980).

Axoplasm

The axoplasm consists of a fluid, cytosol, and formed elements. The latter consists of

axoplasmic organelles and granular material (Berthold and Rydmark, 1995; LoPachin et al-,

1993; Thomas et al., 1993). The axoplasmic organelles include mitochondria, the

axoplasmic-smooth endoplasmic reticulum (AR), the cytoskeleton, vesiculotubular

membranous profiles, dense lamellar bodies, multivesicular bodies (MVBs), and

membranous cisterns. Ribosomes and Golgi apparatus are absent in axoplasm. The

cytoskeleton is the most conspicuous of the axoplasmic components and consists of

microtubules (MTs), neurofrlaments (NFs), and the microtrabecular matrix (Ellisman and

Porter, 1980, Tsukita et a1.,1980). It determines the growth pattern and morphology of the

axon, stabilizes the axolemma, and contains the machinery necessary for interaction with

the anterograde transport "motor" (kinesin) and the retrograde "motor" (dynein) (Brandt,

1998; Sheetz andMartenson, 199 1).

Microtubules

MTs are about 25 nmthick, are unbranched, and vary from a few to more than 1000 ¡rm in

length (Bray and Bunge, 1981; Tsukita and Ishkawa, 1981). In axons, MTs are uniformly

oriented with their fast growing ends pointing toward distal (Baas et aL.,1988). The number
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of MTs varies inversely with axon size with about 100/¡rm2 in small axons and 10/¡rm2 in

the largest ones (Berthold, 1978). MTs form the tracks along which fast axoplasmic

transport of membranous organelles takes place (Pfister,1999; Weiss et aL.,1987). Recent

studies suggest that microtubule-associated proteins (MAPs) play critical roles in the

development and maturation of neurites (Garcia and Cleveland, 2001).

Neurofilaments

NFs are 10 nm in diameter and unbranched (Thomas et al., 1993). They are the most

abundant cytoskeletal components in myelinated axons and form diffuse bundles running

longitudinally in the axon often with a spiralling course. The density of NFs is about 150 to

300/¡rm2 in cross-sectioned axoplasm and normally is not affected by the size of the axon

(Berthold and Rydmark, 1995). NFs consist of three subunits with molecular weights of 68,

150 and 200 kDa Íhat are referred to as neurofìlament light (NFL), neurofilament medium

(l\rFM) and neurofilament heavy G\fFH), respectively (Nixon and Sihag, 1991). All subunits

share a highly conserved central rod domain but differ in their C-terminal region. NFL

forms the core of the 10 nm neurofilaments, and the C-terminal regions of NFM and NFH

include sidearms that extend from the core fìlament. The C-terminal regions of NFM and

NFH contain lysine-serine-proline (KSP) repeats, which are the major phosphorylation sites

(Geisler et al., 1987). It has been proposed that phosphorylation of NFM and NFH

increases the total negative charge and the lateral extension of NF sidearms and that sidearm

extension, in turn increases NF spacing and axonal calibre (Berthold and Rydmark, 1995;

Hirokawa et a1.,1984; Lee and Cleveland,Igg6; Nakagawa et al',1995).

1.2.3 Nodes of Ranvier

Nodes of Ranvier are the only sites along MFs that can support fast depolarization and

repolarization necessary for generation of action potentials. This ability is mainly due to the
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high concentration of voltage-sensitive Na* channels in the nodal axolemma, where it is

free of myelin insulation (Berthold and Rydmark, 1995). At nodes, the basal lamina that

surrounds one Schwann cell continues uninterrupted to the adjacent Schwann cell. The

Schwann cell basal lamina contains laminin 2 (comprising a2, B1 and yl laminin chains),

type IV collagens, entactin/nidogen, fibronectin, N-syndecan and glypican (Bunge 1993;

Scherer, 1996). All these molecules are found throughout the longitudinal extent of the

basal lamellae. The coexistence of cell adhesion molecules (CAMs) of both neuron-glia

(Ng) and neural types (N) in association with the nodal basal lamina emphasizes their

importance to nodal structural integrity (Scherer, 1996; Thomas et al., 1993). Like other

parts of a MF, a node of Ranvier can be considered to consist of two concentrically arranged

compartments: an outer Schwann cell compartment (here without myelin) and an inner

axonal compartment (Scherer, T996; Thomas el al., 1993). The outer boundary of the node

of Ranvier is defined by more or less overlapping extensions of the outer cytoplasmic

compartments of the two adjoining internodes. The extensions are referred to as Schwann

cell collars, which send a brush border of radially arranged microvilli into the nodal gap

(Fig. 1-3). The nodal microvilli come close to the axolemma, and contain a high density of

Na* channels (Berthold and Rydmark, 1995; Scherer, 7996; Thomas et al., 1993). Na+

channels are located in microvilli in high density (Scherer, 1996; Thomas et aL.,1993). The

nodal gap is the space of about 1 ¡rm in length under the basal lamina and between the two

adjacent Schwann cells and contains extracellular matrix and the Schwann cell microvilli

(Scherer, 1996; Thomas et aL.,1993). The constricted axon at the node of Ranvier is usually

about I to 1.5 pm in length regardless of the fibre size (Rydmark and Berthold, 1983).

Several specific proteins, including Na* channels, ankyrin G, cell adhesion molecules

(CAMs), NgCAM-related CAM (Nr-CAM), a l86kD isoform of neurofascin (NFl86) and

the Na*/I(*ATPase are present at the nodes (Peles and Salzer,2000; Scherer, 1996). The
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presence of specific gangliosides, such as GMl and GDlb, at the nodes may be relevant to

the pathogenesis of some acquired demyelinating peripheral neuropathies (Peles and Salzer,

2000; Scherer, 1996; Sheikh et al.,I999a).

Figure 1-3. Node of Ranvier (x10000) from a mouse sciatic nerve. N, nodal axon segment;

Sc, Schwann cell collar surrounding the axon; asterisks, finger-like processes extending

through the node gap brush border; E, endoneurial space'

1.2.4 Paranodal-nodal-paranodal (PNP) regions

A pNP (Fig. 1-1) region includes a central node of Ranvier flanked by two paranodes' The

paranodal region generates action potentials at comparatively high frequencies and

maintains axoplasmic transport in spite of a reduction in axon diameter (Berthold and

Rydmark, 1995; Thomas et al., Igg3), and functions as a hub to transport waste material

from the axon to the Schwann cell (Gatzinsky, 1996; Gatzinsky et al.,1997)'

Paranodes

A paranode can be subdivided into two segments, a main and an end segment. The latter is

the region in which myelin lamellae terminate on the axolemma as a series of loops

(paranodal terminal loops), each containing a small pocket of Schwann cell cytoplasm. The
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outermost lamellae terminate nearest to the node of Ranvier. Fig. 1-4 shows a normal

paranode of a small MF in longitudinal section. In large MFs, not all of the lamellae

terminate on the axolemma but are stacked on each other. The paranodal terminal loops

spiral around, closely appose and form septate-like junctions with the axon (Thomas et al.,

lgg3), which anchor myelin loops to the axon and form a partial diffusion barrier into the

periaxonal space (Peles and Salzer, 2000).

t//
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Figure 1-4. Longitudinal section of a myelinated axon (Ax) under EM illustrating a node of

Ranvier. At this node, two myelinating Schwann cells (Ml and M2) meet, leaving the

axonal membrane in the nodal region (N) relatively exposed. The myelin sheaths become

thinner as they approach the nodal region and each layer of myelin forms a paranodal loop

containing Schwann-cell cytoplasm. The loops (for example, arrows) lie tightly together,

forming intimate contacts with the underlying axonal membrane. The myelin loops define

the end segment of the paranodal region. C, collagen in the surrounding extracellular space'

The axonal diameter in the paranodal end segment is one half to one third of that in the

STIN region (Rydmark, 1981). This section of the axon is referred to as the myelin sheath

attachment (MYSA) segment (Fig. 1-5). The two MYSA axon segments and the

intervening nodal axon segment constitute the constricted (CON) axon segment (Fig. 1-6),

which is 6 to 10 pm in length regardless of the size of the fibre (Rydmark, 1981). The axon

in the paranodal main segment is charactenzed by a fluted shape (Fig. 1-5). The slender

longitudinal axonal ridges and grooves cease at the level of the end segment, where the
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myelin sheath terminates and attaches to the axon core. There is a gradual reduction of the

transverse axonal area from the main paranodal segment toward the node with the

increasing delicacy and final disappearance of the axon ridges. In many paranodes the axon

ridges close to the node become thin, winding, irregularly shaped processes embedded in the

adaxonal Schwann cell compartment. This complex of interwoven axonal and Schwann

profiles is the axon-Schwann cell network (Fig. 1-5) (Berthold and Rydmark,1995; Thomas

et aL.,1993).

Figure 1-5. Diagrams to show cross sections through a paranodal end segment (left) and

paranodal main segment (right). In the paranodal end segment (left) the MYSA part of the

constricted axon is circular in outline. The axon of the paranodal main segment (right) is

fluted in shape. Asterisk, axon-Schwann cell network inside myelin crests; alrow,

mitochondrialbag in outer cytoplasmic Schwann cell compartment; Arrowhead, myelin

crest.

FLUT FLUT

<-coN+

Figure 1.-6. Diagram of a PNP region. CON : constricted axon segment; Flut : fluted

paranodal ¿Ìxon segment (main paranodal segment); MYSA : myelin sheath attachment

axon segrnent þaranodal end segment); asterisk, the axon-Schwann cell network. Modified

from Thomas et al. (1993).
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The contour of the paranodal myelin sheath is irregular and the outer cytoplasmic Schwann

cell compartment forms longitudinal cords that are rich in mitochondria (mitochondrial

bags). These compartments increase in volume towards the node of Ranvier and indent the

contours of both the myelin sheath and the axon (Fig 1-5).

Contactin, contactin-associated protein (Caspr/Paranodin) and a 155kD isoform of

neurofascin (NF155) are concentrated in the paranodal axons (Fig. 1-6, Peles and Salzer,

2000). Caspr is a component of the septate-like junctions. Adherens junctions are found in

paranodes as well as in inner and outer mesaxons and SLCs (Fannon et al', 1995).

Adherens junctions contain E-cadherin, a Ca+ dependent cell adhesion molecule that forms

"strand dimers", which bind homophilically in trans with those of the apposing membrane

(Shapiro et al., 1995). The cytoplasmic domain of E-cadherin binds o¿-catenin and B-

catenin (Fannon et a\.,1995), which link E-cadherin to the actin cytoskeleton (Nagafuchi e/

at., 1993). Gap junctions are also noted in paranodes. One gap junction protein, Cx32, is

localized to the paranodes in the PNS (Bergoffen et al.,1993). Cx32 consists of 283 amino

acids, containing 4 hydrophobic transmembrane domains, 2 exhacellular loops, 1

cytoplasmic loop, and intracellular N- and C-termini (Nelis et al., 1999) and is also

expressed in liver, kidney, gut, secretory epithelium, and neurons and glia in the CNS

(Fischbeck et al., lggg). The Cx32 gene maps to human chromosome Xq13.l (Gal et al.,

1985). Mutations of Cx32 are related to CMTX in man (Bergoffen et aL.,1993)'

1.2.5 Juxtaparanodes

Juxtaparanodal region lies at the paranodal-internodal junction. Since it is covered by the

compact myelin (Fig. 1-7), it may be considered a specific portion of the internode (Peles

and Salzer, 2000). The delayed-rectifier K* channels Kvl.1, Kvl.2 and their KvB subunits

are enriched in the juxtaparanodal axolemma. Caspr2, a second member of the Caspr
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family, colocalizes and interacts with these channels (Poliak et aL.,1999; Peles and Salzer,

2000).

lnternode Node
' Na+ ch
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Figure 1-6. A diagram showing a longitudinal section through the nodal region illustrating

the organization and composition of axonal domains in relation to their glial ensheathment

in the PNS. The axon is myelinated by a Schwann cell that is surrounded by a basal lamina

(BL). A spiral of paranodal and juxtaparanodal proteins extends into the internode. This

spiral is apposed to the inner mesaxon of the myelin sheath (not shown). K* channels and

Caspr2 are concentrated in the juxtaparanodal region. In the paranodal region, the compact

myelin sheath opens up into a series of paranodal cytoplasmic loops (Pl.ü-) that invaginate

and closely appose the axon, forming a series of septate-like junctions that spiral around the

axon. Caspr, contactin and NF155 are concentrated here. At the node, numerous microvilli

(MV) project from the outer collar of the Schwann cell to contact the axolemma. Modified

from Peles and Salzer (2000).
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1.3 MYELIN.ASSOCIATED GLYCOPROTEIN

Myelin-associated glycoprotein (MAG) was first found in rat central nervous system (CNS)

in 1973 (Quarles et al., 1973a) and later in the peripheral nervous system (PNS) by Quarles

and colleagues (Figlewicz et al., 1981; Sternberger et al., 1979). Although it is

quantitatively a minor constituent of the myelin sheath, comprising only lYo of the total

protein content of the CNS myelin and less than 0.1% of PNS myelin (Quarles et al.,

l973ab; Figlewicz et a\.,1981), it is generally accepted that MAG plays an important role

in membrane-membrane interaction as an adhesion molecule (Trapp, 1990). This section

will review the biochemistry and subcellular localization of MAG and its functions.

1.3.1 Biochemistry of MAG

MAG is a nervous system specific protein of 100-kDa that contains about 30Yo carbohydrate

by weight (Quarles et a\.,1933). The complete amino acid sequence of rat MAG deduced

from the sequences of full length oDNA clones of the corresponding mRNA (Arquint et al.,

1987;Lai et al.,1987a; Salzer et a\.,1987) includes alarge extracellular portion, a single

transmembrane region, and a cytoplasmic domain. MAG exists as two isoforms with

polypeptide molecular masses of 72 and 6l kDa, designated as large MAG (L-MAG) and

small MAG (S-MAG) respectively, generated by alternative mRNA splicing of exon 12'

Both isoforms have identical extracellular and transmembrane regions, but are distinct at

their cytoplasmic carboxy terminals (Fig. 1-7). The 67 kDa polypeptide of S-MAG has 10

different amino acids and lacks 54 amino acids that are present in the 72\<Da polypeptide of

L-MAG (90 amino acids for L-MAG and 46 amino acids for S-MAG) (Arquint et al.,1987;

Lai et a1.,7987a; Salzer et a\.,1987). Sequencing of oDNA clones predicts the existence of

two classes of MAG mRNAs, which differ in the presence or absence of a 45 nucleotide

insert near the 3' end (Lai et al., !987a; Salzer et al., 1987). During development L-MAG

is the principle isoform during early and active stages of CNS myelination, whereas S-MAG
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is present in the mature CNS (Frail et a1.,1985; Ishiguro et al., l99l; Quarles et al., 1973b).

In the PNS, S-MAG represents at least 95Yo of the total MAG at all stages of development

(Frail et a\.,1985; Tropak et a\.,1983). The MAG polypeptides undergo a number of post-

translational modifications. The most extensive of these ate glycosylation and

phosphorylation, which play critical roles in the processes of cell recognition and signal

transduction.

RGD RGO

inrn D6

Figure 1-7. Models of the L-MAG and S-MAG polypeptides. Five Ig-like domains are

represented by disulfide-bonded loops and oligosaccharide side chains as branched

structures. The transmembrane domain D6 anchors the protein in the membrane. The two

forms are generated by alternative splicing of mRNA and differ in the C-terminal,

cytoplasmic domain D8 or D8x. A potential site for tyrosine kinase phosphorylation on the

L-MAG is indicated by the P (modified from Lai et al.,l987a).

MAG is phosphorylated in both the PNS and CNS, and the phosphorylation state of MAG

modulates its adhesion and spatial properties (Attia et a1.,1989). Early studies reported that

MAG phosphorylation only occurred in the cytoplasmic domain of L-MAG in vitro and in
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vivo inthe normal CNS (Braun et al., 1990; Edwards et al., 7989) and in the CNS of the

quaking mutant (Braun et a|.,1990). Further investigations proved that both L-MAG and S-

MAG in the CNS are phosphorylated (Kirchhoffel al.,1993;Yim et al.,1995), and that the

cytoplasmic domain of L-MAG is much more heavily phosphorylated (Yim et al', 1995),

probably due to more potential phosphorylation sites on the 72 kDa polypeptide (Salzer er

al.,1990). The S-MAG in the PNS is also phosphorylated (Agrawal et aL.,1990, Yim et al',

1995). The phosphorylation of MAG is catalyzed by protein kinase C and possibly other

calcium-activated kinases (Kirchhoff et al., 1993; Yim et al., 1995). The principle

phosphorylated amino acid in MAG is serine in both the PNS and CNS (Agrawal et al.,

1990; Kirchhoff et a1.,1993; Yim et a1.,1995). Threonine and tyrosine are also sites for

phosphorylation in the MAG from oligodendrocytes (Yim et aL.,1995). In Schwann cells,

there is less phosphorylation of threonine and labeled phosphotyrosine is not detected (Yim

et a|.,1995).

Carbohydrate analysis of rat brain MAG reveals Nlinked glycoproteins with N-

acetylglycosamine, mannose, galactose, fucose, and sialic acid (Quarles et aL.,1983)' There

are eight extracellular consensus sites for Nlinked glycosylation in rat MAG (Arquint et al',

l9g7;Lai et al.,1987a; Salzer et a\.,1987). All MAG glycosylated sequons might bear the

L2¡HNK-1 epitope (Burger et a|.,1993). Abnormal glycosylation of MAG may contribute

to myelin pathology in the quaking mutants (Bartoszewicz et aL.,1995)'

Of potential interest for the role of MAG in cell adhesion is the tripeptide sequence

arginine-glycine-asparatic acid (Arg-Gly-Asp, RGD) which is present in the extracellular

portion (Salzer et al., 1990). RGD and related sequences in other cell recognition and

extracellular matrix molecules are frequently important elements of the binding sites

recognized by specifïc cell surface receptors, which form a closely related receptor family,
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termed the integrins. Integrins are heterodimeric receptors that recognize RGD containing

ligands extracellularly and cytoskeletal elements intracellularly (Hynes, 1987; Ruoslahti and

Pierschbacher, 1987). Therefore, determination of whether the RGD sequence of MAG is

an important functional element has clear implications for whether its axonal receptor is an

integrin or whether, like many immunoglobulin gene superfamily members, its axonal

receptor is immunoglobulin related (Salzer et aL.,1990).

I.3.2 Human MAG

The peptide of human MAG consists o1626 amino acids with a calculated molecular weight

of 69.1 kD. It is 89% homologous in nucleotide sequence to the large isoform of rat MAG,

with 95Yo homology in the amino acid sequence. It contains 9 potential N-glycosylation

sites, one more than in rat, and shares other key features with rat MAG, including 5 IgJike

domains of internal homology and a RGD sequence (Sato el al., 1989; Spagnol et al., 1989).

Of the 9 potential glycosylation sites, Burger et al. (1993) proved that 7 are glycosylated

and 1 partially glycosylated at Asnt06 (asparagine). Asn332, which is not recovered in the

glycopeptide fractions, is probably not glycosylated (Burger et aL.,1993).

1.3.3 MAG belongs to the immunoglobulin superfamily

The N-terminal region of MAG can be divided into fìve domains, each approximately 80-90

amino acid residues. All the domains have the characteristic structural features of

immunoglobulin (Ig) domains: a pair of cysteines separated by 43-62 residues. Each of the

domains has significant sequence identity with known Ig domains or with other proteins

belonging to the Ig superfamily (Lai et al., l987ab; Salzer et al., 1987; Williams and

Barclay, 1988). The first domain contains a "RGD" sequence, which has been shown to be

critical for binding between the extracellular matrix protein fìbronectin and its cellular

integrin receptor (Ruoslahti and Pierschbacher, 1987). In the Ig superfamily, MAG appears

24



to be most closely related to the neural cell adhesion molecules N-CAM (Cunningham et

aL.,1987) and Ll (Moos et aL.,1988) and the neural glycoprotein contactin (Ranscht, 1988).

The Ig-like domains of these proteins are structurally distinct and form a subset of the Ig

superfamily, which has been termed the C2 set (William and Barclay, 1988). The fact that

the majority of cell adhesion molecules possess C2-type domains suggests that this may

have been the primordial Ig structure (Milner et aL.,1990)

1.3.4 MAG belongs to the Siglec family

Cell-surface carbohydrates are often terminated by sialic acids, a family of nine-carbon

acidic sugars, all of which are derivatives of neuraminic acid (Schauer, 1982). Siglecs are

sialic acid binding lectins of the Ig superfamily. Siglecs selectively recognize different

types and linkages of sialic acid which are major components of cell surface and secreted

glycoconjugates (Crocker et a\.,1998). Structurally, they have a characteristic N-terminal

V-set IgJike domain containing the sialic acid-binding site (May et al., 1998) followed by

varying numbers of C2-set Ig domains, which display distinct functional roles in the

immune system or the nervous system (Kelm and Schauer, 1997). At least 10 siglecs have

been defined, including sialoadhesin (siglec-l), CD22 (siglec-2), CD33 (siglec-3), MAG

(siglec-4), Schwann cell myelin protein (siglec-4b), siglec-5, siglec-6 siglec-7, siglec-8,

siglec-9 and siglec-10 (Angata and Varki et aL.,2000ab; Cornish et aL.,1998; Crocker el al.,

1998, Floydet a\.,2000; Kelm et a1.,1994; Kikly et a\.,2000; Munday et al.,2Q0l; Nicoll

e t al., 1999 ; P atel et al., 1999 ; Zhang et aL., 2000).

1.3.5 MAG carries L2IHNK-L epitopes

The extracellular portion of MAG carries the L2/HNK-1 carbohydrate adhesion epitope

important in intercellular functions (Kruse et aL.,1984). The HNK-I epitope was originally

identified by a monoclonal mouse IgM antibody (HNK-l) that recognized the majority of
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natural killer cells in peripheral blood (Abo and Balch, 1981). Subsequently, it was shown

lhat a wide variety of putative and proven neural adhesion molecules, as well as, some

glycolipids also carry the HNK-1 epitope (Jungalwala,1994). Other monoclonal antibodies

directed against the HNK-l epitope have been described and the best characterized of these

antibodies, the rat monoclonal L2IHNK-1, is capable of functionally blocking cell-cell and

cell-substrate interactions mediated through the L2IHNK-1 carbohydrate epitope

(Kunemund et a|.,1983). The L2/HNK-1 carbohydrate epitope, a sulphate-3-glucuronyl

moiety shared by MAG together with other myelin components in the PNS, including N-

CAM, Ll, po and PMP22, and sulfoglucuronyl glycosphingolipids, is recognized by the

human monoclonal lgM antibodies that are found in patients with peripheral demyelinating

neuropathy associated with gammopathy (Ariga et al., 1987; Bollensen and Schachner,

1987, Bollensen el al., 1988; Burger et al',1gg}, 1992; Chou et a1.,1986; Hammer et al',

1993;Ilyas et al., l99O; Kruse et a\.,1984; McGarry et a\.,1983; Schuller-Petrovic et al.,

1983; Snipes et al., 1993; Steck et al', 1983).

1.3.6 The MAG gene

The Mag gene in mouse and rat has been localized to chromosome 7 (Barton et al., 1987;

Blatt et al., 1985; D'Eustachio et a\.,1988), and the human gene to the proximal long arm

of chromosome 19 (19q12-q13.2) (Barton et al., 1987; Spagnol et al', 1989)- In rats the

MAG gene encompasses approximately 16kb, and the main product is a family of mRNAs

of approximately 2,500 nucleotides that are first expressed in brain after birth (Lenoit et al.,

19g6). The different mRNAs are generated by alternative RNA splicing as well as by

utilization of at least two alternative sites for polyadenylation within exon 13 which are

separated by 85 bases (Lai et al., 7987a). In mice, exon 13 encodes the C-terminal portion

of L-MAG whereas the C-terminal part of S-MAG is encoded by the alternative splicing of
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exon 12. So far there has been no evidence that a neurological disease in humans maps to

theMag gene

1.3.7 Subcellular location of MAG

Localization of MAG during development

During development, MAG is first detectable intracellularly in oligodendrocytes, associated

with the endoplasmic reticulum and Golgi apparatus, before the beginning of myelination

(Bartschetal.,1989; Sternbergeretal.,TgTg;Trappetal.,l984a,1989). Thesurfaceofthe

oligodendrocyte processes are akeady immunoactive when axons are being ensheathed

(Bartsch et al., 1989; Trapp et al., 1989), suggesting a potential role of MAG in the

initiation of myelination. In the PNS, MAG is found on the turning loops of myelinating

Schwann cell membrane as early as post natal 8 days in mouse at the time when Ll

expression ceases (Martini and Schachner, 1986). MAG is expressed at sites of axon-

myelinating Schwann cell apposition and non-compacted loops of developing myelin

(Martini and Schachner, 1986). When compaction of myelin occurs, MAG remains present

only at the axon-Schwann cell interface, Schmidt-Lanterman incisures, inner and outer

mesaxons, and paranodal loops, but not at finger-like processes of Schwann cells at nodes of

Ranvier or compact myelin (Martini and Schachner, 1986).

Localization of MAG in the mature CNS and PNS

MAG is absent from the compact myelin sheath. It is selectively localized in the periaxonal

membranes of myelin-forming Schwann cells and oligodendrocytes (Trapp, 1990). In PNS,

it is also located in paranodal regions, Schmidt-Lantermann incisures, and outer mesaxons

(Martini and Schachner, 1986; Trapp and Quarles,1982,1984;Trapp et al.,l984ab). MAG

is not detectable in perikaryal myelin of spiral ganglion neurons (Martini, I994a).
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1.3.8 Functions of MAG

On the basis of its location and biochemistry, MAG is supposed to function in: (1) initiation

of myelination (2) forming and maintaining contact between myelinating Schwann cells and

the axon; (3) maintaining the Schwann cell periaxonal cytoplasmic collar of myelinated

fibers; (4) membrane movement (Griffin et a1.,1993; Martini,1994b; Trapp, 1990).

Initiation of myelination

Localization of MAG at the tip of the Schwann cell spiralling membrane during

development suggests that it may function in the early stages of myelination (Martini and

Schachner, 1986). This view is supported by in vitro studies (Owens and Bunge, 1989;

l99l), but challenged by recent studies in MAG null mutants (Li et aL.,1994; Montag et al.,

1994; reviewed in Chapter 5). Schwann cells, in which the expression of MAG is blocked

by transfected antisense MAG RNA, failed to segregate large calibre neurites of co-cultured

dorsal root ganglion (DRG) neurons and did not form myelin (Owens and Bunge, 1991).

Conversely, expression of recombinant MAG in Schwann cells accelerated the initial

investment of axons by myelinating Schwann cells (Owens et al., 1990). In vivo studies of

axonal regeneration also support MAG involvement in the initiation of myelin assembly.

The steady levels of MAG mRNA in Schwann cells decreased to undetectable levels 4 days

after injury in the permanently transected nerve. After crush injury, re-expression of MAG

preceded that of P2 by 2 days and that of Po and MBP by 3 weeks during axonal

regeneration and remyelination (LeBlanc and Poduslo, 1990). Mice defrcient in MAG due

to targeted disruption of the MAG gene show normal myelination in the PNS but delayed

myelination in the CNS (Li et al.,1994,1998; Montag et a|.,1994).
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Role in the maintenance of the Schwann cell periaxonal cytoplasmic collar

A unifying ultrastructural feature of all membranes enriched in MAG is that their

extracellular surfaces appose other membranes by a 12-14 nm gap (Trapp, 1988; Trapp and

euarles, lgg¡). The location of MAG in periaxonal Schwann cell membranes is associated

with the presence of 12-14 nm wide periaxonal space (Trapp and Quarles, 1982). MAG is

absent fromthe periaxonal Schwann cell membrane if the space is larger than12 to 14 nm

or fused (Trapp et al., l9S4ab). Thus it is reasonable to speculate that MAG functions as

both a membrane spacer and an adhesion molecule in the periaxonal space (Trapp and

euarles, TgS2) and may be involved in the formation and maintenance of this space. The

bulk and polarity of the extracellular domain of MAG are sufftcient to spatially maintain

this distance

Membrane movement

MAG-enriched membranes have the ability to move (Trapp, 1990). Both the migration of

periaxonal membrane along the axolemma during initial axonal ensheathment and the

increase in the number of myelin lamellae due to the spiral rotation of outer mesaxon are

examples showing the motility of MAG-containing membrane (Trapp, 1990)' In vitro

studies also showed the spiral rotation of the inner mesaxon during myelination (Bunge, el

a1., 1989; Owens and Bunge, 1989). The possibility that Schmidt-Lantermann incisures

migrate along the myelin internode has also been raised (Mugnaini et al., 1977). In

experimental beta,beta'-iminodipropionitrile neuropathy, interruption of axonal transport

leads to the accumulation of neurofilament and axon swelling. Swelling of the axon in the

paranodal region displaces the paranodal myelin sheath which retracts to the internodal

region (Griffin et al., 1987). Membrane motility and adhesion are mediated in part by

interaction between microfilaments and the carboxy terminals of transmembrane proteins.

A dynamic interaction between actin microfïlaments and the carboxy terminal of MAG
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could explain how MAG-containing membranes, on the one hand, are characterized by

stable membrane-membrane interactions and, on the other, have the ability to move or

expand. Here, MAG might function as part of a "motor" or as a "membrane anchor" that is

essential for membrane migration (Trapp, 1990)'

MAG functions in Schwann cell-axon interactions

Based on the observation that the Schwann cell can modulate axonal properties, it was

postulated that myelin-related proteins at the inner axonal aspect of the Schwann cell may

mediate myelin-axon communication, possibly by regulating a kinase-phosphatase system

within the axon (de Waegh Brady, 1990). The localization of MAG at the Schwann cell-

axon interface of MFs (Martini and Schachner, 1986) supports the notion that MAG is a

candidate to mediate Schwann cell-axon interactions. Various degrees of axonal loss and

axonal degeneration have been found in IgM anti-MAG neuropathy as will be described.

Onion bulbs, focal myelin thickenings, increased frequency of MFs showing axonal

degeneration compared to the age-matched controls and decreased axonal diameters were

found in MAG deficient mice (Fruttiger et al., 1995; Yin et al., 1998). The decreased

axonal calibre was associated with reduced phosphorylation of neurofilaments (Yin et al',

1998). Identification of specific receptors for MAG, especially on the axonal membrane, is

important in the investigation of the function of MAG in myelin-axon relationships. The

extracellular domain of MAG has been shown to bind to neurons (Sadoul et al., 1990),

oligodendrocytes (Poltorak et a\.,1987), and constituents of the extracellular matrix (Fahrig

et al., 1987; Probstmeier et al., 1992;Yang et al., 1999). Gangliosides and glycoproteins

present on the axolemma were shown to specifically bind to the MAG extracellular domain,

and it was proposed that these glycoconjugates participate in the MAG-mediated adhesion

of the myelinating glial cell to the axon (Collins et al. , 1997 ; De Bellard and Filbin, 1999;

Strenge et al., 1999; Yang et al., 1996). In accordance with this view, it was found that
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mice lacking complex gangliosides displayed similarly altered axon-Schwann cell units as

MAG deficient mice (Sheikh et al.,l999b). Recently, Kursula and co-workers have shown

that the L-MAG cytoplasmic domain interacts with the Sl00B protein (Kursula et al., 1999,

2000), while the S-MAG cytoplasmic domain binds directly to tubulin, the core component

of the cellular microtubules (Kursula et al., 2001). The characterization of S-MAG as a

microtubule-associated protein (MAP) places it in a dynamic macromolecular complex,

potentially linking the axon and the myelinating Schwann cell cytoskeleton (Kursula et al.,

2001).
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1.4 SCHWANN CELL-AXON INTERACTIONS

The relationship between myelin sheath thickness and axonal calibre has been extensively

studied during development (Fraher, 1972, 1976, 1978; Friede, 1972; Friede and

Samorajski,7967,1968; Friede and Beuche, 1995' Kaar and Fraher, 1985; Low, l976ab;

Schröder et a1.,1978; Williams and Wendell-Smith, 1971) and at maturity (Fraher, 1989,

1992; Friede and Samorajski, 1967; Hildebrand and Hahn, 1978; Williams and Wendell-

Smith, IgTl). In general, there is a linear relationship between myelin sheath thickness and

axonal diameter. However, the molecular basis of myelinogenesis is not fully understood.

Evidence is accumulating that axon-glia recognition and mutual signalling may underlie

these processes. All peripheral axons are surrounded by myelinating or non-myelinating

Schwann cells. In normal nerves, Schwann cells not associated with an axon are rarely

found. The axons influence the total number of Schwann cells in a nerve. Every Schwann

cell has the potential to form a myelin sheath, but will only do so if it comes into contact

with certain types of axons (Weinberg and Spencer, 7976; Aguayo et al', 7976;Btay et al',

19g1). Axonal contact has been found to be essential in signalling myelination (Bunge,

1987; Bunge et a1.,1982; Gupta et al',1993; Jessen and Mirsky, 1992)' The presence of

axons is not only required for the expression of the myelin genes during development (Frail

and Braun, 1984; Sternberget et al., 1979;Uyemura et al', 1979; Wood and Engel, 1976),

but also for the maintenance of a myelinating phenotype. Loss of axonal contact, as occurs

after nerve injury, leads to the down-regulation of myelin gene expression (Brockes et al',

1980, 1981; Brunden et a1.,1990; Gupta et al., 1988, 1990,1993; LeBlanc and Poduslo,

1990; LeBlanc et al., 1987; Poduslo, 1984; Poduslo and Windebank, 1985; Trapp et al',

lggS). Schwann cell or myelin disorders also result in axonal damage (Bjartmar et al.,

1999; Scherer, 1999). Therefore, the axon and Schwann cell form a mutually

interdependent unit. The close relationship between neurites and Schwann cells seems to be

of greatest importance during Schwann cell maturation and myelin formation.
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\.4.LDevelopment of Schwann cells

Schwann cells are the principal glial cell type in the PNS, and their development in rodents

has been well described (Mirsky and Jessen, 1996, 7999, Webster, 1993; Scheter, 1997a;

Zorick and Lemke, 1996) and is shown in Fig. 1-8. In adults, they appear as two quite

different types, the non-myelinating and myelinating Schwann cells. During the

development of the PNS, Schwann cells arise from the neural crest and migrate out to the

developing peripheral axons (Le Douarin and Dupin, 1993). The generation of Schwann

cells from neural crest cells involves the formation of two main intermediates, the Schwann

cell precursor, which is typically found in rat nerves at embryonic day 14 (EI4) and E15

(mouse g12 and 13) and immature Schwann cells, present from El7 (mouse E15) to the

time of birth (Jessenet a1.,1994; Jessen and Mirsky, 1999). At this time the cells start to

differentiate in two ways. Some cells establish a one-to-one relationship with an axon, the

so-called promyelinating Schwann cells (Scherer, I997a; Webster, 1993; Zorick et al.,

1996). They then initiate the program of myelin-specific gene expression, turning on the set

of genes encoding the major myelin proteins and turning off a subset of genes already

expressed, and finally become myelinating Schwann cells to generate multiple myelin

lamellae spirally around the axon (Jessen and Mirsky , 1999; Scherer, 1997a). In contrast,

immature Schwann cells that do not establish a one-to-one relationship with an axon

segregate small, unmyelinated axons into separate troughs and become nonmyelinating

Schwann cells (Mirsky and Jessen, 1990; Webster et a1.,7983). The lineage, therefore,

involves three main transition points, that is, the transition of crest cells to precursors, of

precursors to immature Schwann cells and finally the formation of the two mature Schwann

cell types. The survival and differentiation of Schwann cell precursors and immature

Schwann cell depends, at least in part, on signals from the axon. The differentiation of

nonmyelinating Schwann cells also depends on continuing interactions with axons (Jessen el
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al.,lg87), and Schwann cells from unmyelinated fibres are able to differentiate into myelin

producing cells in a suitable environment (Aguayo et al.,1976).

Myelinating
Schwann cell

Pro-myelin

-

.-.----->

Neural-crest Schwann-cell
precursof

lmmature
Schwann cells

Non-myelinating
Schwann cellcell

Figure 1-8. Schematic representation of the stages of Schwann cell differentiation in rat

and mouse (Modified from Jessen and Mirsky, 1999).

The morphological changes of Schwann cells are accompanied by changes in gene

expression (Mirsky and Jessen, 1996; Jessen and Mirsky, 1999). Immature and

nonmyelinating Schwann cells have a similar phenotlpe. Both express neural cell adhesion

molecule (NCMA), Ll, the low affinity neurotrophin rcceptorlpT5 (p75NrR), gtowth-

associated protein of 43 kD (GAP-43), and glial fibrillary acidic protein (GFAP).

Myelinating Schwann cells, on the other hand, do not express these proteins but express a

set of proteins that are components of the myelin sheath, such as Po,PMP22, MBP, MAG,

and periaxin (Mirsky and Jessen , 1996; Jessen and Mirsky, 1999). The expression of these

myelin-related proteins and their cognate mRNAs increases substantially as Schwann cells

form myelin sheaths (Lee et al., 1997; Stahl e/ al., 1990), and this upregulation requires

continuous axon-Schwann cell interactions both in developing and in regenerating nerves

(Gupta et al.,1993; Scherer et a1.,1994).

34



1.4.2 Survival of Schwann cell precursors depends on signals from axons

Schwann cell precursors undergo apoptosis when they are removed from embryonic nerves

and placed in neuron-free cultures (Jessen et al., 1994). Dorsal root ganglion (DRG)

neurons secrete protein(s) that prevent this death, and isolated axonal membranes also

possess activity that supports precursor survival (Jessen and Mirsky, 1999). Therefore, it is

likely that the survival of Schwann cell precursors in vivo is regulated by signals from the

axons with which they associate. These signals also drive, or permit, the next step in the

development of the lineage, since the precursors mature to generate Schwann cells in vitro

in the presence of the neuron-derived proteins. A key signal is the B form of neuregulin

(NRG-B) (Jessen and Mirsky, Tggg). NRG-P supports Schwann cell precursor survival ln

vitro for several days and during this period, the cells alter their phenotype from that of

precursors to that of Schwann cells. The time course of this Schwann cell generation in

vitro is similar to that with which the glial population of developing nerves switches from

the precursor phenotype to the Schwann cell phenotype in vlvo (Jessen and Mirsky, 1999).

Most importantly, the action of the signal from DRG neurons that suppotts precursor

survival and differentiation is blocked by a soluble hybrid protein containing the

extracellular domain of the ErbB4 ItiRG-B receptor, a receptor that is not known to bind to

any other growth factor (Dong et a1.,1995). NRG-P is also present at the appropriate time

and place in rat and mouse embryos: strikingly high expression of NRG mRNA is seen in

motor neurons of the ventral horn in the spinal cord and over DRG neurons, the two major

sources of axons in embryonic peripheral nerves (Marchionni et al., 1993; Meyer and

Birchmeier, 1994; Orr-Urtreger et a\.,1993). Taken together, these results strongly suggest

that neuronally derived NRG-B is likely to act as a survivallmaturation factor for Schwann

cell precursors. Recent studies on knockout mice also support to this conclusion, since they

indicate a central role for neuronal NRG signaling in the development of Schwann cell

precursors. NRG deficient mice that die between E10 and 11 from heart defects have very

35



few Schwann cell precursors in dorsal and ventral roots at ElO (Meyer and Birchmeier,

1995). Mice deficient in the major NRG receptor ErbB3, lack Schwann cell precursors and

subsequently fail to develop Schwann cells in their peripheral nerves (Riethmacher et al.,

l9g7), showing that NRG signaling through the ErbB3 receptor is needed for precursor

development/survival. Examination of transgenic mice that express type III NRG such as

SMDF, but do not express NRG that contain an Ig domain in their extracellular domain

(Type I and II), has shown that the presence of type III NRG in DRG and motor neurons is

sufficient to support the development of Schwann cell precursors and Schwann cells (Meyer

et al.,lgg7). The data discussed above support a paracrine model of precursor survival, in

which the survival of precursors depends on its next-door neighbour, the axon. In the

embryonic nerve, it is likely that the acute dependence of precursors on axons for survival

contributes, together with proliferation factors, to the attainment of the right numerical ratio

between axons and precursors and eventually between axons and Schwann cells.

1.4.3 Developing Schwann cells acquire the ability to survive without

axons

Apoptotic Schwann cells are present in nerves from newborn rats, and transection of

neonatal nerves increases the amount of apoptosis (Jessen et al., 1994). Neuregulin can

prevent this apoptosis (Jessen and Mirsky, 1999). However, in 20 day old rats, most

Schwann cells survive nerve transection related loss of axonal contact, and in adult nerves

no significant Schwann cell death follows denervation (Grinspan et al., 1996; Syroid et al.,

lgg6,Trachtenberg and Thompson, 1996). This raises the question of how Schwann cells

survive in the absence of axons. Cell culture studies found that Schwann cell survival is

density dependent while the Schwann cell precursors die equally readily even at extremely

high plating density; and Schwann cells in sparse cultures, which die by apoptosis in routine

media, can be rescued by medium conditioned by dense Schwann cell cultures (Jessen and
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Mirsky, lggg). These findings support the view of an autocrine loop in which Schwann

cells sustain their own survival by secretion of factors that block Schwann cell apoptosis.

Further studies indicate that the autocrine survival activity resides in a cocktail of growth

factors, including insulin-like growth factors (IGF), platelet-derived growth factor-BB

(PDGF-BB) and neurotrophin-3 (NT-3) (Meier et al., 1999). These factors act

synergistically to block Schwann cell death (Jessen and Mirsky, 1999). However, the

findings that neither the Schwann cell derived survival factors in conditioned media nor the

minimal IgF-24{T-3/PDGF-BB combination supported survival beyond two days indicate

that the autocrine survival loops alone may not be sufficient to guarantee Schwann cell

survival and point to the presence of a second survival signals in cut nerves (Jessen and

Mirsky, Iggg). It is suggested that laminin, a main component if the Schwann cell basal

lamina and a molecule implicated in the regulation of Schwann cell development , may be

involved in supporting the long term survival of Schwann cells following loss of axonal

contact (Bunge, 1993; Martini, 1994b). Laminin alone is ineffective in maintaining

Schwann cell survival. But, laminin together with the minimal cocktail of IGF-2NT-

3/PDGF-BB or Schwann cell conditioned media can maintain the survival of Schwann cell

for at least 6 days in vllro (Jessen and Mirsky, 1999).

1.4.4 Schwann cells modify axon cytoskeletal architecture

Axonal calibre is influenced by intrinsic and extrinsic factors. Of the extrinsic factors, the

extent of Schwann cell ensheathment and myelination is the most important in normal

nerves (Hofirnan and Griffin, 1993). In primary cultures of peripheral nerve tissue,

myelination of segments of axonal processes results in local increases in axonal calibre

(Pannese et a|.,1988; Windebank et a\.,1985). In normal myelinated axons, only the initial

segments (stem processes), the nodes of Ranvier and the terminals are not covered by

myelin, and the axonal calibre in these areas is substantially smaller than that of myelinated
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internodes (Mata et al., 1992; Hsieh et al., l9g4). The number of neurofilaments and NF

spacing are the principal intrinsic factors that control the axonal calibre (deWaegh et al',

lgg¡). Highly phosphorylated sidearms of NFs are repelled from the filamentous cores by

negative charges, resulting in an increase in space between the NFs (Fig. 1-9). This is in

accordance with the finding that, in myelinated large-calibre processes of the dorsal root

ganglion, NFs are highly phosphorylated and display an increased distance to their

neighbours, whereas the small calibre, nonmyelinated initial segments of the axons are

associated with less phosphorylated and more densely packed NFs (Hsieh et a1.,1994).

N

Figure l-9. Diagram showing modulation of axonal properties by myelinating Schwann

cells. Myelination appears to determine the status of activity of a kinase (K, k)-phosphatase

(p, p) system. Schwann cell-axon interactions, i.e. binding of a Schwann cell ligand such as

myelin-associated glycoprotein to the axonal receptor communication (see symbols at the

axon-Schwann cell apposition and enlarged inset) may mediate this system. In the

myelinated part of the axon (left), more neurofilaments (NF) are present and they show a

higher phosphorylation state (P) leading to repulsion of the highly phosphorylated side arms

from the filamentous cores by negative charges. This leads to an increase in space between

the neurofilaments and, eventually, to an increase in axon calibre. In the nonmyelinated part

of the axon (or at the node of Ranvier), fewer neurofilaments are present and their

phosphorylation state is reduced (p), leading to a smaller axon calibre. AdaxSc, adaxonal

Schwann cell membrane; al, axolemma. Modified from Martini (2001).
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1.4.5 Schwann cells organize molecular domains of the axon

The molecular domains of myelinated axons have been reviewed in section 1.2. The spatial

distributions of cell adhesion molecules and ion channels on the axolemma are affected by

myelinated Schwann cells (Arroyo and Scherer, 2000; Arroyo et al.,1999; Peles and Salzer,

2000; Scherer, 1996). The Schwann cell influence on the distribution of these molecules is

best demonstrated in the case of Na* channels (Fig. 1-10). During the process of

development or remyelination, the longitudinal extension of the Schwann cells along the

axon leads to the Na* channels being pushed ahead of the leading edges and eventually

"fusing" to form the mature channel cluster at the node of Ranvier (Martini, 2001).

NaCh
\

* #

Figure 1-10. Diagram to show the functional roles of myelinating Schwann cells (SC) on

the distribution of Naf channels (NaCh). The Nal channels are present at low density all

along the axon before myelination. During myelination, the Na* channels are excluded

from the regions of contact between the axon and SC and accumulate just beyond the edges

of the SC (top). As SC processes grow, the clusters also move and form the transient binary

clusters (middle), and eventually fuse to become a node (below). Copied from Martini

(2001).

1.4.6 Abnormal Schwann cells induce pathologic changes in axons

Because myelinating Schwann cells can modify axonal properties in the normal nervous

system, it is not surprising that abnormal Schwann cells lead to pathologic changes in the

axon. Mutations of P¡, PÌvP22 andCx32, cause myelin diseases, such as CMTI, HNPP,
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DSS and congenital hypomyelinating (cH) neuropathy (Dyck et a1., 1993b; Nelis el a/',

1999;Thomas et al., 1gg7). A striking feature common to these primary myelin disorders is

not only the obvious impairment of myelination or myelin maintenance but also the change

in axons. The progressive clinical manifestations, such as muscle atrophy and sensory

dysfunction, and the electrophysiological abnormalities in these disorders correlate more

with secondary axonal damage (Dyck et al., 1989; Krajewski et al', 1999, 2000)'

Abnormalities of axonal properties are also found in Tr and Ty' mice (deV/aegh and Brady,

l99O;Robertson et al., LggT)), PMP duplicated or deficient mice (Sancho et al',1999), Ps

deficient mice (Gies e et al., I99Z; Zielasek el al., 1996), Cx32 defïcient mice (Anzini et al',

1997;Martini and Carenini, 1998; Scherer et a\.,1998) and MAG deficient mice (Yin et al',

199g). The most common axonal abnormalities in these human and animal neuropathies are

the reduction of axonal calibre and axonal loss. Reduced axonal calibre probably results

from the dephosphorylation of NFs (Cole et a1.,1994; deWaegh and Brady et al', 1990;

Waston et al., 1994; Yin et a1.,1998). Axonal loss and distal axonal degeneration may be

related to the disruption of slow axonal transport (deWaegh and Brady,1990;Frei et al',

1999; Sancho et al',1999)'

The impact of abnormal Schwann cells on axonal properties is further demonstrated by the

transplantation experiments using allografts from Tr mice (deWaegh and Brady, 1991;

dewaegh et al., lg92) and xenografts from cMTlA' CMTX and HNPP patients (Sahenk

and Chen, 1998; Sahenket al.,lg9g) as bridges connecting the proximal and distal stumps

of transected nerves from normal mice. When axons regenerate through the allografts, they

are contacted and eventually ensheathed by the mutant Schwann cells mice (deWaegh and

Brady, l99l; deW aegh et al., 1992). The properties of the initially healthy axons are altered

by the mutant Schwann cells. Similar to the situations in the stem process of dorsal root

ganglion neurons and in the node of Ranvier, where myelin is focally missing, characteristic
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axonal features in the allografts include reduction in calibre, higher NF density, and a low

NFs phosphorylation state mice (deWaegh and Brady, 1990, 1991; deWaegh et al., 1992).

In addition, reduced anterograde transport of NFs in the axons has been found. In the distal,

host-derived part of the nerve containing wild-type Schwann cells, axonal properties of

normal myelinated fibres are restored (deWaegh and Brady, l99l; deWaegh et al.,1992)'

Eight to sixteen weeks after the transplantation, the proximal part of the diseased xenograft

showed an increased NF density accompanied by an enlarged axonal diameter, suggesting

an impaired axonal transport of NFs (Sahenk and Chen, 1998; Sahenk et al., 1999).

Reduced axonal calibre and increased NF density were observed at distal end of the

diseased xenografts, mimicking some of the alterations seen in nerve biopsies from CMTIA

patients (Waston et al., lgg4). Preferential distal axonal loss and degeneration were

observed in the xenografts and might reflect the well-known phenomenon that distal aspects

of limbs are more susceptible to the muscle wasting and sensory dysfunction than proximal

parts in peripheral neuropathies (Dyck et al.,1993a). Reduced axonal calibre, fibre loss and

degeneration \ryere also found in the distal host segment indicating that the pathway through

the diseased xenografts had irreversibly injured the host axon (Sahenk and Chen, 1998;

Sahenk et al., lggg). Additionally, the onset of regeneration-associated myelination was

delayed in the CMT1A and HNPP grafts (Sahenk and Chen, 1998; Sahenk et al., 1999)'

Axonal involvement has also been found in inflammatory neuropathies, such as acute and

chronic inflammatory demyelinating neuropathies (Bjartmat et al., 1999', Hartung et al',

l995ab;Ho et al., 1998). However, in these disorders, it is diffrcult to determine whether

the axonal damage is primary or secondary to the myelin damage.

4I



CHAPTER 2: Development of A New Method for the Correlation of

External and Internal Structure at Specific Points of Teased Nerve Fibres

2.1 Introduction 43

2.2Previous methods of studying transverse and longitudinal sections of teased

nerve fïbres 49

2.3 Development of new technique 53

2.3.1 Description of the technique 53

2.3.2Key points about the technique 60

2.4 Examples of application of new technique in the interpretation of teased nerve

frbre abnormalities 67

2.4.LCondition A 68

2.4.2 Condition B 72

2.4.3 Condition C 79

2.4.4 Condition E 85

2.4.5 Condition F 87

2.4.6 Non-specific change 94

2.5 Discussion 97

2.5,1 Advantages of the new technique 97

2,5.2 Correlation of external and internal structure of teased fibres 98

42



2.1 INTRODUCTION

The limitations in the interpretation of teased fibre abnormalities based on their external

appearance under LM have long been recognized (Dyck and Lais, 1970; Lascelles and

Thomas, 1966; Lubinska, 1961; Ochoa et a\.,1971; Spencer and Thomas, 1970; Weiss and

Hiscoe, 1948).

Although techniques for cross and longitudinally sectioning single teased fibres were fìrst

described almost thirty years ago, they have not attracted much attention probably due to

their time-consuming nature and technical difficulty. There is only limited information on

this subject (Dyck and Lais, 1970; Dyck et al., l97lab; Ochoa, 1972; Smith et al., 1982;

Spencer and Thomas, 1970). Systematic serial transverse sections at multiple levels of a

single fibre, and correlation of the internal findings with the external appearance of the

fibre, classified according to Dyck's criteria (Dyck et al., 1993a), has not been previously

undertaken.

In order to address this problem I developed a teased nerve fibre technique that enabled the

correlation of the external and internal structural appearance at specified points along the

length of individual teased myelinated nerve frbres.
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Teased fibre classifÏcations according to the external appearance

Teased fìbre analysis is a difficult and time-consuming procedure. It requires perfect tissue

preparation, utmost attention during teasing to avoid artefacts, and systematic sampling of

single MFs (Dyck et al., 1993a; Sima and Blaivas, 1997). Most importantly, the examiner

must be aware of the normal structure and possible variations of MFs.

The most commonly adopted criteria for classifying normal and pathological teased nerve

fibres are those of Dyck et al. (1993a) andthe different categories or conditions (A to I) are

outlined below.

A. Teased fibre of normal appearance. The internodal myelin is regular similar to that of

most MF internodes of the control. The average thickness of myelin of the internode

with the thinnest myelin is at least 50% of that of the internode with the thickest myelin.

No paranodal or internodal segmental demyelination is seen. This judgement assumes

the observer is aware that myelin irregularity varies with the preparation used, the

species, the nerve assessed, and age. Myelin is more regular in the young than in the

old.

B. Teased fibre with excessive irregularity, wrinkling, and folding of myelin but with the

other features of condition A. This judgement assumes that the observer is familiar

with the degree of myelin regularity considering species, nerve, site, and age.

C. Teased fibre with a region or regions of paranodal or internodal segmental

demyelination with or without myelin ovoids or balls in the cytoplasm of the associated

Schwann cells. Thickness of myelin of the internode with the thinnest myelin is 50

percent or more of that of the internode with the thickest myelin. Myelin of internodes

may be regular or irregular. In demyelination, as judged by the high-dry objective of

the light microscope, no myelin can be recognized. In paranodal demyelination the
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nodal gap is increased beyond that seen in normal fibres. In internodal demyelination

the entire internode is demyelinated.

D. Teased fibre with a region or regions of paranodal or internodal segmental

demyelination with or without myelin ovoids in the cytoplasm of the associated

Schwann cells. Thickness of myelin of the internode with the thinnest myelin is less

than 50 percent of that of the internode with the thickest myelin. Myelin of internodes

may be regular or irregular.

E. Teased strand of nerve tissue with linear rows of myelin ovoids and balls at the same

stage ofdegeneration.

F. Teased fibre without region or regions of segmental demyelination but with excessive

variability of myelin thickness among internodes. Thickness of myelin of the

internodes with the thinnest myelin is less than 50 percent of that of the internode with

the thickest myelin. Myelin of internodes may be regular or irregular. The internode of

thin myelin sheath with an internodal length less than 50 percent of neighbouring

normal internodes is designated as an intercalated internode. It results from a

demyelinated internode remyelinated by two or more Schwann cells.

G. Teased fïbre with excessive variability of myelin thickness within internodes to form

"globules" or "sausages".

H. Teased fibre of normal appearance as described in A, but in which there are myelin

ovoids or balls contiguous to two or more internodes.

I. Teased fibre having several proximal internodes or parts of internodes with or without

paranodal or internodal segmental demyelination and, distal to these, a linear row of

myelin ovoids or balls.

Condition A and B fibres are classified as normal, condition C and D as demyelination, F

and G as remyelination, E as axonal degeneration, and H as axonal regeneration. Condition

I is seen typically several days after and atthe site of crush, and may represent a dying-back
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change. Because these abnormalities can also been seen in normal control nerves at low

frequency (Table 1.1), when assessing the pathological changes of teased nerve fìbres, the

percentage of different pathologic changes should be compared to the findings in control

nerves.

Table 2.1. Graded pathologic conditions of teased fibres (%) from sural nerve of healthy

volunteers (Dyck et al.,l993a)

A

Normal

Appearance

B

Myelin

Irregularity

C,D,F,G

Segmental De-

and Remyelination

E,H

Axonal degeneration

and regeneration

Age

Mean

Median

SD

Range

Age

Mean

Median

SD

Range

Age

Mean

Median

SD

Range

95.0

94.9

3.1

90.2-100.0

95.0

96.5

3.6

89.8-98.1

I5-<30 years

3.9

3.1

2.7

0-8.6

30-<45 years

4.0

2.9

4.4

0-10.2

45-<60 years

14.5

15.9

9.3

2.2-23.8

81.5

83.0

11.0

67.3-92.6

0.2

0

0.5

0-2.3

0.5

0

1.0

0-2.0

1.8

0.6

2.8

0-59

0

0

0

1.0

0

1.8

0-7.6

t.9

1.1

2.3

0-5.3

0-0

Sima and Blaivas (lgg7) classified teased nerve fibres into the following nine categories.

1. Normal: Consecutive, approximately equally long internodal segments of similar

diameter. Within one internode the largest diameter should not exceed 150% of the

smallest diameter.
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Z. paranodal Swelling: Paranodal expansion of the axonal diameter exceeding 150% of

the average internodal diameter. It may be present on one or both sides of the nodal gap'

3. Paranodal Demyelination: A nodal gap distance, devoid of any myelin, that exceeds

the internodal mean diameter of the same fibre'

4. Excessive Myelin wrinkling: The internodal area shows irregular infoldings and

superimposed myelin folds, involving one third or more of the internodal length and the

greatest diameter is equal to or exceeds 150% of the smallest diameter.

5. Intercalated lnternode: A fibre shows one remyelinated internode surrounded on both

sides by normally myelinated internodes. It is regarded as a product of the repair

process that follows paranodal demyelination'

6. Segmental Demyelination: Active demyelination with myelin fragmentation and

ovoids within one internode that is surrounded by normally myelinated internodes'

7. Segmental Remyelination: A fìbre shows two or more remyelinated intercalated

internodes surrounded by normally myelinated internodes.

g. Regenerated Fibres: A sequence of short, thinly myelinated internodes less than 50%

of normal internode length of the same fibre diameter'

g. Wallerian Degeneration: Irregular myelin ovoids over or balls spread over several

internodes. These fibres often show a gradient from undulating calibre changes to

progressively smaller myelin fragments'

Kalichman et at. (1999) classified teased fibres into the following six groups

l. Unclassifïable: Except for Wallerian degeneration, a MF is unclassifiable if it is: (1)

inadequately osmicated (i.e., nodes of Ranvier cannot be reliably identified along the

length of the fibre), (2) too short (i.e., less than 4 consecutive nodes of Ranvier or 3

internodes, or (3) part of an intertwined bundle (i.e., interweaving of 2 or more fibres)'
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z. \ilallerian Degeneration: Fragmentation of MF into myelin ovoids and balls (cluster of

at least 3 balls or ovoids along the axis of the degeneration axon)'

3. Demyelination: Absence of myelin along part of or an entire internode, regardless of

internodal length, with preservation of the axon (no myelin sheath visible with the high

dry objective; fragments of myelin may be seen along the internode). The length of

demyelinated segment may be of normal internodal length or short.

4. Ilypomyelination: Thinly myelinated internode of normal length (myelin thickness

<s1yoneighbouring internodes and internodal length >6\yo of the longest internode)'

5. Remyelination: At least one abnormally short internode (length <60yo of longest

internode); myelin thickness may be normal or decreased'

6. Abnormal paranodal Myelination: A mechanically undamaged node in which (1) the

nodal gap is widened, or (2) the paranodal myelin is thin (<50% of the rest of the

internode). In either case, the region of decreased myelination should be at least twice

the nodal axonal diameter.

Dyck,s criteria and classification of teased nerye fibre abnormalities are generally used in

research and diagnostic practice. They described and classified the common external

features of teased fibres (Dyck et al., 1993a). Sima and Blaivas (1997) highlighted the

importance of internodal length in classifying teased fibres and provided a clear definition

of paranodal demyelination. Kalichman et at. (1999) added two further categories of fibres

with unclassifiable abnormalities and hypomyelination. All of these criteria ate based on

the external appearance of teased nerve fibres under LM although the inadequacies of this

type of examination have long been recognized (Dyck and Lais, 1970; Lascelles and

Thomas, 1966;Lubinska, 1961; Ochoaet al.,l97l; Spencer and Thomas, 1970; Weiss and

Hiscoe, 1948).
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2.2 PREVIOUS METHODS OF STUDYING TRANSVERSE AND

LONGITUDINAL SECTIONS OF TEASED NERVE FIBRES

Method described by Spencer and Thomas (1970)

Spencer and Thomas (1970) developed a technique to examine ultrathin transverse sections

of teased nerve fibres at selected sites to localize focal abnormalities for EM study'

The specimens were first fixed in2.5o/o glutaraldehyde for 3 hours, postfixed in lYo osmium

tetroxide for 5 hours, dehydrated in graded concentrations of methanol, transferred to

toluene (two changes) for I hour, and immersed in equal parts of toluene and Araldite lor 24

hours. Then single MFs up to 1.5 cm in length were isolated in Araldite embedding

medium with fìne mounted needles under a dissecting microscope. Fibres of especial

interest were transferred to a toluene-cleaned glass slide, straightened, examined by light

microscopy, and photographed. Regions of interest were measured from one end of the

fibre. The fibres were then transferred with a drop of Araldite to small moulds and

hardened in Araldite for 7 days at 60oC. Transverse ultrathin sections were then cut from

one end of the fibre, stained with 2o/o uranyl acetate in methanol for 5 minutes, followed by

lead citrate for 2 minutes, and examined under a electron microscope. The fïbre was then

trimmed to the next position of interest and cross sections repeated.

This technique was applied to study nerve fïbres in a traumatic neuroma (Spencer and

Thomas, lg70). One remyelinated fibre with multiple "myelin bubbles" proximal to the site

of nerve transection was transversely sectioned. Transverse sections through the externally

normal segments showed no abnormality. A cross section through a thinly myelinated

segment proximal to the focal swellings showed an axon of normal appearance enclosed by

a disproportionately thin myelin sheath. Cross sections through the "myelin bubbles"

confrrmed that the walls of the focal swellings were composed of myelin to form
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intramyelinic spaces containing myelin debris. A macrophage containing myelin remnants

was found on cross section through a focal swelling'

Method described by Dyck and Lais (1970)

Dyck and Lais (1970) also developed a technique to examine ultrathin transverse sections at

selected sites of interest along the length for subsequent electron microscopic study.

A I cm fascicle of sural nerve was first fixed in 2Yo glutaraldehyde for 30 minutes and

postfixed in lyo osmium tetroxide for 2 hours. Then small strands of approximately 50

fibres were teased from the fascicle with fine curved forceps in cacodylate buffer on a glass

slide under a dissecting microscope. The strands were dehydrated and infiltrated with a

mixture of propylene oxide and medium-hard epo)ry. Single MFs were then isolated in

epoxy on a glass slide and transferred into a dish of 1.25 to 1.5 mm depth. After the epoxy

was cured, the flat epoxy dishes were trimmed, the fibres were viewed directly, and areas of

interest were photographed under the light microscope. The region of the fibre to be studied

was cut with a coping saw and attached with rapidly drying epoxy cement to a blank epoxy

block previously prepared in hard rubber molds. Then the block was trimmed to a point

close to the area to be studied. Thick transverse sections were cut and viewed under a

phase-contrast microscope, and thin sections were stained with uranyl acetate and lead

citrate and viewed under an electron microscope

Transverse sections at 10 sites along the length of a myelinated fibre from the sural nerve of

a 2-year-old girl with hypertrophic neuropathy of the Charcot-Marie-Tooth type were

examined (Dyck and Lais, 1970). The axonal calibre was small at sites that were

demyelinated, intermediate in the region thinly myelinated, and large at the sites having a

thicker myelin sheath. The areas of the fibre which were considered to be demyelinated or
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remyelinated on the basis of examination of teased fibres under the light microscope were

found, on electron microscopy, to have none or only a few (9-18) myelin lamellae,

respectively (Dyck and Lais, 1970).

This technique was also applied in a study of uraemic neuropathy (Dyck et al., I97Ib).

Two strands of nerve fibres including linear rows of myelin ovoids and two single MFs

showing segmental demyelination were transversely sectioned from the sural nerve of a

patient with uraemic neuropathy (Dyck et al., 1971b). Both strands of nerve fibres with

myelin ovoids in linear rows also showed several clusters of unmyelinated fibres. Both of

the single fibres showing segmental demyelination appeared to have atrophic axis cylinders.

In internodes with retained myelin, there was extreme distortion of the myelin sheaths and

considerable variation of the number of myelin lamellae (Dyck et al.,l97lb).

Method described by Ochoa (1972)

Ochoa (1972) developed a technique to examine longitudinal sections of single teased nerve

fibres for the EM study of paranodes and nodes of Ranvier.

Nerves were fìrst fixed in glutaraldehyde and postfixed in Dalton's fluid, dehydrated and

impregnated with epon. Nerve fibres were teased in epon, transported on a hair, and placed

on the flat surface of a resin block, which was pre-polymerized. The fibre was hardened on

the resin block in an oven overnight, and then covered with a drop of epon and hardened.

Longitudinal sections of up to 150-200 pm in length were obtained from the resin block

(Ochoa, 1972).

Ochoa (1972) only provided 2 examples of application of this technique. One was a MF

from a baboon sciatic nerve showing tapering of the paranodal myelin towards the node of
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Ranvier. Longitudinal sections revealed that there was no myelin sheath at the node of

Ranvier which was covered by Schwann cell basement membrane. The second example

was a study of an intercalated segment in a nerve fibre from a baboon sciatic nerve.

Method described by Smith et ø1. (1982)

Smith et at. (1982) examined the transverse sections of teased nerve fibres to measure the

internodal length, myelin thickness and circumference and axonal area to study relationships

between myelin volume and internodal axonal size and shape.

After perfusion frxation with 4Yo glularaldehyde in 0.1 M phosphate buffer, the spinal roots

and sciatic nerves of rats were removed. The nerves were then postfixed in osmium

tetroxide for 2 hours, dehydrated with graded ethanol and infiltrated with epoxy resin

following changes in propylene oxide. The tissues were left in epoxy without accelerator

for 24 hours and then placed in epoxy resin plus accelerator. In this medium, individual

nerve fîbres or small numbers of fibres were teased apart using fine needles and transferred

to flat embedding discs. The resin was hardened (56'C) and the individual nerve fibres

were numbered and drawn. The individual fìbres were then cut out of the embedding disc

and held in a flat chuck in an LKB ultramicrotome for transverse sectioning.

Quantitative studies of transverse sections of normal, remyelinated and regenerated nerve

fibres revealed a close relationship between the volume of myelin and the surface area of the

axolemma beneath the internodal myelin sheath, suggesting that the regulation of myelin

volume, and thereby of myelin thickness, may be mediated via the area of the axolemma or

of the Schwann cell membrane beneath the myelin sheaths (Smith et al., 1982). However,

the authors didn't provide any illustrations to support these concepts'
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2.3 DEVELOPMENT OF NEW TECHNIQUE

2.3.1 Description of technique

Step 1: Tissue fixation and dehydration

The method of tissue fixation is the same as for conventional glycerinated teased nerve fìbre

studies (Cash and Blumbergs, 1995; Dyck et al.,l993a), and the method for dehydration is

similar to the methods previously described (Dyck and Lais, 1970; Spencer and Thomas,

1970). Nerve tissue was first fixed in 2.5Yo glutaraldehyde in 0.05 M cacodylate buffer at

p1g.7.4 for 1.5 hours. Then the nerve was separated into single fascicles and further fïxed in

2.5Yo glutaraldehyde for 0.5 hour. The specimens were then washed in 0.05 M cacodylate

buffer at pH 7.4 ona rotator for at least 30 minutes with at least 5 changes of the buffer, and

post-fixed in lo/o osmium tetroxide for 2 hours. After further washing in buffer solution for

at least 30 minutes with at lest 5 changes of the buffer, the specimens were dehydrated in

TOYo ethanol for 30 minutes, g5yo ethanol for 30 minutes, absolute ethanol for 1 and half

hours with 2 changes of ethanol, and transferred to propylene oxide for 30 minutes on a

rotator. Tissue dehydration was performed at room temperature.

Step 2: Tissue softening

Following dehydration, specimens were immersed in equal parts of propylene oxide and

Spurr resin without accelerator (Dimethylaminoethanol, DMAE) for 30 minutes, transferred

to a mixture of propylene oxide and Spurr resin without accelerator (volume : volume : 1 :

3) for 30 minutes, and immersed in Spurr resin without accelerator for three days with a

change of fresh resin every day. Then the specimens were immersed in fresh Spurr resin

with accelerator for 1 day, and transferred to fresh Spurr resin ready for the teasing of single

fibres. The steps for tissue softening were performed on a rotator at room temperature. If

there is insuffrcient time for the operator to complete this procedure in a single sitting, the

specimens can be stored in fresh resin (with or without accelerator) after dehydration in a
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fridge at -20Co. Some of our tissues have been stored in resin with or without accelerator at

-zOCo for over 2 years without change of resin, and they are still suitable for successfully

teasing single fïbres.

The procedures for tissue fixation, dehydration, softening and storing are summarized in

table2-2

Table 2-2. Processing schedule for resin teased fibre preparations

Step Solution required Time Conditions

1

2

J

4

5

6

70Yo elhanol

95Yo ethanol

100% ethanol

ljjYo ethanol

lO0% ethanol

Propylene oxide: Spurr resin (1:l)

(no DMAE)

Propylene oxide: Spurr resin (l:3)

(no DMAE)

Spurr resin without DMAE

Spurr resin without DMAE

Spurr resin without DMAE

Spurr resin with DMAE

teasing or stored in resin at20"C

30 minutes room temperature, on a rotator

room temperature, on a rotator

room temperature, on a rotator

room temperature, on a rotator

room temperature, on a rotator

room temperature, on a rotator

room temperature, on a rotator

room temperature, on a rotator

room temperature, on a rotator

room temperature, on a rotator

room temperature, on a rotator

30 minutes

30 minutes

30 minutes

30 minutes

30 minutes

30 minutes

overnight

overnight

overnight

overnight

7

8

9

l0

1l

l2

Step 3: Teasing single myelinated nerve fibres in resin

The method of preparing teased nerve fibres in resin is similar to that for teasing in glycerol

(Dyck et al.,1993a). Teasing is performed in fresh Spurr resin at room temperature. With

two pointed forceps and using a dissecting microscope, epineurium and perineurium are

stripped away from endoneurium on a plain glass "teasing" slide. Small strands of nerve

fïbres are torn from the endoneurium. From these strands, a single fiber or a bundle of a

small group of fìbres is teased away from the main strand. During this process, the left
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forceps grasps one end of the main strand and remains motionless while the right one grasps

another end of the main strand to trace an inverted U-pathway. The tip of the forceps is kept

in constant contact with the glass slide to prevent the fibre from curling up around it. A

carbon-coated "mounting" slide is laid adjacent to the top of the slide on which the teasing

has been done. One end of each separated fibre is grasped with forceps and slid onto the

carbon-coated slide through a minute drop of resin on the teasing slide near the edge

a-djacent to the mounting slide (Fig. 2-1). The teased fibre is dragged onto the carbon-

coated slide for a short distance in order to straighten the fibre and remove extra resin. Two

to eight fibres are placed side by side in close proximity (about 0.2 mm apart) (Fig.2-24).

The rest of the tissue is restored in fresh resin with accelerator at -20" '

Figure 2-1. Teasing single myelinated fibres in resin. After fixation in glutaraldehyde and

osmium and softening in resin, the epineurium and perineurium of a nerve fascicle are

stripped off, the fascicle is teased into separate small strands on a plain glass "teasing" slide.

Single fibres are isolated from these small strands using forceps. A carbon-coated

"mounting" slide is placed at the top of the teasing slide. One end of a teased fibre is

grasped by a pair of forceps and slid onto the mounting slide through a small drop of resin

near the top edge of the teasing slide'

Mounting slide

Teasing slide
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Step 4: Hardening resin teased nerve fibres

Individual teased fibres mounted on carbon coated slides are hardened in a 73"C oven for 3

days or in a 45oC oven for 1 week.

Step 5: Photographing the individual teased nerve fibres

Teased fibres are digitized using a Quantimet 500MC Image System (Leica-Cambridge,

UK) or an Olympus DPll Microscope Digital Camera System (Japan), and the images

stored in the computer. The number of internodes in every fibre is counted, and the length

of intemodes and the size of any abnormalities, such as focal myelin swellings, are

measured.

Figure 2-2. Seven vertical resin teased fibres are placed side by side in close proximity on a

carbon-coated glass slide (A). Seven short horizontal resin teased fibres are placed

perpendicularly to the 7 vertical fibres to mark specific sites or at regular intervals (B).

Step 6: Marking specifÏc sites on the teased fÏbres

Short single myelinated nerve fibres teased in resin are placed perpendicular to the original

teased fibres to mark specific sites of interest or at regular intervals (Fig.2-28). The slide is

then left in a73"C oven for a further 3 days or in a 45oC oven for a further one week. Then

the original teased fibres together with the marker fibres are digitized using the image

system, and the images stored in the computer. The distance between marker fibres or

between a marker fibre and a specific site of interest is measured using the image system.

u)

à
A

tlt

(t)

à
B

#
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Step 7: Embedding single teased fibres in a resin block for longitudinal sectioning

A small capsule (as used for routine electron microscopy resin embedding with a calibre of

8mm) is filled with fresh Spurr resin with accelerator and placed upside down onto the

carbon-coated slide, covering the area that contains the teased fibres (Fig. 2-34). The slide

together with the capsule is left in a73'C oven for 5 hours or in a 45oC oven for 3 days.

Then the flat side of the carbon-coated slide, opposite to the side with the adherent resin

capsule, is placed on the top of a solid metal block, which is pre-cooled in liquid nitrogen

(Fig. 2-38). Due to the temperature change in the slide, the resin block separates from the

slide along the line of the carbon coat. After separation, the fibres of interest and the marker

teased fibres, keeping their original shape on the carbon-coated slide, are left on the surface

of the resin block (Fig. 2-3C), visible to the naked eye (Fig. 2-3D) and are ready for

longitudinal sectioning. Because the fibres keep the original flat shape they had on the

mounting slide and are located at the surface of the resin block, longitudinal sections of

single nerve fibres can be cut by keeping the block surface parallel to the knife blade.

Step 8: Embedding single teased fÌbres in the resin block for transverse sectioning

The resin block (Fig. 2-3D) is trimmed of excess resin with a coping saw then placed in a

capsule filled with fresh Spurr resin. The original teased fibres are aligned parallel to the

long axis of the capsule so they canbe cut in cross section. The capsule is left ina73"C

oven for 5 hours or in a 45"C oven for 3 days, following which the teased fibres, together

with marker fibres, are clearly visible in the block (Fig. 2-3E), and can be examined under a

dissecting microscope or the binocular magnifier of an ultramicrotome.

Step 9: Sectioning and localizing individual teased fibres embedded in resin

Transverse and longitudinal sections of 0.5 pm thickness are cut using a SORVALL JB4

(Porter-Blum) microtome with glass knives, and thin sections are cut at 60-100nm using

SORVALL MT2-B Ultra-microtome (Porter-Blum) or LKB Bromma 8800 Ultrotome@U
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with diamond knives. The exact position of each cross section is determined using a

combination of visual inspection, a binocular magnifier and counting the number of sections

of known thickness in relation to the transverse marker fibres. Keeping the original teased

fibres perpendicular to the knife blade under the binocular magnifier of the microtome

enables transverse sections to be cut. When sectioning longitudinal sections, keeping the

surface of the resin block parallel to the knife blade ensures "true" longitudinal sections of

single myelinated fibres.

-F-
Liquid

Nitrogen

A

{f

Figure 2-3. Preparation of myelinated nerve fibres for transverse and longitudinal sectional

studies. After hardening of the teased fibres and the marker fibres on a carbon-coated glass

slide, a small capsule (as used for routine electron microscopy resin embedding) filled with

Spurr resin is placed upside down onto the slide, covering the area that contains the teased

fibres (A). The slide together with the capsule is left in a73"C oven for 5 hours or in a 45'C

oven for 3 days. After resin polymerization, the slide is placed on a metal block, which is

pre-cooled in liquid nitrogen (B). The temperature difference helps to separate the resin

block from the glass slide along the line of the carbon coat (C). Seven vertical myelinated

fibres and seven horizontal marker fibres are left in the resin block, keeping their original

shape as they are on the carbon-coated slide (D). Longitudinal sections of individual

myelinated nerve fibres can be sectioned from this resin block, or this block can be trimmed

of excess resin with a coping saw and re-embedded in another resin block, keeping the

original teased fibres parallel to the long axis of the second resin block (E). Seven

horizontal original fibres and seven vertical marker fibres can be seen from the surface of

the resin block. Transverse sections can be cut from this block for LM and EM.
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Step 10: Staining of plastic sections

Semithin transverse sections are stained with toluidine blue for 10 minutes at 98oC and

semithin longitudinal sections are stained with toluidine blue for 8 minutes at 98oC or for 5

minutes at I20"C for light microscopy. At 55-60oC, ultrathin sections are first stained with

uranyl acetate for 4 minutes and secondly stained with lead citrate for 1 minute for electron

mlcroscopy

Step 11: Morphometric studies of cross section of individual teased fibres

The profiles of transverse sections of individual myelinated fibres are digitized using the

Quantimet 500Mc Image System (Leica-cambridge, uK), and are finally magnified 3017

times on a computer monitor. The axonal area on transverse sections (Aa) is measured by

tracing the inner edge of the myelin sheath using a mouse and the total fibre area on

transverse sections is measured by tracing the outer edge of myelin sheath. The contour of

the fibre is converted to an axonal area equivalent and total fibre area on transverse section

equivalent circular shape (Fig.2-Ð. The axonal diameter (Da) and fibre diameter (Ds) are

mathematically calculated from Aa and As.

Total hbre area & axonal area on

cross section equivalent

Ds:2ffi
l,u:}ffi

Ds

Figure 2-4. Transformation of the shape of MF on cross section of single teased fibres. The

contour of the fibre on cross section (left) is transformed to total fibre area and axonal area

equivalent circular shape (righÐ. The fibre diameter (Ds) and axonal diameter (Da) are

assumed to be equivalent to the outer and inner diameter of the myelin sheath respectively.
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2.3.2 Key points about the technique

Tissue softening

Fixed specimens are rigid and not suitable for teasing fibres directly. Conventionally

specimens are softened in glycerol (Dyck et al., I993a), but glycerinated teased fibres are

not suitable for embedding in resin blocks for fuither sectioning studies (Dyck and Lais,

Ig70). Spencer and Thomas (1970) immersed the specimens in Araldite for 24 hours before

teasing. Before teasing, Dyck and Lais (1970) immersed the specimens in epoxy resin, but

the exact length of time and type of the epoxy resin were not described. Smith et al. (1982)

immersed the specimens in epoxy resin (unspecified type of epoxy resin) without

accelerator for 24 hours. Because epoxy resin is an oil-based embedding medium, it was

supposed that the epoxy resin would soften the tissue like glycerol if the specimens were left

in the resin long enough. úr our pilot studies, nerve fascicles were immersed in resin for 6

hours, 12 hours, 24 hours, 2 days, and up to 1 week with a change of fresh resin every day.

It was found that the tissue became softer with increasing immersion time and was most

suitable for teasing after 4 days. However, the middle of the nerve fascicles immersed in

resin over 4 days was still sometimes rigid and unsuitable for teasing probably because the

old resin in the middle of the fascicle had polymenzed. As resin without accelerator

polymerizes very slowly but retains all the other physical and chemical properties of resin

with accelerator, the specimens were immersed in resin without accelerator to retard resin

polymerization. When the fascicle was softened, it was transferred to fresh resin with

accelerator for 1 day. These procedures were performed on a rotator in order to let fresh

resin replace the old resin as completely as possible. After these procedures, the specimens

were soft and suitable for teasing. Softening in resin without accelerator requires at least 3

days and severely fibrotic nerves need softening in resin without accelerator for 1 week.

Insufficient resin softening will make the tissue too rigid to tease and later lead to artefacts

in teased fibres.

60



In a previous study (Dyck and Lais, lg70), the perineurium was peeled off and the nerve

fascicles separated into small strands before infiltration in resin. We tried this method

because it was hoped that the tissue would soften better and faster, but found that many

artefacts (eg, myelin breaks) were produced in the single teased fibres. Careful examination

of the small strands after osmication under a dissecting microscope showed that these

artefacts were present in the fibres before teasing individual fibres. This finding indicated

that these artefacts were produced during the separation of the fascicle into small strands

before tissue softening.

Selection of epoxy resin

Resin is used not only as an embedding medium for later LM and EM studies but also as a

medium to ,.soften" nerve fascicles to facilitate teasing single fibres. Thus water soluble or

hydrophilic acrylic resins, such as JB4 resin, methacrylate resin and histocryl resin, are not

suitable for this study (refer to Catalogue 6 of Agar Accessories for Microscopy).

However, oil-based epoxy resins can be used to soften tissue. Araldite (Spencer and

Thomas, lg70), epoxy (Dyck and Lais, 1970) and epoxy resin (Smith et al', 1982) were

used in the previous studies. Araldite is a type of epoxy resin. 'l'wo kinds of Araldite are

commercially availabler one is Araldite CY2l2 resin, which is generally referred to as

epoxy resin or epoxy; and the second is Araldite 502 resin (refer to Catalogue 4 of TAAB

Laboratories). Although the specific tlpe of epoxy resin used was not detailed in the

previous studies (Dyck and Lais, 1970; Smith et al., 1982; Spencer and Thomas et al.,

lgT1),it is reasonable to speculate that Araldite CY2I2 or a resin similar to Araldite CY2I2

was used. Araldite CYCT\T consists of resin, dodecenyl succinic anhydride (DDSA)'

dibutyl phthalate and DMP-30 CY2l2 (refer to Catalogue 4 of TAAB Laboratories). The

composition and physical and chemical characteristics of Araldite are similar to those of

TAAB resin (refer to Catalogue 4 of TAAB Laboratories), which is commonly used in
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our laboratory for LM (Table 2-3) and can also be used for EM' Both TABB resin and

Araldite have high viscosity and take a long time to infiltrate and soften the tissue. Routine

embedding of peripheral nerves using TAAB resin takes 2 days in our laboratory (cash and

Blumbergs, 1995). In the pilot studies, single fascicles were not sufficiently soft for teasing

if they were immersed in TAAB resin for less than I week. Furthermore, TAAB resin is too

sticky for teasing.

Table 2-3. Recipe for TAAB resin (grams)

Total 10.13 20.27 30.40 40.54

MNA

DDSA

RESIN

DMP-30

3.16

r.s7 (4.73)

s.27 (1o.oo)

0.13

6.3r

3.rs (9.46)

10.54 (20.00)

0.27

9.47

4.72 (r4.re)

1s.81 (30.00)

0.40

1,2.63

6.2e (r8.e2)

2r.08 (40.00)

0.54

MNA: Methyl nadic anhYdride

DDSA: Dodecenyl succinic anhydride

RESIN: TAAB embedding resin

DMP-3 0 : 2,4,6 -TF(I (Dimethylaminomethyl) phenol

Table 2-4. Recipe for SPurr resin

Total 10.1mI 20.2m1 30.3ml 40.4m1

NSA

ERL

DER

DMAE

6.5m1

2.5m1(9ml)

lml(10m1)

0.lml

13ml

5m1(18m1)

2ml(20m1)

0.2m1

19.5m1

7.5m1(27m1)

3ml (30m1)

0.3m1

26mI

10ml (36m1)

4m1(40m1)

0.4m1

NSA: Nonenyl succinic anhYdride

ERL: Vinyl cyclohexene dioxide

DER: Diglycidyl ether of polypropylene glycol, epoxy equivalent 310-330

DMAE : 2, DimethYlaminoethanol

Spurr Resin has very low viscosity. It enables specimens normally difficult to infiltrate to

be successfully embedded (refer to catalogue 6 of Agar Accessories for Microscopy)'

spurr resin is commonly used in our laboratory for EM (table 2-4) and also can be used for

LM. Routine embedding of peripheral nerves using Spurr resin takes only 3 hours' Single
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fascicles are usually soft and suitable for isolating individual myelinated fibres 4 days after

they are immersed in Spurr resin. Furthermore the low viscosity of Spurr resin facilitates

the teasing. Therefore, Spurr resin was selected for this study.

Fibre hardening

In previous studies (Dyck and Lais, 1970; Smithet al., 1982; Spencer and Thomas, 1970),

the soft teased fibres were hardened in a mould which was filled with fresh resin. We tried

this method of hardening single fibres in pilot studies, but found that single fibres usually

wouldn't keep the straight shape they had on the mounting slide but curved and twisted

during the resin polymerization. A slight change in the straight shape of fibres would lead

to diffrculties in orientation. In order to keep a straight shape the teased fïbres must be

hardened before embedding in resin blocks.

Resin polymerization

The duration and temperature of resin polymerization are critical. In our lab, Spurr resin

normally takes 5 to 6 hours to polymerize in a 73"C oven. However, resin teased fibres still

remain soft and movable afrer 24 hours in the 73oC oven. This may be because the small

volume of resin within and around individual nerve fibres takes a longer time to polymerize.

After 3 days in the 73"C oven, the small volume of resin is partially polymerized and teased

fibres stick to the slide firmly and maintain their shape. However, resin teased nerve fibres

must not be left in the 73'C oven for more than I week because over-polymerization of the

resin will make adequate staining of the fibre difficult later. As will be further discussed,

plastic sections of single teased fibres are diffrcult to stain with toluidine blue, uranyl and

lead. Resin hardening in a low temperature (45'C) oven for a longer time (1 week)

overcomes this problem.
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Marking specilïc sites of the teased fibres

No marker fibres were used in the previous studies (Dyck and Lais, 1970; Smith et al.,

1982; Spencer and Thomas, 1970). The thickness of teased fibres is only around 10 ¡rm and

it is very difficult to cut cross sections at sites of interest on the teased fibres without

specifïc markers. If the fibre is serially transversely sectioned from one end to another,

thousands of sections would need to be examined. The visibility of single fibres in the resin

block (see Fig. 2-3D and G) inspired us to use short single resin teased fibres from the same

fascicle to mark the specihc sites of interest on the teased fïbres. Such markers do not

damage the original teased fibres and are of the same density, which is important in the

process of sectioning. During sectioning, keeping the marker fibres parallel to the blade of

the knife also helps in getting true cross sections.

The importance of using carbon-coated slides

Plain or gelatin coated slides were used al an early stage of this study. When the resin

polymerized, the fibres and the resin block stuck to the slide fìrmly and it was impossible to

separate the resin block from the glass slide without damaging the fìbres. The use of the

carbon-coated slide enables the separation of the resin block from the slide and the fibres are

left undamaged in the resin block.

Staining of plastic sections

Dyck and Lais (1970) viewed thick sections of the teased fibre under a phase-contrast

microscope. Spencer and Thomas (1970) and Smith et a,l. (1982) did not describe the light

microscopy of plastic sections. In our laboratory, routine semithin (0.5 to 1 pm) plastic

sections of peripheral nerves are stained with toluidine blue for l5 to 20 seconds on a l20oC

hot plate for examination under the light microscope. In pilot studies, semithin transverse

sections of single teased nerve fibres were stained with toluidine blue for 15 seconds. The
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fibres in these sections were very pale and could hardly be distinguished under the light

microscope. The increase in the thickness of the sections from 0.5 ¡rm to 2 pm did not

improve the staining. The reason for the pale staining is not clear. A possible reason is that

the repeated resin polymerization (4 times for cross sections and 3 times for longitudinal

sections) may make it difTicult for the dye to infìltrate the section. This hypothesis was

tested in two ways. The first was to increase the duration of stainin g and the second was to

change the constituents of the toluidine blue staining solution.

The staining time was progressively increased from 15 seconds to 30 seconds, I minute, and

then at I minute intervals up to 20 minutes on a 120oC hot plate. Better contrast of the

fïbres was obtained with the increase of staining time from 15 seconds to 10 minutes. But

the contrast obtained by different staining periods from I I minutes up to 20 minute was not

significantly different, and the staining deposit increased with the prolongation of staining

time probably due to the rapid evaporation and boiling of the staining solution. In order to

avoid boiling the staining solution and decrease the evaporation of the staining solution, the

staining temperature was decreased from 120oC to 98'C. It was found that the contrast

obtained by staining at l20oC for l0 minutes was similar to that at 98oC for 10 minutes.

Routinely, 1000 ml toluidine blue solution contains 10 g toluidine blue and 10 g borax.

Borax is used to "open the resin" to facilitate infiltration of the specimen by the dye.

However, increasing the amount of borax in the staining solution was not successful and the

staining of sections with modifîed toluidine blue solution (10 g toluidine blue and 20 g

borax) for 8 minutes at lz}oc was similar to that of sections stained with routine toluidine

blue solution for l0 minutes at 98oC except that there was more staining deposit in the

former. Therefore l0 minute staining using the routine toluidine blue solution at 98oC was

selected to stain fibres in transverse sections. In the same way, 8 minute staining of
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toluidine blue at 98oC or 5 minute at 120"C was determined to be the best compromise in the

preparation of the longitudinal sections

Loss of some of the components of MFs during the long period of processing, especially

during tissue softening, might also contribute to the pale staining. This requires further

investigation and is beyond the scope of this thesis.
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2.4 EXAMPLES OF APPLICATION OF NE\ry TECHNIQUE IN THE

INTERPRETATION OF TEASED NERVE FIBRE ABNORMALITIES

Four human sural nerve biopsies examined in the Neuropathology Section of the Institute of

Medical and Veterinary Science (IMVS), Adelaide, were selected for this study, including 1

postmortem control nerve, I surgical biopsied nerve from a patient with sensory neuropathy

with mitochondrial abnormalities, I surgical biopsied nerve from a patient with uraemic

neuropathy, and I postmortem biopsied nerve from a patient with IgM anti-GMl

neuropathy (table 2-5). Sural nerve biopsies and nerve preparations for conventional studies

were performed according to the standard methods (Cash and Blumbergs, 1995), which are

described in Appendix A. The clinical features and conventional pathologic findings of

these nerves are detailed in Appendix B.

Table 2-5. Summary of clinical features of the nerves used in this study

Nerve Side Age Sex BioPsY Diagnosis

I

2

Fleft

left

44

56

45

44

postmortem

surgical

surgical

postmortem

suicide drowning, dePression

sensory neuropathy with

mitochondrial abnormalities

uraemic neuropathy

anti-GMl neuropathY

J

4

right

left

M

M

F

Single MFs were easily teased in resin after the nerve fascicles were softened in resin.

Teased fibres were classified according to Dyck et at. (1993a) and Kalichman et al. (1999).

Fibres with less than 5 internodes were excluded from this study except for fibres showing

typical features of Wallerian degeneration (Dyck et al., 1993a) or non-specifïc change in

which the nodes of Ranvier are difTicult to identify (Kalichman et al',1999)'

Step cross sections were performed through a segment at least 3000 ¡rm in length in each

fibre. Cross sections were performed on 100 fibres and longitudinal sections on 6 fibres.
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2.4.L Condition A (Dyck classification)

Dyck Criteria: Teased fibre of normal appearance, ignoring criteria of internode length and

of internode diameter. Myelin is not more irregular than in most MF internodes of the

control. This judgement assumes that the observer is aware that myelin regularity varies

with the preparation used, the species, the nerve assessed, and age. The average thickness

of myelin of the internode with the thinnest myelin is 50% or more of that of the internode

with the thickest myelin. No paranodal or internodal segmental demyelination is seen

(Dyck et aL.,1993a).

Eighteen teased fibres from the postmortem control nerve showing normal external

appearance as described above (condition A; Dyck et al., 1993a) were transversely

sectioned. All l8 fibres had approximately equally long internodal segments and the length

of the shortest internode was more than 5OYo of that of the longest internode within the one

frbre (Fig. 2-5). Cross sections revealedthatthe thickness of the myelin sheath in compact

myelin regions remained the same along the length of the fibres (eg,L2, 4,9, 70, 11, 13, 15,

16, 79, 2I, 23,25, and 28-32 in Fig. 2-5) and that the variation in axonal diameter in these

regions was very small. The axonal diameter at SLCs (eg, Ll' 3, 5-8, 12, 14, 77, 20, 22,24,

26, 27 and 33 in Fig. 2-5) was smaller than that at compact myelin regions and varied

considerably. For example, axonal diameter in L24 and L27 is significantly smaller than

that in L5 in Fig. 2-5. Simple myelin infolding was occasionally found in the cross sections

through externally normal regions (eg, Level 2l inFig.2-5). Complex myelin infolding or

outfolding was not found. Complex myelin splitting, active myelin degeneration, abnormal

axonal compaction and axonal degeneration were not detected in the cross sections.

Schwann cell nuclei were usually found in cross sections in the middle of the internodes (eg,

Lr4 inFig.2-s).
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Four teased fibres from the patient with sensory neuropathy with mitochondrial

abnormalities and 2 fibres from the patient with uraemic neuropathy showing the normal

external appeafance of condition A (Dyck et al., 1993a) and approximately equally long

internodes (the length of the shortest internode > 5oo/o of the longest internode) were

transversely sectioned. Cross sections of these fibres revealed similar features to those

found in the fibres from the postmortem control nerve.

Five fibres showing the normal external appearance of condition A (Dyck et al.,1993a) and

excessive irregularity of internodal length (the length of the shortest internode < 50yo of the

longest internode) from the patient with sensory neuropathy with mitochondrial

abnormalities were also transversely sectioned. Myelin infolding andlor outfolding were

found in 4 fibres (eg,L36 in Fig. 2-6). Myelin debris in Schwann cell cytoplasm was found

in cross sections through externally normal sites in 4 fibres (eg, L23 in Fig. 2-6). Myelin

debris in Schwann cell cytoplasm was never found in the cross sections of the shortest

internode and was usually present in the cross sections of the internodes adjoining the

shortest internodes (eg, L23 and L39 in Fig. 2-6).

Summary

Teased nerve fibres with the external appearance of condition A (Dyck et al., I993a) and

regular internodal length show normal internal structure on cross sections and can be

classifïed as normal fibres.

Teased fibres with the external appearance of condition A (Dyck et al', 1993a) and

excessive irregularity of internodal length may show various abnormal changes on cross

sectlons
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Figure 2-5. Light micrographs. The 3 upper panels show part of an externally normal

teased fibre from the postmortem control sural nerve. The teased fibre was digitized using a

euantimet 500MC Image System. The thickness of myelin sheaths is regular within and

between internodes. The nodes of Ranvier are indicated by arrows (Nr to N5). The length

of the internodes is regular, 792 ¡tm in the first intemode (Nr-Nz), 755 ¡rm in the second

internode (Nz-N¡), 7I9 ¡tm in the third internode (N3-Na), and 709 ¡tm in the fourth

internode ç¡o-Ns). The 4 lower panels are transverse sections through the designated sites

of the teased fibres at regular intervals of 100 ¡rm. Cross sections were stained with

toluidine blue and digitized using an Ol¡rmpus DPl1 Microscope Digital Camera System.

The thickness of myelin sheaths in compact myelin regions (L2,4,9, 10, ll,13,15,16,19,

21,23,25,28,29,30,31 and 32) remains the same along the length of the fibres and the

variation of axonal diameter in these regions is very small. SLCs are present at 15 levels

(Ll, 3, 5, 6,7 ,8, 12, 14, 17 ,20,22,24,26,27 and 33). The axonal diameter at SLC regions

is smaller than that at compact myelin regions. The axonal diameter at different SLCs

varies considerably. For example, the axonal diameters in L24 and L27 are significantly

smaller than that in L5. Simple myelin infolding is present atL2l. A Schwann cell nucleus

is present atLI4 in the middle of the second internode. L18 is a cross section through the

paranodal region and the axon is of fluted shape'
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Figure 2-6. Light micrographs. The 4 upper panels show a teased fibre from the sensory

neuropathy \Ã/ith mitochondrial abnormalities. The nodes Ranvier are indicated by afforù/s

(Nr-Nz). The internodal lengths are irregular,970 ¡tm for the l't internode (Nr-Nz), 758 ¡rm

for the 2nd intemode Nz-N¡) , 467 ¡tm for the 3'd internode (N¡-N¿), 590 Fm for the 4th

internode (Na-N5), 329 ¡tm for the 5th internode (Ns-No) and 795 pm for the 6th internode

(No-Nz). The length of the shortest internode (Ns-No, 329pm) is less than 50o/o of the

longest internode (Nr-Nz, 970 pm). Externally, the two short internodes (N¡-N¿ and Ns-

\) are thinner than others, but more than 50%o of the thickest internode (Nz-N¡ and N¿-Ns).

The four lower panels show 39 cross sections through the designated sites at regular

intervals of 100 ¡rm. The compact myelin sheath thickness and the axonal diameter are not

significantly different in the different internodes. SLCs are only present in20Yo (7/39) cross

sections (L5,6,7,26,27,31 and 39). The section in LlO with a compacted axon and

relatively thick myelin sheath is through a MYSA region. Myelin debris in Schwann cell

cytoplasm is found in L23 and L29 (double arro\¡/s). L30 is through a Schwann cell

nucleus. A simple myelin infolding is present in L36. The teased fibre and the cross

sections were digitized using the Quantimet 500MC Image Analysis System.
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2.4.2 Condition B @yck classification)

Dyck criteria: Teased fibres with excessive irregulanty, wrinkling, and folding of myelin

but with the other features of condition A. This judgement assumes that the observer is

familiar with the degree of myelin regularity considering species, nerve, site, and age (Dyck

et al.,l993a).

Eighteen fibres showing the extemal appearance of condition B and approximately equally

long internodes (the length of the shortest internode > 50o/o of that of the longest internode)

from the sensory neuropathy with mitochondrial abnormalities were transversely sectioned'

In 6 fibres, cross sections showed similar features to those found in fibres with external

appearances of condition A and regular internodal length. In 12 fibres, myelin infolding

and/or myelin outfolding (eg, L6 and L2l in Fig. 2-7) were present in the cross sections.

Redundant myelin folding may be present in cross sections through externally irregular sites

(eg,L6 in Fig. 2-7), extemally normal sites (eg, L2l inFig.2-7) or externally visible myelin

folding site (eg, L18-40pm inFig.2-7). Step sectional studies revealed the evolution from

myelin indentation to myelin infolding (eg,L2l to L21-8¡rm in Fig. 2-7). Myelin debris in

Schwann cell cytoplasm was found in cross sections through externally normal sites in 8

fibres (eg, Ll6 and L24 in Fig. 2-7). Myelin debris in Schwann cell cytoplasm and

redundant myelin folding was found in cross sections of the same internode (eg, L24 and

LZl in the internode between N¡-N¿ in Fig. 2-7) or in cross sections of different or

adjoining internodes (eg, LI6 in the internode between Nz-N¡ and 6 in the intemode

between Nr-Nz in Fig. 2-7). Axonal compaction and enlargement of the adaxonal space

were not noted in cross sections of these fibres.

Cross section studies were performed on 15 fibres showing the external appearance of

condition B and approximately equally long internodes (the length of the shortest internode
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> 50yo of that of the longest internode) from the uraemic neuropatþ. In 3 fibres, transverse

sections showed similar features to those found in the fibres with external appeatartces of

condition A (Dyck et al.,1993a) and regular internodal length. h 10 fibres, cross sections

showed various abnormalities, including complex myelin splitting and/ot degeneration in 10

fibres (eg, Ll in Fig. 2-8), enlargement of adaxonal space in 10 fibres (eg,L3 and L5 in Fig.

2-8), axonal compaction at various sites along the fibre in 12 fibres (eg, Ll andL2 in Fig. 2-

8), and myelin redundant folding in 8 fibres (eg, L2 in Fig. 2-8). In 2larye fibres, cross

sections showed normal internal structure except abnormal variation of axonal calibre along

the length of the frbre (Fig. 2-9).

Cross section studies were also performed on 3 fibres showing external appearance of

condition B and excessive inegularity of internodal length (the length of the shortest

internode < 50yo of that of the longest internode) from the sensory neuropathy with

mitochondrial abnormalities. A considerable variation in the shape of the fibres in cross

sections along the length of the fibre was noted in all 3 fibres. Variation of the shape of

MFs is present in different internodes (eg,L6 vs Ll6 in Fig. 2-10) or within a short segment

of the same internode (eg, L15 vs L16 in Fig. 2-10). Myelin infolding and/or outfolding

(eg, L16 andLlT in Fig. 2-I0) were found in all three fibres, and redundant myelin folding

was often found in association with active myelin splitting or degeneration (eg, L17 in Fig.

2-10). There was no consistent relationship between the internodal length and the average

axonal diameter in these fibres on morphometry. Table 2-5 shows the internodal lengths

and axonal diameters of different internodes of a single teased fibre illustrated in Fig. 2-10.
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Figure 2-7. Light micrographs. The three upper panels show part of a teased fibre with

consecutive and approximately equally long intemodes, and myelin irregularity and myelin

outfolding (double arrowheads) from the sensory neuropathy with mitochondrial

abnormalities. The nodes of Ranvier are indicated by affows (Nr to N+). The three middle

panels show cross sections through designated sites at regular intervals of 100 ¡rm. In cross

sections, the myelin sheath is of the same thickness in compact myelin regions of the same

and different internodes. Myelin infolding is seen at an externally irregular site (L6) and

externally normal site (L21). L2I-2pm to L21-8¡rm are step sections at intervals of 2 ¡tm.

The evolution from myelin indentation to infolding is clearly seen here. L18-40¡rm is a

cross section through the externally visible paranodal myelin outfolding. A Schwann cell

nucleus is seen in the L13 cross section. L29 is through a MYSA paranodal region. Myelin

debris in Schwann cell cytoplasm is seen in cross sections through extemally normal sites

(L16 and L24). ln 28levels through the intemodal regions (LI28), SLCs are present at

only 4 levels (L10, Ll4, LI6 and L27). Axonal compaction and enlargement of adaxonal

space are not present in the cross sections. Bar : 100 pm for the teased fibre. Bar :20 ¡tm

for cross sections. Plastic cross sections were stained with toluidine blue. The teased fibres

and cross sections were digitized using a Quantimet 500MC Image System.
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Figure 2-g. Light micrographs. The upper panel is part of a teased fibre showing excessive

myelin inegularity from the uraemic neuropathy. The lower panel shows transverse

sections through specified sites of the teased fibre at regular intervals of 200 pm. Cross

sections show various morphological abnormalities: in Ll, there is complex myelin splitting

surrounding a contracted axon; ínL2, there is myelin infolding; in L3 and L5, there are

enlargements of the periaxonal spaces; L4 appears normal; and in L6, a SLC is seen' Bar :

100 ¡rm for the teased fibre. Bar :20 þm for cross sections. Plastic cross sections \¡r'ere

stained with toluidine blue. The teased fibre and cross sections v/ere digitized using the

Quantimet 500MC Image Analysis System'
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Figure 2-9. Light micrographs. The 5 upper panels are a teased nerve fibre showing

external appearance of myelin irregularity from the uraemic neuropathy. The length of the

internodes is regular, 820 pm in the first internode C{r-Nz), 828 pm in the second internode

(Nz-N¡), 812 prm in the third internode (N¡-Na), 861 pm in the fourth internode (N¿-Ns),

1000 ¡rm in the fifth intemode (N5-N6), and 889 pm in the third internode (N6-N7). The 3

lower panels are cross sections of the teased fibre through designated sites at regular

intervals of 200 ¡rm. Considerable variation of axonal calibre is seen within the same

internode (L19 vs L20) andbetween neighbouring internodes (L4 vs L5). Teased fibre and

cross sections were digitized using the Quantimet 500MC Image Analysis System'
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Figure 2-10. The 5 upper panels are a teased nerve fibre showing myelin irregularity and

excessive irregularity of internodal lengths from the sensory neuropathy 'with mitochondrial

abnormalities. The shortest internode (Nro to Nrr) is 74 pm in length, only 15.7o/o of the

longest internode (N¡ to N¿,, 474 pm) (table 2-3). The five middle panels show cross

sections of the fibre at regular intervals of 100 pm, and the lowest panel shows 3 cross

sections through the shortest intemode beginning 25 ¡tm after L35 at regular intervals of 25

pm. The shape of the fibre on cross sections varies considerably along its length. Indented

myelin (L16), myelin outfolding (L26) and outfolding with myelin degeneration (L17) are

found. The axonal diameter of the shortest intemode (mean + SD : 4.34 + 0.11 pm) is not

significantly different from that of the longest internode (mean + SD : 4'44 + 0.30 pm).
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Table 2-5. Internodal length and average axonal diameter of each interndde in Fig. 2-10

1234567891011121314
IL (pm)

Da (¡rm)

SDDa

Abbreviations: IL : internodal lengt[ Da : average axonal diameter of each internode;

SDDa: standard deviation of axonal diameter.

Summary

Most teased nerve fibres with the external appearance of myelin irregularity show various

abnormalities on cross sections although some of these teased nerve fibres (33.3% in the

sensory neuropathy with mitochondrial abnormalities and 20Yo in the uraemic neuropathy)

have similar internal structure on cross sections to those found in the teased fibres with

normal external appearance and are classified as normal.

In the fibres from the sensory neuropathy with mitochondrial abnormalities, myelin debris

in Schwann cell cytoplasm is the typical abnormality and the axon is relatively normal,

suggesting primary damage to the myelin or the Schwann cell.

In the fîbres from the uraemic neuropathy, axonal compaction and enlargement of the

adaxonal space are found in regions with intact myelin sheaths suggesting a primary

abnormality of the axon. Abnormal variation of axonal calibre in cross sections along the

length ofthe fibre also support this concept.

448 330 474 423 331 384 385 384 268

3.60 3.97 4.41 3.18 3.76 3.16 3.72 4.44 4.3r

0.26 0.4t 0.30 0.64 0.31 0.43 0.59 0.43 0.63

74 324 339 279 374

4.34 4.32 4.09 4.70 3.29

0.11 0.65 0.98 0.39 0.40
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2.4.3 Condition C (Dyck classification)

Dyck criteria: Teased frbre with a region or regions of paranodal or internodal segmental

demyelination with or without myelin ovoids or balls in the cytoplasm of the associated

Schwann cells. Thickness of myelin of the internode with the thinnest myelin is 50 percent

or more of that of the internode with the thickest myelin. Myelin of internodes may be

regular or irregular. In demyelination, as judged by the high-dry objective of the light

microscope (Dyck's terminology, a magnification of x400 used in this study), no myelin can

be recognized. Paranodal demyelination implies that the node of Ranvier can be identified

and that the nodal gap is increased beyond that seen in normal fibres. In internodal

demyelination the entire internode is demyelinated (Dyck et al.,1993a).

According to the criteria described above, fìbres of condition C can be sub-classified into

two groups: internodal demyelination and paranodal demyelination.

Teased fibres showing internodal demyelination with no visible myelin sheath at x 400

magnification were not common in this study. Only 2 resin teased fìbres of this type were

obtained from the sensory neuropathy with mitochondrial abnormalities. Due to early

technical difficulties transverse sections of the "unmyelinated" internodes were not

obtained.

Eight teased fibres showing paranodal demyelination from the IgM anti-GMl neuropathy

were cross sectioned. The external appearance of the internodal regions of these fibres was

normal. A total of 34 demyelinated paranodal-nodal-paranodal regions from the 8 fibres

were studied. The axons at all of the demyelinated paranodal regions were enclosed by a

thin myelin sheath even though it was sometimes not visible under the LM (eg,Ll7-70pm

in Fig. 2-ll and L1-60pm in Fig. 2-12). Electron microscopy confirmed the presence of a
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thin residual myelin sheath although in some fibres there was complete loss of the myelin

lamellae with only residual basal lamella and collagen (eg, Fig. 2-ll). Active myelin

degeneration was found in demyelinated paranodal regions and the degeneration became

more severe close to the nodes of Ranvier (eg, L8-10¡rm to L8-90pm and Ll7-10¡rm to

Ll7-90pm in Fig. 2-ll). Electron microscopy confirmed myelin degeneration at the

paranodal region (eg, Fig. 2-ll). Axon compaction andlor axonal degeneration were found

in cross sections through or close to 60/68 demyelinated paranodes (each PNP consisting of

2 paranodes and I node of Ranvier). Axon compaction became more severe close to the

nodes of Ranvier (eg, L8-10pm to L8-90¡rm and L17-10pm to L17-90¡rm in Fig. 2-ll).

Compacted axons were usually displaced to one side resulting in enlargement of the

adaxonal space (eg, L8-30pm, L8-70¡rm and L35-80¡rm in Fig. 2-ll). Axonal compaction

and enlargement of the adaxonal space were also found in externally normal internodal

regions (eg,LI7 andL26 in Fig. 2-ll,L8-20pm to L8-80¡rm in Fig. 2-12). The myelin

sheaths in these regions were better preserved. Axonal diameter was irregular in the

internodal regions. Within one internode, the axon may be compacted (eg, L8 in Eig.2-12)

or normal (eg, L6 in Fig. 2-I2). In 8/68 demyelinated paranodal regions, swollen axons

were found in association with thin myelin sheaths and enlargement of the adaxonal space

(eg, Ll-60pm and L1-80¡rm inFig.2-11). The axonal calibre in these regions (eg, L1-60pm

and Ll-8g¡rm in Fig.2-12) was signifìcantly larger than that of neighbouring internodal

regions (eg,L4 and L6 in Fig. 2-12).

Six teased fïbres showing paranodal demyelination from the IgM anti-GMl neuropathy

were longitudinally sectioned. Longitudinal sections through 9 demyelinated PNP regions

were examined under LM. Inegularity of axonal calibre, enlargement of the adaxonal space

and myelin splitting and degeneration were found in the demyelinated PNP regions similar

to the findings in the transverse sections (Fig. 2-13)'
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Figure 2-1L. The four upper panels show a teased fibre from the IgM anti-GMl

neuropathy The nodes of Ranvier are indicated by arrows (Nr to Na). The teased fibre was

digitized using the Quantimet 500MC Image System. Except for paranodal demyelination,

the external appearance of the fibre is normal. Panels 5 to 9 are cross sections through

designated internodal sites at regular intervals of 100 pm. A Schwann cell nucleus is seen

atL5. Axon compaction and enlargement of the adaxonal space are present inLI7,L26 and

L37. The myelin sheaths are preserved in the internodal regions. Panel 10 shows step

sections through the demyelinated PNP region between L8 and L9 at regular intervals of 10

¡rm. Axonal compaction is present in the paranodal regions and is more severe close to the

node of Ranvier. Myelin splitting and degeneration is also present in association with

axonal compaction, and is more severe close to the node of Ranvier. Panel I I shows step

cross sections through the demyelinated PNP region between Ll7 and Ll8 at regular

intervals of 10 pm. Ll7-60¡t is sectioned through the node of Ranvier. Axonal

degeneration (Ll7-10¡r to Ll7-50p) and compaction (Ll7-70p,), and myelin splitting and

degeneration are noted. The right lower picture is an electron micrograph (x5999) adjacent

to the semithin plastic section ofLlT-7}¡t The axon is compacted and displaced to one side

of the fibre resulting in enlargement of the adaxonal space. No myelin lamellae are seen

and only the basal lamella and collagen are present. Panel 12 shows step sections tkough

the demyelinated PNP region between L26 andL27 at regular intervals of 20 ¡rm. Myelin

splitting and axonal compaction are present. Panel 13 shows steps sections through the

demyelinatedPNPregionsatregularintervals of 20 pmbetweenL35 andL36. Axonal

compaction in association with enlargement of adaxonal space and preservation of the

myelin sheath is present at L35-20¡t. Severe axonal compaction and an abnormally thin

sheath are seen in L35-80¡r. Semithin plastic sections were stained with toluidine blue and

digitized using the Olympus DPl1 Microscope Digital camera system.
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Figure 2-12. Light micrographs. The upper panel is part of a teased fibre from the IgM

anti-GMl neuropathy. The teased fibre was digitized using the Quantimet 500MC Image

system. No myelin is seen under LM with a final magnification of x400 (anows). The

internodal regions are externally normal. The three lower panels show cross sections at

designated sites of the fibre. L1-40p is sectioned through the l't node of Ranvier. Ll-20¡t,

through the paranodal region to the left of Ll-40¡r, shows myelin splitting and degeneration,

axonal compaction and enlargement of the adaxonal space. Ll-60p and Ll-80¡r, through

the paranodal region to the right of Ll-20¡t", show thin myelin sheaths, enlarged axons and

enlargement of the adaxonal space. The axonal calibre in L1-60p and Ll-80p is larger than

that through the externally normal internodal region (L4 andL6). Myelin splitting is also

seen in cross sections through the externally normal internodal region (L2,L3, L5 and L8).

Axonal compaction is present in the internodal region (L8 to L9), and the myelin sheath at

L8-20p to L8-80p is relatively intact. Step cross sections through the second demyelinated

pNp region (L9-20¡t to L9-80p) show complex myelin splitting and degeneration in

association with axonal compaction and degeneration. Cross section were stained with

toluidine blue and digitized using the Olympus DPl1 Microscope Digital Camera System.
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Figure 2-13. Light micrographs. The upper panel is part of a teased fibre from the anti-

GMl neuropathy. Three nodes of Ranvier are indicated by affows (Nr, Nz and N3).

Paranodal demyelination is present at the 2"d and 3'd nodes of Ranvier. The lower panels

show 8 serial longitudinal sections of this fibre through the segment between the two

arrowheads. There is loss of the normal paranodal architecture and the severely compacted

irregular axon is enclosed by a very thin myelin sheath. There is a large space between the

axon and the myelin sheath. 0.5 ¡^rm plastic longitudinal sections stained with toluidine blue.

The teased fibre and the longitudinal sections were digitized using the Olympus DPl l

Microscope Digital Camera System.

Summary

Both cross and longitudinal section studies of single teased fibres from the IgM anti-GMl

neuropathy demonstrated thin myelin sheaths in paranodal demyelination regions. The thin

sheath consisted of residual myelin lamellae and sometimes only of residual basal lamina

and collagen. In demyelinated paranodal regions, the axon was usually compacted and

sometimes enlarged or swollen. Axonal compaction was also found in externally normal

internodal regions, tended to be more severe close to the nodes of Ranvier and irregular in

outline. Myelin sheaths in externally normal internodal regions may be relatively well

preserved or degenerated. Well-preserved myelin sheaths in association with compacted

axons suggests that the axon may be the primary site of damage.
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2.4.4 Condition E (Dyck classifTcation)

Dyck Criteria: Teased strand of nerve tissue with linear rows of myelin ovoids and balls at

the same stage of degeneration (Dyck et al., 1993a). MFs with this external appearance are

undergoing axonal degeneration (Dyck et al.,1993a)'

Fourteen teased fibres showing axonal degeneration were transversely sectioned, including

2 fibres from the sensory neuropathy with mitochondrial abnormalities and 12 fibres from

the uraemic neuropathy. Cross sections at different sites revealed various stages of

degeneration (Fig. 2-I4 and 2-I5). The myelin sheath may be relatively preserved in some

segments (eg, L3 in Fig. 2-15), and in other segments myelin may be completely lost (eg,

Ll and L2 inFig. 2-15). Axon swelling (eg,L4 in Fig. 2-15) and axon compaction (eg, L5

in Fig. 2-15) may be present in different segments of the same fibre.

Summary

Both axon and myelin may be at the different stages of degeneration in myelinated fibres

showing axonal degeneration.
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Figure 2-14. Light micrographs. The three upper panels are of a fibre showing Wallerian

degeneration from the sensory neuropathy with mitochondrial abnormalities. The two

middle panels show cross sections through designated sites (arrowheads) of the fibre at

regular intervals of 200 ¡rm. The lowest panel shows step cross sections beginning 30 pm

after L10 (arrow). Various stages of myelin and axon degeneration can be seen in the cross

sectrons.
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Figures 2-15. Light micrographs. The upper panel is part of a teased myelinated nerve

fibre from the uraemic neuropathy, showing axonal degeneration. The lower panel shows

transverse sections through specified sites at regular intervals of 200 pm. Transverse

sections through Ll,2 and 4 show nearly naked axons with considerable variation of axonal

calibre. The cross section at L3 shows an intact myelin sheath surrounding the axon

displaying severe degenerative changes. In L5, there is degeneration of the myelin sheath

surrounding an otherwise normal compacted axon. The teased fibre and cross sections were

digitized using the Quantimet 500MC Image system. Bar : 100 pm for teased fibre, bar:

10 ¡rm for transverse sections.

86



2.4.5 Condition F (Dyck classification)

Dyck Criteria: Teased fibre without region or regions of segmental demyelination but with

excessive variability of myelin thickness among internodes. Thickness of myelin of the

internodes with the thinnest myelin is less than 50 percent of that of the internode with the

thickest myelin. Myelin of internodes may be regular or irregular (Dyck et al.,1993a).

MFs showing the external appearance of condition F as described above are thought to

indicate remyelinated fibres (Dyck et al., 1993a). The internodal length of the thinly

myelinated internodes (remyelinated internodes) is not defined (Dyck et al., 1993a). In the

illustrations (p541, Dyck et al., 1993a) the length of the shortest internode with the thin

myelin sheath is less than 5OYo of the that of the neighbouring externally normal internodes.

In practice, thinly myelinated internodes may be abnormally short or of the same internodal

length as the neighbouring normal internodes. In order to distinguish these two types,

teased fîbres with external appearance of condition F were sub-classified into two groups:

one with approximately equally long internodes (the length of the thinly myelinated

internode > 5Tyo of that of the longest externally normal internode) and the other with

excessive irregularity of internodal length (the length of the thinly myelinated internode <

50% ofthat ofthe longest internode).

Three teased fibres showing the external appearances of condition F and approximately

equally long internodes from the postmortem control nerve were transversely sectioned. In

cross sections, the myelin sheaths through the thinly myelinated internodes (eg, L1-4 and

LI2-19 in Fig. 2-16) were thinner than those of the neighbouring externally normal

internodes (eg, L5-ll and L2O-31 in Fig. 2-16). In cross sections through the thinly

myelinated internodes, indented myelin was occasionally noted (eg, L3 in Fig. 2-16), but

complex myelin infolding or outfolding were not detected. Morphometric data revealed that
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the average axonal diameter of the thinly myelinated internodes was significantly smaller

than that of neighbouring externally normal internodes in 2 fibres (eg, Table 2-6 andFig.2-

16) and was not signifîcantly different from that of the neighbouring externally normal

internodes in I fibre. The axons were normal in cross sections of both externally normal

internodes and the thinly myelinated internodes. Enlargement of the adaxonal space and

myelin debris in Schwann cell cytoplasm were not detected in cross sections of both normal

or thinly myelinated internodes.

One fìbre of condition F with approximately equally long internodes from the sensory

neuropathy with mitochondrial abnormalities was transversely sectioned. Cross sections

through the thinly myelinated internodes showed thin myelin sheaths. Complex myelin

splitting and active myelin degeneration were not detected. Surprisingly, quantitative

studies revealed that the average axonal diameter of the thinly myelinated internodes was

larger than that of neighbouring externally normal internodes (Table 2-7 and Fig. 2-17).

Myelin debris in Schwann cell cytoplasm was not detected in the cross sections. Abnormal

axonal compaction associated with enlargement of the adaxonal space was not found.

Five fibres showing the external appearance of condition F and excessive irregularity of

internodal length from the sensory neuropathy with mitochondrial abnormalities were

transversely sectioned. In2 fîbres, the sum of the internodal length of the shortest internode

and its two adjoining internodes was similar to the sum of two adjacent externally normal

internodes. For example, in Fig. 2-18 the 3'd internode (N¡-N+) is the shortest and the sum

of the internodal length of the 2nu,3'o and 4th internodes (l4OZ ¡rm) is equal to that of the ls

and 5th internodes (1400 ¡rm). Focal myelin thickenings were present in the paranodal

regions adjoining the shortest internode in 4 fîbres (eg, small arrowhead in Fig. 2-18 andL3

in Fig. 2-lg). Cross section studies revealed redundant myelin infolding or outfolding in the
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paranodal focal myelin thickenings (eg, L6-150¡r in Fig. 2-18 and L3 in Fig. 2-19) and in I

fïbre the redundant myelin fold was associated with active myelin splitting and degeneration

(L3 in Fig. 2-19). Indented myelin or redundant myelin folding was also found in cross

sections through externally normal regions (eg, L6 andLl} in Fig. 2-19). Myelin debris in

Schwann cell cytoplasm was found in cross sections in 2 fibres (eg, Ll in Fig. 2-19).

However, myelin debris in Schwann cell cytoplasm and redundant myelin folding in

association with active myelin splitting and degeneration were not detected in the shortest

and thinnest myelinated internodes. Because only 2 to 3 levels were obtained in each short

and thinly myelinated internode in each fibre, it was not accurate to make a statistical

comparison of axonal diameter between the small internode and the externally normal

internodes. There was no obvious difference of axonal calibres between the small

internodes and the externally normal internodes on visual inspection. Abnormal axonal

compaction associated with enlargement of the adaxonal space was not detected in these

five fibres.

Summary

MFs of condition F (Dyck et al.,I993a) show thinner myelin sheaths on cross sections of

the thinly myelinated internodes compared to those of the neighbouring externally normal

internodes. The axon may be normal or smaller than that of the neighbouring externally

normal internodes.
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Figure 2-16. Light micrographs. The 3 upper panels show a teased fibre from the sensory

neuropathy with mitochondrial abnormalities. Three whole consecutive internodes of

approximately equal length are present with the I't one (Nr-2, 1039 pm in length) showing

an externally normal appearance, the 2"d one (N2-3, 1075 pm in length) showing a thin

myelin sheath, and the 3'o (Nr-4, 1022 pm in length) showing an externally normal

appearance. Part of a thinly myelinated intemode before the 1't node of Ranvier (N1) and

part of an externally normal intemode after the 4th node of Ranvier (N+) are also present.

The four lower panels show transverse sections through specific sites at intervals of 100 ¡rm.

The axonal diameter (Da) at the compact myelin regions of the externally normal internodes

(calculated from L5-6, L8-1I,L20-27, and L30-31; mean + SD :8.29 + 0.75 ¡rm) is

significantly larger than the axonal diameter of the thinly myelinated internodes (calculated

from L1-4 andLI2-79; mean * SD : 7 '68 + 0.59 pm) (student / test, P<0.05)'

Table 2-6. Axonal diameter at designated sites of the teased fibre in ftgure2-16

Level

Da (pm)

I
8.47

)

7.98

3

7.t9

4

7.34

5

8.60

6

7.65

7

5.97

10

8.02

11

7.6t

89
10.16 8.02

Level

Da (¡rm)

12

8.30

13

7.46

T4

7.87

15

7.99

16

7.99

17

6.98

18

6.65

t9

7.90

20

8.24

21

7.93

))

8.58

Level

Da (pm)

23

8.37

24

7.98

25

6.88

26

8.82

27

8.47

28

5.68

29

4.38

30

9.38

31

7.95
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Figure 2-17. Light micrographs. The 3 upper panels show a teased nerve fibre with thinly

myelinated intemodes from the sensory neuropatþ with mitochondrial abnormalities.

Three consecutive internodes are present with the l't internode (Nr-2, 968 ¡rm in length)

showing a normal external appearance and the 2nd (Nz-:, 915 pm in length) and the 3'o (Nr-+,

917 ¡tm in length) showing a thin myelin sheath. The two lower panels show transverse

sections through the specified sites at regular intervals of 200 pm. Ll is through a

paranodal region. The axonal diameter (Da) is 8.1 + 0.86 pm (mean + SD) for the l't

internode (calculated fromL2-6), 10.5 +0.52 pm for the2"d internode (calculated ftomLT-

10) and 10.1 + 0.95 pm for the 3'd intemode (calculated from L11-15). The axonal

diameter of the l't internode is significantly smaller than that of the 2nd or 3'd internode

(student / test, P<0.01). If cross sections through SLCs are not taken into the calculation of

average axonal diameter of intemodes, the axonal diameter of the l't intemode is 8.3 + 0.71

pm (calculated from L2-5, excluding the cross section through a SLC in L6), still

significantly smaller than that of the 2nd intemode (P<0.01) or the 3'd internode (P<0.02). In

contrast, the total fibre diameter in cross sections (Ds) of the l't internode (mean + SD :

17.4 + 0.81) is significantly larger than that of the 2nd internode (mean t SD : 14.8 + 0.94)

(P<0.01) and that of the 3'd internode (mean + SD : 14.3 + 1.08) (P<0.01). The teased fibre

and cross sections were digitized using the Quantimet 500MC Image Analysis System'

Table 2-7. Axonal diameter at designated sites of the teased fibre in figure 2-17

Level 23 456189101112131415
Da (pm)

Ds (pm)

7.07 9.04 8.39 8.56 7.23 10.19 10.01 11.19 10.4s 9.43 9.66 9.15 ll.l0 11.13

t8.2s t8.26 16.73 17.30 16.56 15.06 13.31 15.31 15.3t 14.33 13.22 1336 14.69 1s.87
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Figure 2-18. Light micrographs. The 3 upper panels show part of a teased nerve fibre

showing the external appearance of condition F from the sensory neuropathy with

mitochondrial abnormalities. The nodes of Ranvier are indicated by vertical arrows (N1-

No). The internodal length of this fibre is excessively irregular, 670 ¡m in the first

internode (Nr-Nz), 542 ¡tm in the second internode (Nz-N¡), 266 pm in the third internode

(N¡-N¿), 594 pmin the fourth internode (N+-Ns) andl3} pm in the fifth internode (Ns-No).

The second internode (Nz-N¡) is the shortest and thinnest, and the sum of the internodal

length of the 2no, 3'o and 4th internodes (1402 pm) is equal to that of the l't and 5th

internodes (1400 ¡rm). A focal paranodal myelin thickening is indicated by a small

arrowhead. Four vertical marker fibres are indicated by horizontal arrows (M1-Ma)' Ll to

L15 in the 2 lower panels are cross sections through designated sites (large arrowheads) of

the teased fibre at regular intervals of 200 pm. Section L6-150¡r (small arrowhead) which is

located at 150 ¡rm after L3 and 25 ¡tm after M3 is through the paranodal myelin thickening'

Redundant myelin outfolding is present in L6-150p. L7-100p (double arrowheads) is a

cross section through the edge of the 3'd marker. Cross sections L7,L7-100¡r and L8 are

through the 3'd internode. The myelin sheath thickness of the 3'd internode is obviously

thinner than that of other intemodes, but the axonal calibre of the 3'd internode is not

significantly different from that of other internodes. The teased fibre and cross sections

were digitized using the Quantimet 500MC Image Analysis System. Bar : 100 ¡rm for the

teased fibre. Bar :20 ¡tm for the cross sections.
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Figure 2-lg. Light micrographs. The 3 upper panels show part of a teased nerve fibre with

the external appearances of condition F from the sensory neuropathy with mitochondrial

abnormalities. The nodes of Ranvier are indicated by vertical affows (Nr-Na)' The

internodal length of this fibre is excessively irregular, 519 ¡rm in the first internode (Nr-Nz),

2I7 ¡tmin the second internode (Nz-N:), 416 ¡tm in the third internode (N3-Na),499 pm in

the fourth intemode (N+-Ns), 301 ¡rm in the fifth internode (Ns-No), 500 pm in the sixth

internode (No-Nz) and 325 pm in the seventh intemode (Nr-Ns). The second internode

(Nz-N¡) is the shortest and thinnest. A paranodal myelin thickening is indicated at L3. The

two lower panels are cross sections of the teased fibre through designated sites. Myelin

debris in associated Schwann cell cytoplasm is clearly seen in L1 through an externally

normal site. Cross section L3 is through the paranodal focal myelin thickening and shows

redundant myelin outfolding and myelin splitting and degeneration. Redundant myelin

outfolding (Ll2) and indented myelin (L6 and L10) are also seen in cross section through

externally normal sites. Sections L4 and L4-100p (small double arrowheads) are through the

second (shortest and thinnest) internode. There is no obvious difference of axonal calibre

between the second internodes and other internodes. The myelin thickness of the first

internode (L2) andthe fourth intemode is thicker than that of the second (L4 and La-l00p)

and third (L5 and L6) internodes. The teased fibre and cross sections were digitized using

the Quantimet 500MC Image Analysis System'
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2.4.6 Non-specific change

Dyck et al. (1993ø) didn't include this category in their classification system. However,

teased fibres showing "unclassifiable changes" are often encountered in practice

(Kalichman et a\.,1999). Pale fibres with unrecognizable nodes of Ranvier along the length

of the fibre, short fibres and intertwined bundles of fibres were described by Kalichman e/

al. (1999) as unclassifiable teased fibres. As an experienced investigator should be able to

obtain teased fibres of adequate length for diagnostic or research purposes and separate the

intertwined bundles, only fibres, which showed the following external appearance, were

classified as showing non-specific change in our study.

Criteria: A teased fibre with a minimum length of 3000 ¡rm showing a vety pale external

appearance and nodes of Ranvier which can not be reliably identified along the length of the

fibre.

Four teased fibres showing non-specific changes from the uraemic neuropathy were

transversely sectioned. Cross section studies in 2 fibres revealed axons enclosed by thin

pale myelin sheaths along the whole length of the fibres (eg, Fig 2-20). In another 2 fibres,

cross section studies revealed bundles of unmyelinated axons joined together by collagens

consistent with a band of Büngner (Fig.2-21) (Personal communication PK Thomas, Royal

Free Hospital, UK).

Summary

Teased nerve fibres with pale external appearance and non-recognisable nodes of Ranvier

may represent thinly myelinated fibres or regenerating bands of Büngner.
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Figure 2-20. Light micrographs. The three upper panels show part of a teased fibre from

the uraemic neuropathy. Nodes of Ranvier cannot be reliably recognized in the fibre. The

two lower panels show cross sections of the fibre through designated sites at regular

intervals of 200 pm. Cross sections show that a single axon is enclosed by a thin pale

myelin sheath through the whole length of the fibre. Teased fibre and cross sections were

digitized using the Quantimet 500MC Image Analysis System.
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Figure 2-21. The three upper panels show a teased fibre from the uraemic neuropathy.

Externally the fibre is so pale that in some areas the fibre looks discontinuous (arrows) and

no nodes of Ranvier can be identified along the whole length of the fibre (non-specific

change). The left lower panels are toluidine blue stained 0.5 pm plastic cross sections

through specified sites of the fibre at regular intervals of 200 ¡rm. The teased fibres and

semithin plastic sections were digitized using the Quantimet 500 MC lmage System. The

lower right picture is an electron micrograph of a section taken 10 ¡rm beyond the marker at

L2 (x5ggg¡. The EM illustrates seven unmyelinated axons joined together by collagen

consistent with a band of Büngner.
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2.5 DISCUSSION

2.5J Advantages of the new technique

Techniques for the examination of transverse sections of isolated nerve fibres were first

reported thirty years ago (Dyck and Lais, 1970; Spencer and Thomas 1970), but have not

been much utilised. This may be due to the difficulties in technical reproduction and time-

consuming nature of the work. Several problems are encountered with these previously

described techniques. First, when placing the teased nerve fibres in a mould or dish

containing fresh resin for the initial resin polymerization (Dyck and Lais, 1970; Smith et al.,

1982; Spencer and Thomas l97O), the teased fìbres are easily twisted and damaged during

the transfer from the slide to the mould, and the soft fibres tend to curve and twist during the

resin polymerization creating difficulties in localizing specific sites and accurate cross

sections. Second, it was also diflicult to mark specific sites on the teased fìbres in the

mould for accurate correlation of external and internal structure. Although areas of interest

in fibres embedded in an epoxy plate can be cut out of the resin and re-mounted in another

epoxy block for sectioning (Dyck and Lais, 1970), this is not as efiective as our

modification. Sectioning even through a short length, such as 2-4 mm, and examining all

the cross sections is very time-consuming and tedious. And it is also hard to localize

specific sites for morphological and morphometric studies as shown in Figures 2-9, 2-75,2-

16,2-17 and 2-18. Third, previous methods have been limited to one fibre per block. Our

modification allows the simultaneous study of multiple fibres in a single block, which is

especially suitable for quantitative studies.

We were unable to obtain longitudinal sections of single frbres using the previously

described techniques (Dyck and Lais, 1970; Smith et al., 1982; Spencer and Thomas, 1970)

as it is virtually impossible to keep the teased fìbres flat in a mould. Our technique

overcomes this difficulty (Fig. 2-13). The technique described by Ochoa (1972) for
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longitudinally sectioning single teased fibres is not as effective as our modification.

Additionally longitudinal sections of single teased fibres of up to 150-200 pm in length

could be obtained using the previous technique (Ochoa, 1972), while our technique enables

to obtain longitudinal sections of more than 2000 ¡rm in length.

Compared to the previous methods, this new refìned technique has the following

advantages. (1) Marker fìbres facilitate the localization of specific points along the teased

fibres for light and electron microscopic cross sectional studies. (2) Teased fibres are kept

straight by hardening and fixing the fibres to glass slides which prevents movement during

subsequent embedding and multiple resin polymerization. This is important for quantitative

studies where true cross sections are required. (3) Carbon coating enables easy separation

of the resin block from the slide without damaging the nerve fibres. (4) More than one

teased fibre can be embedded in one resin block, enabling the study of multiple fibres

simultaneously. (5) Longitudinal sections of individual teased fibres can be cut from the

first resin block if required.

2.5.2 Correlation of external and internal structure of teased fibres

Systematic microscopic evaluation along the length of singly embedded fibres, with regard

to the different conditions described by Dyck et al. (1993a), has not been undertaken

previously. Our new technique provides new information to aid in the more accurate

classification of teased nerve fìbres.

Normal MFs

In teased fibres showing external appearance of condition A (Dyck et al., 1993a) and

regular internodal length, we found that the thickness of myelin sheaths and axonal calibres

remain the same in cross sections along the length of the fibres. Simple myelin infolding or
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outfolding may be present in the cross section occasionally. Myelin or axonal abnormalities

are not detected in these fìbres. Our findings confirm that teased fibres with these external

appearances can be classified as normal fìbres.

In teased fibres with external appearance of condition A (Dyck et al., 1993a) and excessive

irregularity of internodal length, myelin debris in associated Schwann cell cytoplasm was

found in the cross sections of the fibres from the sensory neuropathy with mitochondrial

abnormalities, indicating that most of these fibres were abnormal.

MFs with irregular myelin sheaths

The finding that the majority of teased fibres with myelin irregularity and regular internodal

length showed various degrees of myelin andlor axonal abnormalities on cross sections

suggests that Dyck condition B fibres (Dyck et al., 1993a) with regular internodal length

may be pathological. In a patient with uraemic neuropathy, which is a distal axonopathy,

Dyck et al. (1971á) found that the frequency of teased fìbres showing myelin iregularity

decreased from 65Yo at the proximal (midcalf) level to l3Yo at the distal (ankle) level while

the frequency of teased fibres showing demyelination or axonal degeneration increased from

ISYo at the proximal level to 76Yo at the distal level. They also found myelin irregularity in

the internodes neighbouring demyelinated internodes (Dyck et al., l97lb). Myelin

irregularity was interpreted as the preliminary stage of axonal degeneration and secondary

demyelination in uraemic neuropathy (Dyck et al.,I97Ib).

Only myelin abnormalities were noted on the cross sections of teased fìbres with irregular

myelin sheaths and regular internodal length from the sensory neuropathy with

mitochondrial abnormalities, indicative of primary myelin or Schwann cell damage. Both

myelin and axonal abnormalities were found on cross sections of the fibres from the
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uraemic neuropathy. However, myelin abnormalities were always detected in association

with axonal abnormalities, while axonal compaction could be found associated with intact

myelin sheath, indicative of a primary axonal damage. Therefore, the different

abnormalities on cross sections of teased fibres with myelin irregularity from different

neuropathies may be a clue to the underlying pathogenesis.

Transverse sections of teased fibres with irregular myelin sheaths and excessive irregularity

of internodal length have not been studied in enough detail (only 3 fìbres from the sensory

neuropathy with mitochondrial abnormalities) to allow conclusions to be drawn. However,

the active myelin splitting and degeneration, considerable variation of the shapes of fibres

on cross sections, and variation of axonal calibre along the length of the fibres suggest that

these fìbres may be al alater stage of degeneration.

Paranodal demyelination

Cross section studies of condition C (Dyck et al., 1993a) fibres showing paranodal

demyelination have not previously been performed. Our cross and longitudinal section

studies of teased fibres from the anti-GMl neuropathy revealed the presence of a thin

residual myelin sheath in most demyelinated paranodal regions although in some fibres

there was complete loss of the myelin lamellae with only residual basal lamellae and

collagen. Axonal compaction and enlargement of the adaxonal space in all demyelinated

paranodal regions and some externally normal internodal regions suggests primary axonal

damage in this case. In fibres with paranodal demyelination, the internodal myelin sheaths

were smooth and regular without redundant myelin folding in the present anti-GM

neuropathy in contrast to the excessive myelin irregularity reported in uraemic neuropathy

(Dyck et al., l97l,b), suggesting a different mechanism of segmental demyelination. The

epitope recognized by anti-GMl antibodies, Gal(81-3)GalNAc, has been localized to the
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axolemmal surface of mature myelinated fibres in and around the nodes of Ranvier (Sheikh

et a1.,1999a). Previous studies of anti-GMl neuropathy also found structural abnormalities

in the nodal and paranodal regions (Griffin et a1.,1996; Hafer-Macko et al., 1996;Kajiet

al., 1993; Thomas et al., 1991). These findings suggest that: (1) the pathologic changes

begin in the nodal and paranodal regions of the myelinated nerve fibres at sites of GMI

ganglioside localised in the axolemma and progress to internodal regions; (2) paranodal

demyelination in IgM anti-GMl neuropathy is due to focal myelin degeneration which is

probably secondary to axonal atrophy; (3) binding of IgM anti-GMl antibodies to antigen(s)

localized at the myelin-axon interface may lead to enlargement of the adaxonal space,

axonal atrophy and segmental demyelination. Further studies are needed to test this

hypothesis.

MFs showing axonal degeneration

Teased fibres showing linear rows of myelin ovoids or balls indicative of axonal

degeneration (Dyck et al., 1993a). Our studies have demonstrated that the breakdown of the

axon and segmentation of the myelin may be at different stages along the length of the fibre.

Relatively spared myelin sheaths associated with degenerated or atrophic axons in some

regions may represent primary axonal damage in uraemic neuropathy.

MFs with thin myelin sheaths

In primary peripheral nerve cultures, myelination of segments of axonal processes results in

local increases in axonal calibre (Pannese et aL.,1988; Windebank et a|.,1985). Consistent

with the suggestion that demyelination or thin myelin sheath are associated with reduced

axonal calibre (deWaegh and Brady, 1990; Martini et a1.,2001), we demonstrated that

axonal diameter of thinly myelinated internodes was significantly smaller than that of

neighbouring externally normal internodes in 2 of 3 examined fibres from the control nerve.
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However, there was no obvious difference in axonal calibre between the short and

externally normal internodes in 5 remyelinated fibres on visual inspection and the axonal

diameter of thinly myelinated internodes with normal internodal length was significantly

larger than that of the neighbouring external normal internode in 1 fìbre from the sensory

neuropathy with mitochondrial abnormalities. These findings suggest that there may be

different types of axon-myelin interactions in different conditions. More detailed studies are

required to clarify this question, such as investigation of neurofilament density and

neurofìlament phosphorylation in thinly myelinated internodes.

The definition of remyelination varies according to different researchers (Dyck et al.,

1993a; Kalichman et al., 1999; Sima and Blaivas, 1997). However, it is generally

recognized that excessive variability of myelin sheath thickness between internodes is

commonly present in remyelinating fïbres and that the intercalated internode is a pathologic

hallmark of remyelinated fibres. Remyelination is defined by Dyck et ol. (1993a) as

excessive variability of myelin thickness between internodes, with the thinnest myelin being

less than 5Oo/o of that of the internode with the thickest myelin (condition F). They also

define focal myelin swellings (condition G) as the result of remyelination. Sima and

Blaivas (Igg7) defìne segmental remyelination as a fibre showing two or more intercalated

internodes surrounded by normally myelinated internodes. Kalichman et al, (1999) define

remyelination as a fibre showing at least one abnormally short internode (length <600/o of

longest internode). According to Sima and Blaivas (1997) and Kalichman et al. (1999),

myelin thickness in remyelinated internodes may be normal or decreased.

The term intercalated internode was first used by Renaut in l88l to describe the short and

thin internodes adjacent to the normal thicker and longer internodes in animals. He thought

they were evidence that the nerve fibre grew not only from a central cell but also by the
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addition of segments distally-a view which is no longer accepted. Intercalated internodes

were studied in detail by Lubinska (1958) who found that a demyelinated internode was

replaced by one or two shorter internodes and that intact segment of a partially

demyelinated internode was always longer than one half of the length of the normal adjacent

internode. When the length of several short regenerated internodes were added together, the

sum equalled the length of the normal adjacent internodes (Lubinska, 1958). It is now

commonly accepted that the intercalated internode is the result of remyelination after

demyelination due to various causes and that an intercalated internode results from a

demyelinated internode remyelinated by two or more Schwann cells (Dyck et al., 1993a).

Sima and Blaivas (lgg7) claim that the intercalated internode is a product of the repair

process that follows paranodal demyelination.

In summary, we have provided a novel technique for correlating the external appearance

with internal structure at specified sites along the length of individual teased nerve frbres.

Detailed examination of transverse and longitudinal sections of single nerve fìbres has

provided new insight into the interpretation of teased nerve fibres and mechanism of

pathological changes. Due to limitations of time, teased nerve fibres of different categories

according to Dyck et at. (I993a) or other researchers (Kalichman et al., 1999; Sima and

Blaivas, 1997) will be the subject of further ongoing studies.
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3.1 INTRODUCTION

Autoantibodies have been implicated as potential pathogenic agents in a variety of

peripheral neuropathies, including inflammatory polyneuropathies and paraneoplastic

neuropathies. The autoantibodies often react with carbohydrate antigens on cell surface

glycoconjugates, including glycoproteins, glycolipids, and glycosaminoglycans' The

monoclonal autoantibodies that react with neural glycoconjugates are almost always of the

IgM class (Reviewed in Quarles and Weiss, 1999; Ropper and Gorson,1998; Thomas and

Willison, lgg4). Nobile-Orazio et at. (1994) found high titers of IgM antibodies to one or

more neural antigens in a large number of patients with peripheral neuropathy. Detailed

investigations of the antigen-specificity of IgM paraproteins in patients with monoclonal

gammopathy of unknown significance (MGUS) lead to the identification of anti-MAG, -Ps,

-PMP22, -sulphatide, -ganglioside, -chondroitin sulphate, -neurofilament and -tubulin

reactivity (Kelly et al., 1988; Nobile-Orazio et al., 1987 , 1990, 1994; Quarles and Weiss,

ßgg). MAG and the cross-reactive glycoconjugates P0 and sulfated-3-glucuronyl

paragloboside (SGPG) are the most frequently involved antigens (Gosselín et al', l99l;

Latov et a|.,1988; Nobile-Orazio et a|.,1987, 1989,1992,1994).

In this chapter the basis for the focal myelin swellings and tomacula is explored by

examining the internal structure of individual teased nerve fibres in human IgM anti-MAG

p araproteinaemic neurop athy.

3.1.1. Anti-MAG IgM antibodies and peripheral neuropathy

MAG was the first identified target for monoclonal IgM antibodies in patients with

demyelinating polyneuropathy and gammopathy (Braun et a\.,1982). The most convincing

evidence for a causal relationship exists for IgM gammopathies with specificities directed

against carbohydrate determinants of MAG. The mechanisms responsible for the
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occurrence of anti-MAG antibodies are unknown, but low titers (1:200 or less) of the

antibodies are commonly present in normal individuals (McGinnis et al., 1988; Nobile-

Orazio et a1.,1989), and B-cells capable of secreting anti-MAG antibodies are present at

birth (Lee et al., 1990), indicating that anti-MAG antibodies are common and early

constituents of the human immune repertoire. They are therefore similar to 'natural

autoantibodies' which exhibit low affrnities and ate non-pathogenic, in contrast to

pathogenic autoantibodies which are generated by somatic mutation and affinity maturation

in the course of a T-cell dependent immune response (Spitzer et al., 1992; Van der Heijden

et al., l99I; Zoual| 1992). The affinities and avidities of these anti-MAG antibodies are

significantly increased by the multivalent nature of the antibody-antigen interaction (Ogino

et a1.,1994).

High titers of anti-MAG IgM antibodies are usually associated with a chronic slowly

progressive, predominantly sensory or sensory motor, demyelinating neuropathy

(Chassande et al., 1998; Latov et al., 1988; Nobile-Orazio et al., 1994; van den Betg et al.,

1996). In 31 cases of neuropathy with IgM monoclonal gammopathy (25 with MGUS and 6

with V/aldenström's macroglobulinaemia), Vital et al. (1989) found anti-MAG antibodies in

25 of 28 tested cases. In patients with neuropathy associated with benign IgM MGUS, high

titers of IgM antibodies to MAG were found in 93o/o (27129) of patients by Yeung et al.

(1991), 56% (42175) byNobile-Orazio et al. (1994), and h650/o (26140) by Chassande et al.

(1998). It is presently estimated that over half of the patients with neuropatþ in association

with IgM MGUS have a progressive sensory, or sensorimotor, demyelinating neuropathy

and monoclonal antibody that reacts with MAG (Latov et al., 1995; Quarles, 1997; Ropper

and Gorson, 1998). In most cases with IgM anti-MAG neuropathy, the light chain is kappa

(Ellie et al.,1996;Yital et aL.,1989; Yeung et aL.,1991). Anti-MAG IgM also predicts the

development of neuropathy in asymptomatic patients with MGUS (Meucci et a1.,1999). On
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the other hand, synrptoms of peripheral neuropatþ may precede the appearance of anti-

MAG antibodies in serum (Valldeoriola et al., 1993). In 3 of 33 cases, Ellie et al. (1996)

found that the identification of the circulating monoclonal antibody was delayed 1-8 years

after onset of symptoms. Using confocal microscopy, Gabriel et al. (1998) described the

deposition of anti-MAG IgM on myelinated fibres prior to a detectable gammopathy. The

titer of anti-MAG antibodies does not correlate with the severity of the neuropathy (Nobile-

Orazio et a1.,1994).

Although initial studies did not find statistically significant differences in clinical and

electrophysiologic parameters between paraproteinaemic neuropathy with and without anti-

MAG antibodies (Gosselin et al., I99L), recently reported series have shown a significant

correlation between clinical, electrophysiologic and pathologic data of peripheral

neuropathy and anti-MAG antibody activity in most cases (Chassande et a\.,1998; Ellie et

al., I996;Nobile-Orazio et al.,1994; Yeung et a1.,1991)'

Although disease progression is slow in most cases with IgM anti-MAG neuropathy, nearly

half the patients suffer from disability, and severe disability is more likely in patients with

predominantly motor neuropathy (Chassande et al., 1998; Ellie et al., 1996; Steck et al.,

1999). In a long-term follow-up study, Nobile-Orazio et al. (2000) concluded that (i) the

majority of patients with neuropathy and anti-MAG IgM have a favourable prognosis even

after several years; (ii) cunent immune therapies, though temporarily effective in half of the

patients, are associated with considerable side effects which limit their prolonged use and

efficacy, suggesting that until more effective or safer therapies become available, they

should probably be reserved for patients impaired in their daily life or in a progtessive phase

of the disease.
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3.1.2. Ctinical manifestations in IgM anti-MAG neuropathy

The onset of peripheral neuropathy associated with IgM MGUS is usually after the fourth

decade with an average age around sixty and male predominance (Chassande et al., 1998;

Kelly, |99};Nobile-Orazio et a1.,1994; Smith, 1994;Yital et al., 1989; Yeung et a1.,1991).

In 33 cases with neuropathy associated with anti-MAG IgM MGUS, the mean age at onset

of the neurological symptoms was 67 years (range 46-81) with a sex ratio of 7.2 (M:F)

(Ellie et aL.,1996).

Most patients describe the gradual onset and slow progression of s¡rmmetrical sensory

symptoms and mild distal weakness. A relapsing-remitting form has only been reported in a

few patients (Yeung et al., 1991). Predominantly sensory neuropathies rwere reported in

100% (lll ofpatients by Kelly (1990), 62% (26142)by Nobile-Orazio et al. (1994),82%

(27133) by Ellie et at. (1996), and 77% (23130) by Chassande et al. (1998) in neuropathies

associated with IgM MGUS and anti-MAG activity. In 36 patients with neuropathy

associated with benign IgM paraproteins, Yeung et al. (1991) observed a mixed

sensorimotor neuropathy in 31 and a pure sensory neuropathy in 5 patients, and anti-MAG

activity was present in27 of tested2g cases. A predominantly motor neuropathy occurs in a

minority of patients (Ellie et a1.,1996).

Distal sensory disturbance is the most common presenting symptom and absent ankle jerks

are the most common sign. Paraesthesia, including tingling and pricking sensations in the

lower limbs, sensation of cold feet, bandlike sensations around the feet and ankles, and the

feeling of sand underfoot are often the first s¡rmptoms in patients with predominantly

sensory neuropathies. Pain is not a prominent symptom according to most reports.

However, Yeung et at. (7991) reported significant pain in 12 of 36 cases, including distal
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aching discomfort in the limbs, painful tingling paraesthesiae, and sometimes superimposed

stabs of pain. Contact hyperalgesia was not a feature'

Tremor may be encountered in a variety of familial or acquired neuropathies. It is generally

accepted to be a common feature in IgM paraproteinaemic neuropathy (Smith, 1994), and

sometimes the presenting symptom (Yeung et al., 1991). The tremor of IgM anti-MAG

neuropathy is typically a coarse low frequency postural and action tremor (Bain et al.,

1996). Chassande et at. (1998) reported a postural tremor of the hands in 12 of 40 patients

with IgM paraproteinaemic neuropatþ. In 33 cases with anti-MAG IgM paraproteinaemic

neuropathies, Ellie et at. (1996) found intention tremor in 16 and marked ataxia in 15 with a

trend that these occurred more frequently in patients with motor s¡rmptoms. Smith et al.

(Smith et al.,1983; Smith, l9g4) found hand tremor in 16 of 18 patients indicating that

tremor and ataxia are common features in IgM paraproteinaemic neuropathy against MAG

or peripheral myelin. Said e/ al. (1952) asserted that tremor in patients with demyelinating

neuropathies was related to weakness. Dalakas et at. (1984) found the tremor associated

with neuropathy had no relationship to weakness or loss of proprioception in 11 patients

with CIDP or dysgammaglobulinemic polyneuropathy. However, a relationship between

the severity of tremor or ataxia and the degree of loss of joint position sense was found by

Smith (Igg4) in IgM paraproteinaemic neuropatþ, while Yeung et al. (1991) found that

tremor was frequently present in the absence of detectable joint position sense loss' It has

been hlrpothesized that distorted mistimed peripheral sensory inputs reach a central

processor (probably the cerebellum) which although intact, is misled into producing a

postural and action tremor in certain parts of the body during movement (Bain et al',1996).

Several studies have documented that tremor improves in patients treated with high doses of

prednisone, immunosuppressants, or intravenous immunoglobulin infusion (Cook et al.,

1990; Dalakas and Engel, 1981; Dalakas et al.,1984 Kelly, 1985; Smith, 1994).
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Interestingly, apart from one case with 10-year history of steroid-responsive urticaria (Ellie

et al.,Igg6),no clinical CNS manifestations have been observed in several large studies of

IgM MGUS (Chassande et a\.,1998; Ellie et al., 1996; Nobile-Orazio et al., 1994; Smith,

1994; Yeung et al., 1991) although subclinical CNS involvement is suggested by

electrophysiologic examination (Barbieri et a1.,1987;Lêger et al,1992) and antibodies bind

to the glycolipids present in the CNS white matter in vitro (Léger et aI., 1992; Mendell e/

at.,1985). Significant autonomic dysfunction is uncommon (Ellie et aL.,1996; Yeung et al',

1ee1)

3.1.3 Laboratory inYestigations

Electrophysiolo gical fTndings

In patients with neuropathy associated with IgM MGUS and anti-MAG activity, the

electrophysiological studies generally indicate a predominantly demyelinating neuropathy

with slowing of conduction velocity and prolonged distal latencies (Chassande et al., 1998;

ElIie et al.,1996; Kelly, 1990; Nobile-Orazio et a1.,1994).

Characteristic marked distal accentuation of conduction slowing (Kaku et al', 1994) and

frequent absence of sensory potentials (Chassande et a1.,199S) are consistent with the distal

sensory impairment. In an investigation of motor conduction parameters in neuropathies

associated with anti-MAG antibodies and other types of demyelinating and axonal

neuropathies, Trojaborg et al. (1995) found that patients with highest titers of anti-MAG

antibodies had longer distal motor latency and slower motor conduction velocity than those

with lower titers, acute or chronic inflammatory demyelinating polyneuropatþ or hereditary

neuropatþ. Measures of distal motor latency correlated best with anti-MAG antibody

titers. Barbieri et at. (1987) found that the P100 latency of the visual evoked potential was
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increased bilaterally in 5 of 6 patients with peripheral neuropathy and anti-MAG antibody

suggesting subclinical CNS involvement.

Cerebrospinal Fluid Findings

In24 patients with IgM anti-MAG neuropathy, Ellie et al. (1996) found a raised protein

level in 22 andnormal cell count in all cases in cerebrospinal fluid (CSF). CSF protein was

higher in patients with motor symptoms than with pure sensory symptoms. These authors

also found that an increase in CSF protein was associated with higher disability and ataxia

scores, and prolongation of median nerve distal latency. Úrcreased protein levels and

normal cel1 count have also reported by others (Smith et al, 1983; Yeung et al',1991).

3.1.4 Pathology of IgM anti-MAG neuropathy

predominant demyelination with varying degrees of axonal loss are found in the majority of

peripheral nerve biopsies from IgM anti-MAG paraproteinaemic neuropathy (Ellie et al.,

1996;Jacobs and Scadding,1990; Jacobs, 1996; Melmed et a1.,1983; Mendell et al',1985;

yital et at.;1989;Yeung et a1.,1991). Widening of myelin lamellae (WML) resulting from

separation of the intraperiod line is generally accepted as the pathological hallmark of anti-

MAG neuropathy (Ellie et al.,1996; Jacobs and Scadding, 1990; Jacobs, 1996; Melmed e/

a1.,1983;Mendell et a1.,1985; Yital et al.,1989; Yeung et a1.,1991). Hypermyelination of

fibres in transverse sections and focal myelin thickenings on individual teased nerve fibres

are reported in some cases (Jacobs and Scadding, 1990; Rebai et al., 1989; Yital et al.,

1985; Yital et a\.,1989). It is not an inflammatory neuropathy although inflammatory cells

have been reported in a few cases (Vital et a1.,1991).
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Demyelination and remYelination

Demyelination and remyelination are usually the predominant morphological features in

peripheral nerve biopsies from patients with neuropatþ associated with IgM anti-MAG

MGUS (Ellie et al., 1996; Mendell et a1.,1985; Jacobs, 1996; Smith, 1994;Yítal et al.,

19g9; yeung et al., lggl), and in teased nerve fibre studies (Jacobs and Scadding, 1990;

Rebai et al., 1989; Sander et a1.,2000). Axons surrounded by abnormally thin myelin

sheaths and concentric Schwann cell processes indicative of onion bulb formation are also

encountered in some cases (Mendell et al., 1935). In 3 patients with benign IgM

paraproteinaemic neuropathy, features of segmental demyelination and remyelination were

found in65Yo of teased nerve fibres (Sander et al',2000)'

Although segmental demyelination is reported in most documented cases, few papers have

reported the fibre appearances in any detail. In assessing the possible role of anti-MAG

antibody in causing demyelination, it is important to know whether demyelination is

primary or secondary. Jacobs and Scadding (1990) reported the morphological changes in

sural nerve biopsies ftom2 patients with anti-MAG IgM neuropatþ. In one, almost every

teased fibre showed evidence of demyelination and remyelination and that the incidence of

demyelination and remyelination was higher than expected from the appearances in

transverse section of the nerve. Quantitative studies of transverse plastic sections in the

same case showed that there were many fibres with low values of g-ratio (axonal

diameter/total fibre diameter in the cross section) indicating axonal atrophy and segmental

demyelination in this case was classified as secondary demyelination (Jacobs and Scadding,

1990). ln the other the segmental demyelination was classified as chronic primary

demyelination.
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Mendell et at. (1985) performed a complete postmortem examination of the nervous system

in a patient with IgM anti-MAG neuropathy and did not find any specific abnormalities in

the CNS or the dorsal and ventral nerve roots. Specifically, there was no axonal

degeneration, only rare thinly myelinated fibres, no evidence of Schwann cell proliferation

in the dorsal and ventral roots and anti-MAG antibody was not deposited in the CNS. The

sciatic nerve showed a marked loss of nerve fibres. A sural nerve biopsy two years earlier

had shown severe loss of MFs and prominent Schwann cell proliferation with striking onion

bulb formation. These results were interpreted as indicative of a primary axonal neuropathy

with secondary demyelination and remyelination (Mendell et a1.,1985).

Axonal damage

Varying degrees of axonal damage are present in the majority of patients with anti-MAG

IgM neuropathy (Ellie et al., 1996; Jacobs and Scadding,1990; Melmed et a1.,1983; Vital

et a1.,1989; Yeung et a1.,1991). Loss of myelinated fibres, especially large diameter fibres,

is found in most peripheral nerve biopsies (Ellie et al. , 1996; Gabriel et al' , 1 998; Jacobs

and Scadding,1990;Meier et a\.,1984; Melmed et a\.,1983; Mendell et aL.,1985; Rebai er

al., I989;yital et al., 1989; Yeung et al., lggl), and confirmed by a few quantitative studies

(Rebai et a\.,1989; Yital et at.,1989). Severely constricted axons with enlarged periaxonal

spaces also indicate axonal atrophy (Jacobs and Scadding, 1990). Loss of unmyelinated

fibres was also noted in some cases (Jacobs and Scadding, 1990; Kanda et al., 1998).

Sequential sural nerve biopsies in one patient revealed that clinical deterioration is

accompanied by greater axonal depletion (Melmed et a\.,19S3) though the pathology is not

always progressive (Mendell et a1.,1985). These findings confirm the importance of axonal

damage in this disease and that progressive axonal damage may be associated with clinical

deterioration and a poor prognosis.
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Focal myelin thickenings and tomacula

Focal myelin thickenings and tomacula have been described in teased fibre studies in a few

cases of anti-MAG IgM paraproteinaemic neuropathy (Jacobs and Scadding, 1990; Rebai er

al., 1989; Sander et a1.,2000). However, hlpermyelination and redundant myelin folding

are coÍtmonly encountered in transverse sections in neuropathies associated with IgM

MGUS gardelli et a\.,1981; Yital et al., 1985), especially with anti-MAG activity (Jacobs

and Scadding, 1990; Rebai et a1.,1989; Sander et a1.,2000; Yitalet a1.,1989). Rebai et al

(1989) found tomacula in 32%o of internodes in one case with IgM anti-MAG neuropathy.

In 3 cases with IgM anti-MAG neuropatþ, tomacula were present in over half of the teased

nerve fibres, and the size of tomacula ranged from 10.3 ¡rm to 18 pm (average 14.4 pm) in

diameter and 39 to 49.7 pm (average 45.9 ¡rm) in length (Sander et a1.,2000). The

pathogenesis of tomacula in IgM anti-MAG neuropathy is not well understood. Based on

conventional electron microscopy, it was suggested that external or internal redundant

myelin loops and symmetric and disproportionately thick myelin sheaths contributed to the

tomaculous appearance on teased nerve fibres (Jacobs and Scadding, 1990; Rebai et al.,

1989; Yítal et at., 1989). Jacobs and Scadding (1990) also suggested that the "bubbly''

myelin appearance on teased fibres was due to extensive swelling of the adaxonal space.

Tomacula in human peripheral neuropathies

Focal myelin swellings in demyelinated internodes were first reported by Dayan et al'

(1968) in teased fibres from familial globular neuropathy. They were then described in

nerve fibres from patients with hereditary neuropatþ with liability to pressure palsies

(HNPP) (Behse et al.,1912) due to segmental deletion of chromosome 17p11.12 (Chance et

at.,1993). The tomacula ranged in length from 40 to 250 pm (average 100 pm) and up to

40 pm in diameter and were present in about one fourth of the internodes, which usually

showed remyelination or were otherwise normal in external appearance (Behse et al',1972)'
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The sausage-like myelin swellings were first termed tomacula by Madrid and Bradley in

I975 (La1in: tomaculum: sausage). Pellissier et al. (1987) defined tomaculous neuropatþ

as focal myelin swellings present in more than 25o/o of internodes, and found 10 cases of

tomaculous neuropathy in 980 sural nerve biopsies. Verhagen et al' (1993) defined

tomacula as myelin thickenings measuring more than 50% of the fibre diameter.

Tomaculous myelin swellings are found in other neuropathies such as hereditary motor and

sensory neuropatþ tlpe 18 (HMSNIB) due to Ps Sene mutation (Fabt'rzi et al',2000; Tachi

et a1.,1997; Thomas et al.,lgg|),hereditary motor and sensory neuropatþ with outfolding

myelin sheath (CMT4B) (Gabreëls-Festen et a1.,1990; Gambardella et a1.,1999; Ohnishi e/

al., 1989; Schenone et al., 1994) probably due to a gene mutation on chromosome 11q23

(Bolino et al., 1996) or due to an unknown gene mutation (Gambardella et al., 1999)'

dominantly HMSN of unknown aetiology (Umehara et al., 1993), autosomal recessive

HMSN I (Gabreëls-Festen et aL, lg92), Ehlers-Danlos syndrome (Schady and Ochoa,

1984), acute recurrent polyneuropatþ (Joy and Oh, 1989), familial recurrent plexus

neuropathy (Madrid and Bradley,7975),IgM anti-MAG neuropathy (Jacobs and Scadding,

1990; Rebai et a1.,1989), and chronic inflammatory demyelinating neuropatþ (Sander er

aL.,2000).

The incidence, size and location of focal myelin swellings on teased fibres may be different

in different neuropathies (Sander et al., 2000). They may show regular contour or a

granular profile (Table 3-1).

The pathogenesis of tomacula is not well understood. In HNPP, tomacula were suggested to

result from redundant myelin folding (Behse et al., 1972; Verhagen et al., 1993). In 2

patients with recurrent familial brachial plexus neuropatþ, I with pressure-sensitive

neuropathy and 1 with chronic sensori-motor neuropathy, Madrid and Bradley (1975)
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speculated that the sausage-like shape of tomacula might be due to: (1) focal

hypermyelination from continuous spiral rotation of the Schwann cell membrane around the

axon, (2) redundant myelin loop, (3) a second mesaxon, derived from branching of the

original rotating Schwann cell process during myelination or remyelination, rotating parallel

with the original mesaxon or passing in the opposite direction, (4) myelin lamellae from one

Schwann cel| passing across a node of Ranvier to cover the axon in the territory of the

adjacent Schwann cell, ie transnodal myelination, (5) two Schwann cells co-operating in the

formation of one myelin sheath, (6) disruption of myelin lamellae. Behse et al' (1972) also

indicated that tomacula in HNPP resulted from redundant myelin foldings.

Table 3-1 Diameter and length of tomacula on teased nerve fibres (Sander et al',2000)

NS Age (v) Diameter (pm) Length (Pm)

Mean SD Mean SD Mean SD

HNPP

IgM PPN

CIDP

CMTI

CMT4B

37

J

J

4

4

37.9

64.3

49

28.4

4.9

15.7

14.2

29.r

24.4

0.9

16.3

14.4

18.9

t4.r

rt.2

2

3.9

t.2

3.5

t.6

83.7

45.9

s6.3

17.4

44.4

t4.4

5.8

10

16.1

5.7

NS : number of sural nerve biopsies; SD : standard deviation; HNPP : Hereditary

neuropathy with liability to pressure palsies; IgM PPN : IgM anti-MAG paraproteinaemic

polyneuropathy; CIDP : chronic inflammatory demyelinating polyneuropathy; CMT1 :

Charcot-Marie-Tooth disease type 1; CMT4B: Charcot-Marie-Tooth disease type 48.

Sander et at. (2000) studied tomacula using conventional LM, EM and teased nerve fibre

techniques. They found that in HNPP focal hypermyelination (excessive number of myelin

lamellae) and redundant myelin loops contributed to the tomaculous appearance on teased

nerve fibres. Redundant myelin loops were the most frequent cause of tomacula formation

and myelin breakdown was often seen in redundant myelin loops. The appearance of

myelin sheath thickenings in CMT1 was similar to that seen in HNPP (Sander et a1.,2000).
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Redundant myelin outfoldings or infoldings rwere also the mechanism of tomacula formation

in IgM anti-MAG neuropathy, CIDP, CMT4B and CMT3 (Sander et a1.,2000).

Redundant myelin foldings on conventional transverse sections have been found in nearly

all human hereditary or acquired neuropathies with tomacula on teased nerve fibres'

The subsequent evolution of tomacula is not well understood. In human inherited and

acquired peripheral neuropathies, tomacula arc usually found in association with varying

degrees of demyelination and remyelination.

Widening of myelin lamellae (\ilML)

V/idening of the periodicity of myelin lamellae, due to an increase in the distance separating

the intraperiod line interfaces associated with the normal formation of the major dense line,

is a distinctive finding in biopsies from neuropathy associated with IgM MGUS and anti-

MAG activity (Ellie et a1.,1,996; Quarles and Weiss, 1999; Steck et a1.,1999;Yital et al',

1989; Yeung et aL.,1991).

Increased myelin periodicity in a human nerve biopsy was first reported in a case of

metachromatic leucodystrophy by Webster in 1964 (cited in King and Thomas, 1984) and

later in a case of IgG paraproteinaemia by Sluga in 1970 (cited in Jacobs, 1996)' WML has

been described in peripheral neuropatþ and 'Waldenström's macroglobulinaemia (WM)

(Julien et al., 1978; Propp et al., 1975;Yttal et al., 1975; Vital and Vallat, 1980), and

peripheral neuropathy and IgM MGUS (Meier et al., 19Sa); Melmed et a1.,1983; Nardelli e/

al., lg1l; Pollard et al., 1985; Smith et al., 1983; Steck et al., 1983). Further studies

showed that WML was present in most cases with neuropatþ and anti-MAG activity. In 33

cases of benign IgM anti-MAG neuropathy, Ellie et al. (L996) described \ /ML in peroneal
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nerve biopsies in 32. Yital et al. (1997) found wML present all 8 cases of peripheral

neuropathywith V/M and anti-MAG activity'

The incidence of wML varies greatly from one case to another and may affect 80% of

myelinated fibres in benign anti-MAG neuropathy (Jacobs and Scadding, 1990) and 88% of

fibres in IgM anti-MAG neuropathy with indolent'wM (Vital et al., 1997)' It is more

commonly observed in the outermost layers of the myelin sheath in benign anti-MAG IgM

neuropathy and IgM anti-MAG neuropathy with wM (Ellie et aI',1996; King and Thomas,

1984; Lach et al., 1993; Meier et al., 1984; Melmed et al', 1983; Pollard et al'' 1985; Vital

et a1.,1985, 1989,Igg1),but is also found in the inner myelin sheath (Vital et al'' 1997)'

The distribution of wML may be limited to the center of the myelin sheath or present

throughout the myelin sheath (Jacobs, 1996;King and Thomas, 1984; Mendell et al',1985;

Flitz et al., 1999; Yeung et a1.,1991). The latter appearance is thought to result from

transverse sections through the nodal region (King and Thomas, 1984)' WML may be more

coÍrmon in the paranodal region than the internode in longitudinal sections (King and

Thomas, 1934). At the paranodal region, WML is represented as an increased space

between paranodal terminal loops in longitudinal sections (Jacobs, 1996; Jacobs and

Scadding, 1990). The widened gap in the paranodal region may be continuous with

internodal myelin of increased normal periodicity or terminate abruptly (Jacobs' 1996;

Jacobs and Scadding,1990; King and Thomas, 1984)'

The mechanism of WML remains unclear. Apart from a single illustration from a case of

metachromatic leucodystrophy reported by webster in 1964 (cited in King and Thomas,

19g4), WML has only been encountered in neuropathies with an immunological basis

including neuropathy associated with MGUS or WM, and chronic progressive or relapsing

idiopathic inflammatory polyneuropathy. The occurrence of WML in these neuropathies
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has led to the suggestion that WML results from the incorporation of immunoglobulin into

the myelin sheath (Propp et al.,1975). WML found in experimental allergic neuritis (EAN)

and Marek's disease in chicken (Lampert et al., 1977), and myelinated tissue cultures

exposed to sera from experimental allergic encephalomyelitis (EAE) (Bornstein and Raine,

lgi6) and EAN (Raine and Bornstein, 1979) have led to the suggestion that the "uniform

separation of myelin lamellae" is primed with antibody before becoming susceptible to cell-

mediated lysis (Lamp ert et al., Ig77). However, the production of widely spaced myelin by

exposure of nerve to hlpotonic solutions suggested that it might be a physicochemical

change, perhaps due to binding of specific immunoglobulin, leading to overhydration (King

and Thomas, 1984). Monaco et al. (1990) observed a correlation between the numbers of

fibres with abnormally spaced myelin and the extent of deposition of terminal-complement

complex. They supposed that the abnormally spaced myelin might be due to an influx of

intracellular water after damage by the terminal-complement complex. Now it is commonly

assumed that in IgM paraproteinaemic neuropathy the typical modification of myelin

observed at the ultrastructural level is associated with deposition of IgM between the myelin

lamellae (Quarles and Weiss, l9g9), and this hypothesis is supported by the following

findings. First, the distribution of WML at paranodes, Schmidt-Lanterman incisures,

periaxonal regions and external mesaxons in anti-MAG neuropathy very precisely matches

the distribution of MAG (Jacobs and Scadding, 1990). The location of WML at sites that do

not correspond to recognized sites of MAG, including the outermost lamellae, external

surface of the Schwann cell and compact myelin, may be associated with glycoconjugates

that are also recognizedby MAG antibodies (Gabriel et aL.,1996; Jacobs, 1996;Murøy et

al., 1986;Ntz et at., 1999). Second, IgM deposits are found in the regions of the wide

spacing. An early study by Mendell et al. (19S5) found positive immunostaining for anti-

MAG antibody in deplasticized semithin sections corresponded to regions of myelin

widening in adjacent ultrathin sections. Clumps of granular material, sometimes of
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considerable size, were noticed in continuity with similar material at widened lamellae by

routine electron microscopy (Jacobs, 1996; Jacobs and Scadding, 1990). Yeung et al.

(1991) observed that in no instance was abnormal myelin spacing detected in the absence of

IgM deposition. In accordance with this finding, immunoelectron microscopy also

demonstrated selective deposition of IgM gammaglobulin exclusively in the areas of

splitting of the myelin lamellae (Lach et al., 1993). Confocal microscopy has also shown a

correlation between the penetration and localization of IgM in myelinated fibres and the

myelin widening (Ritz et at.,1999). This notion is also supported by animal experiments.

Passive transfer of human IgM anti-MAG paraproteins into chicks caused demyelination

and remyelination with the typical ultrastructural feature of widening of the outer myelin

lamellae intermediate line, consistent with the pathological findings in the peripheral nerve

biopsy (Tatum, lg93). The report that widening of myelin lamellae was particularly

prominent in patients with indolent'WM in comparison to other patients with benign anti-

MAG antibodies suggests that another mechanism is involved in modifying myelin structure

in addition to the anti-MAG activity (Vital et al., 1997). Similar wide spacing in CNS

myelin has been found after implanting mouse hybridomas that produce IgM antibodies to

three different glycolipids, galactocerebroside, sulfatide and ganglioside, into rat spinal cord

(Rosenbluth et al. 1996; 1997), suggesting that the formation of expanded myelin does not

depend only on antibodies to MAG but can also be mediated by IgM antibodies that react

with other myelin components. It is therefore supposed that the intercalation of IgM

antibody to the myelin lamellae results in permeability effects or changes in adhesion

properties of myelin components, especially MAG, leading eventually to abnormal myelin

spacing (Quarles and Weiss, 1999). However, the pathogenic mechanism whereby IgM

antibodies reach their targets and induce WML is still unclear. Based on the observation

that the production of WML by human anti-MAG antibodies in rabbit nerve was found to be

dependent on the terminal complement complex (TCC) (Monaco et al., 1995), it was
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speculated that the widening is caused by intramyelin oedema due to the formation of

transmembrane pores by the complement cascade, leading to activation of proteases and

phospholipases causing subsequent vesiculation and further oedema (Quarles and 'Weiss,

1,9gg). However, the finding that no TCC aggregates were seen associated with myelinated

fibres by confocal microscopy suggests that the damage of myelinated fibres may not

directly mediated by TCC (RJtz et at., 1999). Damage of the blood-nerve barrier in IgM

paraproteinaemic neuropathy (Kanda et a\.,199S) may be associated with the presence of

TCC aggregates in blood vessels (Rítz et al., 1999), permitting the entry of circulating

antibodies into the endoneurium.

Antibody deposits in peripheral nerve biopsies

Binding of anti-IgM serum and anti-homologous light chain serum to myelin sheaths were

found in 14 of 23 patients by direct immunofluorescence, and no obvious binding was found

in the endoneurium (Vital et a1.,1989). Immunohistochemical studies demonstrated IgM in

the vicinity of endoneurial vessels and on some of the myelinated fibres (Meier et a|.,1984)'

Confocal microscopy (Gabriel et a1.,1998; RJtz et at.,1999) showed that MAG in Schmidt-

Lanterman incisures and paranodal loops, as well as some additional molecules involving

other HNK-l-containing components of the basement membrane of myelinating Schwann

cells, were the major targets of the anti-MAG monoclonal IgM antibodies in vivo' These

HNK-l-rcontaining epitopes were present in fibronectin, Ll, Jlltenascin (Martiní, 1994b),

some integrins (Pesheva et al., 1987) or sulfoglucuronyl (Jungalwala, 1994), and

chondroitin sulfate proteoglycans (Gowda et al., 1989; Hoffrnan and Edelman, 1987)'

Binding of anti-MAG antibodies to compact myelin may be due to binding of the antibody

to the HNK-1 epitope shared by P0 andPMP22 (Hammer et a\.,1993; Snipes et al',1993)'

Double immunostaining for IgM antibodies and MAG in paraproteinaemic polyneuropathy

nerves revealed that MAG staining intensities ranging from weak to strong (compared to
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control nerves or myelinated fibres devoid of IgM in paraproteinaemic polyneuropathy

nerves) were associated with a thin ring of IgM deposits, suggesting reduced MAG

expression. Myelinated fibres devoid of MAG staining were often associated with thick

IgM deposits either at the periphery or in the entire thickness of the myelin sheath (Gabriel

et al.,1996).

Although binding of anti-MAG antibodies to myelin components of the CNS in vivo was

suggested by some researchers due to the presence of abnormal visual evoked potentials

with M-protein in the cerebrospinal fluid (Barbie'i et al.,1987), immunofluorescent staining

showed no deposits in any portion of the CNS including the cerebral cortex, corpus

callosum, cerebellum, pons, medulla, midbrain, and spinal cord. However, IgM antibodies

bind to myelin components of the CNS iz vitro (MendeIl et aL.,1985).

3.1.5 Experimental anti-MAG neuropathy

By-passing the blood-nerve-barrier, Hays et al. (1987) found that serum obtained from three

patients with neuropathy and MAG-positive IgM M-protein induced demyelination when

injected into the feline sciatic nerve. Control sera from healthy individuals, patients with

IgM M-protein but no neuropatþ, or patients with neuropathy and IgM M-proteins not

directed towards MAG either did not produce this effect at all or produced it to a much

lesser degree. V/illison et al. (1988) showed that intraneural injection of serum from

patients with neuropathy and anti-MAG antibodies produced an extensive inflammatory,

macrophage-mediated demyelination of feline peripheral nerve, while injection of sera from

normal subjects failed to produce any demyelination. The pathogenetic role of MAG in the

central nervous system was demonstrated by the injection of mouse monoclonal anti-MAG

antibody together with guinea pig serum into mammalian optic nerves producing in vivo

demyelination (Sergott et a\.,1988). In an investigation of the pathogenic role of anti-MAG
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IgM and complement (C) in anti-MAG-associated polyneuropathy, Monaco et al. (1995)

found that intraneural injection of terminal complement complex (TCC) into rabbit sciatic

nerve produced the same morphological changes as injection with anti-MAG antibodies,

including intramyelin oedema, myelin vesiculation and widening of myelin lamellae due to

the separation of major dense line. In nerves treated with anti-MAG IgM myelin alterations

were concuffent with activation of the rabbit's own complement with the formation of TCC.

Conversely, in C6 deficient rabbits injected with anti-MAG IgM neither myelin alteration

nor complement depletion were observed'

Early experiments of systemic transfusion of IgM anti-MAG paraproteins from patients

failed to produce neuropathy in guinea pigs, rabbits and marmosets (Steck et al., 1985)

probably because there is interspecies variation in antibody recognition of the molecule.

Tatum (1993) succeeded in establishing a passive transfer animal model in chickens by

intraperitoneal injection of monoclonal IgM anti-MAG antibody from a patient with

neuropatþ. This model showed typical pathological features of the human syndrome,

including segmental demyelination and remyelination with minimal inflammation, specific

antibody binding to myelin and widening of the myelin lamellae. The preferential targetting

of the antibody to the nodes of Ranvier and Schmidt-Lanterman incisures suggested that

MAG might be the antigenic target in vivo'

Several observations highlight the importance of complement mediation in the experimental

passive transfer of neuropathy with IgM anti-MAG paraproteins. First demyelination

induced by intraneural injection only occurs with anti-MAG antibody which is

supplemented with additional complement (Willison et a1.,1988) or with serum (Sergott e/

a1.,1988). Furthermore, complement deposition is co-localized on myelin sheaths with IgM

deposition in the animal models (Hays et al., 1987; Tatum et al., 1993)' Additionally,
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antisera produced in rabbits against purified MAG do not inhibit myelin formation in

cerebellar tissue cultures or demyelinate centrally or peripherally myelinated fibres in spinal

cord DRG cultures (Seil e/ al.,l98l). The requirement for complement in the intraneural

injection models suggests that cytotoxic mechanisms are also involved'
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3.2 MATERIALS AND METHODS

3.2.1Case report

A 74-year-old man presented with a 2-year history of peripheral neuropathy and severe

tremor. On examination there was a coarse action and postural "flapping" tremor with

rotatory elements that changed depending on the posture of the arrns, typical of a

neuropathic tremor. There was no leg tremor. Fine manual tasks were severely

compromised by the tremor. There was distal muscle wasting and weakness. He was

areflexic and had a degree of deafferentation with impaired joint position sense and

vibration in the toes and fingers and a glove and stocking impairment of light touch. He

walked with a sensory ataxia and bilateral foot drop. Electrophoresis confirmed IgM kappa

paraproteinaemia, l4.7glL (normal range'.0.6 - 3.0g/L). Further testing for underlying

haematological malignancy including bone marrow analysis were all negative. Nerve

conduction studies indicated a demyelinating neuropathy. The right median distal motor

latency was greatly prolonged at27.6 ms. The right ulnar distal motor latency was 13.7 ms'

The peroneal nerves were not excitable. The amplitude of upper limb compound muscle

action potentials was less than 1 mv. Conduction velocities in the right median and left

ulnar nerves were 6mlsec and l3mlsec respectively. Anti-MAG IgM antibody titre was

>100,000 BTU (Buhlman titre units) (normal upper limit 10008TU, courtesy Professor J.

Pollard, The University of Sydney).

3.2.2 Sural nerve biopsy and tissue preparation

Full thickness right sural nerve biopsy was performed and processed according to the

standard methods (Cash and Blumbergs, 1995) for routine LM, EM, teased nerve fibre and

morphometric studies as described above. Nerve fascicles for correlating external and

intemal structure along individual nerve fibres were processed according to the methods

described in Chapter 2.
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3.3 RESULTS

Routine morphologic findings under LM will be detailed in Appendix C. In summary, a

demyelinating neuropatþ with severe loss of myelinated fibres was found in the sural nerve

biopsy and some fibres displayed focal myelin thickenings'

Morphometric studies revealed 982 myelinated nerve fibres in 0.41 m-' total transverse

fascicular area with an average fibre density of 2395lmm'. Fib.e density ranges from 4080

to 6950 in age-matched control from the literature (Jacobs and Love, 1935). Histograms of

fibre diameter and axonal diameter revealed a predominant loss of large myelinated fibres

(Fig. 3-1). The myelinated fibre diametet (4.54 + 1.74 pm, mean + SD) and axonal

diameter (3.03 + 1.30 pm, mean + SD) were significantly smaller than those of a 44-yeat-

old postmortem control (fibre diameter, 7.41 + 1.95 pm, mean + SD; axonal diametet, 5'29

12.85 pm, mean+ SD) (student rtest, P<0.001).
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Figure 3-1. Comparison of histograms of fibre diameter (left) and axonal diameter (righÐ

between this case (white column) and a postmortem control (black column) reveals severe

loss of myelinated fibres, especially large diameter fibres'

3.3.1 Glycerinated teased nerve fibres

One hundred glycerinated teased fibres, ranging 15-25 mm in length and including at least 7

internodes in each fibre, were examined. Teased nerve fibres were classified according to

generally accepted criteria (Dyck et al., I993a). Eighty-two (82%) showed demyelination
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with extensive loss of myelin in both internodal and paranodal regions. Two teased fibres

(2%) showed remyelination with internodes of variable length, one (l%o) showed axonal

degeneration and 15 (15%) were normal. Sixty-two (62%) fibres showed focal myelin

swellings, which varied in size (20 - 130 ¡rm in length) and shape (globular to sausage-like).

Some fibres showed multiple myelin swellings. The large swellings, more than 50% of the

fibre diameter, were classified as small tomacula (Verhagen et al.,1993) and were present

in 43 fibres @3%). All the focal myelin swellings were found in abnormal fibres showing

demyelination and localised to both paranodal and internodal regions without predilection.

3.3.2 Correlative study of external appearance with multiple cross sections

of single myelinated fibres teased in resin

Eleven single fibres teased in resin were examined. Ten fibres showed paranodal andlor

intemodal demyelination. One fibre showed a pale external appearance in which no nodes

of Ranvier could be reliably recognized (non-specific change as described in Chaptet 2).

Five fibres had focal myelin thickening (s).

A total of 14 tomacula were identified in 5 of the 11 fibres. Four tomacula were present in

each of 2 ftbres, and the remaining 3 fibres had3,2 and I tomacula. Multiple transverse

sections of these teased fibres were examined under LM and EM, and the cross sectional

appearances were correlated with the external appearance of the teased fibres at

corresponding points. Transverse sections through the 14 focal myelin thickenings showed

various morphological appearances, including complex redundant myelin outfolding or

infolding, multiple concentric myelin loops, enlargement of adaxonal space and complex

splitting and degeneration of the myelin sheath. Redundant myelin outfolding (eg, L16 and

L26 in Fíg. 3-2, and L3 and L4 in Fig. 3-3) was the cause of swelling in 50o/o (7114) of

tomacula. The axon was small in 1 (L16 in Fig. 3-2) and of normal calibre compared to the
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adjacent normal segments in 6 of the swellings (eg, L3 and L4 in Fig. 3-3). Serial sections

through these 7 focal swellings revealed that 3 were also associated with degenerative

changes in the redundant folds (eg, LI7 andL25 inFig.3-2). Myelin debris in Schwann

ce1l cytoplasm was also found adjacent to some of the swellings on serial cross sections

suggesting that redundant myelin folds may be broken down by the Schwann cell (eg, L4 to

L4-30¡t inqig.4-4). Myelin infolding was found in 2 swellings (eg L18-19 in Fig. 3-2) and

in one of these the infolding v,,as associated with enlargement of adaxonal space. One

swelling was due to an increased number of concentric myelin loops surrounding a normal

appearing axon (L3 in Fig. 3-5). Enlargement of the adaxonal space was found in 4

swellings, associated with a normal intact myelin sheath in 2 (eg, L2l in Fig. 3-2), with

myelin outfolding and myelin degeneration in 1 (Ll7 inFig.3-2), and with myelin infolding

alone in 1. Focal swellings in the same fibre may show similar (eg, L3 andL4 in Fig. 3-3)

or different (eg, Ll6-22 and L25-26 in Fig. 3-2) intemal abnormalities. Serial sections

through two adjacent focal swellings revealed different abnormalities Ll8-19 andL2l-22 in

Fig. 3-2). The axonal calibre along the length of the fibre varied considerably in 4 of 5

fibres with focal myelin thickenings (eg, Fig. 3-2) and did not vary in I fibre (Fig. 3-5).

Abnormal myelin and/or axon morphological features were found in transverse sections of

externally normal segments of the teased fibres. For example in Fig. 3-2, redttndant myelin

folding (L8-9), complex myelin splitting and degeneration (L11 and L1,4), enlargement of

the adaxonal space with small axon (L8-9 and Ll5), and enlargement of the adaxonal space

with normal axon (Ll0) were found in externally normal segments.
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Figure 3-2. Light micrographs; teased fibre from the IgM anti-MAG neuropathy. The

upper panel shows a fibre undergoing demyelination and 4 focal areas of myelin thickening

(Ll6-17, L1g-19, L2l andL25-26). Lower panels show LM transverse semithin plastic

sections stained with toluidine blue through specific sites along the fibre as indicated by

markers LI-2g. The interval between two adjacent sections is 40 ¡rm from L1 to L6 and

L26 ro L2g, and 20 pmfrom L6 to L26. The myelin sheath is disproportionately thin in Ll-

4, andbarely visible in L5-6 andL27-28 corresponding to the demyelinated appearance of

the teased fibre. Sections L7-15 and L22-24, through the teased nerve fibre where the

external appearance of the myelin is normal, show a normal appearance (L7,12 and 13),

normal myelin sheath with enlarged periaxonal space and small axon (L10, 15,22 and 24),

redundant myelin outfolding with myelin degeneration (L8-9), and complex myelin

degeneration with or without enlarged periaxonal space (Ll1, 1'4,23). Sections Ll6 and 17

through the first area of myelin thickening show redundant myelin outfolding with myelin

degeneration and enlarged periaxonal space. Sections L18 and 19 through the small

tomacula-like myelin thickening show redundant myelin folding. Section L20 through the

junction of the second and third areas of myelin thickening shows myelin outfolding.

Section L21 through the third focal swelling shows enlargement of periaxonal space with

normal-like myelin sheath extending to section L22. Sections L25 and 26 through the

fourth swelling show complex myelin degeneration and redundant myelin outfolding. Thin

myelin sheaths are demonstrated in cross sections of areas of demyelination (eg, Ll, L2,L5,

L27 andL28).

129



LI

L1

L2 TA L8 L9L5 L6

L1 L8L2

Figure 3-3. Light micrographs; teased fibre from the IgM anti-MAG neuropathy. The

upper panel shows a resin teased fibre with two focal swellings (L3 and L4). The lower

panel illustrates cross sections through different sites of the fibre. Two swelling areas show

redundant myelin outfolding. Bar: 100pm for teased fibre. Bar: 10 ¡rm for cross sections'
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Figure 3-4. Light micrographs; teased fibre from the IgM anti-MAG neuropathy. The

upper panel shows part of a teased fibre with paranodal demyelination (arrow) and focal

myelin foldings. Two lower panels show cross sections of this fibre at designated sites'

Very thin, pale myelin sheaths can be seen in transverse sections through the demyelinated

paranodal regions (L2-a0p" to L2-60p). Step cross sections through the externally visible

myelin folding site of the teased fibre reveal that the redundant myelin (L4 and L4-5¡r) is

associated with myelin breakdown products in the corresponding Schwann cell (L4-10p and

La-15p). Bar: 100 pm for teased fibre. Bar: 10 pm for cross sections.

Demyelinated paranodal and internodal segments in the teased fibres were also transversely

sectioned. Cross sections revealed that axons in these regions were not completely naked.

They were enclosed by thin and pale myelin sheaths (eg, L1, L5,L6,L27 andL28 in Fig' 3-

2; L2-100¡t and LZ-l5O¡r in Fig. 3-4; L3 and L4 in Fig. 3-6). The axonal calibre in the

demyelinated internodal regions may be smaller than that of the externally normal segments

(eg, Ll vs L7 in Fig. 3-2) or similar to the externally normal segments (eg, L5 vs L7 in Fig.

3-2). Enlargement of the adaxonal space was not detected in these regions.
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Figure 3-5. Light micrographs; teased fibre from the IgM anti-MAG neuropathy. The

upper panel is part of a teased fibre showing segmental demyelination with a focal myelin

swelling (arrow). The middle panel shows LM transverse semithin sections L1-6 with an

interval of 200 pm between adjacent sections. Section L1 shows a normal myelin sheath

and axon. Section L2 crosses a node of Ranvier. Section L3 through the edge of a marker

fibre, and shows splitting of myelin sheath. Sections L4 and L6 across demyelinated

segments reveal disproportionately thin myelin sheaths. The lower panel shows the intemal

structure of the focal swelling at level L3 in sections 10 ¡rm apart beginning20 ¡tm from L3.

Multiple myelin layers surround a normal appearing axon. Bar : 100pm for teased fibre.

Bar : 10¡rm for transverse sections.
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Figure 3-6. Light micrographs; teased fibre from the IgM anti-MAG neuropathy. The five

upper panels show part of a teased fibre with a pale external appeataîce and no myelin

sheath visible under LM at a magnification of x 400 in the segment indicated by L3 andL4.

The three lower panels are cross sections of the teased fibre through designated sites at

regular intervals of 100 pm. All cross sections show thin and pale myelin sheaths. The

myelin sheaths in L3 and L4 arepaler than those in other cross sections. The axonal calibre

remains stable along the length of the fibre.
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Cross section studies of the teased fibre with a "non-specific extemal appearance" revealed

thin and pale myelin sheaths along the whole length of the fibre (Fig. 3-6).
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Figure 3-6. Light micrographs; teased fibre from the IgM anti-MAG neuropathy. The two

upper panels show part of a teased fibre in which no nodes of Ranvier can be reliably

recognized (non-specific change). The two lower panels are cross sections through

designated sites of the fibre at regular intervals of 200 pm. L2 is at the edge of a marker

fibre. All cross sections show a thin myelin sheath and the myelin sheaths in Ll and L7 ate

extra pale corresponding to the very pale external appearance of the teased fibre. Schwann

cell nuclei are seen in L2, L4, L6 and L9. The axonal calibre remains stable along the

length of the fibre.
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3.3.3 Electron microscoPy

Transverse sections

Electron microscopy confirmed severe loss of myelinated fibres, especially the large fibres.

Many fibres had thin myelin sheaths compared to the axonal calibres. Some fibres had very

thin myelin sheaths and were surrounded by Schwann cell processes with abundant

cytoplasm and enlarged vesicular Schwann cell nuclei indicative of a very early stage of

remyelination (Fig. 3-7). Large (> 1 pm) completely naked axons were not found.

Occasional fibres were suffounded by multiple Schwann cell processes suggestive of early

onion bulb formation (Fig. 3-S). Many fibres showed characteristic splitting of the

intraperiod line in the extemal layers of the myelin lamellae resulting in widened myelin

lamellae (WML). WML were also present in the center and the innermost part of the

myelin sheaths in a few fibres, and occasionally involved the entire myelin sheath (Fig. 3-9).

Enlargement of the periaxonal space was detected in a few fibres, and some of them had

severely compacted axons (Fig. 3-10). Some axons were sunounded by excessive myelin

sheaths showing redundant myelin infolding or outfolding. The redundant folding myelin

sheaths could be of normal myelin lamella periodicity or show WML (Fig. 3-11). Various

degrees of complex myelin splitting and degeneration with normal, compacted or

degenerative axons were present in many fibres (Fig. 3-12). WML, redundant myelin

folding, enlargement of periaxonal space, myelin degeneration and compacted or

degenerative axons could be present simultaneously in one fibre or in different fibres. One

hundred random myelinated fibres were quantitated under x 20,000 magnification. WML

was found i1, 62 (62%) fibres. WML was in the periphery of myelin in 60 fibres, in the

inner mesaxon in 3 fibres (2 also in the periphery), in the center of the myelin sheath in 2

fibres (1 also in the periphery), and nearly through all the myelin sheath in 1 fibre.

Enlargement of periaxonal space was found in 34 (34%) fibres. Redundant myelin folding

was found in 5 (5%) fibres.
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Figure 3-7. Electron micrograPh shows a nerve fibre with a very thin myelin sheath

surrounded by a Schwann cell with a vesicular nucleus indicative of a very early stage of

remyelination. Bar: 1 Pm

.Þ-

Figure 3-8. Electron micrograph shows a thinly myelinated nerve fibre was surrounded

multiple Schwann cell processes indicative of early onion bulb formation.

Figure 3-9. Electron micrograph of a cross section through a nerve fibre with enlarged

adaxonal space and myelin splitting. WML involves nearly the entire myelin sheath (bar :

1 pm). Insert at the top of the picture shows WML at higher magnification (Bar:0.1 pm)'
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Figure 3-10. Electron micrographs show two myelinated fibres with intact myelin sheaths,

enlarged periaxonal spaces and compacted axons (4, B). Bar: 1 pm

Figure 3-11. Electron micrographs show various patterns of myelin outfolding (4, B) and

complex myelin infolding (C, D). WML can be clearly seen in the redundant folds of

myelin (4, B). Bar: 1 ¡rm
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Figure 3-12. Electron micrographs showing various degrees of complex myelin splitting

and degeneration. Myelin splitting with relatively normal axons is present in A and B' C

shows a fibre with degenerate myelin surrounded by an externally intact myelin sheath and

a severely compacted and displaced axon (a). D shows a fibre with redundant myelin

folding, myelin degeneration and compacted axon (a). E and F show two fibres with myelin

degeneration and complex myelin folding. Axons in these two fibres are also degenerate'

Bar: 1 pm

Longitudinal sections

As in transverse sections, WML was usually found in the periphery of myelin sheaths, and

sometimes extended from internodal regions to paranodal regions, leading to an increased

space between the paranodal terminal loops (Fig. 3-13). It was noticed in a few paranodal-
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nodal-paranodal regions that one side showed \ /ML of the myelin sheath, while the other

side showed normal periodicity of myelin lamellae. WML, localized to the center of the

myelin sheath, was traced along the length of the fibre and was found to be in continuity

with the Schmidt-Lanterman incisures (Fig. 3-1a). Redundant myelin infolding and out

folding were coÍrmonly encountered in longitudinal sections at both internodal and

paranodal regions (Fig. 3-15-16). Sometimes redundant myelin infolding and outfolding

loops were located just adjacent to each other (Fig. 3-15)' WML and myelin degeneration

were commonly found in the redundant folds of myelin'

¡f> , '..:
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Figure 3-13. Electron micrograph of longitudinal section through a node of Ranvier (bar :

1 pm). WML is present to the left of the node of Ranvier, and extends from the internodal

myelin to paranodal myelin. The periodicity of myelin lamellae at the right side of the node

of Ranvier is normal. WML is clearly seen in the insert (left upper,baÍ:0'5 pm)'

Figure 3-14. Electron micrograph showing enlargement of the adaxonal space (AS),

redundant myelin outfolding with myelin degeneration (oF) and a schmidt-LanteITnan

incisure (scl) (bar : 1 pm). It clearly can be seen in the insert that wML in the center of

the myelin sheath is a continuous expansion from the sLI (bar:0.5 pm).
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Figure 3-15. Electron micrograph of a longitudinal section through a node of Ranvier. A

focal myelin swelling is present near the node of Ranvier (bat : 2 pm)' Myelin

degeneration is present in the focal myelin swelling, and the outer part shows WML (insert,

bar: 0.5 pm).

Figure 3-16. Electron micrograph of a longitudinal section through the internodal region of

a myelinated fibre (bar: 2 pm). Outfolding and infolding myelin loops are located adjacent

to each other. V/ML and myelin degeneration are present in the redundant myelin loops

(insert, bar: 0.5 pm).
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3.4 DISCUSSION

Focal myelin swellings and tomacula (myelin thickenings > 50% of fibre diameter as

described by Verhag en et al., 1993) have been described in the teased nerve fibres of IgM

anti-myelin-associated glycoprotein (MAG) paraproteinaemic neuropathy (Jacobs and

Scadding, 1990; Rebai et a1.,1989; Sander et a1.,2000) and focal hypermyelination of fibres

in transverse sections of peripheral nerves has also been reported (Jacobs and Scadding,

1990;Lach et al., 1993; Rebai et a1.,1989; Sander et a1.,2000; Yital et al', 1989)' The

structure and mechanism of formation of focal myelin swellings and tomacula is not well

understood. Demyelination/remyelination with axonal degeneration, widening of myelin

lamellae and focal myelin thickenings found in this case are consistent with the typical

pathological changes reported in IgM anti-MAG neuropathies (Vital et al',1989; Yeung et

al.,I99I).

3.4.1 Anti-MAG IgM monoclonal antibodies

MAG was the first identified myelin target for monoclonal IgM antibodies in patients with

demyelinating neuropatþ and MGUS (Braun et al.,l9S2). IgM anti-MAG antibodies from

patients with peripheral neuropathy bind to the L2iHNK-1 carbohydrate epitope on MAG

and other glycoconjugates, such as N-CAM, P0, PMP22, SGPG and sulfated glucuronic

acid containing lactosaminyl paragloboside (SGLPG) (Ariga et al., 1987; Burger et al.,

1990; 1992; Chou et a\.,1986; Hammer et al.,1993;Ilyas et al.,1990; Snipes et aL.,1993).

The preferential binding of antibody to MAG may be because MAG contains multiple

reactive oligosaccharide chains, whereas P0 and PMP22 only have a single oligosaccharide

chain (Burger et al., 7gg2, l9g3), and MAG in non-compact myelin is more easily

accessible to the antibodY.
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3.4.2 Focal myelin thickenings in anti-MAG neuropathy

Frequency and location of focal myelin thickening in teased nerve fibres

Although fibres with myelin sheaths of excessive thickness are commonly encountered in

routine cross sections in neuropathies associated with anti-MAG IgM paraproteinaemia,

focal myelin thickenings in teased myelinated nerve fibres have been reported in only a few

cases (Jacobs and Scadding, 7990; Rebai et al., 1989; Sander et al', 2000). In 283

consecutive internodes from one case, Rebai et al. (1989) detected focal myelin swellings in

34o/o ofinternodes. Jacobs and Scadding (1990) noted only the very occasional tomaculous

body in single fibres. In 3 patients, Sander et al. (2000) found that teased fibre preparations

showed a high percentage of tomacul a (52.7% of fibres), similar to our finding of tomacula

in 62Yo of fibres teased in glycerol. As shown in the present case, tomacula are usually

located in fibres showing demyelination/remyelination, and atboth internodal and paranodal

regions.

Structure of focal myelin thickenings

No previous study has focussed on the internal structure of tomacula in IgM anti-MAG

neuropathy. Rebai et al. (1989) found redundant myelin loops (external and internal) and

thick myelin sheaths on conventional electron microscopy in cases with focal myelin

swellings in teased nerve fibres. Jacobs and Scadding (1990) suggested that the "bubbly''

myelin in teased fibres was due to extensive swelling of the adaxonal space. These

suggestions have been confirmed by our studies using the new teased nerve fibre technique.

For the first time, we have demonstrated that myelin degeneration and multiple concentric

myelin loops are also responsible for focal myelin thickenings and that these abnormalities

may be present simultaneously in the same focal myelin thickening.
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Mechanism of Tomacula Formation

The pathogenesis of focal myelin swellings and tomacula is not clear. The association of

myelin thickening and the widening of myelin lamellae with IgVt kappa deposition supports

a pathogenic role for anti-MAG antibody in the formation of myelin swellings and tomacula

(Lach et aL.,1993; Rebai et a\.,1989)'

It has been suggested that this antibody binding to the L2IHNK-1 carbohydrate epitope'

important in cell adhesion, may lead to the formation of tomacula and subsequent

demyelination (Sander et a|.,2000). The presence of tomacula in fibres showing paranodal

or internodal demyelination in the present case and in other reports (Jacobs and Scadding,

I991;Rebai et a1.,1989; Sander et a1.,2000) is in agreement with this view. Both in vitro

and in vivo studies have supported the functional role of MAG in the maintenance of myelin

and axon integrity (Schachner and Bartsch, 2000). Axonal atrophy and secondary

segmental demyelination have been reported in IgM anti-MAG neuropathy (Jacobs and

Scadding, 1990; Mendell et a1.,1985), and it has been suggested that axonal atrophy leads

to focal redundancy and irregular folding of myelin sheaths leading to focal swellings

(O,Neill and Gilliatt, 1987; O'Neill et a\.,1934). Tomacula and atrophic axons were also

found in the peripheral nerve of adult MAG null mutant mice, and the tomacula attributed to

outfolding of the myelin sheath due to axonal atrophy (Yin et al., 1998)- However, this

does not explain focal excessive myelin in the absence of axonal atrophy. Although it was

proposed that longitudinal movement of myelin along individual myelinated nerve fibres

during the process of axonal atrophy led to the formation of tomacula (O'Neill and Gilliatt,

l9B7; O'Neill et al., 1984), no evidence is available to support this hypothesis. In the

present case, the finding of myelin infoldings and outfoldings in association with normal

axons and externally normal internodes suggests that focal myelin swellings are the result of

focal overproduction of myelin, which gradually increase in size. Animal studies suggest
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that MAG has a functional role in inhibition of over-production of myelin (Li et al.,1998)'

In IgM anti-MAG neuropathy, reduced MAG expression in myelin is often associated with

thick IgM deposits (Gabriel et al.,1996). Therefore it is reasonable to speculate that focal

loss of MAG due to specific antibody binding leads to failure of inhibition of myelin

formation and focal overproduction of myelin by the Schwann cell and tomaculum

formation. The findin g that myelin splitting and degeneration were commonly present in

redundant myelin foldings indicates that these structures are not stable and tend to

degenerate after a critical size reached, and is consistent with the finding in animal

experiments that MAG functions in long-term maintenance of myelin integnty (Fruttiger e/

al.,1995). Myelin debris in Schwann cell cloplasm at the site of redundant myelin folds

suggests that the Schwann cell which ensheaths the segment of the axon and generates the

redundant myelin is also able to break down the redundant myelin. The enlargement of the

adaxonal space in association with compaction of the axon in focal myelin swellings is

consistent with disruption of normal myelin-axon relationships, and suggests that axonal

structure may be focally modulated by MAG' Animal experiments suggest that MAG

influences axonal calibre by modulating neurofilament phosphorylation (Yin et al',1998)'

3.4.3 Demyelination in IgM anti-MAG neuropathy

As described in most peripheral nerve biopsies from the patients with IgM anti-MAG

neuropatþ (Ellie et al.,1996;Mendell et a\.,1985; Jacobs, 1996; Smith, 1994;Yttal et al',

1989; Yeung et al., I99l), demyelination was the predominant pathological process in the

present case. consistent with the finding of Jacobs and Scadding (1990), the incidence of

segmental demyelination in teased nerve fibres was higher than might have been expected

from the appearance in transverse section. In the present case, thin and pale myelin sheaths

in cross sections through the demyelinated internodal and paranodal regions of the

individual teased nerve fibres are consistent with the finding that no large completely naked
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(demyelinated) axons were detected under EM. These results confirm the previous finding

that very thin myelin sheaths may not be visible in teased nerve fibres under LM (Dyck e/

al., 1993a) and suggest that if complete demyelination occurs, it is likely a transient

phenomenon and completely demyelinated axons will be rapidly re-wrapped by new myelin

lamellae

The pathogenesis of demyelination in anti-MAG neuropathy is not well understood. MAG

is a component of myelin. Autoantibodies against myelin component(s) may induce

primary demyelination (Dyck et al., 1993a). Binding of IgM anti-MAG antibodies to

L2iHNK carbohydrate epitope shared by MAG and other glycoconjugates of PNS myelin,

such as Ps and PMP22, may contribute to the demyelination (Ariga et al.,1987; Bollensen

and Schachner, 1987; Bollensen et a1.,1988; Burger et a1.,1990, 1992; Chou et al', 1986;

Hammer et al., 1993; K¡use et al., 1984; McGarry et a1.,1983; Snipes et al',1993)' On the

other hand, MAG functions in myelin-axon relationships and can modulate axonal

properties (Yin et al., 1998; refer to Chapter 5). Segmental demyelination in a patient with

IgM anti-MAG neuropatþ was considered secondary to the axonal atrophy (Jacobs and

Scadding, 1990). Distal axonopatþ and secondary demyelination was also considered in

another patient with IgM anti-MAG neuropathy (Mendell et a\.,1985). But these previous

studies could not demonstrate axonal atrophy in teased fibres showing segmental

demyelination (Jacobs and Scadding, 1990; Mendell et al., 1935). Using the new teased

nerve fibre technique, for the first time we have shown considerable variation of axonal

calibre along the length of teased fibres showing segmental demyelination. Axonal

compaction or axonal atrophy in extemally normal segments of demyelinated teased fibres

and axonal compaction or degeneration associated with well preserved myelin sheaths were

present in our case and support the notion that the axon may be initially damaged in anti-

MAG neuropatþ and that demyelination is secondary to the axonopatþ (Jacobs and
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Scadding, 1990; Mendell et al.,l9S5). This is also consistent with the recent finding that

MAG functions in long term maintenance of axon-myelin relationships (Fruttiger et al.,

1995; Yin et at., 1998). The feature of irregular axonal and myelin damage is consistent

with autoantibody binding at different regions of the nerve fibre.
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3.5 CONCLUSION

Tomacula and focal swellings are due to increased concentric multiple loops around the

axon, redundant myelin infolding or outfolding, enlargement of the adaxonal space, myelin

degeneration or a combination of these pfocesses. It has also been shown that similar

changes may be present in otherwise externally normal segments of teased fibres suggesting

that these represent an early phase in the evolution of myelin swellings. The finding of

axonal compaction in externally normal segments of teased fibres showing demyelination

suggests that the primary damage is axonal and the demyelination secondary. The

disturbances of myelin and myelin-axon relationships in this study are consistent with

altered neural adhesion produced by anti-MAG antibodies targetting particularly vulnerable

anatomical sites of the nerve fibres determined by the presence of MAG'
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CHAPTER 4: Teased Nerve Fibre Studies in MAG Deficient Mice
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4.1 INTRODUCTION

Although in vitro studies yielded major insights into the functional roles of MAG during

myelination formation and the maintenance of myelin-axon interactions in the adult

(Chapter 1), knowledge of its function in vivo was still lacking. Auto-antibodies against

MAG can cause demyelinating peripheral neuropathy with various degrees of axonal

damage (Chapter 3). Hereditary neuropathy due to MAG gene mutation has not been

found. The generation of mice deficient in the expression of MAG by targeted disruption of

the MAG gene via homologous recombination in embryonic stem cells allowed the study of

the functional role of this molecule in vivo (Li et al.,1994; Montag et al.,1994). Knockout

of the MAG gene (MAG-ê) results in complete absence of MAG messenger RNA and

MAG in both the CNS and PNS (Lí et al.,1994; Montag et al., t994). However, the other

components of myelin in both the pNS and CNS are not different from those of wild-t1pe

littermates (Montag et al., lgg4). Heterozygous MAG-deficient (MAG., mice did not

show any clinical and pathological phenotype (Fujita et al., 1998; Montag et al', 1994)'

Studies in homozygous MAG-deficient mice have provided new insights of functions of

MAG in the formation and maintenance of myelin and in myelin-axon interactions.

In this chapter the myelin and axonal relationships within focal myelin swellings and

tomacula of individual teased nerve fibres in MAG deficient mice are examined and

compared with findings in human IgM anti-MAG neuropathy'
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4.2 MAG KNOCKOUT MICE AND TOMACULA IN EXPERIMENTAL

MODELS

4.z.LPhenotype of MAG knockout mice

Homozygous MAG mutants displayed a subtle phenotype. No gross behavioural

abnormalities were apparent (L\ et al., 1994; Montag et al., 1994). The Water maze test

(Monis, l914;Morris et a|.,1982) demonstrated that the capabilities of MAG-/- mutants for

coordinated movement and learning were not significantly different from wild-type

littermates (Montag et al., lgg4). However, the bar-crossing test (Gerlai et al., 1993)

showed that mutant mice exhibited decreased locomotor activity and a mild and transient

trunk tremor, suggesting that their finer motor coordination abilities were significantly

affected by the mutation (L\ et al., l9g4). Establishment of MAG-defïcient lines by

intercrossing homozygous MAG-deficient mice proved that both sexes are fertile (Montag

et a|.,1994).

4.2.2 MAG functions in maintenance of myelin-axon integrity in the PNS

Role in PNS myelination

In MAG-defïcient mutants, myelination in the PNS is similar to that observed in wild-type

mice (Li et a1.,1994; Montag et al.,lgg4). In the pectineus nerves of 4-day-old wild type

and MAG-/- mice, the numbers of myelinated axon-Schwann cell units and axon-Schwann

cell units acquiring the 1:l ratio, but not yet myelinated, are indistinguishable (Montag el

at.,1994). In agreement with these frndings, serial studies of sciatic nerves at different age

also show that the number of myelinated fìbres are comparable between MAG]- and wild-

type animals from postnatal 7 days to 9 months (Yin et aL.,1998).

The ultrastructure of compact myelin was unaffected in the PNS of MAG-deficient mutants

(Li et al., 1994; Montag et al., lgg4). X-ray diffraction studies showed the normal
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periodicities of compact myelin lamellae in sciatic nerves (11.4 + 0.01 nm in MAG-/- vs

17.4 + 0.04 nm in MAG*/*) (Li et at.,1994).

Conflicting results have been reported concerning the Schwann cell periaxonal cytoplasmic

collar and adaxonal space in MAG-deficient animals. Although loss of the periaxonal

cytoplasmic collar and/or a dilated adaxonal space in some myelinated fibres in the PNS

were reported (Li et al.,1994), this was not confirmed (Montag et al., 1994). An in vitro

study showed that MAG-deficient Schwann cells myelinated neurites of co-cultured dorsal

root ganglion (DRG) neurons with intact periaxonal cloplasmic collar and periaxonal space

(Carenini et al., 1998).

Although MAG is not a crucial factor for myelin formation in vivo (Li et al.,1994; Montag

et al.,lggi-),the analyses of adult and aged MAG null mutants reveal that MAG is a critical

factor in the long-term maintenance of axon-myelin integrity, especially in the PNS

(Fruttiger et aL,l995;Yin et a1.,1998).

Degeneration and regeneration of myelinated fibres in the PNS

Degenerating MFs were first demonstrated in the peripheral nerves of 8- and l0-month-old

MAG-/ mice (Fruttiger et at., 1995). The incidence of degenerating MFs in postnatal 35

days to 16 months MAG-/- mice was signifrcantly higher than in age-matched control mice

(Yin et at., 1998). Formation of onion bulbs, tomacula and decreased axonal calibre were

demonstrated in the PNS of MAGr- mice (Careniní et a\.,1997; Fruttiger et a\.,1995; Yin

et a1.,1998). Probable regenerating sprouts were also noticed as unmyelinated fibres were

ensheathed by Schwann cells, occasionally containing degenerate myelin and axonal debris

(Fruttiger et a1.,1995). Fruttiger et al (1995) also reported the presence of onion bulbs,

consisting of relatively large axons surrounded by multiple circumferentially oriented and
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crescent-shaped Schwann cell processes each covered by basal lamina. Such structures are

considered to originate as a result of repeated demyelination and remyelination-induced

proliferation of Schwann cells (Dyck et al',1993a).

MAG modulates axonal properties in the PNS

The periaxonal localization of MAG suggests the potential function of MAG in axon-

Schwann interaction (see above) . Early studies in young MAG-deficient mice did not find

morphological changes in the axon (Li et al.,1994; Montag et al.,1994). However, further

studies indicate that MAG may exert a positive influence on the calibre of myelinated axons

(yin et at., 1998). Morphometric studies showed that the calibre of axons surrounded by

morphologically intact myelin in the sciatic nerves of MAG-/- mice of 3-month-old or over

was significantly smaller than that of age-matched wild-type mice. Reduced axonal calibre

correlated with reduced neurofilament spacing and a decrease of neurofilament

phosphorylation (Yin et a1.,1998). Yin et at. (1998) suggested that MAG-deficient mice

are a model for investigating mechanisms of axonal atrophy and degeneration and testing

potential therapeutics that may delay or stop axonal atrophy associated with chronic

diseases of myelin.

L-MAG is not essential for PNS myelination

The expression of L-MAG in the early stage of myelination in the PNS (Ishiguro et al.,

1991) suggests that L-MAG might be involved in myelin formation. However, myelin in

the pNS appeared morphologically normal in mice deficient for L-MAG generated by

introducing a stop codon into exon 13 of the MAG gene (Fujita et al', 1998). Moreover,

neither changes in periaxonal structures nor increased axonal degeneration was detected in

1-, 8-, L2-, and 16-month-old mutant animals. This finding suggests that L-MAG may not
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be essential for the PNS, and that S-MAG may be sufficient to maintain the integrity of

myelin and the axon in the PNS (Fujita et a1.,1998).

4.2.3 MAG is essential in myelin formation and maintenance in the CNS

A significant delay in the formation of compact myelin and hl.pomyelination were observed

in the CNS in MAGJ- mice (Bartsch et a\.,1997;Li et aL.,1998; Montag et a|.,1994). The

ultrastructure of compact myelin was unaffected in the CNS in MAG-/- mice (Bartsch et al.,

1995b; Li et al., 1994; Montag et al., 1.994; Uschkureit et al., 2000). However,

oligodendrocyte cytoplasm (or cytoplasmic domain) was noted in some compact myelin

sheaths (Li et al., 1994; Montag et al., 1994) of mutants but were absent in wild{ype

littermates (Montag et al., 1994). In many of these sheaths, cytoplasm was restricted to

terminal oligodendrocyte processes. These processes frequently correlated with a change in

spiralling direction of myelin, suggesting that some axons in MAG-deficient mice are

concentrically surrounded by more than one myelin sheath, double or multiple myelination

(Bartsch et al.,I995a; Montag et a1.,1994). The myelin sheaths displaced from the axon

had a normal ultrastructure of compact myelin (Bartsch et al., 1995a;Li et al., 1998).

Further investigations in the mechanism of the formation of multiple myelination will be

beneficial for understanding the functional role(s) of MAG in the glia-axon signalling.

Multiple myelination resulted in increased thickness of compact myelin in relation to axon

diameter (Bartsch et al., 1995b). A dying-back oligodendrogliopathy was noted in aged

MAGr- mice (Lassmann et a1.,1997).

Morphological and morphometric studies of CNS myelin revealed that the phenotype of L-

MAG knockout mice was similar to that found in total MAG null mutants (Fujita et al.,

1ee8).
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4.2.4 Studies of MAG and other myelin component(s) in double and triple

knockout mice

Why does a decrease in the levels of MAG RNA in vitro impair myelination (Owens and

Bunge, 1991), whereas a null mutation of the MAG gene in vivo does not (Li et al', 1994;

Montag et al.,l9g4)? It has been suggested that compensatory mechanisms are available in

vivo that are not available in vitro (Montag et al., 1994). Schwann cells from MAG null

mutants myelinate dorsal root ganglion neurons in vitro (Carenini et aL,1998)' Double or

triple knockout mutants of MAG and other myelin components have been generated to

investigate the possible involvement of other molecules in the formation and/or maintenance

of myelin.

N-CAM and MAG double knockout mice

The neural cell adhesion molecule, N-CAM, was the first lg-like cell adhesion molecule to

be isolated and charactenzed in detail (Brackenbury et a\.,1977; Cunningham et al', L987)'

It is expressed by myelinating oligodendrocytes and Schwann cells. During development,

its expression becomes confined to the axon-Schwann cell interface accompanied by the

expression of MAG (Martini, 1994a Martini and Schachner, 1986). In the spiral ganglia of

wild type mice where nerve cell bodies are normally myelinated, MAG is not detectable in

the perikaryal myelin but appears to be topographically replaced by N-CAM (Martini,

Igg4b). Expression of N-CAM is up-regulated at both protein and mRNA levels at those

sites where MAG would normally be located in MAG-deficient mice (Montag et a\.,1994).

N-CAM and MAG double knockout (N-CAA,[/-MAÇ/-) míce were generated by cross

breeding the single mutants. The ultrastructure of myelin sheaths in peripheral nerves of N-

CAM-A mice or N-CAA/[/-MAÇ/- mice was not affected, indicating that N-CAM is not

required for the formation of morphologically intact myelin. However, degeneration of

myelinated fibres started earlier ín N-CAtvf/-MAÇL mutants than in MAG-/- mice,
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indicating a role for N-GAM in the maintenance of PNS myelin (carenini et al',1997)' N-

cAM and MAG collaborate to function in the long-term maintenance of myelin integrity in

the CNS (Schachner and Bartsch, 2000)'

MAG and Ll double knockout mice

The neural adhesion molecule Ll is another candidate molecule that might compensate for

the lack of MAG in MAG mutants. During development, L1 is expressed on fasciculating

axons and Schwann cells at the onset of myelination, and becomes completely undetectable

on both axons and Schwann cells when Schwann cells have made 1 and a half turns around

the axon, at which time the Schwann cell expresses MAG (Martini et al., 1994a; Martini

and schachner et al., 1986). Anti-Ll antibodies interfere with the segregation and

myelination of DRG neurites by co-cultured Schwann cells (Seilheimer et aL.,1989; Wood

et a;.,1990). However, the analysis of l-month-old MAÇ/-L\-/- mutants and control mice

revealed a similar number of myelinated axons in the sciatic nerves of both genotypes

(Haney et al.,l996b).

MAG and P¡ double knockout mice

po also belongs to neural cell adhesion molecule subfamilies of the immunoglobulin

superfamily, and peripheral nerves of Po-deficient mice display a severe dysmyelinating

phenotlpe, confirming the view that P6 mediates myelin formation and compaction (refer to

section 2.6.1). In 4-week-old po/-MA6/-, the dysmyelinating phenotlpe of the axon-

Schwann cell units was very similar to that seen in the Po-deficient single mutants,

suggesting that MAG was not involved in the poor myelin compaction of Ps-deficient mice.

However, peripheral nerves of older P¡r-MAGL mutants contained significantly more

unmyelinated axons that had acquired a 1:1 relationship with Schwann cells than Po mutants

of the similar age. These observations suggest a subtle role for MAG in the formation of
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peripheral myelin, which becomes only apparent in the simultaneous absence of Pg

(Carenini et al., 1999).

MAG and PLP double knockout mice

Proteolipid protein (PLP) is the major integral myelin component of CNS myelin,

accounting for approximately 50o/o of myelin protein, but is also expressed by myelinating

Schwann cel|s. However, in contrast to oligodendrocytes in the CNS, it is not incorporated

into the myelin of Schwann cells in the PNS (Puckett et a1.,1937). The PLP gene is carried

on the X-chromosome and encodes 2 isoforms, PLP and DMzo (Nave et al., 1987;Yan et

at., 1993). PLP has 4 hydrophobic transmembrane domains, thus resembling channel

proteins (Weimbs and Stoffel, 1992). PLP gene mutations in man cause Pelizaeus-

Merzbacher disease (PMD), a central nervous system dysmyelinating disease typically

charactenzed by nystagmus, delayed psychomotor development, spasticity and ataxia

(Adams et al., L997). Most investigators have found that peripheral nerve function and

structure is normal in patients with PMD. However, Garbern et al. (1997, 1999) reported a

family with a mutation leading to absence of PLP and a demyelinating peripheral

neuropatþ. In PLP-/- mice, CNS myelin compaction is impaired and myelin lamellae are

separated atthe intraperiod dense line (Boison and Stoffel, 1994; Boison et a1.,1995). In

PLP-/-MA6/- double mutants, the morphological abnormalities of the PLF/- and MA6/-

single mutants are cumulative (Uschkureit et a1.,2000). The most striking feature is the

early onset of axon degeneration in the CNS around postnatal day 40 (Uschkureit et al.,

2000), which starts in the PLP-/- mouse only at later stages of life (Griffiths et al., 1993).

These observations suggest that MAG functions in the maintenance of CNS axons in the

absence ofPLP.
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MBP knockout mice and PLP, MBP and MAG double and triple knockout mice

Myelin basic proteins (MBPs) comprise 30-40o/o of CNS and 5-l5%o of PNS myelin

proteins. The shiverer mouse, a naturally occurring null-mutant for MBP, is characterized

by severe CNS hypomyelination, lack of major dense lines in myelin sheaths and premature

death within 3 months (Rosenbluth, 1980a). PNS myelin does not show major

abnormalities (Kirschner and Ganser, 1980; Rosenbluth, 1980b) except for an increased

number of Schmidt-Lanterman incisures (Gould et a\.,1995). In PLPr-MBFL double and

7LFLMB7J-MA€/- tnple mutants, the CNS hlpomyelination was not as severe and the

lifespan of the double and trþle mutants was prolonged (Uschkurcít et a1.,2000).

4.2.5 Focal myelin swellings and tomacula in experimental models

Tomacula in MAG knockout mice

In MAG deficient mice, Yin et al. (1998) found tomacula were often located in paranodal

regions and sometimes in internodal regions and the incidence of paranodal tomacula in the

sciatic nerves increased from 57o/o at postnatal 3 months to 93o/o at postnatal 9 months (Yin

et al., 1998). In the paranodal tomacula, the focal excessive myelin was positioned

asymmetrically around axons which showed dramatic focal reduction of calibre and

neurofilament spacing (Yin et al.,1998). These findings were interpreted as that paranodal

tomacula in MAG deficient resulted from focal axonal shrinkage and folding of the myelin

sheaths.

Focal myelin swellings were also found in paranodal regions but not in intemodal regions in

MAG and N-CAM double knockout mice (Carenini et a1.,7997). They were attributed to

paranodal hypermyelination based on the symmetrical and disproportionately thick myelin

sheaths (Carenini et a1.,1997). It was hypothesized that focal hypermyelination may cause

mechanical axonal constriction and axonal degeneration (Carenini et a1.,1997)'
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Tomacula in PMP22 knockout mice

Tomacula were reported in heterozygous and homozygous PMP22 deficient mice (Adlkofer

et al., 1995; lggT). They were often located in paranodal regions and sometimes in

intemodal regions (Adlkofer et al., 1995; 1997). IIPMiP22 homozygous deficient mice,

tomacula were abundant at postnatal day 24 but were rarely found at postnatal week 10 at

which time the fibres showed extensive segmental demyelination (Adlkofer et al., 1995).

pMp heterozygous mice developed an increasing number of tomacula over the first 10

weeks and tomacula were found in about 90o/o intemodal segments at postnatal 5 months'

Subsequently the frequency of tomacula decreased and the frequency of segmental

demyelination increased (Adlkofer et al., lg97). In heterozygous PMP22 deficient mice

tomacula were attributed to focal hypermyelination (Adlkofer et al.,1997)'

Focal myelin swellings and tomacula in P¡ mutant mice

Focal myelin thickenings, which were termed "myelin ovoids", were found in 70%o of

paranodes in 4-month-old Po heterozygous deficient mice (Martíni et al., I995a)' These

"myelin ovoids" were identified as complex and asymmetric myelin infoldings (Martini e/

al., 1995a). In l-year-old Po heterozygous deficient mice, teased nerve fibres showed

extensive segmental demyelination, and the frequency of paranodal "myelin ovoids" was

not documented (Martini et a1.,1995a).

Transgenic mice expressing a full length Po modified in the extracellular domain with a myc

epitope tag (5'-CCATTGAGCTAAAGCTCATTTCTGAAGAGGACTTGAATG-3')

showed a dysmyelinating peripheral neuropathy similar to CMT1B (Previtali et a1.,2000).

Tomacula in these mice often originated from the paranodal regions and were due to

redundant myelin foldings. The axon caliber is preserved underneath the tomacula

(Previtali et al., 2000).
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Tomacula in neurofilament deficient quails

Focal myelin thickenings were found at both paranodal and internodal regions of otherwise

externally normal teased nerve fibres of neurofilament deficient quails (Zhao et al',1993).

They were thought to be the result of redundant myelin sheath due to the radial growth or

maturation arrest of the axon(Zhao et al.,1993).
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4.3 MATERIALS AND METHODS

4.3,1Animals

Mice deficient in MAG at the mRNA and protein levels resulting from disruption of the

MAG gene (Li et al., 1994) were provided by John Roder (Samuel Lunenfeld Research

hrstitute, Mount Sinai Hospital, Canada) and maintained at the Walter &'ElízaHall Institute

for Medical Research, Melbourne, Australia. Nineteen MAG gene knockout (MAG-/-¡ mice

of different ages and 14 age-matched control mice (Table 4-1) were used (Animal Ethics

Committee, Institute of Medical and Veterinary Science, approval number 77199).

Table 4-1 Control and mutant mice used in this study

Age (month) MAG*/* MAG-/-

0.5

1

4

9

20

4.3.2 Nerve Biopsies and Tissue Preparation

Mice were sacrificed by decapitation. Bilateral sciatic and posterior tibial nerves were

immediately removed and immersed in 2.5o/o glutaraldehyde in 0.05 moVl cacodylate buffer,

keeping the natural shape of the nerve tissue without any stretching. Extreme care was

taken in order to avoid nerve crushing and over stretching. Animal nerve tissues were then

processed according to the methods described in chapter 2 except that the 1olo osmium

tetroxide for post-fixation was in 0.05 moVl cacodylate buffer.

2

2

5

5

5

2

2

4

J

J
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4.4 RESULTS

4.4.1Glycerated Teased l{erve Fibre Studies

Fifty individual nerve fibres \ilere prepared from the left posterior tibial nerve of every

mouse and from the left sciatic nerve of 3 postnatal g months (P9m) mutants and 3 P9m

control mice. Each fibre contained at least 5 internodes. Individual nerve fibres were

classified according to Dyck et at. (1993a). Fibres showing segmental demyelination,

remyelination or Wallerian degeneration constituted less than 4Yo of fibres in mutant and

control mice. A striking finding in the teased nerve fibres from MAG-deficient mice was

the presence of focal myelin thickenings (approximately 15-45 pm in length and 15-25 pm

in maximum width). They were usually located at paranodal regions þaranodal myelin

thickenings or paranodal tomacula) and occasionally (less than ZYr) at sites close to the

paranode (juxtaparanodal myelin thickenings or juxtaparanodal tomacula). Paranodal

myelin thickenings were first detected in the mutants at age P1m. Their frequency increased

significantly with age (R2 : 0.85, P<0.05; Table 4-2). The size of paranodal myelin

thickenings increased with age and after P4m most reached the criteria for tomacula, i.e'

myelin thickenings > 50% of fibre diameter (Verhagen et al. 1993). Tomacula were present

on only one side of a node of Ranvier (unilateral paranodal tomacula) or both sides of the

node (bilateral paranodal tomacula). Occasional paranodal myelin thickenings were also

noted in control after P9m of age, but the frequency was significant lower than that of age-

matched mutants (Table 4-2).

Table 4-2. Frequency (o/o) of paranodal myelin thickenings in glycerol teased nerve fibres

Age (montþ Nerve 0.5 I 94 20

MAG*,*

MAGJ-

MAG*/*

MAGJ_

tibial

tibial

sciatic

sciatic

0

3.8+1.9*

0

0

0.9+0.9 1.8+1.3 3.0t1.7

1 5. 1+3.9** 20.8+4.6** 28.4+5.3**

0.7r0.2

14.3+1.2** -

fibres; *P<0.05; *xP<0.01.
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4.4.2 Correlative study of external appearance with multiple cross sections

Eighteen single myelinated fibers teased in resin from2 P9m MAG-deficient mice (12 from

one and 6 from another) and 14 fibers from 2 P20m mutants (6 from one and 8 from

another) were transversely sectioned and the cross sectional appearance correlated with the

external appearance of the teased fibers at corresponding points. A total of 83 paranodal

tomacula were identified in these fibers, including 49 from the P9m mutants and 34 from

the P20m mutant. Only one juxtaparanodal myelin thickening v/as identified in a fiber from

the P20m mutant. Transverse sections through the 83 paranodal tomacula showed various

morphological appearances, including complex myelin infolding or outfolding, symmetric

and disproportionately thick myelin, and complex myelin splitting and degeneration'

Redundant myelin infolding (eg, L2 in Fig. 4-1) and outfolding (eg, L9 in Fig. 4-1) were

often so complex (eg, Ll9 in Fig. 4-1) that they were hard to differentiate from each other.

Redundant myelin folding, including infolding and outfolding, was the cause of swelling in

735% (36149) of paranodal myelin thickenings from the P9m mutants and 50o/o (ll13$ of

paranodal myelin thickenings from the P20m mutant. Myelin splitting and degeneration

were often noted in redundant folds of paranodal myelin (eg,L9 andLl9 in Fig. 4-1).

Complex myelin splitting and degeneration without discernible redundant myelin folds were

found in24.5%o (I2l4g) of paranodal myelin thickenings from the P9m mutants (e.g., L28 in

Fig. a-1) and in 47.I% (16134) from the P20m mutant. The frequency of complex myelin

splitting and degeneration in the P20m mutant was significantly higher than in the P9m

mutants (Chi square test, P<0.05).
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At sites of redundant myelin folding the axon was usually constricted. At some sites of focal

paranodal myelin swellings, the axonal constriction was so severe that it was difficult to

identify the axon.

Synmetric and disproportionately thick myelin (e.g, L2 in Fig. 4-2) was found in I of the

49 paranodal myelin thickenings from the P9m mutants (3.1%) and 1 of the 34 tomacula

from the P20m mutant (2.9%).

Transverse sections through the juxtaparanodal myelin thickenings revealed myelin

outfolding with an axon smaller than that present in neighbouring internodal compact

myelin regions (L5 in Fig. 4-3).

Complicated redundant myelin folding in association with myelin splitting and degeneration

were not detected in transverse sections through externally normal internodal regions, which

did, however, show enlargement of the adaxonal space in some areas (eg, Ll5 in Fig. 4-1).

Five myelinated fibres from a P9m control and 10 from 2 P20m control mice were

transversely sectioned. Simple myelin infolding was found in a paranode in one fibre from

a P20m control. Complex redundant myelin folding, myelin splitting and myelin

degeneration wefe not detected in either internodal and paranodal regions.
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Figure 4-1. Light micrographs. The three upper panels show a single myelinated nerve

fiber teased in resin from the P9m MAG-deficient mouse. Paranodal myelin thickenings are

present in the fiber at L2, Lg, Ll9 and L28. Four vertical marker fibers (double

arrowheads) indicate specific sites for transverse sectional studies (bar: 100 pm). The four

lower panels show semithin transverse plastic sections stained with toluidine blue through

specific sites along the fiber as indicated by arrowheads, L1-31. The interval between two

adjacent sections is 100 pm. Section L2 through the first paranodal myelin thickening

shows myelin infolding (double arrows) with a small axon (arrow). Section L9 through the

second paranodal myelin thickening shows myelin outfolding with complex myelin splitting

in the outfolding myelin and a small axon (anow). Section Ll9 through the third paranodal

myelin thickening shows complex myelin folding in association with myelin degeneration

and a constricted axon (arrow). Section L28 through the last paranodal myelin thickening

shows complex myelin splitting and degeneration in association with a severely constricted

axon (arrow). Cross sections through externally normal internodal regions show Schmidt-

Lanterman incisures (Ll, L4-6, L8, Ll l, Ll3-14, Ll6, L2l, L24-26, L29 and L31),

enlargement of adaxonal space (Ll5) and Schwann cell nuclei (L14 and L25). bar : 20 ¡tm

for transverse sections. Teased fibre and cross sections were digitized using the MC500

Image Analysis system.
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Figure 4-2. Light micrographs. The upper panel is a teased nerve fiber from a P20m

MAG-deficient mouse (bar : 50 ¡rm). A paranodal myelin thickening is indicated by L2.

The lower panel shows semithin plastic sections stained with toluidine through specific sites

along the fiber at a regular interval of 100 micra. Cross section through the paranodal

myelin thickening (L2) shows symmetrical thick myelin with myelin splitting' Cross

sections through externally normal internodal regions show Schmidt-Lanterman incisures

(Ll and L4-5) and compact myelin (L3 and L6). bar:10 pm for cross sections. Teased

fibre and transverse sections were digitized using the Olympus DPl1 Microscope Digital

Camera System.

L1 L2 L3 L4 Ll L0 LJ L8VîÏVVVVV

Figure 4-3. Light micrographs. The upper panel is a resin teased myelinated fibre from a

p20m MAG-deficient mouse (bar : 50 pm). A juxtaparanodal myelin thickening is present

(L5). The lower panel shows cross sections through specified sites of the teased fibre at an

interval of 50 pm. Cross section through the juxtaparanodal myelin thickening (L5) shows

complex myelin outfolding with a constricted axon that is smaller than that of the

neighbouring intemodal compact myelin region (L6). Myelin splitting is also present in the

outfolded myelin. Transverse sections through externally normal internodal regions show

compact myelin (L7 and L8), Schmidt-Lanterman incisures (L4 and L7), compact myelin

with myelin splitting (Ll and L2), and a Schmidt-Lanterman incisure with myelin splitting

(L3). bar : 10 pm for cross sections. Teased fibre and transverse sections were digitized

using the Olympus DPl1 Microscope Digital Camera System.

164



4.4.3 Correlative study of external appearance with multiple longitudinal

sections

Twenty one single myelinated nerve fibers ftom2Pgm MAG-deficient mice (14 fibers from

one mutant and 7 from the other) and 13 single fibers from 3 P20m mutants were

longitudinally sectioned. A total of r92 paranodal myelin thickenings, including 47 ftom

the P9m mutants and 145 from the P20m mutants, were examined. one juxtaparanodal

myelin thickening in a fiber from the P20m mutant was also longitudinally sectioned and

examined.

Fig. 4-4 shows a longitudinal section through an extemally normal PNP region of a fibre

from a P2}mcontrol mouse. Redundant myelin folding (eg, left paranode in Fig. 4-5) was

found in70.2o/o (33147) of paranodal myelin thickenings from the P9m mutants and 44'8o/o

(651145) of paranodal myelin thickenings from the P20m mutants' The frequency of

redundant myelin folding in the P9m mutant was significantly higher than that in the P20m

mutant (Chi square test, P<0.01). Serial sections through the complex myelin foldings

revealed that these complex structures often showed complex multiple myelin infolding and

outfolding (eg, Fig. 4-6), indicative of focal redundant production of myelin'

complex myelin splitting and degeneration (eg, Fig. 4-7) wete found in 29.8o/o (I4la7) of

paranodal myelin thickenings from the P9m mutants and 53.lYo (771145) of paranodal

myelin thickgnings from the P20m mutants. The frequency of paranodal myelin thickenings

showing myelin splitting and degeneration in the P2}mmutants was higher than that in the

P9m mutants (Chi square test, P<0.01).
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Symmetric and disproportionately thick myelin sheaths with myelin splitting (eg, right

paranode in Fig 4-5) were found in2.l%o (31145) of paranodal myelin thickenings from the

P20m mutants, but not found in the paranodal myelin thickenings from the P9m mutants.

Within the one PNP region, paranodal tomacula may show the same (eg, Fig. 4-6) or

different internal structure (eg, Fig. 4-5).

Serial longitudinal sections through the juxtaparanodal myelin thickening showed myelin

outfolding with a focally compressed axon (Fig. 4-8). The paranodal myelin thickening

close to this juxtaparanodal myelin thickening showed complex myelin folding (Fig. a-8).

Longitudinal sections through externally normal paranodes revealed lhat 6112 fibers ftom 2

P9m mutants, 14132 fibres from the P20m mutants, 0/10 frbres fuom 2 P9m control mice,

2127 hom the P20m control mice showed myelin infolding at paranodes or juxtaparanodes

(Fig. a-9-10). Complex myelin splitting and degeneration were not detected in externally

normal internodal regions.
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Figure 4-4. Light micrographs. The upper panel is part of a teased nerve fibre from the

P20m control mice. A node of Ranvier is present at the center of the fibre (bar = 50 pm).

The lower panel shows the normal longitudinal internal structure of the PNP region. The

axonal calibre is reduced in the nodal and paranodal regions. 0.5 ¡r,m plastic section stained

with toluidine blue (bar - 10 ¡rm). Teased fibre and the longitudinal section were digitized

using the Olympus DPl1 Microscope Digital Camera System.
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Figure 4-5. Light micrographs. The upper panel is part of a teased nerve fiber from the

P20m mutant. Bilateral paranodal myelin thickenings are present at the center (bat = 20

¡r.m). The seven lower panels are serial longitudinal sections through this region. The left

paranodal tomaculum shows asymmetrical redundant myelin outfolding while the right

paranodal tomaculum shows symmetrical thick myelin with a myelin splitting. 0.5 ¡rm

plastic section stained with toluidine blue (bar - 10 ¡lm).
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Figure 4-6. Light micrographs. The upper panel is part of a teased nerve fibre from the

p2¡mmutant. Bilateral paranodal myelin thickenings are present in the fibre (bar = 10 fl.m)'

The ten lower panels are serial longitudinal sections through the teased nerve fibre. Both

the paranodal myelin thickenings show complex myelin folding. 0.5 ¡rm plastic section

stained with toluidine blue (bar = 10 ¡r,m). Teased fibre and longitudinal sections were

digitized,using the olympus DPl1 Microscope Digital camera System'

Ì
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Figure 4-7. Light micrographs. The upper panel is part of a teased nerve fibre from a P9m

MAG-deficient mouse. Bilateral paranodal tomacula are present in this fibre (bar = 2O þm).

The lower panel is a longitudinal section through the bilateral tomacula. Myelin infolding

in association with myelin splitting and degeneration is clearly seen in the longitudinal

section. The axon is severely constricted and displaced to one side. 0.5 ¡r,m plastic section

stained with toluidine blue (bar = 10 ¡"rm). Teased fibre and the longitudinal section were

digitized using the MC500Image Analysis System.

(D7
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Figure 4-8. Light micrographs. The upper panel is part of a teased nerve fibre from the

p2¡mmutant. A juxtaparanodal myelin thickening is present close to the paranodal myelin

thickening at the left side of the node of Ranvier (bar - 20 p"m). The six lower panels are

serial longitudinal sections through the teased fibre. The paranodal myelin thickening

shows complex myelin folding and myelin splitting. The juxtaparanodal myelin thickening

consists of asymmetrical myelin outfolding around a focally compressed axon' 0.5 ¡rm

plastic sections stained with toluidine blue (bar - 10 ¡lm)
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Figure 4-9. Light micrographs. The upper panel is part of a teased nerve fibre from the

p9m mutant showing an externally normal PNP region. The lower panel is a longitudinal

section through the teased nerve fibre. Myelin infoldings are present in both of paranodes.

Half micron plastic section stained with toluidine blue. Teased fibre and the longitudinal

section were digitized using the MC500Image Analysis System'
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Figure 4-10. Light micrographs. The upper panel is part of a teased nerve fibre from the

p20m mutant. An externally normal PNP region is present in the fibre. The nine lower

panels are serial longitudinal sections through the teased fibre. The right paranode shows

myelin infolding (panel 2-5) and myelin splitting and degeneration (panel 6-10). The left

paranode shows paranodal and juxtaparanodal myelin infolding. 0.5 ¡r,m plastic sections

stained with toluidine blue. Teased fibre and longitudinal sections were digitized using the

Olympus DPl1 Microscope Digital Camera System'
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4.4.4 Light MicroscoPY

One-micron plastic sections of sciatic and posterior tibial nerves stained with toluidine blue

were examined. MF density in MAG-deficient mice was comparable to that of controls

from postnatal 0.5 month to 20 months, and there was no hypomyelination, suggesting that

myelination was not delayed in MAG-deficient mice (Fig. 4-ll). The appearance of MFs in

the postnatal 0.5 month MAG-deficient mice did not differ significantly from age-matched

control nerves. At plm, sections of the MAG-deficient sciatic and posterior tibial nerves

showed one to two degenerating fibres consisting of linear myelin ovoids. The frequency of

degenerating fibres increased with age, but was still less than LYo of the total MFs even in

the p20m MAG-deficient mice. Degenerating fibres were only occasionally detected in

control mice at p20m of age and never more than two per section of the sciatic nerves.

Compared with control sciatic nerves, Student's / test analysis found a statistically

significant increase in the incidence of V/allerian degeneration in the sciatic nerves of P4m

and older MAG-defrcient mice (Table 4-3). MFs with disproportionately thin myelin

sheaths compared to the axonal calibre, indicative of demyelinatiorVremyelination, were

very occasionally detected in semithin transverse sections in both mutant and control

animals.

Table 4-3. Quantitative analysis of Wallerian degeneration in the sciatic nerves

Age (month) 0.5 1 4 9 20

MAG-,- O

MAGJ- O

0

1.5+0.71 4+I.2* 5+1.9* 5.4+2.1*

0 0 0.67+0.58

One micron plastic sections of right sciatic nerves from all the mutant and control mice were

analysed at different time points. Numbers represent mean + SD of degenerating MFs per

total nerve cross section

xP<0.01 compared with the age matched control mice'

MFs with focal myelin thickenings were a characteristic finding in MAG-deficient mice.

They were first occasionally detected in both sciatic and posterior tibial nerves of the MAG-
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deficient mouse at Plm of age. The frequency and size of focal myelin thickenings

increased with age. MFs with focal myelin thickenings in 0.1 mm2 fascicular area of the

right sciatic nerve of MAG-/- mice were counted at x400 magnification using the Olympus

Dpll Microscope Digital Camera System. The number of MFs with focal myelin

thickenings per unit area was directly proportionately to the age (Fig. 4-I2)'

-

Figure 4-11. Light micrographs of sciatic nerves of MAG-deficient and age-matched

control mice. There were no striking differences in myelinated fibre densities or the

thickness of the myelin sheaths for most fibres between the two groups. In MAG-deficient

mice older than Plm, some fibres had focal myelin thickening. Semithin plastic sections

stained with roluidine blue and digitized using the Olympus DPll Microscope Digital

Camera system. Bar = 20 P'm

A, P0.5m MAG-/-; B, P0.5m MAG*/*; C, Plm MAG-/-; D, Plm MAG*/*; E, P4m MAG-/-;

F, P4m MAG*/*; G, P9m MAG-/-; H, P9m MAG*i*; I, P20m MAG-/-; J, P20m MAG*/*
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Figure 4-12. Average number of MFs with focal myelin thickenings in cross sections of

right sciatic nerves of the MAG-deficient mice at different time points. The number of focal

myelin thickenings is directly proportional to the age (R2 : 0.9, P<0.01).

The focal myelin thickenings were due to asymmetrical myelin infolding, asymmetrical

myelin outfolding, symmetric and disproportionately thick myelin, and complex myelin

splitting and degeneration (Fig 5-13). Redundant myelin folds were the most common

feature in young mutants. The structure of redundant myelin folds (including infolding and

outfolding) was usually simple (eg, Fig 5-134, E) in young mutants and tended to become

increasingly complex in aged mutants (eg, Fig. 4-13C, G), especially in the mutants older

than P9m. Complex redundant myelin folds were often associated with myelin splitting and

degeneration (eg, Fig. 4-13H, I). Occasionally infolded or outfolded myelin loops partially

enclosed the axon to form additional horseshoe-like myelin loops inside or outside the

original myelin sheath (eg, Fig. 4-13D, J). Symmetric and disproportionately thick myelin

sheaths (eg, Fig. 4-13K, L) accounted for a small number of the focal myelin thickenings in

the mutants at all ages. MFs with focal myelin thickenings showing complex myelin

splitting and degeneration were less in young mutants and became more frequent in aged

mice. The axons in such fibres were usually severely compacted (eg, Fig. 4-13M, N, O)'

Occasionally fibres showed severe myelin splitting with large myelin vacuoles and

compacted and displaced axons (Fig. a-13P).
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Figure 4-13. Yarious types of focal myelin thickenings in MAG-/- mice, including myelin

infolding (A-D), myelin outfolding (E-J), symmetric and disproportionately thick myelin

sheath (K and L), and excessive myelin with complex myelin splitting or degeneration

(M-p). A, B and C show a possible sequence from simple myelin infolding to complex

myelin infolding. In A and B, the axonal size and density seem normal. But in C, the axon

is small and displaced by the focal redundant myelin folds, and seems high dense.

Occasionally infolding partially enclose the axon to form an additional horseshoe-like

myelin loop is formed within the original myelin sheath (D). E-I show a possible evolution

from simple myelin outfolding (E) to spiral myelin outfolding (F, G), and to complicated

folding in association with myelin splitting and degeneration (H, I)' In J, the outfolding

myelin forms an additional horseshoe myelin loop outside the original myelin sheath' The

large fibre in p shows severe myelin splitting with a vacuole in the myelin sheath and

displaced axon. The axon is surrounded by a thin layer of myelin (arrow) at the side

opposite to the large vacuole. Semithin plastic sections stained with toluidine blue and

digitized using the Olympus DPl1 Microscope Digital Camera System. bar = 10 pm'
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Under oil immersion (x1000), 60 to 100 MFs with focal myelin thickenings in cross

sections of right sciatic nerves of the MAG-deficient mice were counted and classified into

3 groups: as¡rmmetric myelin folding (including infolding and outfolding), synmetrical and

disproportionately thick myelin, and complex splitting and degeneration (Fig' a-la). The

percentage of redundant myelin foldings decreased significantly with age (Fig5-14, * :

0.87, P<0.05) while the percentage of complex myelin splitting and degeneration increased

significantly with age (Fig. 4-14, * : 0.88, P<0.05). The percentage of swellings with

syrnmetric and disproportionately thick myelin sheaths was not related to the age.

100

Ëg*
Ëþ uo

X'Ë to
OE
oc60Et=

Ëå*gõ 40ooo,9 eo
OG

TB,oo
¿$,1

a

a

o

o

o 4 

nge or rvlnå¿ericeint 'lí"" tton,t l 

tu 20

Figure 4-14. Average percentage of different types of focal myelin thickenings at different

time points. Sixty to 100 MFs with focal myelin thickenings in cross sections of right

sciatic nerves of each MAGJ- mouse were classified into 3 groups at x1000 magnification.

The percentage of fibres with redundant myelin foldings (frlled circle) decreases with age

(unbroken line, r<r : 0.87, P<0.05) while the percentage of fibres with complex myelin

splitting and degeneration (open circle) increases with age (broken line, xr : 0.88, P<0.05).

Fibres with symmetric and disproportionately thick myelin (triangle) is not related to age.

Longitudinal section studies showed that focal myelin thickenings in MAG-deficient mice

were located in paranodal regions. Longitudinal sections covering up to one thousand micra

of intemodal length did not find complex myelin infolding or outfolding in the internodal

regions. Myelin fibres with simple myelin infolding or outfolding in paranodal regions

were occasionally encountered in control mice, but complex myelin infolding or outfolding

with myelin splitting and degeneration were not detected.
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4.4.5 Electron MicroscoPY

Electron microscopy confirmed that myelination in the PNS of MAG-deficient mice was

similar to that of age-matched wild-t1,pe mice. Myelin compaction and the periodicity of

myelin lamellae of MAG-deficient mice appeared comparable to those of control mice as

described by other researchers (Li et a1.,1994; Montag et al.,1994). Similar to the findings

of Montag et al. (1994), the periaxonal cloplasmic collar in MAG-deficient mice was

preserved, and the inner as well as the outer mesaxon of myelinating Schwann cells

appeared normal in peripheral nerves (Fig. a-15). The adaxonal space of about 12-14 rmt

width was well preserved in many fibres especially small myelinated fibres' Only a few

small fibres had a very thin myelin sheath compared to the axonal diameter (Fig. a-16)'

Occasional MFs surrounded by multiple Schwann cell processes suggestive of onion bulb

formation were found in MAG knockout mice at P9m and older (Fig. 4-17). In the fibres

with a large vacuole and displaced axon as described above under LM (Fig. 4-13P), EM

showed that the vacuole was within the myelin and probably resulted from severe myelin

splitting (Fig. a-lS). Besides focal myelin thickenings, some small myelinated fibres had

redundant compacted myelin coursing away from the axon as described previously in the

cNS of MAG-deficient mice (Li et al., 1994; Montag et al., 1994) (Fig. a-19). cross

sections through nodes of Ranvier showed normal radiating Schwann cell microvilli in

MAG-deficient mice (Fig. a-20). Double or multiple myelination reported in the central

nervous system of MAG-deficient mice (Montag et al., 1994) was not found in the sciatic

and posterior tibial nerves of MAG-deficient mice.

Nonmyelinated axon-Schwann cell units were the same in MAG-defrcient and control mice

Fig. a-2D.

t76



t' l. ta
I

-.t-i:-*.,

Figure 4-15. Electron micrographs of myelinated fibres from the right sciatic nerve (A) and

posterior tibial nerve (B) of a P4m MAG-defrcient mouse. The compaction of myelin

lamellae is normal. The adaxonal space (black arrow) and the Schwann cell cytoplasmic

collar (double white arrows) are well preserved. The inner mesaxon is indicated by the

black arrowhead and the outer mesaxon by the white arrowhead.
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Figure 4-16. Electron micro graph of sciatic nerve from a P4m MAG-deficient mouse, A

myelinated fibre is surrounded by disproportionately thin myelin sheath.

ë

Figure 4-17. Electron micrograph of sciatic nerve from a P20m MAG-deficient mouse. A

nerve fibre with thin myelin sheath is surrounded by multiple Schwann cell processes

indicative of onion bulb formation. Bar :2 þm
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Figure 4-18. Electron micrograph of the sciatic nerve from the P20m MAG-deficient

mouse. A MF shows alarge vacuole in the myelin due to splitting of myelin. The axon is

displaced to one side of the fibre and enclosed by myelin. Bar : I ¡rm

Figure 4-19. Electron micrograph of the sciatic nerve from a P4m MAG-deficient mouse.

A small MF has redundant compact myelin coursing away from the axon.

Ð

Figure 4-20. Cross section of the sciatic nerve of the P4m MAG-deficient mouse through

the node of Ranvier shows the nodal axon is surrounded by a nodal gap filled with radiating

Schwann cell microvilli.
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Figure 4-21. Electron micrographs show that the normal Schwann cell-unmyelinated fibre

unit in MAG-deficient mice (A) is comparable to that of control mice (B)' bar: I pm
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4.5 DISCUSSIOI{

4.S.¡MAG is not essential for the initiation of myelination but functions in

the long-term maintenance of myelin-axon integrity

In development MAG is expressed at the tip of spirally turning loops of myelinating

Schwann cell membrane (Martini and Schachner, 1936). In vitro studies suggested that

MAG was involved in the formation of myelin (Owens and Bunge, l99I; Owens et al',

1gg0). Thus a severe myelin deficiency was expected in mice lacking MAG. However'

studies in MAG-deficient mice resulting from targeted disruption of the MAG gene found

that the initiation and speed of myelination and the gross morphology were normal in the

pNS (Li et al., L994; Montag et al., 1994; Yin et at., 1998). These findings suggest that

MAG may not be involved in the initiation of myelin formation or that other components

may substitute for MAG in the formation of myelin in the PNS. The mutant and control

mice in this study showed the same overall pattern of myelination consistent with these

previous findings (Li et a1.,1994;Montag et al',1994). At an early stage of myelination, no

delay in sorting of larger calibre axons or onset in formation of a multilayered Schwann cell

spiral around the axon was found. Myelin compaction, periodicity of myelin lamellae,

width of the periaxonal space, myelin thickness and the inner cytoplasmic collar in the

MAG-deficient mice were similar to those of control mice. Furthermore, Schwann cell-

unmyelinated fibre units in the MAG-deficient mice were also indistinguishable from those

of the control mice

Because L1-, N-CAM-, MAG-deficient mice develop myelin of normal ultrastructure, it is

evident that myelin molecules can fulfill functionally overlapping roles that ensure that

myelination takes place even under conditions in which there is a deficiency in the normal

molecular components of myelin (Martini and Carenini, 1998).
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Degenerating MFs in the MAG-deficient mice were detected as early as Plm while they

were only present in control mice at P20m of age. The frequency of fibres showing

Wallerian degeneration in the MAG-defrcient mice was higher than in age-matched

controls. This finding is consistent with a previous report showing that the incidence of

degenerating MFs in the pNS of MAG-deficient mice is significantly higher than in age-

matched control mice from postnatal 35 days to 16 months (Yin et a1.,1998), suggestive of

a functional role for MAG in the maintenance of myelin-axon integrity.

4.5.2 Demyelination is not a feature in MAG-defÏcient mice

Segmental demyelination is a predominant pathologic feature in experimental PMP2

deficient mice (Adlkofer et al.,1995,1997), experimental Po deficient mice (Martini, 1999;

Martini et al.,I995a; Shy e/ al.,1997), and human hereditary neuropathies due to mutations

of the gene(s) encoding PMP22 and Po (Kamiguchi et a1.,1998; Keller and Chance, 1999;

Mezei et al., 1993;Nelis et al., 1999; Thomas et al., 1997). But this is not the case in

MAG-deficient mice. In the present study, teased nerve fibres from MAG-deficient mice

did not show an increased frequency of segmental demyelination compared to the age-

matched control mice from postnatal 15 days to 20 months. Previous studies also did not

find an increased frequency of segmental demyelination in teased fibre preparations in

young (g weeks) and aged (9 months) MAG-deficient mice compared to age-matched

controls (Carenini et a1.,1997;Yin et al.,1998).

This is in contrast to the predominant segmental demyelination in teased fibre preparations

in human IgM anti-MAG neuropathy in the present (Chapter 3) and previous studies

(Jacobs and Scadding, 1990; Rebai et a1.,1989; Sander et a1.,2000). This may be because

the demyelination in IgM anti-MAG neuropathy is due to binding of IgM anti-MAG

antibodies to the L2IHNK carbohydrate epitope shared by other glycoconjugates in the PNS,
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including N-CAM, Po,PMP22, SGPG and SGLPG (Ariga et al',1987; Burger et al',1990;

1992; Chou et a1.,1986; Hammer et a1.,1993;Ilyas et al',1990; Snipes et al',1993), orit

may be secondary to axonal damage as suggested previously (Jacobs and Scadding' 1990;

Mendell et a1.,1935) and the present study (Chapter 3).

The absence of segmental demyelination in MAG deficient mice suggests that other proteins

can substitute for MAG during development and that this compensatory mechanism is no

longer available in the mature myelinated fibre affected by IgM anti-MAG antibodies

leading to segmental demyelination. The finding of segmental demyelination in N-CAM

and MAG double nul| mutant mice (Carenini et al., 1997) supports this hypothesis. The

peripheral nerves of N-CAM deficient mice appeared normal throughout the investigated

ages from postnatal 4weeks to 26 weeks, while MAG and N-CAM double null mutants

showed segmental demyelination from postnatal 8 weeks (Carenini et al',1997).

4.5.3 Focal myelin swellings and tomacula in MAG defTcient mice

Tomacula are present in young MAG-deficient mice and increase with age

MFs with focal myelin thickenings are a prominent abnormality in MAG-deficient mice.

yín et al. (1998) reported excessive myelin thickness on cross sections of peripheral nerves

as early as postnatal 5 weeks. In the present study, myelin thickenings were first detected

on cross and longitudinal sections in the MAG-deficient mouse at P1m of age and focal

myelin thickenings were detected in teased nerve fibres simultaneously, suggesting that

tomacula start to form in young MAG-deficient mice'

The frequency of focal myelin thickenings increased significantly with age from P0.5m to

p20m in the present study and from P3m to P9m in the study by Yin et al. (1998),

suggesting that focal myelin thickening is an age-related pathologic feature in MAG-
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deficient mice rather than a transient morphologic phenomenon as described in PMP gene

knockout mice (Adlkofet et al.,1995)

Tomacula are located in paranodal and juxtaparanodal regions

Teased nerve fibre and conventional longitudinal section examinations showed that most

focal myelin thickenings were located at paranodes and only a few were present at

juxtaparanodal regions. Internodal myelin focal thickenings were not detected in this study

in contrast to the previous study by Yin et at. (1998). Focal myelin swellings were also

found in paranodal regions but not in internodal regions in MAG and N-CAM double

knockout mice (Carenini et aL,lg97). Paranodal tomacula or myelin thickenings in MAG

deficient mice were found in otherwise externally normal teased fibres in the present study

and aprevious study (Yinet aL.,1998)'

paranodal abnormalities have been described in certain myelin mutations, including PMP22

deficient mice (Adlkofer et al., 1995, L997) and mice heterozygously deficient for Po

(Martini et al.,I995a) and transgenic mice expressing a mutant Ps (Previtali et al',2000)' It

is therefore possible that the highly organized paranodal structures, including the

complicated axon-Schwann cell apposition in the paranodal network (Gatzinsky, 1996;

Gatzinsky et al., Ig97), are particularly susceptible to molecular alterations, leading to

abnormal myelin folding and axonal constriction. However, tomacula in human IgM anti-

MAG neuropathy were found in both internodal and paranodal regions in previous studies

(Jacobs and Scadding, 1990; Rebai et aI., 1989; Sander et a1.,2000) and in this study

(Chapter 3), suggesting differences in the mechanism of tomacula formation according to

location on the nerve fibre.
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Redundant folding myelin is the basis of tomacula formation in MAG deficient mice

There has been no previous study of transverse or longitudinal sections of tomacula in

teased fibres of MAG-deficient mice. This study utilising our new technique shows for the

first time that most paranodal tomacula result from redundant myelin infolding or

outfolding. The redundant myelin folding is usually simple in young mutants, but in aged

MAG-defrcient mice redundant folding is complex with myelin splitting and degeneration.

Tomacula with complex myelin splitting and degeneration increase with age. This

evolution indicates that redundant folds of myelin are not stable and tend to degenerate with

age, consistent with the notion that MAG functions in the longterm maintenance of myelin

integrity (Fruggiter et aL.,1995)'

Myelin loop invagination is the earliest change in most focal myelin thickenings in MAG-

deficient mice. Focal redundant myelin may result from either focal overproduction of

myelin or focal axonal atrophy. Tomacula described in MAG and N-CAM double knockout

mice (Carenini et al., 1997) and in heterozygous PMP22 knockout mice (Adlkofet et al',

lggT) were attributed to paranodal hlrpermyelination based on the syrnmetrical distribution

of redundant myelin around paranodal axons. However, asyrnmetrical excessive myelin

thickenings were also commonly found in these mutants (Adlkofer et al',1997; Carenini et

al.,1997). It has been suggested that paranodal redundant foldings in MAG-deficient mice

were due to axonal shrinkage based on as)inìmetrical distribution of redundant myelin folds

and reduced axonal calibre in association with reduced neurofilament spacing and reduced

neurofilament phosphorylation (Yin et at., 1998). Tomacula or focal myelin thickenings

were detected as early as postnatal 1 month in the present study and postnatal 5 weeks in a

previous study (Yin et al., 1998). We did not find any subjective difference of axonal

calibre between MAG-deficient and control mice at Plm of age. Quantitative studies by

yin et at. (1998) also did not find a reduction of axonal calibre in MAG-deficient mice at
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postnatal 5 weeks. The finding that paranodal tomacula occur before any reduction of

axonal calibre is contrary to the notion that redundant myelin folding results from axonal

atrophy (Yin et at., 1998). Furthermore, focal excessive volume of myelin cannot be

explained using the longitudinal slippage of myelin because neither loss of myelin in the

internodal regions nor paranodal myelin retraction was detected in the present study and

previous studies (Carenini et a\.,1997 Yin et al.,1998). A focal overproduction of myelin

seems to be the suitable explanation of focal redundant myelin folding. Focal

hypermyelination may cause mechanical axonal constriction and axonal degeneration as

suggested by Carenini et al. (1997) in MAG and N-CAM double knockout mice.

Overproduction of myelin may lead to an excessive number of myelin lamellae

concentrically surrounding the axon, resulting in a symmetric excessively thick myelin

sheath without myelin folding (Fig. a-22). This type of focal myelin thickening constitutes

a small proportion of tomacula in MAG deficient mice, but were commonly found in

heterozygous PMP22 knockout mice (Adlkofer et a1.,1997) and MAG and N-CAM double

knockout mice (Carenini et al.,1997). 
A

B c

ßigure 4-22. Diagram showing focal overproduction of myelin leading to synmetric

excessively thick myelin sheath. A shows a normal myelin sheath and axon. B shows an

increased number of myelin lamellae concentrically surrounding the axon leading to an

excessively thick myelin sheath. The axon is not compressed and has the same density as

the normal axon. C shows increased number of myelin lamellae in association with axonal

compression. C may be derived from B or directly from A'

186



Excess myelin may lead to invagination of the myelin sheath to form myelin infolding or

exvagination to produce myelin outfolding. The increase in the circumference of the myelin

sheaths leads to the evolution from simple to complex myelin folding (Fig.2-23)' The axon

may be normal or compacted. Tomacula of this type are the main type found in MAG

deficient mice and most human hereditary and acquired tomaculous neuropathies (Sander er

at., 2000) and animal tomaculous neuropathy (Hill et al., 1996)' The excess myelin is

unstable and degenerates with increasing size as the animal ages so that the tomacula in old

MAG deficient mice show complex myelin splitting and degeneration' This speculation

with the previous hypothesis that paranodal tomacula in MAG deficient mice were due to

focal axonal shrinkage and resultant myelin outfolding (Fig.2-24,Yin et al',1998)'

The extracellular domain of MAG has been shown to bind to gangliosides and glycoproteins

on the axolemma (Collins et al., 1997; De Bellard and Filbin, 1999; Strenge et al., 1999;

yang et al., 1996). The cytoplasmic domains interact with 51008 protein (Kursula et al.,

lggg,2000) andbind directly to tubulin of the microtubules (Kursula et a1.,2001). These

findings suggest that MAG links the myelinating Schwann cell and the axon' The

circumference of normal myelin sheath (or the innermost myelin lamella) may be

determined, at least in part, by this linkage. Loss of MAG may lead to disruption of this

myelin-axon adhesion and redundant myelin folding'

,c

Figure 2-23. Light micrographs. A-E show the evolution from simple to complex

redundant myelin folding in MAG deficient mice. The complex redundant folds often show

myelin splitting and degeneration (c-D). The axon calibre may be preserved (A) or

compacted (D-E). Bar = 10 Pm.

o
¡
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cBA

MAG +/+ MAG -/-

Figure 4-24.Díagrams showing the hypothesized mechanism of tomacula formation by Yin

et at (199g) in MAG-deficient mice. A-C. Relationship between axonal calibre and myelin

sheath in transverse section of normal frbre (A). In MAc-deficient nerves, paranodal axonal

calibres shrink (B) and result in myelin sheath outfolding and collapse, and tomacula

formation (C). h normal paranodal regions, increased NF spacings correlate with large

axonal calibre. In MAGJ- paranodal regions surrounded by tomacula, NF spacings and

axonal calibres are similar to those in nodal regions (D). Copied from Yin et al' (1998).

4.5.4 Comparison of experimental MAG knockout neuropathy and human

IgM anti-MAG neuroPathY

Based on the previous studies by others (reviewed in Chapter 3 and 4) and our studies, the

clinical manifestations, electrophysiological findings and pathological findings of

experimental MAG knockout neuropatþ are different to those of human IgM anti-MAG

neuropathy (table 4-4).

Further studies using our new teased nerve fibre technique combined with

immunohistochemical staining (including confocal microscopy) and immunoelectron

microscopy to localize specific molecules, such as N-CAM and P¡, along the length of

individual teased nerve fibres will be helpful to test the hypothesis that there is a

D
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redistribution of some adhesion molecules in MAG deficient mice to compensate the

function of MAG

Table 4-4. Comparison of clinico-pathological findings between human IgM anti-MAG

and experimental MAG knockout neuropathies

IgM anti-MAG neuroPathY MAG knockout neuropathY

Clinical features Sensorimotor or sensory neuropatþ Normal

often associated with tremor

Electrophysiology Demyelination Normal

Pathological findings

Demyelination

Onion bulb

WML

Tomacula

Axonal atrophy

Present

Yes

Yes

Located at both intemodal and

paranodal regions of MFs showing

and/or remyelination

Yes

Absent

Very occasional in aged mutant

No

Located only at paranodal regions of

MFs with otherwise externally normal

appearance

In mature mutants

WML, widening of myelin lamellae
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4.6 CONCLUSIONS

1. paranodal myelin thickenings or tomacula are the characteristic feature in MAG

knockout mice. They are already present in Plm mutants and progressively increase in

size and number with age.

2. paranodal tomacula are the result of redundant myelin folding. These redundant myelin

foldings are not stable with increasing complexity and tend to degenerate with age.

3. Demyelination is not a feature in MAG knockout mice'

4. The absence of segmental demyelination in MAG deficient mice suggests that other

proteins can substitute for MAG during myelin development.
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CHAPTER 5: Future Directions

The teased nerve fibre technique described in this thesis provides a new method for better

interpreting the external appearance of teased nerve fibres and studying Schwann cell-axon

relationships along the length of individual MFs. This technique will be useful in the

diagnosis, classification and investigation of the pathogenesis of neuropathies. Preliminary

applications of this technique have produced new insights into the pathological changes

seen in peripheral nerve biopsies and demonstrated the usefulness of the technique (Cai et

al., ZOOlab; Chapter 2, 3, 4). Further studies will extend the application of the technique to

ùrange of experimental and human peripheral neuropathies'

The term demyelination, as used in this thesis, refers to degeneration of the myelin of a

paranode (paranodal demyelination) or aî internode (internodal or segmental

demyelination). According to Dyck et at. (1993a) and Thomas et al. (1997), primary

demyelination is caused by abnormalities affecting the Schwann cells or myelin, such as

immune damage of myelin, pressure induced myelin damage, or faulty composition of

myelin, and secondary demyelination is caused by axonal damage, especially axonal

atrophy. Secondary segmental demyelination due to axonal atrophy is thought to be the

more common type of change seen in sural nerve biopsies (Dyck et al., 1993a; King, 1994;

Thomas et al. 1997). The distinction between primary and secondary demyelination may be

important in treatment and may affect prognosis. However it is difficult to distinguish

primary from secondary demyelination in practice (Bosboom et al., 2001; Uncini et al.,

reee).

We found the following: (i) axonal atrophy in association with enlargement of the adaxonal

space in segments with preserved myelin is suggestive of secondary demyelination, eg Fig.

3-2 inlgM anti-MAG neuropathy and Fig. 2-ll to Fig. 2-13 in IgM anti-GMl neuropathy,
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(ii) excessive myelin irregularity with normal axons on transverse sections is suggestive of

primary myelin or Schwann damage, eg myelin debris in Schwann cell cytoplasm in sensofy

neuropathy with abnormal mitochondria (section 2.a.\; and (iii) axonal atrophy in

association with normal myelin on transverse sections of teased nerve fibres is suggestive of

primary axonal or neuronal damage, eg uraemic neuropathy in section 2'4'2'

It has been suggested that in IgM anti-MAG neuropathy there may be both primary

demyelination and secondary demyelination due to axonal atrophy (Jacobs and Scadding,

1990; Mendell et al.,l9g5). We have demonstrated for the frrst time axonal atrophy in

segments with intact myelin sheaths using our new teased nerve fibre technique (Chapter 3)

supporting the concept that secondary demyelination may occur in anti-MAG neuropathy'

However, in MAG deficient mice, axonal atrophy is characteristically present in the nerves

of aged mutants but is not associated with segmental demyelination (see Chapter 4)'

Future studies will extend our observations on the myelin-axon relationships in various

neuropathies. In particular, we will focus on the mechanism of axonal atrophy in IgM anti-

MAG neuropathy and the absence of demyelination in MAG knockout neuropathy. It has

been suggested that MAG can modulate neurofilament phosphorylation (Yin et al', 1998)'

We hypothesize that the molecular components of myelin and the axon in MAG knockout

neuropathy may be re-distributed or organized differently and that these molecular changes

may compensate for the loss of function of MAG in MAG knockout neuropathy'

Immunostaining (LM and EM) of individual teased MFs will be used to study the

distribution of myelin components (N-CAM, P6, PMP22,I\/ßP) and axonal components

OIF, MT, ion channels) in anti-MAG and MAG knockout neuropathies.
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These techniques will be applied to the study of a wide range of peripheral neuropathies.

Further studies will select teased nerve fibres of different categories from human peripheral

neuropathies due to known aetiologies and experimental neuropathies to test the above

findings.
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APPENDIX A

Methods for sural nerve biopsies and processing for conventional studies

The sural nerve biopsies and nerve processing were performed according to a standard

protocol (cash and Blumbergs, 1995). The methods are described briefly below.

Under local anaesthesia, an incision of about 8 cm was made in the furrow just behind and

above the lateral malleolus. The sural nerve was exposed and approximately 6 centimeters

of nerve was excised and placed directly onto a sheet of dental wax. Extreme care was

taken in the process of biopsy in order to avoid nerve crushing and stretching'

The nerve is further dissected on the dental wax with a Íazor blade. One 2mm specimen

orientated in the transverse plane is placed in a blob of O.C.T. (Tissue Tek) on a piece of

cork with a needle in one corner. This is plunged into isopentane pre-cooled by liquid

nitrogen and frozen in an upright position and then stored in liquid nitrogen for frozen

section. Five-micron cross sections are cut and stained with H&E for morphological

studies. Two 2mm specimens are put \nto lTYo formal-saline for no less than 4 hours, and

then embedded in paraffin. Five-micron cross sections are cut for routine histological and

immonohistochemical studies.

one 3 to 4 cm long specimen is secured at each end with cotton. A 59 stainless steel weight

is attached to one end of the tissue which is suspendedin2.5Yo glutaraldehyde (in 0.05 M

cacodylate buffer) for 1.5 hours. The nerve is then separated from the weight and dissected

into smaller segments;2mm for electron microscopy,2mm oriented transversely for resin

embedment and light microscopy, 4mm orientated longitudinally for resin embedment and

light microscopy, and l5 to 20mm for teased nerve fibre studies.



Tissue preparation for conventional resin embedding and light microscopy

Blocks for resin embedding and light microscopy (LM) remain in glutaraldehyde overnight

and are washed in 0.05 M sodium cacodylate buffer (PH 7.4) for at least half an hour with s

changes of buffer. Then the specimens are processed as indicated in table A-1. Nerve

specimens are fìnally embedded in TAAB resin. Semithin sections are cut at l¡-rm using a

SORVALL JB-4 microtome (Porter-Blum) with glass knives and transferred to gelatin-

coated microscope slides. Sections stained withlyo toluidine blue in l%oboric acid for 20

seconds on a 1200C hot plate are used for morphologic study. Transverse sections, with no

additional staining, are used for semi-automatic morphometric study of MFs under LM'

Table A-1. Resin processing schedule for light microscopy

Step Solution required Time

1

2

J

4

5

6

7

8

9

1olo aqueous osmium tetroxide

0.05 Msodium cacodylate buffer

70Yo ethanol

95Yo ethanol

l00Yo ethanol

Propylene oxide

Propylene oxide: TAAB resin (1:l)

Propylene oxide: TAAB resin (1:3)

TAAB resin

TAAB resin

Fresh TAAB resin

24 hours

lzhour with 5 changes of the buffer

30 minutes

30 minutes

Three changes, each of 30 minutes

30 minute

t hour

t hour

Two changes, each of t hour

(under vacuum)

Overnight (under vacuum)

Three changes, each of2 hours

(under vacuum)

10

11

12 Embedded in TAAB resin

13 polymerize at 73oC overnight

Tissue preparation for conventional electron microscopy

Tissue blocks for electron microscopy remain in glutaraldehyde overnight and are washed in

0.05 M sodium cacodylate buffer. Then the specimens are processed as indicated in table

11



A-2. Nerve specimens are finally embedded in Spurr resin. Ultrathin sections are cut at 60-

100nm using a SORVALL MT2-B Ultra-microtome (Porter-Blum) or LKB Bromma 8800

Ultrotome@Ill with a diamond knife, and double stained with uranyl acetate and lead for

viewing in a Jeol electron microscope.

Table A-2 Resin processing schedule for electron microscopy

Step Solution required Time

I

2

J

4

5

6

7

8

l%o Osmium fixation

70%oUranyl acetate

100% Methanol

100% Methanol

Preplan oxide (PO)

PO: Spurr resin

Spurr resin

Spurr resin embedding

60min

l5min

30min

3Omin

15min

1:1

3Omin

overnight

Tissue processing for isolating individual MFs in glycerol

A-fter a further half an hour fixation in glutaraldehyde, the portion for teasing nerve fïbres is

separated into fascicles. The fascicles are washed in 0.5 M sodium cacodylate buffer for at

least half an hour with several changes of buffer. Then they are post-fìxed in lYo aqueous

osmium tetroxide for 2 hours, and washed in 0.5 M cacodylate buffer for at least 30 minutes

with several changes of buffer. Fascicles for teasing MFs in glycerol are processed as

indicated in table A-3. Individual MFs are isolated and examined according to standard

methods (Cash and Blumbergs, 1995;Dyck et al., 1993).

Table A-3. Processing schedule for glycerol teased fibre preparations

Step Solution required Time

I

2

J

45Yo glycerol

66Yo glycerol

lOÙYo glycerol

Overnight at 45"C

Overnight at 45"C

Overnight at 45"C



Methods for semi-automatic morphometric studies of myelinated fibres

Morphometric studies of MFs are performed according to the method currently used in our

laboratory (Cai et al., 2OQ2), The Quantimet 500MC computer-assisted image analysis

system (Leica-Cambridge, IJK) is used for quantitation using software developed in our

laboratory. Under low magnification, each fascicle is numbered, and then magnified on a

video display using an oil immersion lens (100x), a3.3xtube, and a Sony Charge Coupled

Device (CCD) camera. A rectangular frame defines the measuring field on the video image

and each measuring frame contains 2O25OO (405x500) pixels. The image of the nerve

through the oil lens and the 3.3x tube is magnified 3018 times and each pixel equals

0.llmm along its edge. The measuring frame divides each fascicle into rectangular fìelds

and beginning with the upper left corner of each fascicle, fïbres in each measuring frame are

only measured if the lowest pixel of the fìbre is within the measuring frame. Otherwise, it is

measured in an adjoining field. Each horizontal fìeld is measured in sequence until more

than half of the measuring frame is occupied by subperineurial space or perineurium, at

which time the field is shifted one frame down and fields are counted in the opposite

direction and so on until the whole fascicle has been examined. Artifacts produced in nerve

biopsy and tissue preparation are excluded by operator interaction.

The image system receives a digitized image from the camera at 256 grey levels. The

threshold is adjusted to capture only the dark grey myelin sheaths to generate binary images.

The number of MFs within each fïeld and the number of measuring frames within each

fascicle are counted and stored on an Excel spreadsheet. For each identifìed MF, the area of

the myelin sheath (Am) and the sum of perimeters (P) of external and internal edges of the

myelin sheath are measured. The external edge of the myelin sheath is assumed to be the

fibre perimeter on cross section, and the internal edge to be the axonal perimeter. The

contours of the MFs on cross section are converted into myelin sheath areas and perimeter-
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equivalent circles. The fibre diameter (Ds) and axonal diameter (Da) are assumed to be

equivalent to the outer and inner diameter of the myelin sheath respectively (Figure A-1),

and are determined mathematically from Am and P (Auer, 1994) using the following

equations. All objects with a diameter less than I micron are excluded as all MFs in the

peripheral nervous system arelarger than I ¡rm in diameter (Thomas et a|.,1993).

Myelin area equivalent

Perimeter equivalent

p5: (0.5P+2nAmtP)hE
P¿: (0.5P-2nÃmtP)ln

Ds

Figure A-1. Transformation of the shape of myelinated fìbres on cross section for semi-

automatic quantitation of myelinated fïbres using Quantimet 500MC Image system.

Mathematical calculation offibre diameter and monal diameter

As: total fibre area on transverse section; Aa: axonal area on transverse section; Am: myelin

sheath area ontransverse section; Po: out perimeterof myelin sheath; Pi: inner perimeter of

myelin sheath = axonal perimeter; p : pe * Pi.

As=As+Am

Am=As-As

= nDs2/4 - rDa2/4

= n(Ds2 - oa2¡tl

= ft(Po2hî2 - prtÅyl

= (po2 - ef ¡nn
- (Po2 - (P - Po¡2¡/4n

= (2PPo - É¡tlo
2PPo=4rAm+f
Po = 0.5P +2nArn/P

Ds = Poln= (0.5P + 2rAmP)n

Da = Pi/n= (P-Po)/n= (P- (0.5P + 2rArn/P))/n= (0.5P - 2nAm/P)/n
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APPENDIX B

Clinical data and conventional pathologic fÏndings of the nerves used in

chapter 2

Table B-1. Clinical dala of the 4 nerves used in chapler 2

Nerve Age Sex Clinical features Electrophysiology

44 F suicidal drowning, depression not done
1

2

J

M

M

56

45

sensory neuropathy for 2 years absent sural SNAPs

predominantly sensory neuropathy for years, JJmotor NCV

Chronic renal failure, failed renal Jamplitude

transplantation, renal dialYsis

progressive motor neuropathy with high titer Denervation and

IgM anti-GMl antibodies for 4 months reinnervation

444F

SNAP, sensory nerve actlon potential; NCV, nerve conduction velocity;

Tabte B-2. Pathological flrndings on conventional paraflîn, frozen and plastic sections

Nerve LMF AI) Demy Remy EF IC Electron microscopy

1

2

3

4

+++

+++++
+++

++

+

++

+

+

+

+

+

+

mitochondrial crystalloids in Schwann

cells and myelinated axons

compacted axon in many large MFs

compacted axon in some MFs

LMF, loss of myelinated nerve fibres; AD, axonal degeneration; Demy, demYelination;

Remy, remyelination; IC, inflammatory cells;NÀ not available

Table B-3. Classifïcation of glycerinated teased nerve fìbres

Nerve NTNF Normal MI Demy Remy AI) Non

1 60 50 (s3.3%) 2 (3.3%) 3 (s%) 3 (s%) o 2 (3.3%)

2 60 ls (30%) s (8.3%) 2 (3.3%) 27 (4s%) 2 (3'3%) 6 (10%)

3 60 to (16.7%) 8 (13.3%) 4 (6.7%) le (31 .7%) 14 (23.3%) 4 (6.t%)

4 60 6 (10%) 3 (s%) 3r (st.7%) t6 (26.7) 2 (3.3%) 2 (3.3%)

NTNF, number of examined teased nerve fìbres; MI, myelin irregularity; Demy,

demyelination; Remy, remyelination; AD, axonal degeneration;Non, nonspecific change.
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APPENDIX C

Light microscopic findings of the nerve used in chapter 3

Haematoxylin and eosin stained frozen and paraflin sections showed peripheral nerve in

which the fascicular architecture was preserved. There was obvious decrease in the

myelinated nerve fibre population throughout the fascicles. The blood vessel vessels and

perineurium appeared normal. Paraflin sections stained with trichrome confirmed severe

loss of myelinated fibres with endoneurial fibrosis. Congo red staining for amyloid

deposition was negative. Occasional endoneurial macrophages and lymphocytes were seen

with CD68 and CD45 immunostaining on paraffrn sections. IgM and kappa light chain

immunofluorescent staining of the myelin sheaths (Immunology Lab, IMVS).

Toluidine blue stained semithin plastic sections revealed 7 fascicles in a normal fascicular

architecture, and showed severe loss of myelinated fibres, which varied considerably from

one fascicle to another. In one fascicle, no intact myelinated fibres were found. In other

fascicles, many fibres showed disproportionately thin myelin sheaths compared to axonal

diameter indicative of demyelination and remyelination, and a few fibres showed axonal

degeneration. Three to five fibres por x 400 magnified field displayed focal myelin

thickenings.
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