
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Genetic profiling of the peripheral nervous system

de Jonge, R.R.

Publication date
2003

Link to publication

Citation for published version (APA):
de Jonge, R. R. (2003). Genetic profiling of the peripheral nervous system. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/genetic-profiling-of-the-peripheral-nervous-system(cb9acb6f-c0de-4db3-8424-ed8bb899505f).html


Chapter I 

General in t roduct ion 

Myelin sheath 

Diseases of the PNS 

Development and degenerat ion 

High throughput genetic analysis 

Aims and Out l ines 

Rosalein de Jonge, 2003 



12 Chapter I 

I General in t roduct ion and objectives 

The insulating and protective role of the myelin sheath is crucial for the correct and 

efficient functioning of the nervous system.The myelin sheath is composed of bi-lipid 

membrane layers formed by glia cells to accelerate conduction velocity of impulses 

over axons. In the peripheral nervous system (PNS), the myelin sheath develops after 

differentiation of Schwann cells. Immune-mediated myelin damage or hereditary 

defects in myelination lead to myelin dysfunction and clinical symptoms in both PNS, 

in diseases such as Guillain-Barré syndrome and Charcot-Marie-Tooth disease, and 

the central nervous system (CNS), in diseases such as multiple sclerosis. 

Research on the process of myelination has changed from morphological studies to 

the elucidation of the molecular components of the myelin sheath. Electron-

microscopy studies have elucidated the morphological characteristics of myelin. 

Biochemical, physiological and immunological factors have been identified using in vitro 

culture systems. With the advances of molecular biology, progress has been made in 

the understanding of the composition of the myelin sheath. 

Mutations in various protein components of the myelin sheath have been linked to 

hereditary peripheral neuropathies. Results from transgenic mice have complemented 

these studies. Our understanding of the hereditary neuropathies has progressed from 

the description of clinical phenotypes, and delineation of their electrophysiologic and 

pathologic features, towards the identification of disease genes and underlying molec

ular mechanisms. However, understanding of the pathogenesis of peripheral 

neuropathies is still far from complete. A better insight into the process of nerve 

development, associated Schwann-ceil differentiation, and myelination will provide 

better understanding of the pathogenesis of hereditary neuropathies. 

The investigations described in this thesis were aimed at identifying genes that play a 

role in the formation and maintenance of the myelin sheath of the human peripheral 

nerve.The following introduction contains a literature review on the current 

knowledge of peripheral nerve myelin. First the structure and major components of 

the sheath, then the peripheral nervous diseases caused by alteration of major myelin 

components will be described.These diseases have given us more insight in the devel

opment, maintenance and degeneration of the myelin sheath, which are reviewed in 

the third part of the introduction. Finally, the high throughput gene expression 

techniques used in this thesis will be highlighted. 
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2 The Myelin Sheath 

Axons are protected and insulated by multiple bilipid layers called the myelin sheath. 

The principal role of a myelin sheath is to allow faster transmission of nervous 

impulses along the axon, which it surrounds [ I ] .The myelin sheath is a structurally 

complex tissue and the formation and maintenance of the integrity of this tissue is a 

prerequisite for its faultless functioning during life. Through its electrical resistance 

and low capacitance the myelin sheath allows the depolarisation of the axonal mem

brane with a minimal consumption of energy [ I ] . Due to the segmental disposition of 

the electrically insulting myelin membrane, the action potential jumps from one node 

of Ranvier to the next, a process referred to as saltatory conduction (Figure I) [2], 

Node of Ranvier 

Axon 

Figure I. Schematic presentation of insulated nerve. 

Improperly formed or damaged myelin is the cause of dysmyelinating or demyelinat-

ing disease, respectively. Besides the disruption of the normal propagation of 

electrical impulses along the nerve, the unprotected axon can be damaged, resulting 

in sensory and motor symptoms. Although the myelin sheaths in the peripheral and 

central nervous system appears very similar morphologically, there are differences in 

their composition [3]. In this thesis, I will focus on the PNS myelin sheath only. 

Structure of the myelin sheath 
In the PNS, myelin is formed by differentiation of the plasma membrane of Schwann 

cells [ I ] . 

'.-j| Schwann cell nucleus 

u Axoplasm 

j . Myelin sheath 

Figure 2. Electron micrograph of myelin wrapping. 



Like all other cell membranes, the myelin sheath, is composed of a lipid bilayer with 

intercalated proteins [4], However, unlike other membranes, the myelin sheath 

consists predominantly of lipids (70-80%) with an enrichment of glycoproteins and 

formation of lipid rafts. The myelin sheath itself can be divided into two domains, 

compact and non-compact myelin, each containing a non-overlapping set of proteins 

[5,6] (Figures 3 and 5). 

Compact myelin forms the major part of the myelin sheath. The compact region of 

each myelin segment is located between two nodes of Ranvier. Non-compact myelin 

is found in the paranodes directly adjacent to the nodes of Ranvier and contains 

specialized junctions between the layers of the myelin sheath (Figure 3). The multi

lamellar structure of compact myelin is characterised by the small volume that is 

occupied by non-membranous components. The cytoplasmic leaflets of apposing 

membranes are practically fused, forming the so-called major dense line. The less 

dense double band at the extracellular apposition is called the intraperiod line 

(Figure 3)[7]. 

Important features of the membranes of non-compact myelin is that the membranes 

face each other and that their intracellular side touches cytoplasm. The periaxonal 

Schwann cell membrane, the innermost membrane of myelin, makes direct contact 

with the axon. Thus, it is likely that molecules present in this membrane are largely 

responsible for the generation and maintenance of axoglial contact, and for signal F 

transduction between the two cells [8]. 

The myelin sheath is interrupted at regular intervals along its length (Figure I). 

At the Nodes of Ranvier, compact myelin ends and the Schwann cell plasma mem

brane forms cytoplasm-containing membrane convolutions, the paranodal loops, 

which are involved in the generation of tight adhesion zones, the paranodal junctions, 

between the axon and the Schwann cell [9]. 

The formation of the myelin sheath requires synthesis of myelin proteins, membrane 

synthesis, and cytoskeleton modifications to allow membrane spiralling and wrapping 

S c h w a n n Cell A Schwann 
Myelin Compaction Coll B 

• Schwann Cell Nucleus 

Compact Myel in 

Figure 3. Schematic representation of a myelinated axon. 
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Figure 4. Myelin formation by the Schwann cells. Schwann cell attaches to axon, wraps itself around the axon 
and start compaction. 

(Figure 2) [10]. After a few wraps of Schwann cell membrane, the cytoplasm is 
removed creating compact myelin [ I I ] (Figure 4). 

Components of the myelin sheath 
Myelin is composed mainly of lipids with a quantitatively minor, but functionally 

important contribution of proteins. On average, myelin consists of 70-80% lipid and 

20% protein [ I ] . Many of the proteins present in the myelin have not been found in 

other tissues or cell types, and the function of these myelin-specific proteins has been 

studied most extensively. During development, the expression of myelin constituents 

is under tight regulation [ I ] . In the next paragraph the most important lipids and 

proteins are briefly listed. 

Lipids 

Myelin membranes are rich in glycolipids and very long fatty acids. In both mammalian 

and non-mammalian species, lipids account for 70-80% of the dry mass of PNS myelin. 

Cholesterol counts for 20-30% of the total lipid content in the PNS [12, 13]. In 

mouse and rabbit sciatic nerves, cholesterol accumulates continuously throughout 

the period of neo-myelinogenesis and during the subsequent period of myelin matu

ration [14].This accumulation pattern is consistent with the proposed role of choles

terol in the stabilization and the compaction of the multilamellar myelin membrane 

[15]. Sphingomyelin accounts for 10-35% of all myelin lipids in the peripheral nerve 

myelin, but only for 3-7% in the brain [I 6]. A great amount of monogalactosylsphingo-

lopids is present in PNS myelin, with cerebrosides and sulfatides accounting for 

14-26% and 2-7%, respectively, in adult nerves [ I ] .The large amount of galactolipids 

in myelin is generally thought to support the structural stability and curvature of 

membrane bilayer. Fatty acids are also highly represented [17]. 
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P r o t e i n s 

In PNS myel in, p ro te ins represent between 20 t o 30% of the myel in d ry mass. A t least 

60% of the p ro te ins are g lycoproteins [ I ] . T h e second mos t abundant class includes 

basic p ro te ins , such as myelin basic p ro te in (MBP) and P2. Several o t he r pro te ins , each 

represent ing no m o r e than 0.5% o f the to ta l myelin p ro te in , have been de tec ted . 

Defects in these prote ins o f ten lead t o disease, suggesting that the in tegr i ty and 

mo lecu la r ra t io o f these proteins is i m p o r t a n t f o r t he maintenance and func t ion ing of 

the myelin sheath. 

Table I. Characteristics of peripheral nervous system myelin proteins [ I ] . 

Prote ins 

Glycoproteins 

MPZ 

PMP-22 

M A G 

E-cadherin 

Periaxin 

Basic proteins 

MBP 

Myelin P2 

O t h e r proteins 

Cx32 

C N P 

PLP 

Abundance 

in Myelin 

50-70% 

2-5% 

1% 

<0.5% 

5% 

5-15% 

1-10% 

<0.5% 

<0.5% 

<0.5% 

Molecular 

mass 

28 

22 

100 

130 

170 

14 

15 

32 

46 

30 

( k D a ) 

Prote in 

locat ion 

Compact 

Compact 

Non-compact 

Non-compact 

Non-compact 

Compact 

Compact 

Non-compact 

Compact 

Controversial 

G e n e 
locat ion 

1 

17 

19 

16 

19 

18 

8 

X 

17 

X 

Disease 

HMSN-IB 

HMSN-IA 

Acqu i red* 

HMSN-

IVF 

Acqu i red* 

Acqu i red* 

HMSN-X 

-
PMD* 

*MAG is involved in anti-MAG polyneuropathy (acquired). 
MBP and P2 have been suggested but never fully proven to be involved in MS. 
PMD is Pelizaeus-Merzbacher disease 

T h e g roup of g lycoproteins consists of five major prote ins. M y e l i n p r o t e i n z e r o 

(MPZ), a ma jo r integral membrane g lycopro te in of the PNS [18 ] , is localised in c o m 

pact myel in [ 1 9 ] . T h e MPZ gene is located on c h r o m o s o m e I q 2 l , and muta t ions of 

th is gene lead t o an autosomal dominan t demyel inat ing po lyneuropathy ( H M S N -

IB) [20, 21 ] .The puta t ive role of MPZ is t o func t ion as a membrane adhesion molecule 

and t o p r o m o t e and maintain the very t ight compac t ion of myelin s t ruc tu re by 

homoph i l i c in terac t ions [19, 22 ] . 

P e r i p h e r a l m y e l i n p r o t e i n 22, PMP-22, con t r ibu tes about 5% of the p ro te in con

t en t of compac t PNS myelin [23 ] . Expression of PMP-22 is no t l imi ted t o per iphera l 

nerve , since corresponding m R N A has been de tec ted , albeit in low quant i t ies, in lung, 

hear t , gut, bra in and f ibroblasts [24 -26 ] .The PMP-22 gene is located on ch romosome 
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17 and t w o di f ferent p r o m o t e r s regulate its expression [27, 28 ] . 

Dupl icat ions, delet ions and muta t ions of PMP-22 lead t o d i f ferent fo rms of H M S N . 

PMP-22 is necessary fo r the f o rma t i on and maintenance of myel in, bu t its exact func

t i on is unknown [29, 30] . 

M y e l i n - a s s o c i a t e d g l y c o p r o t e i n (MAG) is located in the per iaxonal Schwann cell 

membrane, the external and internal mesaxons, the paranodal loops of the nodes of 

Ranvier, and the Schmidt -Lanterman incisures [3 I ] . T h e gene is located on c h r o m o 

some 19 [ 32 ] .The re are no known human diseases that result f r om muta t ions in the 

MAG gene. Immunoreac t iv i t y t owards MAG leads t o a demyel inat ing polyneuropathy. 

MAG is believed t o part ic ipate in axonal recogn i t ion and adhesion, i n te rmembrane 

spacing, signal t ransduc t ion dur ing glial cell d i f ferent ia t ion and in the maintenance of 

axon-myel in in tegr i ty [33 -35 ] . 

E p i t h e l i a l c a d h e r i n (E-cadherin) was shown t o be the major adhesive g lycopro te in 

in the non-compac ted regions of the myelin sheath [36 ] . The gene was mapped t o 

c h r o m o s o m e I 6 [37 ] . In Schwann cells, E-cadherin is believed t o stabilise the glial net

w o r k requi red f o r a p roper myelin f o rma t i on [38 ] . E-cadherin and its associated 

prote ins are essential components in the arch i tec ture of the Schwann cel l , and are 

suggested t o have specialised funct ions in the extracel lu lar ma t r i x f o r m a t i o n , in addi

t i on t o those requ i red fo r myelinogenesis [38 ] . 

P e r i a x i n was pur i f ied, c loned and named in accordance w i t h its p r imary locat ion 

close t o the per iaxonal membranes of myel inat ing Schwann cells [39 ] . The per iax in 

gene encodes t w o prote ins w i t h P D Z domains, L-periaxin and S-periaxin, [ 39 ] . The 

PDZ domain is named after the th ree prote ins in wh ich it was f i rs t descr ibed: post

synaptic density p ro te in -95 , drosophi la discs large t u m o u r suppressor gene and the 

t ight junct ion-associated p ro te in Z O - 1 [40 ] .The periaxins are expressed in myelinat

ing Schwann cells. Dur ing myel inat ion, L-periaxin is p redominant ly located at the 

adaxonal membrane, but once myel inat ion is comple te , i t is localised at the abaxonai 

membrane [41 ] , whe re its P D Z mot i f is impl icated in organising p ro te in -p ro te in in ter 

ac t ions. Periaxin in terac ts w i t h the dys t rog lycan-dys t roph in - re la ted p ro te i n -2 

complex l inking the Schwann cell cy toske le ton t o the extracel lu lar mat r i x [ 42 ] .The 

per iax in gene is located on ch romosome 19 [43 ] . Periaxin mutat ions have been asso

ciated w i t h an autosomal recessive demyel inat ing neuropathy [44] . Periaxin-nul l mice 

develop apparent ly normal myel inated per ipheral nerves, so i t appears tha t the pres

ence of the per iaxin prote ins is no t essential f o r myel inat ion t o occur. However , these 

mice progress t o develop a late onset demyel inat ing per iphera l neuropathy [45] .Th is 

suggests that per iax in is essential f o r the stabi l isat ion of myel in. 



Two basic proteins, which represent the second most abundant myelin protein group, 

are MBP and the P2 protein. MBP is a major protein in compact myelin both in the 

central and the peripheral nervous systems [3, 46].The ME>P gene is located on the 

long arm of chromosome 18 (18q22.3-qter) [47]. MBP is necessary for the com

paction of myelin in the CNS, but in the PNS MPZ can substitute MBP for that func

tion [48, 49]. MBP is immunogenic as it can induce experimental allergic encephalitis 

(EAE) in mice, a model for multiple sclerosis [50]. 

Myelin protein P2 is present in both PNS and CNS and is localised in compact 

myelin [51]. P2 is expressed by Schwann cells that have established a one-to-one 

relationship with an axon [51]. Only large myelin sheaths contain P2 [52].The gene 

for P2 is on the long arm of chromosome 8 [53]. P2 may serve as a lipid carrier and 

could thus be involved in the assembly, remodelling and maintenance of myelin [51]. 

Like M8P, P2 is also associated with EAE [54]. 

•* Compact myelin »• -a Non-compact myelin ^ 

Lipid hilay«f 

• É Ü É É Ü f l sulfat.de1 M P 2 2
 MGp M P / 

Cx32 MAG E-cadhenn 

Figure 5. Localisation of the peripheral myelin proteins in the myelin sheath. 

Of the group of proteins representing no more than 0.5% of the total myelin protein 

only Connexin 32 will be discussed. Connexin 32 (Cx32), a protein that forms gap 

junctions, is expressed in both PNS and CNS and is localised mainly in the paranodal 

regions and the Schmidt-Lanterman incisures of the PNS myelin [6, 55]. Mutations in 

the gene for Cx32 on the X chromosome give rise to a mixed demyelinating and 

axonal polyneuropathy [56]. Cx32 is thought to play a role in transport processes, and 

particularly in ionic homeostasis, within and across the myelin sheath [57]. 

http://sulfat.de1
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3 Diseases of the PNS 
Much insight into the composition of the myelin sheath has been derived from stud

ies of hereditary demyelinating polyneuropathies.The myelin diseases are a heteroge

neous group, whose clinical manifestations include a wide spectrum of neurological 

signs. Demyelination can be regarded as either primary or secondary. In primary 

demyelination, myelin or myelin-forming cells are the first targets of disease. The 

axons remain relatively normal, at least early in the disease. Secondary demyelination, 

on the other hand, follows damage to neurons or axons, which induces by breakdown 

of myelin. Demyelinating polyneuropathies may be separated into two broad cate

gories: acquired and hereditary. Acquired demyelinating polyneuropathies are often 

immune-mediated, whereas hereditary polyneuropathies are caused by mutations in 

myelin genes. 

Inflammatory neuropathies 

Guillain-Barré Syndrome (GBS) is a disorder of peripheral nerves and nerve roots 

[58]. GBS is the most common immune-mediated demyelinating disease [59]. 

The syndrome is typically characterised by a rapid onset of muscle weakness often 

leading to paralysis of legs, arms and respiratory muscles, by sensory disturbances and 

by areflexia.The disease is heterogeneous both in terms of clinical presentation and 

in electrophysiological abnormalities [59]. Whereas, most patients have motor and 

sensory deficits, sensory involvement may be entirely absent in so-called pure motor 

GBS. 

The severity of GBS can vary greatly [60]. In its milder form, it may cause a waddling 

or duck-like gait, with perhaps some tingling and upper limb weakness that may 

briefly, for days or weeks, impair a patient's lifestyle. Although the exact percentages 

vary from study to study, long-term prognosis is good; up to 85% of GBS patients 

reach nearly complete recovery, although they may suffer from mild but chronic 

symptoms, such as muscle pain and weakness. Five to 15% of GBS patients will have 

more severe long-term disabilities. Approximately 5% of GBS patients die from the 

disease [61]. 

Research to date indicates that an immune process recognizing various auto-antigens 

in the nerves of GBS patients plays an important role [62-64]. GBS is often preced

ed by an infectious disease, and Campylobacter jejuni has been identified in one third 

of the cases [59]. Although much interest has recently focused on antibody responses 

to peripheral nerve antigens, evidence implicating other immune mediators, such as 

T-cells and complement factors, also exists [59]. As a result of this autoimmune 

attack, the myelin and sometimes the axon are damaged. 

To study the mechanisms of autoimmunity in the PNS, acute experimental auto 

immune neuritis (EAN) [65] has been induced either by active immunisation with 

peripheral nerve myelin, purified peripheral myelin protein or peptides, or by adop-
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cive transfer of peripheral myelin protein-reactive T lymphocytes. T-cell mediated 

EAN in the Lewis rat clearly demonstrated that immune-mediated demyelination 

could occur in the absence of myelin autoantibodies. In this setting, damage to the 

myelin sheath may result from the generation and discharge of diverse toxic 

molecules by macrophages [66]. 

Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is closely relat

ed to acute GBS and is considered to be its chronic counterpart [67]. CIDP is 

characterised by slowly progressive weakness and sensory dysfunction of the legs and 

arms. The majority of patients have symmetrical motor and sensory involvement, 

although occasionally cases with predominantly motor or predominantly sensory 

involvement may be seen [68]. Proximal limb weakness is almost as severe as distal 

limb weakness, and the upper and lower extremities are equally affected. Muscle 

wasting is rarely pronounced. Deep tendon reflexes are invariably depressed or 

absent. Sensory symptoms of stocking and glove distribution described as numbness, 

pins and needles or tingling sensation, implicating large fibre involvement occur fre

quently; but pain is much less common. Autonomic dysfunction is rare.The disease is 

seen in all age groups including the first year of life [69]. The prognosis of CIDP is 

worse than GBS, but appears to be more favourable in childhood [69, 70]. More than 

80% of the patients show no complete spontaneous recovery. CIDP is thought to be 

immune-mediated, because of histological evidence for an immune response in 

peripheral nerve, because of its resemblance with chronic EAN and because of the 

finding of several humoral immune factors in serum and cerebrospinal fluid [71-73]. 

The search for autoantibodies directed against antigens in peripheral nerve tissue has 

revealed many candidates [63, 64, 74-76]. The role of T-cells in the pathogenesis of 

CIDP is unknown.T cells are found in the demyelinating lesion, but it remains to be 

elucidated whether these are antigen-specific and attack myelin [72]. Despite the 

demonstration by various methods of serum antibodies against nerve tissue compo

nents, it is not known whether these factors can induce myelin destruction [77]. 

Hered i tary neuropathies 
Hereditary motor and sensory neuropathy (HMSN), also termed Charcot-Marie-

Tooth disease, includes a clinically and genetically heterogeneous group of disorders 

affecting the PNS. HMSN is the most common inherited disease of the PNS, with an 

estimated frequency of 1:5000 [78]. In the late 19 th century Charcot and Marie in 

France [79] and Tooth in England [80] described the clinical features of the disease. 

During the next 50 years, the clinical and pathological characteristics of different 

forms of HMSN were described. The role of T-cells in the pathogenesis of CIDP is 

unknown.T cells are found in the demyelinating lesion, but it remains to be elucidat

ed whether these are antigen-specific and attack myelin [72]. To date, mutations 
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causing hered i ta ry neuropathies have been ident i f ied in at least 17 d i f ferent genes and 

even more ch romosoma l loci are impl ied in H M S N d isorders (Figure 6). Depending 

on the subtype, the inher i tance pat tern of HMSNs may be dominant , recessive o r X -

l inked, bu t is ra ther complex : mul t ip le genes may be involved in a single d isorder o r 

a gene can give rise t o mul t ip le diseases f o r a review see, [81 ] . For example, the 

myelin p ro te in PMP-22 can lead t o th ree di f ferent diseases dependent on the kind of 

genetic a l te ra t ion . A dupl icat ion of a 1.5 Mb region of I 7p I Igives rise t o HMSN- IA 

[82 ] , but a de le t ion of that same region causes hered i ta ry neuropathy w i t h pressure 

palsies (HNPP) . A gain of func t ion muta t ion in the PMP-22 gene causes yet ano ther 

even more severe phenotype, Dejer ine-Sot tas syndrome (DSS). Several genes have a 

high muta t ion ra te , wh ich may resul t in de novo mutat ions (Table 2). 

In the fu tu re , the HMSNs may be reclassif ied on the basis of molecular data. Mo re 

knowledge about the ro le of Schwann cel l -axon in te rac t ion , and about the factors 

involved in myel inat ion and myelin maintenance wi l l lead t o a be t te r classif ication. 

Each of these findings wi l l have impo r t an t impl icat ions f o r diagnosis, prognosis, genetic 

counsel l ing and eventually approaches t o therapy. 
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Figure 6. Chromosomal location of HMSN. Gene is annotated on the left and the disease on the right side. 
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Clinical and electrophysiological features of H M S N 

Wasting and weakness of the distal limb muscles, with or without distal sensory loss, 

skeletal deformities, and decrease or absence of tendon reflexes characterise the 

disease. Disease onset usually occurs during the first decades of life, the course is 

very slowly progressive, and severity is highly variable even within the same kinship. 

Until now there is no treatment for these patients. HMSN has been divided electro

physiological^ into demyelinating forms and axonal forms. Myelinopathies are charac

terised by decreased nerve conduction velocity, and axonopathies are characterised 

by slightly reduced to normai nerve conduction velocities but with reduced com

pound muscle action potentials.These two variants have been traditionally viewed as 

quite different diseases affecting either the Schwann cells or the axons. 

The primary peripheral demyelinating neuropathies, HMSN I, constitute a spectrum 

of neuropathy phenotypes, including HMSN-IA and IB, DSS, congenital hypomyelinating 

neuropathy and hereditary neuropathy with liability to pressure palsies.The majority 

of patients with HMSN-I have a duplication of the region I 7p I 1-12, which contains 

the gene for PMP-22, encoding one of the major PNS myelin proteins [82]. It has been 

suggested that overexpression of PMP-22 destabilises the myelin sheath. Mutations in 

MPZ have been associated with HMSN-IB.The disorder is associated with very slow 

nerve conduction velocities of both motor and sensory fibres. Histologically, HMSN-

IA is characterised by a loss of nerve fibres and segmental demyelination associated 

with proliferation of cells, leading to characteristic onion bulb formations around the 

demyelinated or partially remyelinated axons. 

The group of primary axonal neuropathies (HMSN-II) forms a continuum extending 

from severe infantile-onset to mild adult-onset disease and includes HMSN-II and 

giant axonal neuropathy (GAN). In this disorder, mutations are found in proteins that 

connect Schwann cells with the basal lamina, or in components of the axonal 

cytoskeleton. Motor nerve conduction velocities are normal or moderately reduced 

in HMSN-II patients [83]. Neurophysiological features are less pronounced in HMSN-

II than in HMSN-I. Histologically, decreased number of large myelinated fibres is seen 

as well as clusters of nerve sprouts [84]. 

The X chromosome linked hereditary mixed axonal and demyelinating neuropathy is 

caused by a mutation in the gap junction protein Cx32. Cx32 forms gap junctions in 

the paranodal regions of non-compact myelin. Knock out mice have a mild phenotype. 

Cx32-/- mice develop a late-onset demyelinating neuropathy, characterised by mild 

electrophysiological alterations, thinly myelinated axons, progressive onion bulb for

mation, and an abnormal organisation of the non-compacted myelin membranes. 
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Table 2. Current knowledge on gene location and disease. 

T y p e o f P N P 
Demyelinating 

Demyelinating 

Demyelinating 

Axonal 

Axonal 

Inheritance 
Dominant 

Recessive 

X-linked 

Dominant 

Recessive 

Disease 
HMSN-IA 
HMSN-IB 
HMSN-IC 
HMSN-ID 
HNPP 

DSS 

CHN 

HMSN-IVA 
HMSN-IVBI 
HMSN-IVB2 
HMSN-IVC 

Locus 
I7pl 1 
Iq22 
I6pl3 
I0q2l 
I 7p l l 

Iq22 
I7pll 
I0q2l 
8q23 

Iq22 
I7p l l 
I0q2l 
8ql3 
1 Iq l3 
I l p l 5 
5q23 

HMSN-IVD (Lon 8q24 
HMSN-IVE 
HMSN-IVF 

HMSN-X 

HMSN-IIA 
HMSN-IIB 
HMSN-IIC 
HMSN-IID 
HMSN-IIE 
HMSN-IIF 
HMSN-IIG 
HMSN-II MPZ 

AR-HMSNIIA 
AR-HMSNIIB 
GAN 

I0q2l 
I9ql3 

Xql3 

Ip35 
3q13-22 
? 
7pl4 
8p2l 
7q l l 
3q 13 
Iq22 

Iq2l 
I9ql3 
I6q24 

Gene 
PMP-22 
MPZ 
) 
EGR2 
PMP-22 

MPZ 
PMP-22 
EGR2 

MPZ 
PMP-22 
EGR2 
GDAPI 
MTMR2 
? 

! 
NDRGI 
EGR2 
Periaxin 

Cx32 

KIF IBP 
) 
7 

) 
NF-68 
? 

? 

MPZ 

Lam in A/C 
? 

GAN 



HMSN-Lom (HMSNL) is an autosomal recessive peripheral neuropathy with deafness 

and unusual neuropathological features, which was initially identified in affected indi

viduals from the Gypsy community of Lorn, a small city in Bulgaria [85, 86]. The 

disease is also found in several other European countries [87, 88]. The gene was 

localised on chromosome 8q24 and sequence analysis of HMSNL patients and un

affected controls identified an early stop codon in the N-myc downstream regulated 

gene (NDRGI) [89].The function of this gene in nerve has not yet been clarified, but 

NDRGI has been suggested to play a role in growth arrest and cell differentiation dur

ing development and in the maintenance of the differentiated state in the adult. It pos

sibly acts as a signalling protein shuttling between the cytoplasm and the nucleus [90, 

9 I ] .The disorder begins consistently in the first decade of life with a gait disorder 

followed by upper limb weakness in the second decade and in most patients by deaf

ness in the third decade [86]. Motor involvement is greater than sensory, and both 

predominate distally in the limbs. HMSNL is a demyelinating polyneuropathy with 

severely reduced motor nerve conduction velocities [86]. 

Molecular analysis of the various HMSN subtypes has lead to the identification of new 

genes. Insights in the functions of the encoded proteins will lead to a better under

standing of the process of myelination. The finding that mutations in various genes 

result in similar phenotypes argues for complex protein interactions and comple

menting functions for each protein product within the myelin sheath. The dosage 

sensitivity of PMP-22 suggests that it is part of a multimeric protein complex in which 

the exact stoichiometry is critical for its role in myelin maintenance and compaction 

[92, 93]. The association of mutations within the same locus with multiple pheno

types, suggest these subtypes of HMSN represents a spectrum of clinical phenotypes 

resulting from a common underlying defect in myelination [18, 94]. In the next 

section, development, maintenance and degeneration of the myelin sheath will be 

discussed. 
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4 Development and Degenerat ion 
Understanding of the interplay between Schwann cells, their associated axons, 

endoneurial fibroblasts, macrophages, and the protecting perineurial sheath is impor

tant for understanding the mechanisms of demyelinating neuropathies. 

In the immature, developing nerve, a large bundle of naked axons become encom

passed by a single layer of Schwann cells. This collection of axons is gradually seg

regated as Schwann cells proliferate, sending their processes deeper into the bundle. 

A t this point, the axons are about 0.2-0.5 \im in diameter and are being separated 

only by a narrow extracellular space [95]. Wi th time, the axons within the Schwann 

cell tubes become separated from each other by Schwann cell cytoplasm. Each axon 

eventually lies within its own cell invagination indenting the low axis of the Schwann 

cells [96]. Schwann cells destined to form myelin internodes continue to divide, trans

ferring axons to their progeny after each division until they ensheath a single axon. 

When the diameter of the single axon reaches 1-2 (im, PNS myelination is ready to 

commence [97]. 

The first steps in nerve formation 

Schwann cell development, including myelination, requires interaction with both the 

extracellular matrix and axons [98].The key developmental steps of the Schwann cell 

lineage appear to depend on axon-associated signals. Establishment of axonal contact 

triggers Schwann cell proliferation [99]. Every Schwann cell has the potential to form 

a myelin sheath, but will do so only after a one to one relationship with certain types 

of axons has been established [96]. Moreover, the maintenance of the myelinating 

phenotype of the Schwann cell depends on a continuing relationship with an axon 

(see 4.4) [ I 00]. Myelinating Schwann cells, in turn, organise the axonal membrane (see 

4.3). The dependence on communication between Schwann cells and axons under

lines the importance of cell-cell interactions in the development of the myelin sheath. 

Origin of the axon 

The axon originates from the cell body of the neuron. Soon after the neuron has 

migrated to its final location in the developing vertebrate, processes start to extend 

from the cell body.The axon extends in length by means of its motile tip, the growth 

cone, which is guided to the appropriate target region. There, the axons produce a 

highly branched terminal arbour. The growth cone of a typical, growing axon moves 

forward at a rate of approximately I mm per day in a process that requires a contin

uous supply of membrane materials, proteins and lipids [101]. The most abundant 

proteins in the axon are those making up the cytoskeleton: microtubules, neuro

filaments and actin filaments [102, 103].These proteins are transported from the cell 

body along the axon by slow anterograde axonal transport. 
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Schwann cell development 

Some of the first observations on precursor Schwann cells in vertebrates were 

carried out on embryonic rat nerves. In human, similar cells were described in nerves 

of 12-wk-old embryos. Two types of Schwann cells in the peripheral nerves were 

defined: myelin forming and non-myelin-forming Schwann cells (Figure 7) [104]. 

Figure 7.The Schwann cell lineage. 

Both cell types originate from a common pool of immature Schwann cells.These, in 

turn, are derived from the neural crest via Schwann cell precursors [105].The major

ity of the early Schwann cell population arise from neural crest progenitors. Other 

sources of Schwann cells are probably the ventral neural tube or neuroepithelial cells 

in the spinal cord [106, 107].There are 3 major transition points involved in the line

age; the transition of the crest cells to precursors, of precursors to immature 

Schwann cells and the formation of the two mature Schwann cell types [I I].The first, 

the Schwann cell precursor, is found in rat peripheral nerves at embryo (E) day 14 

and 15 (Figure 8). The second, the immature Schwann cell, is present from El 7 to 

around birth. The switch from precursor to Schwann cell phenotype essentially 

occurs during El 6 in rat and does not require cell division. The generation of 

Schwann cells from the precursors takes place relatively abruptly [ I 08]. At birth, the 

immature cells start to differentiate [98]. Myelinating Schwann cells mature first, and 

non-myelinating cells appear later. 

Once the multipotential neural crest cells enter the Schwann cell lineage, there is a 

stage-specific synthesis of proteins and lipids. This process of proliferation, matura

tion and survival depends on various growth factors. Schwann cells regulate the 

development of axons, of connective tissue cells, and of the Schwann cells themselves 

by autocrine loops [98] (see paragraph 4.4). 

The formation of Schwann cell precursors from neural crest cells has not been stud

ied as well as the generation of Schwann cells from precursors. Basal MPZ expression 

might provide a marker to trace Schwann cell fate. MPZ was first considered a myelin-

restricted protein, made by myelin forming cells, but low levels of expression 

have been detected in Schwann cells precursors [I 09].This myelin-independent MPZ 

expression is constitutive and likely to serve as a specific marker for the Schwann cell 
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lineage. The subsequent MPZ expression that accompanies myelination is, therefore, 

not a new gene expression but a strong upregulation of pre-existing basal levels.The 

phenotype of the myelin forming cells can be detected on the level of MPZ expres

sion. MPZ mRNA is not detectable in mature non-myelin-forming Schwann cells of 

the sympathetic trunk, but is detectable after transection, indicating that there is a 

/VIPZ-inhibitory signal associated with mature unmyelinated axons [109]. 

E12 E16 P0 

Figure 8.The Schwann cell lineage of the rat in time 

Transcription factors in Schwann cell development 

When Schwann cells receive the myelination signal from axons their genetic expres

sion program is modified to allow the synthesis of the myelin components.The level 

of gene expression is regulated by transcription factors. Four transcription factors 

are known to be required in this process, Krox-20, 0ct6, Sox-10 and Pax3 [MO] (Figure 

9). Krox-20 is required for the terminal differentiation of Schwann cells, the nature of 

this requirement is unclear. K.rox-20 deficient mice have severely defective myelin. In 

these mice, Schwann cells become arrested after having formed the one-to-one rela

tionship with axons. The expression of MPZ and MBP is very low in these Schwann 

cells [I I I].The phenotype of knock out 0ct6 mice is strikingly similar to that of the 

Krox-20 knock out mouse, implying that 0ct6 has a role in myelination as well. 0ct6 

mRNA and protein can be detected in Schwann cell precursors, rising to a peak in 

early postnatal life. Oct6 protein is detected in the nuclei of Schwann cells during the 

first week of active myelination [I I 2, I I 3].These experiments imply that 0ct6 is nec

essary for progression into myelination, but other studies have showed that 0ct6 may 

delay myelination [ I I I, I 14-1 I 6]. A transgenic mouse with a dominant negative con

struct of 0ct6 shows enhancement of both myelination and axonal regeneration [ I 17, 

I I 8]. 0ct6 might therefore have two separate functions: a positive regulatory role in 

early development, comparable with Krox-20 and a later role as a negative regulator 

of myelination [I 04]. 
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Figure 9.Transcription factors involved in the myelin formation. 

The Sox-10 m R N A is found in migrat ing neural crest cells, bo th in Schwann cells and 

in o l igodendrocy tes . O n its o w n Sox-10 has no au tonomous t ranscr ip t iona l act iv i ty 

in glial cells bu t i t funct ions synergistical ly w i t h Oct6 and also modulates the act iv i ty 

o f Krox-20 [ I 19]. Pax3 RNA is expressed in neural crest w h e n Schwann cell p recur 

sors migrate t o the PNS. Pax3 R N A is expressed in neural crest when Schwann cell 

p recu rso rs migrate t o the PNS. Pax3 is l ikely t o be involved in the d i f ferent ia t ion path

way t o myel inat ing Schwann cells. Progesterone may be ano ther signal that plays a 

ro le in the in i t ia t ion of myelination and in enhancing the rate o f myelin synthesis [ I 20, 

121]. cAMP has been implicated as a second messenger in the p r o m o t i o n of myelina

t i o n , since in cu l tu red Schwann cells, i t is a s t rong inducer of bo th PDGF and FGF 

recep to r genes, as wel l as a part ial inducer of the MPZ and MBP genes [ I 22 ] . Agents 

such as fo rsko l in tha t elevate int racel lu lar cAMP, also increase the expression of sev

eral myel in- re la ted genes in de-d i f ferent ia ted Schwann cell cul tures [123 ] . 

The survival and progression of Schwann cell precursors t o mature Schwann cells is 

regulated in vitro and in vivo by ano the r family of factors , endothel ins. Endothel ins 

a l low rat Schwann cell precursor survival in cu l tu re in the absence of axons, an effect 

p r o m o t e d by insul in g rowth fac to r (ICF) [124] . FGF2 may also be involved in the t i m 

ing of Schwann cell generat ion since FGF2 accelerates the generat ion of Schwann cells 

f r o m mouse Schwann cell p recu rso rs in the presence of neuregul in- l [ 125 ] . 
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Postnatal formation 

The postnatal formation of myelinating and non-myelinating cells is a slow process 

that takes weeks to complete [108]. During the early postnatal period, immature 

Schwann cells diverge, generating myelinating cells that wrap around large diameter 

axons and non-myelinating cells that accommodate small-diameter axons in shallow 

troughs along their surface. It is assumed that signals derived from the axons drive 

these processes, although the molecular nature of axon-Schwann cell communication 

remains elusive (see paragraph 4.4). The formation of the myelin sheath requires 

radical changes in gene expression, membrane synthesis, and cytoskeletal modifica

tions to allow membrane spiralling and wrapping (Figure 4) [108]. 

Myelin proteins, which include periaxin, MAG, MPZ, MBP and PMP-22, are strongly 

upregulated, while another set of proteins, which are expressed by immature 

Schwann cells, are downregulated [126]. These axon-induced changes are largely 

reversible. If mature Schwann cells lose contact with axons they promptly undergo 

radical changes in morphology and gene expression leading to developmental 

regression of individual Schwann cells and to myelin breakdown [108]. 

The influence of Schwann cells on the axon 

Schwann cells have a strong impact on axonal properties, both in normal and in 

diseased nerves. Especially during myelination, Schwann cells mediate the clustering 

and spacing of sodium channels in the axonal membrane, which provide the basis for 

efficient saltatory impulse propagation [127]. The Schwann cells arrange the spatial 

separation of sodium channels from voltage-dependent potassium channels and are 

intimately involved in the structural and functional organisation of the node of 

Ranvier [9]. In addition, Schwann cells modulate axon diameter by increasing phos

phorylation of neurofilaments [128, 129]. As opposed to non-myelinated axons in the 

normal nerve, the axons associated with mutant Schwann cells are prone to 

degeneration [130, 131]. 

The influence of the axon on Schwann cells 

Schwann cells require axons for progression along their programmed cell differenti

ation pathway. A notable feature of the Schwann cell precursor is its acute depend

ence on axonal signals for survival [108]. In vitro studies show that Schwann cells do 

not survive when they are deprived of axonal contact by dissociation [100, 132]. 

There is extensive evidence, obtained first in vitro [133, 134] and subsequently in 

transgenic (3-neuregulin null mice [135, 136] that the axonal signal, which regulates 

precursor survival, is (3-neuregulin. P-neuregulin acts via the ErbB3/B2 receptors on 

the precursors. Myelination occurs only if the axonal diameter exceeds 0.7 urn [97]. 

Once the Schwann cell reaches maturity and has become a myelin-forming cell, loss 

of its axon results in dedifferentiation of the Schwann cell. Both rodent and human 



Schwann cells can be grown in pure cultures, but without axonal contact the cells do 

not express myelin proteins. Proliferation is an additional feature of Schwann cell 

development that is clearly under axonal control. Purified Schwann cells divide slowly 

when grown in conventional cell culture medium, but if co-cultured with sensory or 

sympathetic neurons, they adhere to the surface of the neurite and undergo several 

rounds of cell division. Axonal triggering depends on cell-cell contact, since cells do 

not divide when placed in conditioned medium from neurons [137]. 

Autocrine loop of Schwann cell survival 

While Schwann cell precursors obviously depend on neuronal factors for survival, 

adult Schwann cells do not, since Schwann cells in the distal stump of transected 

nerves may survive for a few months in the absence of axons. These observations 

indicate that Schwann cell development involves a change in survival regulation: the 

survival of precursors depends on axonal signals, while adult Schwann cell survival is 

axon independent [I 08]. Schwann cells acquire the ability to survive without axons 

by establishing an autocrine survival loop [ I 38].The autocrine survival loop is pres

ent in Schwann cells from El 8 and postnatal rats.This loop is, however, not function

al in Schwann cell precursors from E14 rats.This might suggest that there is a switch 

from axon-dependent survival to axon-independent autocrine survival regulation and 

that the switch gradually occurs as Schwann cells develop from precursors, and 

mature in early postnatal nerves [108]. The most important components of the 

autocrine loop include IGF2, PDGF-68 and neurotrophin3 (NT3) [ I 23]. Schwann cells 

have receptors for these factors, which support survival if applied in very low con

centrations [I 10]. Furthermore, antibodies to these factors block the Schwann cell 

survival activity in Schwann cell conditioned medium. Longer-term survival is promot

ed by culture on a laminin substrate, although laminin alone does not support 

survival [138]. 

Degeneration and regeneration of the nerve 

There are two principal targets of peripheral nerve damage: the axon and the 

Schwann cells with their myelin sheath. As a consequence of axonal damage by crush, 

axotomy, ischemia and long-standing demyelination, a specific orchestrated sequence 

of histopathological events is induced, which should eventually result in a re

established functional neuron-to-target connection. In order to achieve successful 

nerve repair, neuronal loss must be prevented, axons must re-grow and find their 

correct target cells, and myelin sheaths have to be re-synthesised. As a first step, the 

injured tissue must be cleared and axonal growth-inhibiting myelin debris must be 

removed.This process, named Wallerian degeneration, sets in motion a machinery of 

changes in the perikarya of the neurons as well as in the distal degenerating stump of 

the injured axons. The series of events taking place during Wallerian degeneration 

partially re-capitulates the molecular and cellular mechanisms occurring during development. 
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Cellular responses of Wallerian degeneration 

The term "Wallerian degeneration" describes the changes in a nerve, involving degen

eration of the nerve fibres and myelin, and removal of the degeneration products by 

local inflammatory cells. Waller originally described these events in 1850 [139]. 

Wallerian degeneration may occur in both the PNS and CNS whenever trauma, a 

vascular incident, infection or immune response locally injures axons. In the distal 

axonal stump, Wallerian degeneration takes places during the first few days post-

injury [140].The axons degenerate, their myelin sheath detaches and degrades, and 

the degradation products together with the secretion of macrophages, stimulate the 

Schwann cells within the distal stump to proliferate forming the bands of Büngner 

[141] (Figure 10). 

This proliferation continues for approximately 2 weeks, with the Schwann cells form

ing a conduit, which guides the regenerating axons to their target [ 142].The Schwann 

cells diffuse from the distal stump across the injury area to provide trophic support 

to the axon regenerating from the proximal stump [143].The contact with regener

ating axons stimulates a second phase of Schwann cell proliferation, which is mediat

ed by a neuronal derived trophic factor specific for Schwann cells. However, if axonal 

regeneration is delayed, Schwann cell decrease progressively in number and become 

less responsive to axonal regeneration [144]. 

Wallerian degeneration after transection of peripheral nerve has been extensively 

studied. However, the question remains controversial as to which cells are responsible 

for nerve survival and tissue repair mechanisms after injury [145].There is a growing 

body of evidence from in vitro and in vivo morphological studies supporting the con

cept that both Schwann cells and macrophages are involved in the degradation of PNS 

myelin [145]. Although the relative roles of these two cell types remains controver

sial, the bulk of evidence suggests that Schwann cells initiate myelin degradation by 

sequestering myelin fragments into ovoids [146, 147]. Schwann cells proliferate and 

the endoneurial sheath, surrounding Schwann cells, is left intact [145].Thus, transec

tion or crush of a peripheral nerve sets a dramatic change in the molecular compo

sition of the distal nerve in motion, thereby creating a microenvironment that 

supports axonal regeneration in the PNS. Upon loss of axonal contact myelinating 

Schwann cells downregulate mRNA levels of myelin components (MBP, MPZ, PMP-22 

and periaxin) within 2 days after injury. Formerly myelinating Schwann cells dediffer

entiate and acquire the phenotype of non-myelinating Schwann cells by expression of 

cell adhesion molecules NGF-R, GFAP and N-CAM. Expression of the transcription fac

tors Pax3, Krox-20 and 0ct6 has also been observed, mimicking the events during nor

mal development. 

Although Schwann cells have been proposed as the primary cells of myelin phagocy

tosis, there is also a role for macrophages in Wallerian degeneration [148, 149]. In 

vivo, macrophage infiltration and proliferation during Wallerian degeneration of the 



peripheral nerve in vivo may begin as early as day I, and reaches a maximum between 

14 and 21 days after nerve transection [I 50]. Although Schwann cells may initiate 

myelin breakdown in the absence of macrophages [148, 149, 151], the later serve to 

complete the process of myelin breakdown in the degenerating nerve segment.The 

migration of mast cells into sites of nerve inflammation and repair suggest that mast 

cells actively participate in the posttraumatic degeneration and regeneration process 

of nerves [I 52]. These cells might be beneficial agents in nerve injury, through the 

mediators that they synthesize and secrete. 

Figure 10. Schematic representation ofWaller ian degeneration, 
A, the cellular organisation of a motoneuron, skeletal muscle fibre and Schwann cells. B, following an axonal 
lesion, the distal stump of the axon and its motor nerve terminal degenerate.The resident Schwann cells de
differentiate and proliferate. The axonal, nerve terminal and myelin debris are removed by phagocytosing 
Schwann cells as well as invading macrophages. The cell body undergoes chromatolysis and the nucleus 
translocates. C. after the removal of all debris and the formation of bands of Büngner by Schwann cells, the 
proximal nerve stump regenerates back to the denervated muscle fiber. 

Molecular aspects ofWal ler ian degeneration 

The molecular mechanisms of axon degeneration are poorly understood. Wallerian 

degeneration was, until recently, considered a passive mechanism, with axons degen

erating because of loss of new protein supplies from the cell body. But the finding of 

the Wallerian degeneration (Wlds) mutant mice demonstrates that Wallerian degen

eration is an active and auto-destructive process, akin to apoptosis of the cell body. 
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Wld s mice contain a protective gene, which encodes an N-terminal fragment of 

ubiquitination factor E4B (Ube4b) fused to nicotinamide mononucleotide adenylyl-

transferase (Nmnat) [ I 53].The effect of the fusion protein is a dose-dependent block

ing of Wallerian degeneration. Transected distal axons survived for two weeks, and 

neuromuscular junctions were also protected [I 53].The Wld s mouse is an important 

model in which positive and negative regulates of active axon degeneration may be 

identified. Wld s delays axon degeneration in a variety of disorders. Axons of the 

mutant are less susceptible to toxicity than the wild type axons.This suggests a role 

in protecting neurodegeneration due to chemotherapy.They are also more susceptible 

to dying-back in myelin-related peripheral neuropathy (in the MPZ-knockout mouse) 

and progressive motor neuron disease, resulting in extended functional preservation 

of the axons. These results might imply that Wallerian degeneration appears to be 

triggered by diverse insults, including disease-related processes and will give insights 

into non-injury disorders such as dying back neuropathies. Manipulating Wallerian 

degeneration could be a basis for therapy in some neurodegenerative disorders, 

although there is first much to learn from animal models. At the present t ime,Wld s 

is the only mutation known to cause intrinsic axon protection for a period of many days. 

Regeneration 

In order to regenerate, a peripheral nerve requires outgrowth of axons from the 

proximal portion of the nerve trunk into the denervated distal trunk. If axons regen

erate Schwann cells re-ensheath them in a manner that is highly reminiscent of devel

opment and re-express high levels of myelin-related proteins [154]. Macrophages 

salvage certain myelin lipids and supply these to the Schwann cells for re-utilisation 

in myelin synthesis [155]. It has become evident that the success of axonal regener

ation depends on the growth properties of the axotomised neuron.The environment 

in which PNS axons regenerate consists of Schwann cells and their basal laminae, 

fibroblasts, collagen, degenerating myelin and phagocytotic cells [156, 157]. Schwann 

cells serve as scaffolds for regenerating axons by expressing adhesion molecules on 

the surface of their plasma membrane and produce trophic factors for regenerating 

axons such as brain derived neurotrophic factor, glial derived neurotrophic factors 

and others [158, 159]. Furthermore, at around 7 days after nerve injury, many nerve 

regeneration-related factors reach their peak levels, and the growth cones of regen

erating axons begin to move over Schwann cell surfaces [160]. The terminal tip of 

the regrowing axons responds to contact guidance cues and actively reaches for a 

suitable matrix and environment [I 6 I ] . Schwann cells from the distal stump produce 

the most effective substrate and direct regeneration [161]. During regeneration, the 

axons also responds selectively to trophic cues and grow back preferentially towards 

the target organ which it originally innervated although the mechanism regulating this 

specificity is not fully understood [I 62].The L2 epitope on the myelinating Schwann 



cells is suggested to play a role in this phenomenon [163]. 

In Wallerian degeneration, myelin-derived lipids are reutilised for regeneration and 

remyelination. Apolipoprotein D and E (ApoD and ApoE) are lipid-binding proteins, 

which accumulate in the distal stump after axotomy [164]. Functional studies in mice 

have showed that neuritic growth cones and Schwann cells take up lipoproteins. 

However, nerve regeneration and cholesterol reutilisation may also occur in the 

absence of ApoE as shown in transgenic mice [155]. 

Complement system 

One group of factors that play a role in macrophage recruitment and activation 

during Wallerian degeneration is the set of serum complement proteins [I 65]. The 

importance of complement products during Wallerian degeneration in vivo remains 

controversial. Dailey [166] provides evidence for the importance of complement and 

macrophages in both Wallerian degeneration and axonal regeneration. Depletion of 

C3 reduced the number of macrophages after nerve crush [165]. Complement-

mediated clearance of myelin proceeds by both the classical and the alternative path

ways, both of which have C3 as an intermediate component. 

The complement system plays a major role in host defence against microorganisms, 

and in the processing and elimination of immune complexes.The complement system 

consists of some 30 proteins, which include soluble as well as membrane embedded 

complement proteins. Two distinct routes, the classical and the alternative pathway 

can activate complement [167, 168] and lead to the formation of the C5b-C9 cyto

lytic membrane attack complex (MAC) (Figure I I).The classical pathway is activated 

primarily by the interaction of C lq with immune complexes. The initiation of the 

alternative pathway does not depend upon the presence of immune complexes.There 

are two groups of complement regulators. One group inhibits different steps of the 

classical or the alternative pathway in the fluid phase.These regulators prevent com

plement to be activated in the fluid phase but allow it to be activated on the surface 

of cells.The other group does not allow complement to be activated on the surface 

of the cell to protect the cell from endogenous complement. Among the second 

group of regulators are also complement-receptors, which mediate their functions on 

the cell, which they are expressed. When complement and complement-fixing 

immunoglobulins are demonstrated at the same discrete site in tissue, evidence is 

provided that antibody has reacted with antigen with subsequent complement activa

tion. Complement activation can induce a pathogenic inflammatory response, 

promote phagocytosis of complement-coated cells, or cause cell lysis through 

formation of the MAC. 

The primary site of synthesis of the majority of the plasma complement-proteins is 

the liver. Several tissues other than liver also synthesise complement although they 

are not the primary site of plasma complement. Evidence is emerging that extra-
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hepatic comp lemen t biosynthesis might be an impo r t an t fac to r in t r igger ing and per

petuat ing in f lammat ion in many di f ferent tissues [ I 69 ] . This wi l l be relevant bo th in 

early stages of in f lammat ion and in tissues tha t are shielded f rom plasma components 

by a b lood- t issue barr ier . The l ist of cells wh ich have been shown t o p roduce c o m 

plement is g row ing and includes monocytes/macrophages, f ibroblasts, endothel ia l 

cells, renal g lomeru lar cells, synovial cell l ining, kerat inocytes, osteoblast ic cells and 

skeletal muscle [170 ] . 

Alternative Pathway Classical Pathway 

Figure I I. Complement system. 

The human brain, wh ich is p ro tec ted by the b lood-bra in barr ier, is an example of an 

organ w i t h an own local comp lemen t biosynthesis system [168, 171]. C o m p l e m e n t 

has been impl icated in several neurodegenerat ive diseases of the bra in , like 

A lzhe imer 's , Hunt ing ton 's and Pick's disease [171] . Comp lemen t act ivat ion is also 

seen in immune-media ted neurological d isorders such as mul t ip le sclerosis [172] . In 

the PNS, several types of neuropathy are suspected to be au to immune in or ig in and 

c i rculat ing autoant ibodies t o myelin and Schwann cell antigens have been detected 

[58, 63, 64, 173-178]. C o m p l e m e n t is impl icated as an ef fector in the in f lammatory 

demyel inat ion of E A N , a model fo r Gui l la in-Barré syndrome [179 ] . In patients w i t h 

po lyneuropathy and IgM monoc lona l gammopathy, depos i t ion of several comp lemen t 

components and of M A C on myelin sheaths of per iphera l nerves have been repo r ted 

[180]. 
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5 High th roughpu t gene expression analysis 
Over the years several techniques have been developed to study the biological 

processes of the human body. With the progress in biotechnology, Celera genomics, 

a commercial company and a public genome consortium have been able to unravel 

the human genome sequence [181, I 82]. The ultimate goal of this consortium is to 

determine the expression pattern of the human genome in quantitative terms and 

unravel the biological function of all genes. High throughput techniques are employed 

to characterise these genes and to obtain more information about their expression 

patterns.The rapid technological development in the field of genomics has created an 

unprecedented situation in biology. Genomics research has transformed molecular 

biology from a data-poor to a data-rich science.The way of thinking has changed from 

a classical hypothesis driven single gene approach to a more global approach. Due to 

the large amount of data obtained from high throughput analysis the formation of a 

hypothesis may seem unnecessary. However, high throughput experiments have limhed 

accuracy and therefore good hypotheses are still required [183, 184]. The gene 

expression data obtained are only meaningful in the context of a detailed description 

of the conditions under which they were studied. It is therefore important to have a 

well-defined experimental set up to perform high throughput analysis [185].The most 

commonly used high throughput techniques are serial analysis of gene expression 

(SAGE) [186] and microarrays [187, 188]. 

Serial analysis of gene expression 

SAGE was developed by Velculescu [189]. SAGE allows the quantitive and qualitative 

analysis of thousands of transcripts in a well-defined cell type or tissue. It has proven 

a useful tool in genomics, as a human transcriptome map has been constructed in an 

effort to identify clusters of genes on chromosomes of unusually high or low tran

scriptional activity [ I 90].The SAGE methodology is mainly based on three principles: 

I) the extraction of a 10 bp sequence from a defined 3'position of a gene, which 

uniquely identifies the transcript; 2) the short tag can be linked together to form long 

serial molecules that can be cloned and sequenced; and 3) the amount of times a tag 

is represented provides the expression level of the corresponding transcript. A step

wise explanation of the original SAGE technique is illustrated in Figure 12. 

SAGE data analysis 

The sequenced concatamers are the starting point for data analysis.The first step of 

the analysis is the extraction of the ditags from the concatamers sequences. From 

these ditags a list of tags is compiled, called SAGE tag list.The next step in the analy

sis is the determination of the transcripts from which these tags were derived in 

order to identify the genes that were expressed. The National Center for 

Biotechnology Information (NCBI) has developed a computer algorithm to extract 
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tags from the known mRNA and DNA sequences in the public database GenBank 

(www.ncbi.nlm.nih.gov/SAGE).The tags can represent a known gene, an EST or have 

no match with the GenBank database.The SAGEmap site is publicly available and con

tains the data of several SAGE libraries. This allows direct comparison of SAGE 

libraries of different tissues and leads to the identification of differentially regulated 

genes.The Cancer Genome Anatomy Project (CGAP) has developed an interface 

which directly shows the expression levels of a SAGE tag in different tissues 

(http://cgap.nci.nih.gov/SAGE/AnatomicViewer).The bioinformatics group at our uni

versity has developed a web application, USAGE, which enables a comprehensive 

analysis of SAGE data with regard to tag identification and statistical comparison of 

SAGE tag lists [191]. USAGE is equipped with a query editor and match, merge and 

pool functionalities offer a powerful and flexible approach towards data analysis. 

Advantages of the SAGE technique 

SAGE is a quantitative as well as qualitative analysis of gene expression and it allows 

the identification of unknown genes. Since it is based on a relatively simple set of 

molecular techniques it can easily be applied in a standard laboratory. One of the 

strengths of SAGE is that it allows the simultaneous analysis of hundreds of 

thousands of transcripts, and does not depend on the availability of cDNA or oligonu

cleotide libraries derived from sequenced clones, making it perhaps the most 

comprehensive technique for genome-wide gene expression analysis.The results from 

new experiments can be directly compared to existing gene expression databases. 

Significant differences from these comparisons can then be identified in a rigorous 

fashion using a variety of standard statistical tests that can be confirmed experi

mentally by for instance Northern blot analysis [185]. 

Disadvantages of the SAGE technique 

Although SAGE is a powerful approach to get insight in the gene expression profile 

of a specific tissue several technical problems arise. First, the amount of material 

needed to do the experiment is high, although adaptations to the initial protocol have 

lead to the development of MicroSAGE [192], which requires 500-5000 fold less 

starting input RNA, and is simplified by the incorporation of a 'one-tube' procedure 

for all steps. Another technical problem is the high amount of linker-dimers that can 

arise after PCR amplification.To minimise this, biotinylated PCR primers were intro

duced [ I 93]. A major problem of the SAGE technique is identifying the corresponding 

gene for each tag. Sequence errors either in the tag, the Nlalll restriction site or 

sequence data available may lead to wrong annotation. Multiple tags may correspond 

to a single gene.The reason for this maybe that a tag may be derived from common 

repeats, polyadenylation sites or alternative splicing. If the restriction site is not pres

ent in the gene or too far upstream from the polyA tail, the tag will be missed.These 

http://www.ncbi.nlm.nih.gov/SAGE).The
http://cgap.nci.nih.gov/SAGE/AnatomicViewer).The


High throughput analysis 39 

problems will incorrectly over- or underrate the role of a differentially expressed 

gene. These problems will greatly be reduced, once the sequence of the human 

genome has been completed to a very low error rate. Adaptations in the protocol 

have already overcome many of the disadvantages of the SAGE technique.The intro

duction of MicroSAGE [192] and LongSAGE [194] are two examples. 

Microarray experiments 

Large-scale measurement of gene expression, using hybridisation of complex probes 

prepared from total or mRNA to arrays of cDNA inserts or oligonucleotides, is 

becoming a widely used technique [188, 195]. Array technology is a powerful tool to 

investigate global cell gene expression in simple in vitro or more complex in vivo 

systems. The method may provide quantitative measurements of the expression 

levels of thousands of genes in different tissues or in normal versus pathological sam

ples, with good reproducibility and freedom of artefacts in carefully controlled exper

iments. There are two types of array: nylon based or glass based arrays. Each array 

consists of a solid support where cDNA or oligonucleotides are arrayed in a fixed 

pattern. A probe derived from messenger RNA is hybridised to the complementary 

cDNA on the array. There is a digital read out system to analyse the hybridisation 

results. Microarray experiments and analysis are still in their infancy and need 

standardisations for storing and analysing to permit data exchange. The process of 

expression analysis may broadly be divided into three stages: array fabrication, probe 

preparation and hybridisations, and data collection, normalisation and analysis. 

Standards have been developed for the different stages of microarray experiments 

[196, 197]. 

Nylon arrays 

For the nylon arrays, PCR amplified cDNAs are spotted with the use of a robot to 

positively charged nylon membranes. RNA probes are labelled with 33P (x-dATP, as it 

produces a more defined spot image on phosphoimaging than 32P [198]. Prior to 

hybridisation, the probe is annealed with PolyA and COT-1 genomic DNA to prevent 

reporting of non-specific sequence hybridisation signals. After washing non-specific 

probe away, the arrays are subjected to phosphoimaging. The resulting images are 

analysed using software that quantifies the signal of each spot corresponding to an 

individual clone, the intensity being proportional to the amount of mRNA present in 

each sample. 

It is obvious that any high-throughput operation which involves multiple steps of 

sample handling and processing, such as a microarray production is subject to error. 

A sequence verification step for the cDNA clones helps to identify and correct such 

errors [ I 99]. Normalisation is a major problem in evaluating of two filters, since they 

cannot be compared directly. Each probe will contain differing amounts of radioac-
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tively labelled cDNA as a result of differing amounts of RNA used or of differing 

labelling reaction kinetics [200]. Normalisation of data can be performed in several 

different ways; statistically [201] or by relating the intensity values of all the spots to 

a gene considered to be equally expressed in the samples studied [202]. 

Glass arrays 

Glass-based cDNA arrays are widely used where two probes are hybridised on a sin

gle array (control and experimental probes each labelled with a different fluorescent 

dye)[203].The major advantage of the glass array technique is the direct analysis of 

control and sample.The fluorescence emission of specifically bound probe is detected 

using an appropriate scanner, which gives a quantitive estimate of each gene expres

sion. The expression of a gene is represented as a relative ratio with respect to the 

control sample [I 87].There are two common types of DNA glass microarrays. In the 

first, the DNA (usually in the form of a cDNA, PCR products or 70-mer oligonu

cleotides) is post-synthetically attached to a glass support [204, 205] and in the sec

ond, the DNA (in the form of a single stranded oligonucleotide) is synthesised in situ 

[206]. The oligo arrays measure a single sample at a time and therefore use a single 

type of dye. In contrast, cDNA microarrays measure either one or, more commonly, 

two samples [I 84]. 

Disadvantages 

The use of two fluorescent dyes for probe labelling affects data in certain genes. 

The reason for this inconsistency is unknown, but may result from bias in dye labelling 

to some sequences [207]. Another possible disadvantage of DNA microarray is that 

it does not always reflect the results obtained with conventional technologies such as 

Northern blot analyses [208]. This issue is of great concern when using DNA 

microarray as a single tool for gene discovery.There is generally a one-to-one corre

spondence between spots and genes, but various exceptions hold. Multiple cDNAs 

derived from different genes may hybridise to the same spot if the DNA at that spot 

is not unique to a single gene; this problem is called cross-hybridisation. Likewise a 

probe may hybridise to more than one spot on the microarray if different spots 

contain different parts of the gene or have homologous sequences. Because of these 

considerations it is more accurate to say that each spot measures one or more tran

scripts of a gene, rather than to a particular gene. Current DNA microarray technol

ogy is not likely to reveal regulation of low-abundance transcripts, which represent a 

large percentage of the transcriptome in complex tissue. However, the technology 

does provide a powerful tool to analyse transcriptional profiles and may successfully 

lead to important discoveries by more focused studies of specific systems using other 

techniques [209]. 
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Data analysis 

Data analysis is currently one of the major bottlenecks in the use of microarray tech

nology and is still at a developmental stage.The conclusions that may be drawn from 

a given set of data depend heavily on the particular choice of data analysis. The 

success of a microarray experiment also depends on the quality of the samples being 

assayed. Because of variability across different samples, it will become increasingly 

important to perform microarray experiments on replicate samples. Moreover, biop

sy samples consist of multiple cell types, which also increases the variability. 

Therefore, much of the data analysis depends on normalisation. Data analysis involves 

two stages: raw data processing and making biological sense out of the processed raw 

data. Raw data processing involves localisation of the individual spot, measurement of 

the intensity of the spot, subtraction of background and normalisation of signal inten

sity. There are currently three normalisation strategies in use: I) normalised to total 

intensity, 2) normalised to median intensity and 3) normalised to internal control 

spot intensities. The normalisation strategy used for each experiment should corre

spond to the experimental design and the system under study [210, 21 I ] . 

Housekeeping genes are often used as an internal reference. But reports in the 

literature describe housekeeping genes to be regulated [212]. Other ways to nor

malise the microarray is to correct for difference in total intensity signal or to add 

synthetic RNA from a different species [200]. 

Following normalisation, data are analysed to identify genes that are differently 

expressed. The next question is, how to define the threshold value of a significant 

change in expression.The statistical analysis of data is perhaps the most difficult prob

lem associated with the use of genome-wide gene analysis procedures such as the 

SAGE and micorarray techniques. Statistical evaluation is absolutely necessary to 

support claims of an increase or decrease in gene expression as studied with arrays. 

Each experiment that uses microarray technology should include a sufficient number 

of independent tests to allow analysis of the results. It is very important that the 

findings are confirmed by an independent method [208, 213]. Because the data gen

erated by a microarray are so extensive, it is impossible to retest all of the data. 

Nevertheless, investigators should evaluate a reasonable number of genes. 

After converting the raw image data into the gene expression ratio, the next 

challenge is to extract functional information and gain novel knowledge of the under

lying biological processes. Hierarchical clustering [214] and self-organising maps [2 I 5] 

have been applied to the analysis of microarray expression data across multiple 

experiments. However, each of these depends on having reliable and reproducible 

data from each microarray assay [187]. 

Microarray data are much more complex than sequence data because microarray 

results depend heavily on particular biological conditions. Standardisation of microarray 



data will therefore depend on a general ontology for describing environmental and 

experimental conditions, as well as on a standard nomenclature for cell types and tis

sue specimens [184]. 

In conclusion, expression profiling of large amount of clinical samples is done very 

efficiently with microarrays, although SAGE is more suitable than microarrays for 

identifying new genes or RNA that are alternatively spliced, because microarrays 

allow only to test known genes on a chip.The new technologies for gene and protein 

analysis will be quite helpful for our field of research, but one must always keep in 

mind that experimental design is the first and most important step. If this is wrong, 

even the most brilliant geneticist and bioinformatician will be useless in analysing the 

pile of data that has been generated. Microarray analysis and SAGE should not be 

considered the conclusion of an experiment, but as a discovery mechanism to help 

select avenues to pursue. 

Finally, a disadvantage of the high throughput techniques is the huge amount of data 

that is obtained.The availability of so much data is a big challenge, both in terms of 

the infrastructure required for its storage and manipulation and for the analytical 

tools required to extract meaningful information. 
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6 Aims and outline of this thesis 
The current knowledge of myelination, demyelination and remyelination is far from 

complete. The aim of this thesis is to gain a better understanding of the genes and 

their proteins present in the peripheral nerve of normal healthy individuals and of 

patients with neuropathies.Two approaches were adopted to investigate the molecu

lar composition of peripheral nerve myelin: I) characterization of a novel genetic 

defect causing autosomal recessive HMSN; 2) genome-wide analysis of the expression 

profiles of PNS cells. 

The thesis starts with a chapter in which a culture model of neuronal cells is 

described.The aim was to find out whether such a culture system would be suitable 

for co-culture models with Schwann cells in order to study myelination in vitro 

(chapter 2). In the third and fourth chapter, a genetic linkage approach to charac

terise the genetic defect causing HMSNL is described. Chapter 3 contains the 

results of the chromosomal mapping of the locus for the autosomal demyelinating 

neuropathy HMSNL. In the fourth chapter, the identification of the gene and the 

results of the mutation analysis leading to a finding of an early stop codon in the 

NDRGI gene are described. 

To achieve the second goal, we used high throughput molecular techniques to obtain 

expression profiles of sciatic nerve and cultured Schwann cells derived from normal 

controls and patients with hereditary neuropathies. First we developed two SAGE 

libraries of normal nerve and Schwann cells.The genetic profiles of the two tissues 

are described in chapter 5. An observation from that study was the high represen

tation of complement factors in the peripheral nerve. In chapter 6, we confirmed 

high representation of the complement components in the peripheral nerve. We 

observed up regulation of the activated complement factors during nerve degenera

tion. Finally, the data from SAGE libraries were used to develop a peripheral nerve 

specific array (chapter 7). The array consists of genes that are highly expressed in 

both SAGE libraries and the family members of these genes or genes that are in the 

same biological pathway. Cultured Schwann cell cultures derived from normal and 

patient nerves were compared to identify genes involved in myelination, myelin main

tenance or Schwann cell morphology. A third SAGE library, constructed from 

Schwann cells derived from a nerve of a patient with HMSNL is compared with these 

array results.The thesis ends with a summarizing discussion (chapter 8). 
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