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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. 



Myelin Sheath 

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]. 



16 C h a p t e r I 

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. 
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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
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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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A b s t r a c t 
The generation of fully differentiated post-mitotic human neuronal cells from stem 

cells (human teratocarcinoma (hNT2) cells) might enable the development of a 

co-culture model of human neurons with human Schwann cells (SCs).This co-culture 

model is an important tool to study formation of myelin sheaths. However, the thin 

processes of the post-mitotic human neuronal cells formed under known culture 

conditions do not provide a good substrate for human SCs to start myelination. We 

optimised the culture conditions of these cells to obtain axons with a larger 

diameter. Western blotting and immunofluorescence studies were performed to 

confirm the neuronal status of the cells and diameter of the processes. In this study, 

we show that addition of cAMP-inducing factors to hNT2 cells resulted in rapid 

morphological changes including the development of processes with a larger 

diameter. 



Rapid signaling of neurons in the vertebrate nervous system depends on intact and 

compact myelin, a sheath of stacked membranes that enwraps segments of axons and 

increases nerve conduction velocity [ I ] . In the peripheral nervous system (PNS) 

axons are myelinated by Schwann cells (SCs).Axonal regulation of the SC phenotype 

is well established and axons are thought to play an important role in the differenti

ation of proliferating SCs towards a fully differentiated myelin-producing cell [2, 3]. 

From rat studies it is known that myelination of PNS axons is probably initiated by 

an axonally derived signal and is associated with the axonal diameter [4, 5]. 

Furthermore, maintenance of PNS myelin usually depends on physical contact 

between SCs and viable axons [6]. 

cAMP has been suggested to be involved in myelination as the second messenger. 

Agents that induce elevated levels of cAMP stimulate expression of myelin-related 

genes and downregulate the expression of genes that are upregulated after axotomy 

[7-9].Thus, the cAMP pathway could play a role in the communication between axons 

and SCs. Artificial elevation of cAMP mimics some aspects of axon-SC contact [10]. 

We examined the possibility of the human teratocarcinoma cell line (hNT2) as neu

ronal substrate for a model to study human axon-glial cell interactions. Addition of 

retinoic acid differentiates the hNT2 cells into terminally differentiated post-mitotic 

neurons [ I I ] with functional axons and dendrites after extensive outgrowth. Co-cul

ture of these neurons with human SCs could provide an excellent tool to study cell-

cell interactions, gene expression and the role of growth factors in (re)myelination. 

Our previous attempts to co-culture these cells resulted in overgrowth of Schwann 

cells. As mentioned above, SCs need axons with a certain diameter to start myelina

tion. The diameter of processes formed by hNT2 cells under known culture condi

tions are about l| im and needs to be increased to induce adhesion of the Schwann 

cells to the axonal processes and myelination. Here we describe the optimisation of 

the culture conditions of differentiated hNT2 cells into cells with larger diameter 

processes by manipulation of intracellular cAMP levels. Besides the proposed role of 

cAMP in interactions between axons and SC interaction, cAMP might also induce 

phosphorylation of the neurofilaments and thereby increase the axonal diameter [4, 

I 2].Therefore, we tested in this study whether elevated levels of intracellular cAMP 

could increase the axonal diameter. 
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Mater ia l & Methods 

hNT2 cells were cultured as described previously [ I I ] . Briefly, hNT2 cells were 

passaged twice a week in Opti-MEM (Gibco BRL, Grand Island. NY, USA) containing 

5% FCS (BioWhitaker Inc. Europe,Verviers, France). hNT2 cells were differentiated in 

Dulbecco's modified Eagle medium (DMEM; Gibco BRL) containing 10 |iM all trans-

retinoic acid (RA)(Sigma, St. Louis, MO, USA). This NT2 medium was renewed twice 

a week for 4 weeks. The cells were replated after RA treatment. Two days later the 

cells were manually dislodged and replated on matrigel coated coverslips. The cells 

were cultured alternately for 2 weeks on medium containing anti-mitotics (10 j iM 

uridine, 10 |iM fluorodeoxyuridine (Fluka Biocehemica, Bornem, Belgium) and I j jM 

cytosine D-arabinofuranoside (Sigma) and in medium without these anti-mitotics. 

Cells were then used for further experiments and remained vital for at least another 

4 weeks. 

Human SCs were obtained from nerve biopsies and were cultured in Iscove's 

modified Dulbecco's Medium (IMDM, Gibco BRL) containing 10% FCS, 0.5 mM 

l-methyl-3-isobutylxanthine (IBMX, Sigma), 0.5 jaM forskolin (ICN, Costa Mesa, CA, 

USA), 2.5 ug/ml insulin (Sigma) and 10 nM p-heregulin177 '244 (a gift from Genentech, 

San Francisco, CA, USA) as described by Hanemann et al. [13]. This medium is 

referred to as human Schwann cell medium (HSCM). 

To study the effects of cAMP-inducing factors on differentiation of hNT2 cells vari

ous factors were added to the standard NT2 medium (DMEM, 10% FCS, 0.2M 

L-glutamate (Roche) and 100 Units/ml penicillin (Gibco BRL) and 100 (ig/ml strepto

mycin (Gibco BRL).The different concentration and combination of factors added to 

the NT2 medium were: 0.5 mM IBMX; 0.5 (iM forskolin; 2.5 ug/ml insulin; 10 nM 

P-heregulin; IBMX and forskolin or IBMX and forskolin and insulin. The hNT2 cells 

were also cultured in HSCM and Human Schwann Cell Conditioned Medium 

(HSCCM) which was HSCM that had been in contact with SC for 5 days. HSCCM was 

filtered over a 0.2 urn filter (Millipore, Bedford, MA, USA).The cells were cultured in 

the presence of these factors for at least 5 days. After incubation, cells were either 

used for immunocytochemistry or Western blotting. 

For the immunocytochemistry study, cells were washed with PBS, fixed in PBS 

containing 4% paraformaldehyde for 10 min at room temperature, washed with PBS, 

permeabilized with methanol for 10 min at -20°C and washed with PBS/10% FCS. 

Coverslips were overlaid with the primary antibody for 30 min at 37°C and washed 

with PBS/10% FCS. A monoclonal antibody recognizing both NF-H and NF-M in 

neurofilaments, JJ47 (gift from Dr D. Dahl [14, 15], Harvard University, Boston, MA, 

USA), was used.The secondary antibody (anti-mouse coupled to FITC (Sigma)) was 

then applied for 30 min at 37°C. After washing with PBS, water and I 00% ethanol the 
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coversl ips were moun ted in Vectashield (Vector Laborator ies , Bur l ingame, C A , USA) 

conta in ing p rop id ium iodide (100 ng/ji.1, Sigma). The coversl ips we re v iewed w i t h a 

Vanox (O lympus, Melvi l le, NY, USA) mic roscope equipped w i t h f luorescence opt ics. 

Incubat ion w i t h the secondary ant ibody alone was used as a negative c o n t r o l . A f t e r 

immuno-s ta in ing , images w e r e cap tu red and analysed using a C C D camera 

(Diagnost ic Ins t ruments , Sterl ing Heights, Michigan) moun ted on an A x i o t r o n m ic ro 

scope (Zeiss, O b e r k o c h e n , Germany) . The length, w i d t h and number of processes 

we re measured f r o m the stem of the cell body using Cytov is ion sof tware (Appl ied 

Imaging, Newcast le Upon Tyne, UK) . Per t rea tmen t be tween 26 and 31 cells we re 

measured. A l l data were analysed w i t h the Kruskal -Wal l is test (w i th Dunn's mul t ip le 

compar ison test f o r post -hoc analysis), assuming a non-norma l d i s t r i bu t ion of the 

data. Di f ferences between mean values of t r ea tmen t groups variables were tested 

w i t h the Mann -Wh i t ney test. On ly two- ta i l ed significance is r e p o r t e d . A P-value of 

P<0.05 was used f o r significance in all compar isons.A l l analyses were done w i t h SPSS 

I 0.7 so f tware . 

The W e s t e r n blots we re obta ined after the cells were washed w i t h PBS, lysed in 

buffer conta in ing 20 mM Tr i s -HCI , 6% glycerol , 0.4% SDS and 5 mM D T T and homog

enized by f lushing th rough a syringe (26 3/8 gauge).The homogenates were boi led fo r 

5 min. Pro te in ex t rac ts were separated by SDS-PAGE using gels conta in ing 6% poly-

acry lamide and t ransfer red t o n i t rocel lu lose f i l ters. The n i t roce l lu lose f i l ters we re 

pre- incubated in Tr is -HCI conta in ing 0.5% Tween-20 (TBST) and 5% non-fat d ry mi lk 

powder . Blots we re incubated overn ight at 4 ° C with the p r ima ry ant ibody, PAb 

ant i -CREB-Phos ( N e w England Biolabs) recognizing cAMP-conve r ted phosphory la ted 

cAMP response e lement binding p ro te in (CREB) in TBST conta in ing 5% non-fat d ry 

m i l k .Then , membranes we re washed in TBST and incubated w i t h horseradish perox -

idase-conjugated secondary ant i -mouse ant ibody (1:3000 d i l u t i on ; Dako, G los t rup , 

Denmark ) fo r 2 h. A f t e r th ree washes in TBST, immuno-react ive bands were detected 

using enhanced chemi luminescence w i t h LumiLightPlus (Roche, Basel, Swi tzer land). 

Results 

The generat ion of fully d i f ferent iated pos t -m i to t i c human neuronal cells f r o m stem 

cells ( h N T 2 cells) by t r ea tmen t w i t h RA [ I I ] might enable the deve lopment of a co -

cu l ture mode l of human neurons w i t h human SCs.To obta in axonal processes w i t h a 

suff icient large diameter, a prerequis i te f o r myel inat ion, the cu l tu re cond i t ions of 

these cells had t o be op t im ised . 

The f i rs t step was t o di f ferent iate h N T 2 cells in to neuronal cells. A f t e r applying RA 

t rea tment , only a par t of the h N T 2 cells appeared t o d i f ferent iate in to neurons, 

de te rm ined on the basis of expression of neurof i laments using immunocy tochemis t ry . 



Figure I. Effects of cAMP-inducing factors on the morphology of hNT2 cells. hNT2 cells were differentiated 
for 4 weeks with 10 uM RA and incubated with different cAMP inducing factors for at least 5 days. Phase-
contrast microscopy (A, C, E, G and H) and immunofluorescence staining (B, D, F) of differentiated hNT2 cells 
with neurofilament JJ47, recognizing NF-H and NF-M. (A/B) NT2 cell medium. A type-l cell wi thout process
es (bold arrow) and type-ll cells with thin long processes (thin arrow). (C/D) HSCCM treatment. A morpho
logically changed type-l cell (bold arrow). (E/F) NT2 medium plus IBMX, a morphologically changed type-l cell 
and unchanged type-ll cells (thin arrow). (G) NT2 medium and |5-heregulin; (H) NT2 medium and insulin. 
Showing some little spikes coming out but no major morphological changes. Slides were photographed 
through a 20* objective 

As previously described by Pleasure [ I I ] , two types of cells could be distinguished on 

the basis of their morphology after RA treatment. We divided these cells into: type-l 

cells, consisting of large, round, cytoplasm rich cells without processes and type-ll 

cells, which grow in aggregates and develop long, thin processes (Figure I A). Type-l 

cells were negative for neurofilament immunostaining and were different in morphol

ogy compared to the non-RA treated cells, which are small and rectangular. We were 

not able to completely remove these type-l cells from the cultures, even after treat

ment with anti-mitotics, suggesting that these cells do not divide as rapidly as the 

undifferentiated parental hNT2 cells. We therefore designated these type-l cells as 

partially differentiated cells. The long, thin processes of the type-ll immuno-stained 



positive for neurofilaments (Figure IB). These cells were classified as differentiated 

neuronal cells.The width of these processes was 1.2 (.im (N=38, SD=0.24). 

Since a large process diameter of the neuronal processes is a prerequisite for myeli-

nation, these type-ll cells were not suitable as a neural input for a human co-culture 

model. Therefore, we varied the culture conditions of the differentiated cells to 

achieve an increased axonal diameter. First, we tested whether SCs had an effect on 

axonal diameter, because cells may secrete a factor that affects axonal diameter [7]. 

The hNT2 cells were therefore incubated with HSCCM.The conditioned medium was 

obtained after being in contact with the Schwann cells for 5 days.Treatment of hNT2 

cells with HSCCM induced a distinct change in morphology (Figure I C). Some of the 

hNT2 cells showed an increase in number of processes and size of processes (Table 

I). However, it appeared that only the type-l cells showed these morphological 

changes, whereas the thin processes of the type-ll cells remained unchanged. We 

observed by viewing the cells at a 4 h interval that the amount of type-ll cells stayed 

the same and the type-l cells changed in morphology.These morphologically different 

cells became positive for neurofilament staining (Figure ID) indicating that neuronal 

differentiation had occurred. Since, no significant differences in number or width of 

processes were observed between HSCM and HSCCM treatment (Table I) it is 

unlikely that a factor secreted by SCs is responsible for this effect or the concentra

tion of the factor may be too low to measure an effect in our system. As only the 

length of the processes was significantly longer (P<0.005, Table I) in the HSCCM 

treated cells, a factor secreted by SCs might be present that elongates the processes. 

HSCCM contains growth factors such as IBMX, forskolin, insulin and (3-heregulin.To 

investigate whether the morphological changes induced by HSCCM treatment was 

due to these factors, they were added individually and in combinations to the hNT2 

cells.The addition of IBMX, which upregulates intracellular levels of cAMP, to the cell 

culture induced similar morphological changes to the type-l cells as the treatment 

with HSCCM.Again the type-ll cells were not affected by IBMX (Figure lE.F.Table I). 

The amount of type-ll cells remained equal, whereas the morphologically changed 

cells replaced the type-l cells. Annexin V and TUNEL negative staining demonstrated 

that the altered morphology of the type-l cells was not due to apoptosis (data not 

shown). However, when these cells were incubated again in normal NT2 medium 

lacking IBMX, the cells died, suggesting a dependency on high cAMP levels and the 

differentiation in a non-reversible state. 

Addition of forskolin, which maintains high cAMP levels in cells, also induced morpho

logical changes in the type-l cells but the effects were less pronounced as compared 

to those of IBMX (Table I). The number of processes and the length of processes 



were less compared to the treatment of IBMX or HSCCM but the width of the 

processes was significantly wider (P<0.00l, Table I). This suggests that IBMX is 

responsible for the increase in process number and forskolin contributes to the 

width of the processes. However, the addition of both of these factors did not result 

in optimal process number and width as may be expected. IBMX and forskolin are not 

complementary in their action. However, they seem to partially reverse each others 

effect on the culture (Table I). Addition of insulin to these two factors does not make 

a significant difference (Table I). Neither, the addition of (3-heregulin (Figure I G), a 

specific SC growth factor, nor the addition of insulin had an effect on the morpholo

gy of the cells (Figure I H). This strongly suggests that cAMP-inducing factors in the 

HSCCM are the active components, which change the morphology of the hNT2 cells. 

The exact mechanism of the cAMP mediated morphological changes is not yet 

known. However, high intracellular cAMP levels induce and stimulate the production 

and phosphorylation of neurofilaments [12] and exposure to cAMP analogs has been 

shown to increase expression of myelin genes in SC [7], cAMP might be involved in 

a signaling pathway that is coordinating myelination-associated changes in both 

neurons and SCs. 

Table I. Effect of various culture conditions on the morphology of type-l cells 

Treatment 
NT2 Medium 
IBMX 
Forskolin 
IBMX + Forskolin 
IBMX + Forskolin + Insulin 
HSCM 
HSCCM 

Number of 
processes (SD) 

O.O 
5.3(1.2) 
3.5(1.0)** 
4(0.8)" 
4.4(0.9)" 
5.9(1.5) 
5.6(1.2) 

Length of 
processes, 

-
147(45) 
1 15(49)^ 
160(37)" 
147(37) 
122(43)* 
155(40) 

Hm (SD) 
Width of processes, 
Jim (SD) 

-
15.7(6.3) 
29.9(15.6)^ 
1 6.7(7.4)^ 
14(5) 
10.1(3.6) 
1 1.7(4.7) 

a significantly different versus HSCCM. 
b significantly different versus IBMX. 
c significantly different versus IBMX but not versus Forskolin. 
d significantly different versus Forskolin but not versus IBMX. 

Phosphorylation of CREB was measured in the differentiated hNT2 cells, to test 

whether IBMX or forskolin did indeed induce elevated levels of cAMP in the cell 

cultures. An increase in phosphorylation of CREB was observed after addition of the 

various cAMP-inducing factors to the hNT2 cells (Figure 2), confirming that the cAMP 

levels were indeed raised. 
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Conclusion 

There fo re , we conclude that cu l tu re cond i t ions leading t o an elevated level of in t ra

cel lular cAMP are responsible fo r the al tered morpho logy of h N T 2 cells in these 

exper iments . The act ivat ion of CREB, which is involved in the d i f ferent ia t ion of the 

o l igodendrocytes as wel l [16 ] , might also play a ro le in this system. W e we re able t o 

cu l tu re cells w i t h a larger process diameter, wh ich show immuno-sta in ing w i t h the 

neuro f i lament ant ibodies, suggesting that we have developed neurons w i t h processes 

that are large enough t o s tar t myel inat ion. It is n o t comple te ly cer ta in w h e t h e r the 

morpho log ica l ly changed type- l cells are indeed the r ight axonal input fo r a co-cu l 

t u re system. Studies in to the precise character of these cells are needed before s tar t 

ing co-cu l tures of human SCs and h N T 2 cells. 

P-CREB * • » « • » « • » — 

0 2 4 8 24 48 c 

Figure 2. Western blot of CREB phosphorylation. hNT2 cells were incubated for 0 (negative control) . 2, 4, 8. 
24 and 48 h in the presence of HSCCMThe western blot was incubated with an antibody against phospho-
rylated CREB. CREB phosphorylation is induced after 2 h of incubation with Schwann cell conditioned medi
um. Same results were seen using IBMX or forskolin individually.The positive control sample is phosphorylat-
ed CREB. 
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Abst rac t 
Hereditary motor and sensory neuropathy type Lom (HMSNL), initially identified in 

Roma (Gypsy) families from Bulgaria, has been mapped to 8q24. 

Further refined mapping of the region has been undertaken on DNA from patients 

diagnosed across Europe.The refined map consists of 25 microsattelite markers over 

approximately 3cM. In this collaborative study we have identified a number of 

historical recombinations resulting from the spread of the HMSNL gene through 

Europe with the migration and isolation of Gypsy groups. Recombination mapping 

and the minimal region of homozygosity reduced the original 3 cM HMSNL region to 

a critical interval of about 200 kb. 
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In t roduct ion 

Hereditary motor and sensory neuropathy type Lom (HMSNL) is a novel autosomal 

recessive demyelinating neuropathy associated with deafness, which was initially iden

tified in Roma (Gypsy) families from Bulgaria [ I , 2]. The HMSNL gene has been 

mapped to 8q24 [ I ] . The conserved polymorphic haplotypes on 8q24, shared by all 

disease chromosomes in the original group of affected families, suggested genetic 

homogeneity and homozygosity for a single founder mutation. Since the initial 

description of the disorder, affected individuals have been diagnosed in different 

countries across Europe, suggesting that HMSNL is probably the most common 

single autosomal recessive peripheral neuropathy. 

The neuropathological features include a very early and severe axonal loss [ I , 3-7] 

pointing to HMSNL as a model disorder whose genetic and pathophysiological mech

anisms may be relevant to understanding the general causes of disability in demyeli

nating peripheral neuropathies. Since neural deafness is an invariable symptom of 

HMSNL, the identification of the molecular basis of the disease will also contribute 

to disentangling the complexity of factors involved in hearing loss. 

The HMSNL interval defined by the initial data spanned a distance of approximately 

3 cM. The Src-like adaptor protein (SLAP), involved in receptor-mediated cell sig

nalling, has been subsequently placed in that interval and excluded as the HMSNL 

gene [8]. Since no other candidate genes are known to be located in the region, the 

identification of the HMSNL gene has to rely on the positional cloning approach 

whose success depends on the size of the critical interval. 

Here we present the results of a collaborative study of affected families diagnosed in 

Bulgaria, Spain, Italy, Slovenia, France, Germany and Rumania, aiming at the refined 

genetic mapping of HMSNL. 

Subjects and Methods 

H M S N L patients and famil ies 

The study comprised a total of 174 subjects: 60 patients and I 14 unaffected relatives 

from 23 HMSNL families. The group of patients included 32 males and 28 females 

aged between 7 and 50 years. Detailed clinical examinations were performed in all 

cases. Electrophysiological investigations, including nerve conduction studies and 

recordings of Brainstem Auditory Evoked Potentials (BAEPs) were carried out in at 

least one affected individual per family. Neuropathological studies were conducted on 

sural nerve biopsies obtained from seven unrelated affected subjects. Informed 

consent for participation in the study has been obtained from all subjects.The study 

complies with the ethical guidelines of the institutions involved. 
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Polymorphic markers used in the study 

A total of 32 markers on 8q24.3 were typed in the HMSNL families (Figure I).These 

included 9 microsatellites flanking the HMSNL region, namely 4IF08, D8S557, 

D8SI835 and D8S558 on the centromeric side, and D8S256, D8SI708, D8SI746, 

D8S I 796 and D8SI462 on the telomeric side. A total of 23 markers were located in 

the interval between D8S558 and D8S256, defined in the initial study as the HMSNL 

gene region [ I ] . Three of these microsatellites, namely D8S529, D8S378 and 

AFMII6yh8 have been published previously and are available through the public 

genome databases.The remaining 20 polymorphic microsatellites have been identified 

as part of this study. 

Ident i f icat ion of new polymorphic 

microsatel l i tes in the H M S N L region 

A contig of genomic BAC or PAC clones spanning the HMSNL region was assembled 

and the clones were used for the identification of new polymorphisms.The BAC/PAC 

DNA was digested with frequent-cutter restriction endonucleases. The fragments 

were shotgun cloned into pBluescript. Colonies were gridded and a replica mem

brane was hybridised with a cocktail of [32P]y-ATP end-labelled di/tri/tetranucleotide 

repeat sequences. Alternatively, the fragments were ligated to adapter oligonu

cleotides RX24 (5'AGCACT CTG CAG CCT CTA GAT CTC 3') and RX09 (5' GAG 

ATC TAG 3'), hybridised to a biotinylated anchor probe corresponding to a simple 

repeat sequence and captured using streptavidin-coated magnetic beads. The frag

ments were released by washing, PCR-amplified and cloned into pBluescript. In both 

cases the clones were sequenced, using universal primers T7 and T3, to identify the 

repeat sequence and select PCR primers for further analysis. Two of the new 

microsatellites were identified within BAC ends sequenced routinely as part of the 

physical mapping of the region, and three were found during the genomic sequencing 

of the HMSNL region. 

All newly identified microsatellites were tested for polymorphism against a panel of 

DNA samples of unrelated control individuals from the same population and subse

quently typed in the HMSNL families. Due to their low polymorphism, markers 

423rl33, 543b76, 4838-T3, 369CA2 and 369CA3 were analysed only in the families 

with evidence of recombinations, in an attempt to map the breakpoints. 

Genotyping analysis 

Markers available through the public databases were PCR-amplified using commer

cially available fluorescently labelled primers (Research Genetics Map Pair Set). 

Electrophoretic length separation was carried out on an ABI 373 XL automated DNA 

analyser. Allele assignment was performed using the ABI Genotyper software and 



alleles named by their size in base pairs. 

The newly identified microsatellite repeats were analysed through the incorporation 

of [-^PJa-dCTP in the PCR product during amplification. The PCR primers, the 

average length of the PCR products and the number of alleles are shown in Table I. 

The PCR products were separated by vertical acrylamide gel electrophoresis at 1400 

V for 1.5 - 2.5 h in a Hoeffer Pokerface II apparatus. The gels were fixed in a 10% 

methanol / 10% acetic acid solution, dried in a Savant slab gel dryer and exposed to 

Cronex 4 films for 2-24 h. Allele calling was performed manually, numbering the alleles 

from top to bottom. Uniform allele assignment across the sample was ensured 

through the use of allelic ladders including representative samples from all gels. 

Table I. PCR primer sequences of newly identified markers in the HMSNL region 

M a r k e r 

PJ 10 

PJ 19 

SLAP 

3 2 6 C A 2 

3 2 6 C A I 

3 2 6 C A 3 

I 8 9 C A I 7 

4 2 3 R I 3 3 

5 4 3 C A I 

5 4 3 B 7 6 

3 3 9 C A I 

3 3 9 C A 2 

4 8 3 8 - T 3 

4 5 8 B I 4 

4 5 8 A I 3 

4 5 8 B 5 7 

3 6 9 A 8 9 

3 6 9 C A 3 

3 6 9 C A 2 

4 7 4 C A I 

P r i m e r S e q u e n c e ( 5 ' - > 3 ' ) 

F o w a r d 

agggtcttagtcccaaca 

accacagcccagtgcctgattcc 

tgcgtcagaagactgtggac 

gtgcaccaaaatctcacaaatcac 

gaaatgctggcagaagtcttgaaag 

tcatgggataaaacattagtgaa 

gaaaaggtcaatatgccagg 

cattacaggcatctgccatg 

gtcttactgctgtatctcc 

gtggcagagtgagacact 

ttgatctgggagaatgatg 

cggacccaaatcaattttc 

aaacaagtcatcttagaca 

ctctccctccaaagtctcc 

aagtatccctgttattcagc 

agacagtcttcttgactgg 

ctcatctacacactcgcgcg 

gatataattatgcagatagg 

ctcctacctgctgtctgc 

tcaggcaggctggattcag 

Reverse 

agaaagaactgaccagcc 

ttacttggcacccaggcttctca 

tggccatggttttcatgtgc 

ccaattcaccgcaagtcagacact 

ttgactccctgcatttataccaatctt 

gatttgcaatttattcaagaacac 

gattgagttgtctatttgtc 

gtgaacatggcgaacgctg 

ccacaatacgaatgtatg 

tatactatgaccattctctg 

acatatacactgccacg 

ccatttacagtgcagatg 

cacagcaagactccttc 

aaagcagaggaagcgctgg 

cttacttccaggataaacac 

tgtacccaagtcccatcc 

ggccgatgagacggtccgaaa 

gttatttgtcttatcagtc 

gctgagaagtccatgatc 

agcagagccatggcacatg 

Size of 
PCR 

product 

(bp) 

170 

140 

170 

3 0 0 

190 

160 

140 

120 

150 

120 

100 

122 

98 

170 

1 10 

120 

2 0 0 

188 

199 

170 

N u m b e r 

of 
al le les 

7 

5 

6 

7 

2 

7 

3 

3 

3 

2 

5 

6 

2 

5 

5 

6 

I I 

4 

3 

4 

Repeat 

m o t i f 

C A 

C T G 

C A 

C A 

C A 

C A 

C A 

C A 

C A 

C A 

C A 

C A 

C C T T 

C A 

C A 

C A 

C A 

C A 

C A 

C A 

Haplotype analysis and recombination mapping 

The order of markers (Figure I) was obtained by STS content mapping of the genom

ic BAC and PAC clones forming the contig. The haplotypes on normal and HMSNL 

chromosomes were constructed manually in each family and examined for recent and 

historical recombinations. 



The H M S N L phenotype 

The participating centres have reported consistent clinical findings, which allow the 

definition of the HMSNL phenotype [ I , 3, 4, 6, 7]. Onset of symptoms is in the first 

decade of life. Gait disturbances begin at age 5-10 years and difficulty in using the 

hands becomes evident at age 5-15 years. Muscle wasting and weakness are distally 

accentuated and particularly severe in the lower limbs.Tendon reflexes are absent in 

the lower limbs and, depending on the age of the patient, depressed or absent in the 

upper limbs. Sensory loss involving all modalities is also distally accentuated and most 

evident in the lower limbs. Skeletal deformities, particularly of the feet, are common. 

Nerve conduction studies show a severe reduction in motor nerve conduction velocity. 

Sensory potentials are usually unobtainable. 

Hearing loss is a characteristic feature of HMSNL and usually develops in the second 

or third decade. Abnormal BAEP recordings, suggesting retrocochlear involvement of 

the central auditory pathways, are present in all patients prior to the onset of 

subjective hearing loss.The deafness in HMSNL has been shown to be of a pure neu

ral type, due to a neuropathy of the auditory nerve with function in the cochlear 

outer hair cells being preserved [6]. 

The neurophysiological findings suggestive of a demyelinating neuropathy are sup

ported by the neuropathological observations in peripheral nerve biopsies.An excess 

of nerve fibres with inappropriately thin myelin sheaths is a consistent finding [2-7]. 

A number of ultrastructural observations clearly distinguish HMSNL from other 

demyelinating neuropathies.These include ( I ) early and severe axonal loss; (2) curvi

linear axonal inclusions resembling the dying-back type of distal axonopathy seen in 

experimental vitamin E deficiency; (3) failure of compaction of the innermost myelin 

lamellae; (4) a poor hypertrophic reaction of the Schwann cell with the formation of 

atypical onion bulbs in young patients which regress later in the course of the dis

ease; and (5) pleomorphic inclusions in the adaxonal Schwann cell cytoplasm. The 

findings point to a possible disruption of Schwann cell - axonal interaction and sug

gest that the HMSNL gene product may be a growth factor, a growth factor receptor 

or a signalling molecule involved in the maintenance of the differentiated state of 

these cells. 

A dense genetic map of the H M S N L region 

The initial gene mapping study [ I ] placed the HMSNL gene between markers D8S558 

and D8S256. According to public databases, the interval contained five known poly

morphic microsatellites positioned in the order cen-D8S558-D8S529/D8S378-

AFM I l6yh8-D8S256-tel.The construction of the contig and of the genetic map fol

lowed this order, starting from the region around D8S529 for which all individuals in 

the original study had been found to share the same marker allele. In the D8S529-
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Figure 2. Pedigree R 
Abbreviated haplotypes for HMSNL region showing maternal recombination in R5, with the breakpoint map
ping telomeric of pJIO. Haplotype designations as shown in figure I are noted at the bottom of haplotype 
bars. 

D8S256 interval, we have identified 20 new polymorphic microsatellites. 

Wi th two exceptions, markers 4838-T3 and pJI9, all newly identified microsatellites 



are simple CA repeats (Table I), pj I 9 has a CTG sequence motif but our study has 

excluded an expansion of this triplet repeat as the cause of HMSNL and has shown 

pj I 9 to be a neutral variant.The markers were found to vary widely in terms of poly

morphism. Some, such as 326CAI, 543b76 and 4838-T3, displayed two alleles in the 

population studied and were therefore of limited value. On the other hand, a number 

of the new microsatellites of which those located within the critical region are of 

particular importance, are highly polymorphic and informative, e.g. 369a89 which pre

sented with I I alleles.These newly identified markers, together with those previously 

published, provided a dense genetic map of the HMSNL interval on 8q24.3 with an 

average inter-marker distance of less than 0.1 cM. 

Subsequent results from the physical mapping of the region have reversed the origi

nal sequence of genomic clones and polymorphisms and placed the known markers 

in the order cen-D8S558-AFM I I 6yh8-D8S378-D8S529-D8S256-tel (Figure I). 

Refined mapping of the H M S N L gene 

The 32 markers spanning the entire region were genotyped in the group of 174 

individuals, including 60 affected subjects. 

The analysis of polymorphic haplotypes (Figure I) revealed a number of historical 

recombinations involving the markers flanking the HMSNL region, namely the cen-

tromeric group 4IF08, D8S557, D8SI835 and D8S558, and the telomeric group 

D8S256, D8S1708, D8SI 746, D8S1796 and D8S1462. 

In the telomeric part of the region, haplotype diversity has been generated by histor

ical recombinations occurring mainly around microsatellite D8S256. For the purposes 

of refining the HMSNL interval, breakpoints centromeric of D8S256 are of particular 

interest.Two such historical recombinations had been found in the initial study of the 

Lorn family (Figure I, haplotypes E0, E l , L3 and E2, F0 and Fl) and two more were 

identified in the current collection of affected families (Figure I, haplotypes J3 and S). 

The analysis of newly identified microsatellites centromeric to D8S256 has shown 

that in one of these haplotypes (EO, E l , L3/E2), the crossover is between D8S256 and 

the newly identified marker 474CAI (Figure I).The breakpoints in the other three 

historical recombinations are more proximal and useful for the refined mapping of 

the gene localisation.The recombination has occurred between 474CAI and the next 

proximal marker 369CA2 in one haplotype (Fo, F I). In the remaining two haplotypes 

(J3, S), the breakpoints map to the interval 369a89-369CA3, thus placing the telom

eric boundary of the HMSNL interval centromeric of marker 369CA3. 

In the centromeric group of flanking markers, a number of independent recombina

tion events has generated a diversity of haplotypes. In most cases, the breakpoints of 

these historical recombinations map between D8SI835 and D8S558 and are 
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Figure 3. Pedigree G Abbreviated haplotypes for HMSNL region showing possibly complementary historical 
recombinants in G2I .G22 (unaffected) and G I 2 (affected). Haplotype designations as shown in figure I are 
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there fore o f no relevance t o na r row ing d o w n the previously def ined H M S N L region. 

The histor ical recombina t ion involving marker D8S558 (Figure I , haplotype M), iden-
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tified during the initial analysis [ I ] , was shown in this study to be confined to the orig

inal Lorn family. 

Within the interval D8S558-369CA3, nearly identical haplotypes were shared by the 

vast majority of disease chromosomes. The only variation observed was at markers 

D8S378, I89CAI7, 339CA2 and 458b 14, which presented with several alleles 

(Figure I). The fact that these four markers are flanked by conserved haplotypes 

suggests that the observed differences are the product of microsatellite mutations 

rather than historical recombinations. In most cases, the variant allele occurred on a 

specific haplotype background, suggesting secondary founder effect. Wi th the excep

tion of this variation, the markers in the interval formed a highly conserved haplo

type observed in 90% of the HMSNL chromosomes (108 out of 120 analysed).This 

haplotype has not been found on any of the 88 normal chromosomes tested. 

Unusual haplotypes (Figure I, haplotypes Q toV) were found in 12 HMSNL chromo

somes from 6 different families that originate from divergent Romani groups. One of 

these was obviously the product of a maternal recombination. In four families, the 

recombinant haplotype was inherited by all affected members, pointing to historical 

recombinations.Tracing the recombination was not possible in one case, where only 

an affected individual and no other family members were available for analysis. 

In the latter case (Figure I, haplotype V) unusual alleles were found for all markers 

centromeric to p j l9, suggesting that the recombination occurred between markers 

SLAP and pj I 9. 

The only recent recombination was observed in individual R5 from an affected family 

from Bulgaria (Figure 2). R5 has inherited the normal maternal chromosome for the 

entire interval centromeric to pj I 0. Similar to the other affected members of the 

family, he is homozygous for the common disease haplotype in the telomeric part of 

the region. 

In family G (Figure 3), the paternal disease chromosome of affected individual G I2 

carries the usual HMSNL haplotype (A0), whereas the maternal chromosome (haplo

type T) is different for the entire region centromeric to pJIO; GI2 is also homozy

gous for the predominant disease haplotype in the telomeric region (Figure 3 and 

Figure I). In the same large kindred (Figure 3), individual G 19 is closely related to the 

HMSNL branch of the extended family and has inherited the common disease haplo

type (A0) along the entire HMSNL region.This haplotype has been transmitted to her 

two daughters, G2I and G22.The father in this nuclear family, G20, originates from 

the same community. His transmitted chromosome carries the high risk haplotype for 

the whole interval centromeric to pJIO (inclusive) and a totally different distal haplo

type.The two daughters, G2 I and G22, are not affected by HMSNL. It appears prob

able that the two recombinant haplotypes segregating in this small endogamous 

Gypsy group are in fact the product of a single recombination event. 

In the Spanish HMSNL family (Figure 4 and Figure I), the maternal haplotype (S) 
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inherited by the three affected children is different from the common disease haplo-

type for the entire region centromeric of pj 10 and also for the telomeric part of the 

region, distal to 369CA3.AII three affected individuals in this family are homozygous 

for the typical haplotype shared by all HMSNL chromosomes in the interval flanked 

by pJIO and 369CA3. 

The recombinant haplotype (R) segregating in the Slovenian family [6] was found to 

occur on the disease chromosomes of two unrelated HMSNL carriers.The recombi

nation in this case clearly involved pJIO and its proximal markers.The adjacent telom

eric marker, 458b14 also presented with an unusual allele (Figure I) which was 

conservatively attributed to a microsatellite mutation, similar to those observed in 

the non-recombinant haplotypes of the B group (Figure I). 

Haplotype Q (Figure I), with unusual allele sizes for the markers centromeric of pj 10 

(inclusive), was identified in two affected siblings referred for analysis from France. 

All centromeric recombinant haplotypes observed in this study are shown at the bot 

torn of Figure I. The lack of similarity between them indicates that they have been 

generated by independent crossover events. In most cases the breakpoints map to 

the same region between markers pJIO and 458b14, suggesting that it contains a 

recombination hot spot. 

The results of the recombination mapping thus place the HMSNL gene in the interval 

flanked by newly identified microsatellites pj I 0 and 369CA3. Within this interval, a 

highly conserved four-marker haplotype is shared by all 120 HMSNL chromosomes. 

Our physical mapping data indicate that the overall distance between these two 

markers, contained in two overlapping BAC clones, is only 206 kb. 

The investigation of a large number of patients from different countries has demon

strated that hereditary motor and sensory neuropathy type Lorn presents with a 

Discussion 

consistent phenotype allowing the establishment of specific diagnostic criteria. Apart 

from the early onset and marked reduction of motor nerve conduction velocities, the 

manifestation that allows the clinical distinction of HMSNL from other autosomal 

recessive demyelinating peripheral neuropathies is the development of deafness in 

the second or third decade of life. Abnormal BAEP recording are invariably observed 

in all affected individuals before the onset of subjective hearing loss and are there

fore an important diagnostic tool.The neuropathological features of HMSNL are also 

distinctive and point to a characteristic combination of deficient Schwann cell func

tion and early and severe loss of axons.These findings do not allow any conclusions 

to be drawn concerning the localisation of the primary defect (in the axon or the 

Schwann cell) and in fact indicate that the genetic defect in HMSNL may affect the 

complex system of Schwann cell/axon interaction and signalling. 



Schwann cell) and in fact indicate that the genetic defect in HMSNL may affect the 

complex system of Schwann cell/axon interaction and signalling. 

The observed clinical homogeneity is mirrored in the genetic findings. Both the 

shared region of homozygosity and the closely related flanking haplotypes unambigu

ously point to a single founder mutation responsible for the disorder in affected 

individuals across Europe. 

This collaborative study of affected families across Europe identified a number of his

torical recombinations confined to individual divergent Gypsy groups. The informa

tion derived from these independent recombination events has allowed us to define 

precisely the HMSNL gene interval and reduce its size to a small physical distance of 

about 200 kb. 

Four of the microsatellites identified in this study, namely 458b I4-458al3-458b57-

369a89, are located within the critical region. Despite the fact that 458b 14 displays 

some variation most likely resulting from marker mutations, the remaining three 

microsatellites form the highly conserved haplotype 3-6-2 (respectively for 458a I 3-

458b57-369a89) shared by the 120 HMSNL chromosomes and absent in the 88 nor

mal chromosomes tested. While the search for the HMSNL mutation is in progress, 

these highly informative polymorphisms can be used for carrier testing and prenatal 

diagnosis based on linkage analysis in known high risk families. 

This study also leads to some general conclusions relevant to future research into 

genetic disorders among the Roma. A number of reports on hereditary neurological 

disorders among the Roma have been published over the last few years, e.g. limb-

girdle muscular dystrophy LGMD2C [9, 10], the congenital cataracts facial dysmor-

phism neuropathy (CCFDN) syndrome [I I, 12] and congenital myasthenia [13, 14] 

and this population is likely to attract interest in the future as well. 

The emerging pattern can be summarised as follows: a) Gene frequencies are often 

very high [1 ,2 , 10], therefore a rare or novel disorder identified in a single family 

should be considered a first indicator of a possibly common disease, b) The Gypsy 

population of Europe consists of a large number of dispersed small communities, 

which have split from a common ancestral population.The subsequent diversification 

of polymorphic haplotypes around an old disease mutation, as shown in this study, can 

be a powerful tool in the refined genetic mapping. International collaborative efforts 

would be the most productive approach to the identification and study of affected 

families in this interesting founder population, which has no geographical boundaries. 
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Abst rac t 
Hereditary motor and sensory neuropathies, to which Charcot-Marie-Tooth (CMT) 
disease belongs, are a common cause of disability in adult life. Growing awareness 
that axonal loss, rather than demyelination per se, is responsible for the neurological 
deficit in demyelinating CMT disease, has focused research on the mechanisms of 
early development, cell differentiation and cell-cell interactions in the peripheral 
nervous system. Autosomal recessive peripheral neuropathies are relatively rare but 
clinically more severe, and understanding their molecular basis may provide a new 
perspective on these mechanisms. Here we report the identification of the gene 
responsible for Hereditary Motor and Sensory Neuropathy-Lorn (HMSNL). HMSNL 
shows features of Schwann cell dysfunction and a concomitant early axonal 
involvement, suggesting that impaired axon-glia interactions play a major role in its 
pathogenesis. The gene was previously mapped to 8q24.3, where conserved disease 
haplotypes suggested genetic homogeneity and a single founder mutation. We have 
reduced the HMSNL interval to 200 kb and characterised it by large scale genomic 
sequencing. Sequence analysis of patients and controls for the two genes, which are 
located in the critical region identified the founder HMSNL mutation: a premature 
termination codon at position 148 of the N-myc Downstream Regulated Gene I 
(NDRGI). NDRGI is ubiquitously expressed and has been proposed to play a role in 
growth arrest and cell differentiation, possibly as a signalling protein shuttling 
between the cytoplasm and the nucleus. We have studied expression in peripheral 
nerve and detected particularly high levels in the Schwann cell. Together, these 
findings point to an important role of NDRGI in the peripheral nervous system, 
possibly in the Schwann cell signalling necessary for axonal survival. 
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In t roduct ion 

Hereditary Motor and Sensory Neuropathy Lorn (HMSNL) (MIM 601455) is an auto

somal recessive form of Charcot-Marie-Tooth disease, which occurs in divergent 

Romani (Gypsy) groups descended from a small founder population, the Vlax or 

Danubian Roma.The disorder was first described in affected families from Bulgaria [ I ] 

and subsequently diagnosed in Italy [2], Slovenia [3], Germany [4], Spain [5], France 

and Rumania. HMSNL is an early-onset peripheral neuropathy that progresses to 

severe disability in adulthood. Clinically, it presents with muscle weakness and wast

ing, tendon areflexia, skeletal and foot deformities, sensory loss affecting all modali

ties and severe reduction in nerve conduction velocities [2-4, 6]. Neural deafness 

develops during the second or third decade of life, with abnormalities in the brain 

stem auditory evoked potentials suggesting involvement of the entire tract, including 

the central auditory pathways [3, 6].The neuropathological observations in HMSNL 

[3, 4, 6, 7] point to Schwann cell dysfunction, manifested by hypomyelination and 

demyelination/ remyelination, failure of compaction of the innermost myelin lamellae 

and poor hypertrophic response (onion bulb formation) to the demyelination 

process. At the same time, axonal involvement is documented by the early, severe and 

progressive axonal loss and by the presence of curvilinear intra-axonal inclusions, 

similar to those seen in the dying-back type of distal axonopathy in experimental 

vitamin E deficiency. 

A number of recent clinical and experimental studies of the common autosomal dom

inant demyelinating forms of Charcot-Marie-Tooth (CMT) disease have indicated that 

the neurological deficit in demyelinating neuropathies is related to the axonal loss, 

rather than to demyelination per se [8-12] features of HMSNL make it impossible to 

pinpoint the primary defect to either Schwann cells or neurons, and strongly suggest 

that impairment of SC-axonal interaction is a major component of the pathogenesis 

of this disease. The molecular basis of HMSNL may thus be of relevance to the 

general understanding of the pathogenetic mechanisms and causes of disability in 

demyelinating neuropathies. 

The disease gene was mapped to a 3 cM interval on 8q24.3 where closely related dis

ease haplotypes and strong linkage disequilibrium values suggested a single founder 

mutation [ I ] . Similar polymorphic haplotypes were subsequently identified in HMSNL 

chromosomes across Europe, supporting the assumption of genetic homogeneity and 

founder effect [I 3]. We now report the identification of the HMSNL gene and the 

founder mutation causing the disease. 
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Subjects and Methods 

Physical mapping of the H M S N L region 

A contig of genomic clones spanning the HMSNL interval was assembled by screening 

BAC and PAC libraries for the known STSs in the region and for the end sequences 

of clones identified in previous rounds of our library screening. The screening was 

performed by PCR amplification (Research Genetics CITB human BAC library) or fil

ter hybridisation (Pieter de Jonge PAC library #709, RPCI6, obtained through the 

Resource Centre of the German Human Genome Project). Clone orientation was 

obtained by STS content mapping and by halo-FISH [14]. Non-overlapping clone ends 

were used as STSs in the next round of library walking. 

Refined genetic mapping 

For the identification of new polymorphic microsatellites, BAC and PAC contig clones 

were digested with frequent cutter restriction endonucleases and shotgun cloned 

into pBluescript. A replica membrane of the gridded colonies was hybridised with a 

cocktail of [32P] y-ATP end-labelled di/tri/tetranucleotide repeat sequences and pos

itive clones were sequenced. Markers available from the public databases (D8S558, 

D8S529, D8S378 and D8S256) were PCR-amplified using fluorescently labelled 

primers (Research Genetics Map Pair Set), length-separated on a PE Biosystems 373 

XL DNA analyser and analysed using the PE Biosystems Genotyper software. 

AFM I I 6yh8 and all newly identified microsatellites were analysed through incorpora

tion of [32P] OC-dCTP into the PCR product during amplification.The PCR primers for 

the newly identified markers were as described [I 3].Vertical gel electrophoresis, per

formed in a Hoeffer Pokerface II apparatus, was followed by autoradiography for 2-

12 hours. Allele calling was performed manually. Haplotypes were constructed manu

ally and examined for recent and historical recombinations. The marker positions 

were determined by the STS content mapping of the contig clones. 

A total of 174 individuals were genotyped for 24 markers in the HMSNL region. 

Informed consent was obtained from all participants in the study. 

Sequencing 

BAC/PAC DNA isolation and purification with the QIAfilter Plasmid Midi kits fol

lowed the manufacturer's protocols (QIAGEN News Issue # 4, 1996). End sequenc

ing was performed using universal primers T7 and SP6. 

Sequencing analysis of the WISPI and NDRGI genes included all coding regions and 

at least 100 bp of flanking intronic sequences. PCR amplification was performed using 

the primers shown in Table I. The PCR products were purified with the Qiagen 

QIAquick spin columns. Both strands were sequenced with the same primers as used 

for the PCR amplification. 
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Table I. PCR primers for the sequencing analysis of NDRCI and WISPI 

Forward Reverse 

NDRGI 
Exon I 
Exon 2 
Exon 3 
Exon 4 
Exon 5 
Exon 6 
Exon 7 
Exon 8 
Exon 9 
Exon 10 
Exon I I 
Exon 12 
Exon 
Exon 
Exon 
Exon 
WISPI 
Exon I 
Exon 2 
Exon 3 
Exon 4 
Exon 5 

GACTGCGAGGGTCTGGGAG 
CTTCTTGCCATTGGTCTTG 
GATTCAGGTCATAGAAAGG 
CACGCGGATGCCATGAAC 
CTTTGCCACCGAGACACC 
CTAATGGCTTCTCTGTGTC 
AGGCTCCCGTCACTCTG 
CCTAGTGTTTCAGATTGCTG 
GGAGTCCAGCAATGCCAC 
GAGTAGTGACCAGCTCAG 
ACAGGGCCTCTCTCAAGTTG 
CAGGCCTGGGAGTGGGACAATC 
CAAGCCACATCTGCTGAATCC 
GACACCAGCAGCCTTGCCTG 
GGAAACTGGCTCAGACAGG 
GTGGACATGGAGAGGACG 

CATATCTGGTGCTCCTGATGG 
GACAGGAATGCAATGGCAG 
GCATGGTCCACATGGAGCC 
GTGTGGTGAAAGTGAGGGTTG 
GTAAGGTGGAATGCTCCCAC 

CTTACTCCTGGAGTACGC 
GCATGCCCATAAGTACAAG 
AGAGAAGACGGGATGAGG 
G C ATTTCTG G CTTTTCC AG 
GAGCAAAGCACCTGAACC 
GTCAGTCCAGATCAAAGC 
GTCTTCCTTCATCTTAAAATG 
GAGAGCTCGTAGCTCCAG 
CTGAGCACCACACAATGC 
CAAACTCAGAGCCTGCCTCTTC 
CTGGGTAATGCTCAGTCTC 
GCAGGCAGGGCCACTTCAAC 
CTTTGCAGCCTCAGATCACC 
CCTAGGGAATCAGAGTCCTC 
CATGCCCTCCACACACCTAAC 
GTCTCCACCAGAGCTCACTC 

GTAGCAGGACCCAGTAGAGAAG 
GGTGTATCTCCTGCTGAAC 
GGTGGTCAGAGTTCCAGG 
GCTTGTGAAGTCTAGACATCC 
CAGATCAGGGTAACTAAGGC 

Sequencing of end clones and PCR products was performed using PE Biosystems 

BigDye Terminator reagents. The reactions were run on a PE Biosystems ABI 377 

sequencer and analysed using the Sequence Navigator software vs 1.0.1. 

For large-scale genomic sequencing, BAC/PAC DNA was isolated using the double 

acetate method [I 5]. The closed-circle band was sonicated and 1.5-2 kb fragments 

were size-selected by agarose electrophoresis and ligated into the Smal site of 

M I 3mp 18 vector. M I 3 templates were prepared by the Triton method [16]. Shotgun 

sequencing was performed usingThermoSequenase (Amersham) and Dye-Terminator 

chemistry (PE Biosystems). Data were collected using ABI 377 automated sequencers 

and assembled with the program phrap/cross_match. 

Computational analysis 

The genomic sequence data were analysed using the RUMMAGE-DP program of the 

Institute of Molecular Biotechnology, Jena, Germany, which combines more than 25 

different programs (references available at the URL of the Jena Institute of Molecular 

Biotechnology), including five for exon prediction, REPEATMASKER for tagging repet

itive sequences, programs for prediction of CpG islands, and homology searches using 

BLAST version 1.4 and FASTA version 2.0. Recognition of promoter regions and tran-



scription start positions was performed using both Ghosh/Prestridge (TSSG) and 

Wigender (TSSW) motif databases. 

Screening for the R I 48X mutation 

Exon 7 of NDRG\ was PCR amplified as a I 76 bp product using the following primers 

5'AGGCTCCCGTCACTCTG3' (forward) and 5'GTCTCCTTCATCTTAA AATG3' 

(reverse). Restriction digests were performed for 4 h at 65°C in a mix containing IX 

Taq\ buffer, 10 ul PCR product and I OU of Taq\ (Promega).The restriction products 

(104 and 72 bp in length) were separated in 4% agarose gels stained with ethidium 

bromide and visualised under UV light. 

Expression studies 

SAGE library data were obtained through screening of our own libraries construct

ed from peripheral nerve, glioblastoma and fetal brain RNA [17] and through search

ing SAGE public databases.The sequence of the NDRG\ SAGE tag is GGACTTTCCT. 

Expression levels are given as number of tags/106. 

Northern blot analysis was conducted on RNA extracted from total peripheral nerve 

and from cultured non-myelinating Schwann cells and hNT2 cells following standard 

protocols [18]. RT-PCR of NDRGI of RNA derived from the same sources as above, 

was p e r f o r m e d using pr imers A A C C C A C A C A G T C A C C C T ( fo rward ) and 

GAAGTACTTGAAGGCCTC (reverse).The 189 bp products were run on a 1% agarose 

gel in IXTBE, blotted and hybridised with the PCR product obtained with the same 

primers. 

Analysis for tissue-specific transcripts was performed by 5'-RACE and by RT-PCR of 

two fragments spanning the entire coding region of NDRG\. 5'-RACE (Boehringer 

Mannheim 573' RACE kit) was performed on total RNA from human fetal brain, adult 

peripheral nerve and lymphocytes, using the following NDRG I -specific primers: 

NDRG I -RI 5'ACACAGCGTGACGTGAACAG3' (for the reverse transcription step), 

and NDRGI-R2 5'CAGAGCCATGTAAAGTCTCG3' and NDRI-R3 5'ATGTCCT-

GCTCCTGGACATC3' for the 5'-RACE reactions. The products were tested on 

agarose gels and sequenced with primer NDRGI-R3. One-step RT-PCR was per

formed on the same sources of RNA as the 5'-RACE, using the following two primer 

pairs: NDRG I 5'UTR-F 5'GAAGCTCGTCAGTTCACC3' and NDRG I Exon4-R 

5'GTGATCTCCTGCATGTCCTC3'; NDRG I Ex4-F 5'GAGGA CATGCAGGAGAT-

CAC3' and NDRI Exl5-R 5'CCAGAGGCTGTGCGGGACC3'. 

Radiation hybrid mapping 

The chromosomal location of NDRG2 was determined by radiation hybrid (RH) map

ping. PCR screening of the GeneBridge RH panel was performed using primers select

ed from the unique 3'UTR sequence of KIAAI248, showing no homology to NDRG\ 
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or NDRG3.The primer sequences were as follows: NDRG2RH-F2 5'-CTGGGGCTC-

CATTCACCAAAGC and NDRG2RH-R2 5'-AGCCCAGCCCAAGCTTAGCTC. The 

results were submitted for calculation to the RH server of the Whitehead Institute / 

MIT Center for Genome Research. 

Results 

Physical and refined genetic mapping 

We have assembled a I Mb contig of genomic BAC, PAC and cosmid clones, with a 

minimum tiling path shown in Figure I.The contig spans the entire HMSNL region as 

defined by the recombinations identified in the initial study [ I ] . The contig was 

anchored to the four known markers in this region on 8q24, following the order pro

vided by public databases (cen-D8S529/D8S378-AFM I I 6yh8-D8S256-tel). Our subse

quent findings have shown the correct orientation to be cen-AFM I I 6yh8-D8S378-

D8S529-D8S256-tel.The contig clones were used for the physical mapping of ESTs 

roughly positioned in this region and for the identification of new polymorphic markers. 

The refined genetic mapping included 174 individuals (60 patients and I 14 unaffected 

relatives) from seven European countries, genotyped for 24 polymorphic microsatel-

lites, of which 19 were identified in our study [13]. Ten recombinant haplotypes, 

whose distribution differed between disease chromosomes originating from the 

diverse Romani groups, helped to narrow down the HMSNL gene region (Figure lb). 

In 5 of the 7 centromeric recombinations (bottom of Figure lb) the breakpoints 

mapped to the same 90 kb interval between markers pJIO and 458b 14, thus placing 

the centromeric boundary of the region at pj I 0. Haplotype analysis of the telomeric 

recombinants placed the distal boundary at marker 369CA3 (right hand side of Figure I b). 

Wi th in the pJi0-369CA3 interval, all HMSNL chromosomes shared an identical 

haplotype for markers 458a I 3-458b57-369a89.This haplotype was not found in any 

of the 88 normal chromosomes studied. Marker 458b 14 presented with three differ

ent alleles in the disease chromosomes, however on the basis of the conserved flank

ing haplotypes this variation was assumed to result from microsatellite mutations 

(similar to those observed in 339CA2, I89CAI7 and especially D8S378; green boxes 

in Figure lb). 

The critical HMSNL gene interval was thus defined on the basis of recombination and 

homozygosity mapping to be located between newly identified markers pj 10 and 

369CA3. The entire region was contained in 3 overlapping genomic clones, PAC 

709A2498Q2 and BACs 458A3 and 369M3 (Figure I). Large-scale sequencing of these 

clones identified the final exons of thyroglobulin in PAC 709A2498Q2 and the full 

length of two known genes: Wntl-inducible signalling protein I, W/SPI [19] in BAC 

458A3 and N-myc downstream regulated gene I, NDRGI , aliases RTP, NOR I, ORG I, 

CAP43 [20-24] in BACs 458A3 and 369M3 (Figure I a). WISP I and NDRG\ are located tail 



to tail, in opposite orientations and separated by a small distance of about 3 kb.The 

W/SPI gene spans about 38 kb of genomic DNA, with coding regions split into 5 

exons. NDRG\ is spread over 60 kb of genomic DNA and consists of 16 exons, includ

ing an untranslated first exon (Figure 2). 

The H M S N L mutation 

The search for the mutation was conducted by sequencing the untranslated and 

promoter regions, all exons and at least 100 nucleotides of the flanking introns of 

W/SPI and NDRGI in a panel of DNA samples from HMSNL patients and unaffected 

controls from the same population. 

This analysis revealed a total of 13 single nucleotide polymorphisms (SNPs) in the 

two genes (Table 2), of which only one was in W/SPI .The difference is due to the fact 

that sequence variation in NDRG\ was investigated more extensively in individuals of 

diverse ethnic background whereas W/SPI was analysed only in the Roma. Our 

results so far show that SNPs in the NDRGI gene occur with a frequency of at least 

I per 423 nucleotides. In HMSNL patients, the WISP I gene sequence was identical to 

the published wild-type sequence. 

The analysis of NDRG\ in the HMSNL affected individuals identified a C-»T transition 

in exon 7, at nucleotide position 564 (following the numbering of the RTP sequence 

published under accession # D87953).This substitution results in the replacement of 

arginine by a translation termination signal at codon position 148 (Figure 2). The 

RI48X mutation was found in the homozygous state in all 60 HMSNL patients includ

ed in our study. 

The C-»T substitution abolishes a Taq\ site and a restriction assay was designed as a 

screening test for the RI48X mutation. In the HMSNL families, the mutation segre

gated in 100% agreement with the carrier status predicted by haplotype analysis.The 

analysis of 69 additional unaffected members of the extended kindred where the 

disease was first described (the Lorn pedigree), detected 24 carriers. 

The RI48X mutation screening also included 10 Romani families with unspecified 

autosomal recessive peripheral neuropathies from Rumania.The RI48X mutation was 

found in 6 of these families, where it co-segregated with the disease phenotype and 

occurred in the homozygous state in the affected patients. 

We did not find the RI48X mutation among 101 unrelated unaffected control indi

viduals, including 68 non-Romani Bulgarians and 33 Roma who originate from the 

same groups as the HMSNL patients but belong to kindreds with other genetic dis

orders. 

The SNP positions are designated as proposed byAntonarkis et al. [25], with positive 

IVS (intronic) numbers starting from the G of the donor site invariant GT, and the 

negative IVS numbers starting from the G of the acceptor site invariant AG. 



The N-myc downstream regulated gene family 

NDRG\ is a known gene that has been identified previously by several independent 

in-vitro studies of human cell lines [20-22, 24]. The encoded protein is highly con

served in evolution [26-28]. The genomic organisation of NDRG\ revealed in our 

study (Figure 2), is also conserved and closely related to that of the mouse gene [26]. 

Previous experiments suggested that NDRG\ is a unique gene [20, 29], however a 

recent study has demonstrated the existence of a Ndr gene family in the mouse [30]. 

Since the existence of homologous genes in humans could affect the specificity and 

hence reliability of expression studies, we have used the novel mouse sequences to 

search the human genome databases. This search has confirmed the existence of 

related human genes, which we will refer to as NDRG2 and NDRG3 respectively, for 

the genes homologous to mouse Ndr2 and Ndr3. 

NDRG2 was found to be represented by 147 ESTs and two cDNA sequences. To 

determine its chromosomal localisation, we have performed radiation hybrid mapping 

using the GeneBridge panel. NDRG2 was localised to chromosome I4ql 1.2, at 6.72 

cR from DI4S264, with a lod score of 15.0. 

The NDRG3 gene was represented by 86 ESTs and a genomic clone from chromo

some 20ql l .2 l -q l I-23. This provisional chromosomal localisation was confirmed by 

electronic PCR. This search identified four STSs in the same genomic clone (three 

flanking NDRG3 and one located in its 3'UTR) that have also been independently 

localised to chromosome 20 by radiation hybrid mapping. 

The BLAST comparison showed considerable homology between the three human 

NDR genes, with greater divergence in the terminal parts of the sequences. At the 

protein level, the identity (similarity) is 54% (70%) between NDRG\ and NDRG2, 67% 

(81%) between NDRG\ and NDRG3 and 58%(7I%) between NDRG2 and NDRG3. 

These values are very similar to the percent homology reported for the members of 

the mouse Ndr family [27]. Both mouse [27] and human NDRG2 and 3 lack the high

ly hydrophilic amino acid sequence motif (GTRSRSHTSE) typical of NDRG\ and 

repeated three times at its C-terminus. 

Expression analysis of NDRG I 

The ubiquitous expression of NDRG\ is documented by 343 entries in UniGene 

Cluster Hs.75789 and by the previous studies using various experimental systems 

[20-24, 29]. No information has been published to date on the peripheral nervous 

system.To obtain a quantitative comparison of the levels of NDRG\ expression in dif

ferent tissues, we have performed SAGE library screening and database searches.The 

following results, presented as tags/106, were obtained: peripheral nerve 400; colorec

tal cancer (HCTI 16) 213; glioblastoma multiformae libraries 210 and 99; brain 146; 

normal colon and some primary colon tumours 81-105; and prostate cancer 139,158.The 

above values indicate that NDRG I is abundantly expressed in peripheral nerve, where the 

levels of expression are significantly in excess of those in the other tissues examined. 



Table 2. Single Nucleotide Polymorphisms (SNPs) Identified in NDRGI and VV/SP/ 

Gene SNP Nucleotide Position Ethnic background 

NDRGI T/G 5'UTR; ntl5a Afro-American 

C/T 5'UTR, nt3^ Dutch; Roma 

C/T Intronic; IVSI+48 Dutch; Roma 

C/T Intronic; IVS2-5 Afro-American 

C/T Intronic; IVS6-33 Afro-American; Dutch; Roma 

A/G Intronic; IVS10+83 Dutch 

A/C Intronic; IVS 10-50 Afro-American; Dutch; Roma 

C/T Intronic; IVS I 1-7 Roma 

C/T Intronic; IVS 13+147 Afro-American; Dutch; Roma 

A/G (293Pro^Pro) Exonl4;989b Afro-American 

A/C Intronic; IVS 14-1 24 Afro-American 

A/G 3'UTR 1395b Afro-American 

WISP I C/T(307Asn^Asn) Exon 5; 1009^ Roma 

aPosition relative to N D R G I 5'UTR novel sequence (GenBank Accession #AF230380) 
bPosition relative to mRNA for RTP (GenBank Accession number D87953) 
cPosition relative to mRNA WISP I (GenBank Accession number AFI 00779 

Northern blot analysis, comparing total adult peripheral nerve RNA, cultured non-

myelinating Schwann cells and hNT2 cells, which can be induced to neuronal differ

entiation showed strong signal in total peripheral nerve and Schwann cells; expres

sion was lower in undifferentiated hNT2 cells; no signal was obtained in differentiated 

hNT2. In view of the high sequence homology between the genes of the NDRG fami

ly and the possibility of cross-hybridisation, these results were verified and confirmed 

by RT-PCR using NDRGI-specific primers (Figure 3). Our preliminary immunocyto-

chemistry findings in peripheral nerve point to NDRG\ localisation in the Schwann 

cell cytoplasm, with no evidence of axonal expression (not shown). 

We have used 5'-RACE and RT-PCR to check for the presence of tissue-specific 

NDRGI transcripts in peripheral nerve, fetal brain and lymphocytes. 5'-RACE did not 

provide evidence of different transcription start sites: these experiments identified a 

short (15 nt) novel additional sequence immediately upstream of the 5'UTR of 

longest published NDRGI sequence [21], which however was common to all three 

transcripts. RT-PCR, followed by sequencing, of the entire coding region of NDRG\ in 

peripheral nerve, fetal brain and lymphocytes revealed a single transcript, identical to 

the published cDNA sequence, with no evidence of tissue-specific alternatively 

spliced forms. 
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Figure 3 RT-PCR using specific NDRGI primers in I) hNT2 cells, not differentiated, 2) hNT2 cells induced to 
neuronal differentiation, 3) in vitro cultured non-myelinating Schwann cells, 4) total adult peripheral nerve, 5) 
fetal brain. NDRGI specificity was confirmed by transferring the RT-PCR products to a membrane and back 
hybridising with the PCR product. 

Discussion 

The heterogeneous category of hereditary motor and sensory neuropathies consists 

of a large number of clinically and genetically distinct conditions (recently reviewed 

in [31, 32], including autosomal recessive forms, some of which have been placed on 

the human genetic map [33-37]. Relative to autosomal dominant CMT disease, these 

conditions are rare. However, they are clinically more severe [38] and less likely to 

result from mutations in structural myelin proteins, therefore understanding their 

genetic basis may provide an insight into hitherto unknown molecular mechanisms of 

peripheral nervous system development and axon-glia interactions. The genetic het

erogeneity of autosomal recessive peripheral neuropathies and the limited number 

and size of families affected by any single disorder, have presented a major obstacle 

to molecular research and gene identification. In the case of HMSNL, positional 

cloning was facilitated by the substantial number of patients identified over a short 

period of time after the initial description of the disease, as well as by the history of 

the disease-causing mutation. HMSNL occurs in an ethnic group that is marginalised 

by most health care systems, therefore ascertainment can be predicted to be limited. 

The number of affected individuals already diagnosed suggests that the disease is 

relatively common and may be the prevalent form of peripheral neuropathy 

among the Roma. On the other hand, the origin of the HMSNL mutation has been 

estimated to pre-date the arrival of the proto-Roma in Europe [ I ] , indicating that the 

mutation was present in the ancestral population before it split into numerous small 

groups separated by geographic dispersal, social pressures and rules of endogamy.The 

independent evolution and diversification of disease haplotypes in the different 

Romani groups across Europe has provided a powerful tool for the refined mapping 

of the HMSNL gene. 

The molecular defect shared by all affected individuals was found to be a truncating 

mutation in N-myc downstream regulated gene I. This gene encodes a highly con

served protein with a high degree of homology to the proteins in other species.The 
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amino acid similarity is 44% to the Drosophila protein, 48% to sunflower [27], 75% to 

rat 8dm I [28] and 96% to mouse Ndrl [26]. These proteins show no homology to 

known motifs, except for a putative phosphopantetheine-binding site [20, 2 1, 29] and 

a 46% similarity to the ligand-binding domain of the inositol 1,4,5-triphosphate 

receptor [27]. 

The evolutionary conservation of NDRG I -related proteins points to an important 

biological role. The previously proposed functions of human NDRG\ are based on 

studies of non-neural tissues. NDRG I has been shown to be repressed in cell trans

formation [20, 24] and upregulated in growth-arrested differentiating cells [20, 24, 29] 

and under conditions of cellular stress [21-23]. Inducing agents include p-" [24], 

increased intracellular Ca2+ and forskolin [22], retinoic acid and vitamin D [29]. 

NDRG\ expression has been shown to cycle with cell division [24] and studies of the 

intracellular localisation of the protein suggest translocation between the cytoplasm 

and the nucleus [20, 24, 29]. A role as a developmental gene has been documented 

for Ndr I, which, in the mouse embryo, is repressed, by N-myc and upregulated in cells 

committed to terminal differentiation [26].The accumulated data suggest involvement 

in growth arrest and cell differentiation during development, and in the maintenance 

of the differentiated state in the adult, possibly as a signalling protein shuttling 

between the cytoplasm and the nucleus. 

In terms of patterns of expression and proposed general functions, NDRG I clearly 

resembles PMP22/gas3. PMP22 is also widely expressed in embryonic and adult tis

sues [39,40] and believed to be involved in growth arrest and cell differentiation [41, 

42].The highest levels of expression are found in the myelinating Schwann cell where 

PMP22 is a component of compact myelin [43]. PMP22 is now known to be respon

sible for CMT disease type I A, hereditary neuropathy with liability to pressure palsies 

and some forms of Dejerine-Sottas syndrome in humans [39, 44-47] and for natural

ly occurring models of peripheral neuropathy in the mouse [48, 49]. A number of 

studies of affected humans, as well as of natural and transgenic rodent models, have 

pointed to the complex pathogenesis of these disorders where altered myelin stabil

ity and demyelination are only one aspect. The observed significant phenotypic 

changes in both Schwann cells and axons [9-12, 50] have suggested that, in addition 

to its function as a myelin protein, PMP22 plays a role in early PNS development and 

differentiation and in Schwann cell-axonal interactions (reviewed in [51]). 

Axons and glia in the peripheral nervous system are involved in a most complex 

system of communication, whose integrity is essential for the differentiation, survival 

and normal function of both types of cell [52-54].The involvement of NDRG\ in these 

mechanisms, and a possible functional link to PMP22, remain to be investigated in 

functional studies, as well as through the identification of NDRG\ mutations in other 

peripheral neuropathies.The high levels of NDRGI expression in peripheral nerve and 

specifically in the Schwann cell, together with the characteristics of the HMSNL phe-
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notype point to a possible involvement of NDRG\ in the Schwann cell differentiation 

and the signalling necessary for axonal survival.The role of NDRG\ in growth arrest 

and cell differentiation, proposed for other tissues, may thus be conserved in the PNS 

and related to the complex developmental transitions marking the stages of differen

tiation of the Schwann cell lineage and Schwann cell-axonal interactions [53, 54]. At 

the same time, the abundant expression in adult peripheral nerve, and the putative 

phosphopantetheine-binding domain present in the NDRG\ protein, point to a possi

ble dual role and additional involvement in the lipid biosynthetic pathways operating 

in the myelinating Schwann cell. 
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Abst rac t 
The peripheral nerve contains both non-myelinating and myelinating Schwann cells. 

The interactions between axons, surrounding myelin, and Schwann cells are thought 

to be important for the correct functioning of the nervous system. In order to get 

insight in the genes involved in human myelination, and maintenance of the myelin 

sheath and nerve, we performed serial analysis of gene expression of human sciatic 

nerve and cultured Schwann cells. In the sciatic nerve library, we found high expression of 

genes encoding proteins related to lipid metabolism, the complement system and the 

cell cycle, while cultured Schwann cells mainly showed high expression of genes 

encoding for extracellular matrix proteins. The results of our study will assist the 

identification of genes involved in maintenance of myelin and peripheral nerve, and of 

genes involved in inherited peripheral neuropathies. 
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In t roduct ion 

Reciprocal interactions between axons, surrounding myelin and Schwann cells play a 

crucial role in the maintenance of the peripheral nerve. For correct and efficient func

tioning of the nervous system, an intact myelin sheath is essential. In the peripheral 

nervous system (PNS) the myelin sheath is formed by the differentiation of the plasma 

membrane of Schwann cells. Schwann cells proceed to wrap the axon with a cellular 

process, from which the cytoplasm is eventually extruded, leaving behind a stack of 

lipid-rich cell membranes. Once myelin is formed, it serves to insulate the axons elec

trically and, as a consequence, increases conduction velocity by saltatory conduction 

over the nodes of Ranvier [ I , 2]. Axons are required for Schwann cell proliferation 

and differentiation, while myelin and normal functioning Schwann cells are essential 

for axonal structure and function. Thus, abnormal Schwann cells, and subsequent 

aberrant myelin formation, maintenance and repair will affect axonal structure and 

function, as is demonstrated in human genetic disorders such as Charcot-Marie-

Tooth disease (CMT) [3-5]. 

The myelin sheath is a morphologically complex entity composed of both non-

compacted structures and a significant proportion of compacted membranes, which 

contain 70-80% lipids and 20-30% proteins. At least 60% of the proteins are glyco

proteins, 20-30% are basic proteins and the remainder consists of various other proteins, 

each representing less than 1% of the total protein content [2, 6].Thus far, the analy

sis of PNS genes has focused mainly on disease states [7, 8].Therefore, many proteins 

and molecular pathways involved in the physiological processes of growth, differenti

ation and maintenance are still unknown [9-1 I ] . Here we report on the gene expres

sion profiles of normal human sciatic nerve and cultured human non-myelinating 

Schwann cells, obtained by serial analysis of gene expression (SAGE) [I 2]. The data 

can be used to identify genes which are specific for the nerve environment can 

elucidate genes involved in maintenance of the nerve and its myelin sheath, and will 

contain candidate genes for inherited peripheral neuropathies. 

Material & Methods 

Tissue 

Sciatic nerve was obtained at a routine autopsy from a single individual without 

peripheral nervous system disease within I 2 h after death. One part of the tissue was 

frozen in liquid nitrogen and used for RNA isolation. Another part was directly put 

in culture medium to start Schwann cell cultures as described below. 

Cell culture 

Primary human Schwann cell cultures were established from sciatic nerve biopsies as 

described [13, 14] with a few modifications. Schwann cells were maintained in Iscove's 
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Modified Dulbecco's Medium (IMDM, Lifetechnologies Inc., Gaithersburg, MD, USA) 

supplemented with 10% FCS, 10 nM recombinant human 13 I -heregulin177"244 (a gift 

from Genentech, Inc., South San Francisco, USA), 2.5 ug/ml insulin (Sigma, Zwijndrecht, 

The Netherlands), 0.5 mM IBMX (3-isobutyl- l-methylxanthine, ICN, Costa Mesa, 

USA), 0.5 uM forskolin (ICN), 100 Units/ml penicillin (Yamanouchi, Leiderdorp, The 

Netherlands) and 100 ug/ml streptomycin (RadiumFarma, Milano, Italy). Until the first 

passage 0.25 ug/ml phytohaemoagglutinin (PHA, Sigma) was included.These cultures 

consisted primarily of Schwann cells, as shown by the expression of several Schwann 

cell-specific markers. About 90-95% of the cells showed reactivity with antibodies 

raised against SI 00(3, glial acidic f ib r i l l a ry p ro te in (GFAP), p75 low aff ini ty 

neurotrophin receptor (p75L N T R ) , while - using similar dilutions - human fibroblasts 

did not show staining [15]. Antibodies to the fibroblast marker smooth muscle actin 

(SMA) only stained a low percentage (<5%) of the cells indicating a minor fibroblast 

contamination. Schwann cell cultures were further purified by Thy-1.1/complement 

mediated lysis [16]. Incubation with fibroblast specific anti-Thy-l. l IgM antibody 

(1:2500 diluted in IMDM) followed by 30 min incubation with guinea pig complement 

(Lifetechnologies Inc., 20% in IMDM) killed most of the remaining fibroblasts. This 

treatment was first optimised in control human fibroblast cultures (from skin biop

sies) and resulted in a near complete lysis (95%). From these data we conclude that 

our selective culture method yields about 90-95% pure Schwann cells. 

Cultures were expanded up to I 06 cells and aliquots of early passage numbers were 

stored in liquid nitrogen in culture medium supplemented with I 0% DMSO. Routinely, 

cells could be cultured up to 15 passages, with a doubling time of 2-3 weeks. Every 

3 to 4 days half of the total volume of culture medium was replaced by new medium. 

Construction of SAGE library 

We constructed the libraries according to the protocol of Velculescu et al. [12]. 

Additional information, including graphical presentation of the SAGE technique, can 

be found at URL www.sagenet.org. Briefly, the tissue was homogenized using a mikro-

dismembrator (B. Braun Biotech International). Poly-A-mRNA was directly extracted 

using a poly-A-extraction kit (Ambion, Austin,Texas, USA). Double stranded comple

mentary DNA (cDNA) was generated from I jig poly-A-mRNA using the cDNA 

Synthesis System kit (Life Technologies Inc., Gaithersburg, MD) with a biotinylated 

oligo-dT|3 (Promega, Leiden,The Netherlands). SAGE tags were generated according 

to the protocol and electrophoresis of the tags was performed on an ABI377XL 

Automatic Sequencer (Perkin-Elmer Corporation, Norwalk, CT, USA). Sequence data 

were analysed using Sequence Analysis Software v.3.4. and USAGE V2 software devel

oped in our institute [17] was used for extraction of single tags from sequence data 

and subsequent identification on the EMBL human gene database.To further study tag 

identification and expression, NCBI/CGAP's SAGEMAP program was used at 

http://www.sagenet.org
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http://www.ncbi.nlm.nih.gOv/SAGE/.Statistical analysis was performed as described by 

Kal et al. [18]. The brain (GSM763, SAGE_normal_pool) and fibroblast (GSM7I2, 

SAGE_Duke_precrisis_fibroblasts) libraries were obtained from the NCBI website 

(http://www.ncbi.nlm.nih.gov/SAGE). Shortly, the number of copies of each specific 

tag per cell was expressed as a proportion of all sequenced tags. Since we obtained 

a large number of tags in each library, a normal distribution was assumed.This allowed 

for 95% CI and standard error calculations. Differences between tag proportions 

were calculated using Z-statistics. P-values above 0.001 were taken as significantly dif

ferent. "The TPE algorithm was performed as described by Moreno [19].We performed 

the algorithm on eight normal tissue libraries (brain_GSM763, cerebellum_GSM76l, 

colon_GSM728, kidney_GSM708, ovary_GSM7 I 9, pancreas_GSM7 I 6, 

prostate_GSM764 and vascular endothelium_GSM706) obtained from the CGAP 

website. 

RT-PCR analysis 

Real-time RT-PCR on the LightCycler (Roche Diagnostics, Mannheim, Germany) was 

performed in a total volume of 10 ul, containing: I Ox reaction buffer (Taq polymerase, 

dNTPs, MgCI2. SYBR Green, Roche Diagnostics), 4 mM MgCI2> 20 ng of each oligonu

cleotide (primer sequences are available upon request) and cDNA, or water as 

negative control. Reactions were subjected to an initial denaturation step of 30 s at 

95°C, followed by 45 cycles of 10 s at 95°C, 5 s annealing temperature and I 0 s 72°C. 

After completion of the cycling process, samples were subjected to a temperature 

ramp (from 5°C above annealing temperature to 95°C at 2°C/s) with continuous 

fluorescence monitoring for melting curve analysis. For each PCR product, besides 

primer-dimers, a single narrow peak was obtained by melting curve analysis at the 

specific melting temperature and only a single band of the predicted size was 

observed by agarose gel. Expression levels were normalized to the expression of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All experiments were per

formed in triplicate on the same cDNA. 

Northern blot analysis 

An RNA blot was prepared with samples from 4 different cultured human Schwann 

cell cultures, human sciatic nerve and fibroblasts. 10 jag of RNA was glyoxilated and 

size separated on a 1% agarose gel, using the glyoxal/NaPi electrophoresis method 

[20]. Hybridization and post-hybridisation washes were according to the protocols of 

Church and Gilbert [21]. Hybridized probe was visualized and quantified with a Fuji 

BAS 1800 Imager (Fuji, Raytest Benelux B.V.,Tilburg,The Netherlands) and analysed 

with AIDA software Raytest (Raytest Benelux B.V). 

http://www.ncbi.nlm.nih.gOv/SAGE/.Statistical
http://www.ncbi.nlm.nih.gov/SAGE


Tag d is t r ibu t ion of the SAGE l ibraries 
From the human sciatic nerve we obtained a 20287-sequence tag library, including 

9422 unique tags.The Schwann cells library contained 18086 sequence tags of which 

7480 were unique. Unique tags thus accounted for 75% of the total tag count in each 

library. The tag distribution is summarized in table I. In both libraries, 75% of the 

unique tags had a count of I. About I % of the unique tags had a count greater than 

20 and represented 26% of the total tags in the nerve library and 34% of the total 

tags of the cultured Schwann cell library.The two libraries had 1978 unique tags in 

common. 

Table I.Tag distribution 

Nerve Schwann cells 

Total 

Count=l 

Count 2-5 

Count 6-19 

Count >20 

Linker 

Mitochondrial 

Matches 1 gen 

ESTs 
Tags encoding 
proteins 

tags 

2 in unigene 

ribosomal 

Unique Tags 

9422 

7143 (75%) 

1745 (18%) 

434 (5%) 

100(1%) 

4784 (50%) 

3009 (32%) 

290 (3%) 

Total Tags 

20287 

7143 (35%) 

4298(21%) 

3613 (18%) 

5233 (26%) 

614 (3%) 

356 (2%) 

10341 (50%) 

701 1 (35%) 

2793 (14%) 

Unique Tags 

7480 

5710(76%) 

1320(18%) 

349 (4.5%) 

101 (1%) 

3799 (50%) 

2165(29%) 

288 (4%) 

Total Tags 

18086 

5710(33%) 

3279(18%) 

2875 (16%) 

6222 (34%) 

2292 (13%) 

373 (2%) 

9208 (50%) 

4145(23%) 

2278(13%) 

To identify the genes to which the expressed tags belong, the NCBI/CGAP's 

SAGEMAP program was used (http://www.ncbi.nlm.nih.gov/SAGE). Matches to a 

known cDNA clone, hypothetical gene or EST were found for 3009 tags in the sciat

ic nerve library and for 2165 tags in the cultured Schwann cell library. 

General profile of the SAGE libraries 

As an initial step in the analysis, we selected the top 100 tags of both libraries, highly 

represented with a count of 7 and higher.These accounted for 17% and 19,5% of all 

tags in the nerve and Schwann cell library respectively.Tags that matched to multiple 

genes were excluded from further analysis as they were considered to be unreliable. 

Fifty-two of the top 100 tags were common to both libraries, of which 35 were 

http://www.ncbi.nlm.nih.gov/SAGE
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der ived f r o m m R N A s encoding r ibosomal prote ins. The to ta l tag lists are available 

upon request . 

Two on- l ine databases, Genecard annota t ion (ht tp: / /nciarray.ncbi .nih.gov/cards) and 

On to -exp ress (h t tp : / /vor tex .cs .wayne.edu) [22] we re used to assign funct ions t o the 

t o p 100 tags of bo th l ibrar ies. The d is t r ibu t ion of the t o p 100 expressed genes by 

funct iona l category are given in Table 2 .The genes w e r e classified in to 15 categories. 

For example , all genes involved in extracel lu lar ma t r i x , cell shape and cell adhesion 

we re g rouped as "cell s t ruc tu re " , all developmenta l genes, including genes involved in 

s k e l e t o n a n d musc le d e v e l o p m e n t o r e m b r y o g e n e s i s , w e r e c lass i f i ed u n d e r 

"deve lopmenta l processes", genes involved in p r o m o t i n g o r inhib i t ing cell g r o w t h 

we re categor ized as "cell p ro l i fe ra t ion" , and housekeeping genes and genes encoding 

ribosomal proteins were grouped under "transcript ion and translat ion". The category 

named " u n k n o w n " includes ESTs and hypothet ica l genes, as wel l as known genes t o 

wh ich no func t ion has been assigned, yet. In cases w h e r e Genecard and On to -exp ress 

assigned several f unc t i ons t o t he same gene, we used PubMed 

( h t t p : / / w w w . n c b i . n l m . n i h . g o v / e n t r e z ) t o ver i fy t he f u n c t i o n and de r i ve a poss ib le 

func t ion in t he PNS. 

Genes involved in cell p ro l i fe ra t ion , cell signalling, cell s t ruc tu re , developmental 

processes, energy pathways, neuro t roph ic fac tors and t ranscr ip t ion and t rans la t ion 

prote ins we re represented in bo th l ibrar ies. Some categor ies, like cell p ro tec t i on , 

complement system, immune response, lipid metabolism and prostaglandin-D synthesis 

w e r e f o u n d on ly in t he nerve l i b ra ry . It shou ld be n o t e d t h a t f o r some o f these 

categories only one gene con t r i bu ted t o the en t i re category. For instance in the top 

100 tags o f the Schwann cell l ibrary, one gene involved in metal homeostasis and 

another gene involved cell stress we re present. 

D i f f e r e n c e s a n d s i m i l a r i t i e s b e t w e e n 

sciat ic n e r v e a n d S c h w a n n cell l i b ra r i es 

A more detai led analysis of the tag d is t r ibu t ion of funct ional categories def ined in 

Table 2 showed substantial dif ferences in the representa t ion of f ou r funct ional cate

gor ies (Table 3). In the nerve l ibrary, the comp lemen t system, l ipid metabol ism and 

immune system were highly represented. In the Schwann cell l ibrary, a high represen

ta t ion of m R N A s encoding fo r pro te ins involved in cell s t ruc tu re was observed. 

A n o t h e r observa t ion was the high representa t ion of tags represent ing S I00 calcium 

binding pro te ins , insulin like g r o w t h factor binding prote ins (IGFBP) and t rans fo rming 

g row th factor (TGF) genes in bo th l ibraries. Since these genes are involved in mult iple 

biological funct ions they were g rouped toge ther in Table 3. An unexpected f inding was 

the representa t ion of many genes encoding components of the comp lemen t system 

in the nerve l ib rary (a more detai led analysis of the expression of these genes in 

http://nciarray.ncbi.nih.gov/cards
http://vortex.cs.wayne.edu)%5b22
http://www.ncbi.nlm.nih.gov/entrez


Table 2. Annotated functions to the top 100 highest expressed genes 

Library 

Function 

Cell proliferation 

Cell protection 

Cell signalling 

Cell stress 

Cell structure 

Complement system 

Developmental processes 

Energy pathways 

Immune response 

Metal homeostasis 

Lipid metabolism 

Neurotrophic factors 

Prostaglandin-D synthesis 

Transcription and translation 

Unknown 

Total 

Nerve 

Total genes 

1 1 

1 

6 

-
5 

4 

6 

3 

4 

-
2 

2 

1 

42 

13 

100 

Total tags 

401 

1 19 

1 17 

-
173 

153 

123 

69 

137 

-
190 

93 

20 

1434 

408 

3437 

Sch wann cell 

Total genes 

9 

-
2 

1 

1 1 

-
8 

3 

1 

1 

2 

2 

-
52 

8 

100 

Total tags 

466 

-
54 

23 

410 

-
284 

100 

18 

16 

58 

65 

-
1643 

385 

3522 

the sciatic nerve will be described elsewhere). In addition to the expression of 

apolipoproteins, the category of lipid metabolism included genes encoding phospho-

lipases, and proteins involved in fatty acid and sphingolipid metabolism.The high rep

resentation of genes of the lipid metabolism represented, not only apolipoproteins 

but also fatty acid proteins, sphingolipids and phospholipases.The high representation 

of genes of the collagen family in the Schwann cell library is remarkable. 

Tags representing genes known to be involved in the formation of the myelin sheath 

showed low or no expression in our libraries. No tags were detected for the myelin-

associated glycoproteins: peripheral myelin protein-2 (PMP2), connexin-32 (Cx-32) 

and peripheral myelin protein-22 (PMP-22). Several myelin-associated proteoglycans 

such as myelin basic protein (M8P), decorin, gelsolin, plasmolipin and myelin and lym

phocyte protein (MAL) were expressed in the sciatic nerve. 

In the Schwann cell library, we failed to detect known Schwann cell-specific genes 

like, glial fibrillary acidic protein (GFAP) and growth-associated protein 43 (GAP-43). 

We did find the genes, growth arrest specific factor 6 (GAS6) gene and krox-24, which 

are involved in Schwann cell differentiation. 



Table 3. Expression profile of PNS cranscripts 

Functional category N l S O Tag Unigene 

Complement system 

Clq , alpha 

C Iq, gamma 

C l r 

CIs 

C4 

FD 

C3 

SERPINGI 

HF 

CLU 

CD59 

DAF 

C5AR 

8 

3 

5 

3 

2 

16 

21 

9 

3 

22 

2 

1 

5 

0 

0 

1 

1 

0 

0 

0 

6 

0 

0 

1 

2 

0 

CTCTAAGAAG 

AAATCAATAC 

TTCTGTGCTG 

ACTGAAAGAA 

AACACAGCCT 

GGCCACGTAG 

GTTGTCTTTG 

CTCCTCACCT 

TTGGGATGGG 

CAACTAATTC 

TGACTGGCAG 

GGCTTGCTGA 

ACTTTAATGA 

9641 

94953 

108809 

169756 

170250 

155597 

284394 

151242 

250651 

75106 

278573 

1369 

2161 

Lipid metabolism 

apoD 

apoj 

phospholipase A2, group IIA 

fatty acid binding protein 4 

high density lipoprotein binding protein 

lipoic acid synthetase 

ABC I, member 8 

sphingomyelin phosphodiesterase I 

low density lipoprotein-related protein-

associated protein I 

lipoprotein lipase 

fatty acid synthase 

Immune system 

galectin I 

galectin 3 

CD9 antigen 

CD 13 

CD27-binding protein 

CD39-like 2 

CD44 antigen 

CD63 antigen 

86 

22 

9 

6 

4 

4 

3 

3 

2 

2 

0 

0 

0 

0 

2 

1 

1 

1 

2 

0 

CCCTACCCTG 75736 

CAACTAATTC 75106 

CAGAAAGCAT 76422 

ATTTAGCAAG 83213 

ACCTCAGGAA 177516 

GTGAAATCCT 53531 

ACTGAGTAGG 38095 

GAGTAGAGGC 77813 

CTCAACCCCC 75140 

TGTGGATGTG 180878 

2 TGATCTCCAA 83190 

7 

5 

5 

1 

L 

2 

1 

1 

18 

4 

1 

3 

0 

0 

2 

2 

GCCCCCAATA 

TTCACTGTGA 

AAGATTGGTG 

GCACCTGTCG 

TTCTATTTTG 

TGTTCCACTC 

AAGATTGGGG 

TCGAAGAACC 

227751 

621 

1244 

1239 

112058 

12330 

169610 

76294 



C D 6 8 antigen 

C D 7 4 antigen 

C D I 51 antigen 

M H C , class I, E 

M H C , class II, DP beta I 

protect ive prote in for beta-galactosidase 

Cel l s t r u c t u r e 

collagen, type I, alpha I 

collagen, type I, alpha 2 

collagen, type III, alpha I 

collagen, type IV, alpha I 

collagen, type V, alpha I 

collagen, type VI, alpha I 

collagen, type VI, alpha 2 

collagen, type VI, alpha 3 

collagen, type VII, alpha I 

procol lagen-prol ine, 2-oxoglutarate 4 -

dioxygenase 

procollagen-lysine, 2-oxoglutarate 5-

dioxygenase 

procollagen C-endopeptidase enhancer 

collagen-binding prote in 2 

tubul in, alpha, ubiquitous 

tubul in, beta, 2 

laminin receptor I 

T IMPI 

MMPI 

MMP2 

MMP3 

I G F B P , S100 and T G F p r o t e i n s 

IGFBP7 

IGFBP4 

IGFBP5 

IGFBP 6 

CTGF 

S I 0 0 A I 0 

S100A8 

I 

22 

5 

2 

3 

0 

1 

0 

6 

0 

0 

2 

AGTTTCTTGT 

GTTCACATTA 

TGCCTCTGCG 

ACCCTTTAAC 

TTCCCTTCTT 

TTCTCCCGCT 

246381 

84298 

75564 

181392 

814 

118126 

0 

0 

0 

4 

0 

2 

1 

3 

0 

25 

56 

7 

0 

3 

24 

27 

1 1 

3 

ACCAAAAACC 

TTTGGTTTTC 

CCACAGGGGA 

GACCGCAGGA 

TGATTCTGTT 

TTGCTGACTT 

GTGCTAAGCG 

ACTTTAGATG 

GTGCTGATTC 

172928 

179573 

119571 

119129 

146428 

108885 

4217 

80988 

1640 

12 C C T G G A A G A G 75655 

0 

0 

1 

11 

2 

15 

1 

0 

5 

1 

3 

5 

4 

6 

1 

13 

1 1 

4 

18 

3 

TGTTAGAAAA 

AAGAAAGGAG 

AGCCTTTGTT 

TGTACCTGTA 

CTGTACAGAC 

GAAAAATGGT 

GAGAGTGTCT 

TGCAGTCACT 

GGAAATGTCA 

GAGCCAGGCT 

41270 

202097 

9930 

278242 

251653 

181357 

5831 

83169 

111301 

83326 

28 

15 

13 

12 

8 

1 1 

7 

13 

22 

2 

0 

22 

3 

0 

CATATCATTA 

ATGTCTTTTC 

ACAAAGCATT 

GGCCCCTCAC 

TTTGCACCTT 

AGCAGATCAG 

TACCTGCAGA 

119206 

1516 

180324 

274313 

7551 1 

119301 

100000 



SIOOB 

S100A6 

SIOOAII 

TGFpl 

TGFBR3 

TGFBR2 

TG FBI 

TSC-22 

LTBP4 

LTBP2 

6 O GCCGTGTAGA 83384 

3 6 CCCCCTGGAT 275243 

2 I CAGGCCCCAC 256290 

3 103 GTGTGTTTGT I 18787 

5 0 GCAAATCCTG 79059 

5 I TATTAAAATA 342874 

2 I GGGGCTGTAT 1103 

5 0 TTCTCTACAC 114360 

3 I CCCTCTCCCT 85087 

I 4 GTGGAATAAA 83337 

Myelin genes 

GAS6 

gelsolin 

decorin 

periaxin 

SI00B 

ERBB3 

MBP 

NDRGI 

plasmolipin 

MAL 

CNP 

krox-24 

18 

1 1 

7 

6 

6 

5 

4 

3 

3 

3 

3 

1 

0 

1 

3 

0 

0 

0 

0 

2 

0 

0 

0 

2 

CTGAGAGCTG 

TCACCGGTCA 

ACTTATTATG 

TGAATAAAAT 

GCCGTGTAGA 

CCTGTAATCT 

TCTATTAATA 

GGACTTTCCT 

TGGTTGGTGG 

GTGGAAGACG 

TTAATCCTAA 

GGATATGTGG 

78501 

290070 

76152 

205457 

83384 

199067 

69547 

75789 

12701 

80395 

150741 

738 

* expression per 10000 tags 
atag count in the sciatic nerve library 
btag count in the cultured human Schwann cells library 

Applying statistics to the entire libraries to 

extract differences in expression profile. 

We have taken two approaches to extract tissue specific tags: I) four libraries repre

senting different cell types of the nervous system were compared and 2) a "tissue 

preferential expression" (TPE) algorithm was used. 

The main difference between the two approaches is that the statistical analysis focuses on 

the expression level whereas the TPE selects the genes based on the variance 

between a large series of tissues. The TPE algorithm is a rapid and reliable way to 

expedite the cloning of tissue-specific genes through the combined use of SAGE and 

EST databases [191. 



Table 4A. Statistically significantly high expressed genes in the sciatic nerve library3 

Tag U n i g e n e G e n e N l c S C d F B e B ra in ' C a t e g o r y 

C C C T A C C C T G 

A G G G A G G G G C 

A C G C A G G G A G 

C C A T T G C A C T 

G T T C A C A T T A 

C A A C T A A T T C 

G T T G T C T T T G 

A A C C T G G G A G 

T A C A G T A T G T 

G G C C A C G T A G 

T G G A G A A G A G 

T A C A G A G G G A 

T T T G T T A A A A 

75736 

336920 

279789 

194382 

84298 

75106 

284394 

105658 

170171 

155597 

179526 

3776 

111244 

apoD 

GPX3 

glucose phosphate isomerase 

ataxia telangiectasia mutated 

CD74 antigen 

CLU 

C3 

D N A fragmentat ion factor, 45kDa 

glutamate-ammonia ligase 

FD 

th ioredoxin interacting prote in 

Z N F 2 I 6 

HIF-I responsive RTP80I 

86 

59 

44 

42 

22 

22 

21 

25 

18 

16 

16 

17 

18 

-
1 

- 2 

3 2 

- -
1 

-
2 1 

1 1 

-
1 

2 -

3 -

3 

1 

8 

15 

5 

35 

-
10 

10 

-
5 

1 

lipid metabolism 

cell p ro tec t ion 

Transcr ipt ion and 

translation 

Cell signalling 

immune system 

complement system 

complement system 

cell prol i ferat ion 

neurot rophic factors 

complement system 

unknown 

unknown 

unknown 

Table 4B. Statistically significantly high expressed genes in the SC libraryb 

Tag U n i g e n e Gene S C d N l c FB e B r a i n ' C a t e r g o r y 

T A A A A A T G T T 

T G T C A T C A C A 

A T C T T G T T A C 

G T G T G T T T G T 

1 1 I G G I 1 1 I C 

T G T G T T G A G A 

A T G T G A A G A G 

T T G C T G A C T T 

G T G C T A A G C G 

C T G A G A G C T G 

T T C C T A T T A A 

A C A A A G C A T T 

G C C C T A T T A A 

A C T T T A G A T G 

82085 

83354 

287820 

118787 

179573 

181165 

111779 

108885 

159263 

78501 

167510 

180324 

288573 

80988 

PAI-I 

lysyl oxidase-like 2 

f ibronect in 

TGFP- I 

Co l la2 

EIFIA 

SPARC 

Colóal 

Col6a2 

GAS6 

EST 

IGFBP 5 

hypothetica 

Col6a3 

prote in FLJ22I70 

40 

41 

40 

103 

56 

103 

84 

28 

22 

18 

17 

13 

13 

14 

-
-
2 

3 

-
20 

31 

2 

1 

-
-
2 

2 

3 

1 

1 

2 

1 

i 

3 

10 

3 

2 

-
-
-

-

1 

1 

-
3 

1 

10 

10 

2 

-
1 

-
3 

-

-

cell prol i ferat ion 

unknown 

cell s t ructure 

cell s t ructure 

cell s t ructure 

cell prol i ferat ion 

unknown 

cell s t ructure 

cell s t ructure 

neurotrophic factors 

unknown 

cell prol i ferat ion 

unknown 

cell s t ructure 
*expression per 10000 tags 
athese genes were statistically higher represented (p<0.00l) in the sciatic nerve 
fibroblast libraries. 
bthese genes were statistically higher represented (p<0.00l) in the SC library as 
libraries. 
ctag count in the sciatic nerve library 
dtag count in the cultured human Schwann cells library 
etag count in fibroblast library (GSM7I2, SAGE_precrisis_fibroblasts) 
'tag count in the brain library (GSM763, SAGE_normal_pool(6th) 

library as compared to the SC, brain and 

compared to the nerve, brain and fibroblast 



In the first approach, we used the Z-test incorporated in the statistical section [18] 

of the USAGE software [17]. Differences in expression were considered statistically 

significant if the P-value was smaller than 0,001.We compared the nerve expression 

profile with the cultured Schwann cell library, the brain and the fibroblast libraries. 

Tags significantly over represented in the nerve or Schwann cell library are presented in 

Table 4. The comparison between sciatic nerve, Schwann cell, brain and fibroblast 

libraries yielded 13 genes that were expressed at significantly higher levels, in the 

nerve library (Table 4A). The same approach, applied to the Schwann cell library, 

yielded I 4 genes, whose tag count were significantly higher than in the other libraries 

(Table 4B). The genes from the nerve library are involved in cell proliferation, cell 

structure, complement activation, lipid metabolism or encode neurotrophic factors. 

About 25% of the 'nerve-specific' genes have not been assigned to a function as yet. 

The 14 'Schwann cell-specific' genes are involved in cell proliferation and cell struc

ture, or are of unknown function. 

Eight normal tissue libraries were used to perform the extraction for the TPE 

algorithm (see Material & Methods). We found 214 tags in the nerve library, and 163 

tags in the Schwann cell library to have a positive TPE-value.Tags representing genes 

with a TPE-value over 7 are shown in Table 5. We chose a TPE-value of seven as a cut 

off line for tissue specificity based on the results of a previous report [19].The tags 

from the nerve library represented genes involved in complement activation, lipid 

metabolism and the immune response. In the Schwann cell library genes for cell 

structure, developmental processes and lipid metabolism were represented.The func

tional categories cell proliferation, cell structure, energy pathways, neurotrophic fac

tors and transcription and translation proteins were represented in both libraries. 

In both libraries, three genes were identified by both techniques: apoD, GPX3 and FD 

in the nerve library (Table 5A) and PAI-l,colla2 and col6a3 in the Schwann cell library 

(Table 5B). Remarkably in the Schwann library, the TPE approach identified gene 

family members, like PAI-2, lysyl oxidase and several collagens. 

Confirmation of the SAGE data 

We selected 18 genes (13 from the sciatic nerve and five from the Schwann cell 

library) to confirm the expression levels found in the SAGE library screening by RT-

PCR experiments and Northern blot analysis.The results are summarized in Table 6. 

A multiple tissue set was used to compare the expression levels of several tissue 

types with either nerve or Schwann cell. RT-PCR analysis confirmed the high expres

sion levels of all genes selected from the sciatic nerve library.The RT-PCR results for 

other tissues were in line with data published in the SAGE library database 

(http://www.ncbi.nlm.nih.gov/SAGE). Decorin and ZNF2I6 were not present in the 

fibroblast SAGE library, but RT-PCR showed expression of these genes.The fibroblast 

library consisted of only 8815 tags therefore the genes can be missed during SAGE, 

which are detected by RT-PCR. 

http://www.ncbi.nlm.nih.gov/SAGE
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N o r t h e r n b lo t analysis detected expression of the myelin genes, myelin p ro te in zero 

(MPZ) and PMP22, o f wh ich one o r no tag was found using the SAGE technique. R N A 

der ived f r o m the sciatic nerve of 4 d i f ferent individuals was used t o account f o r inter-

individual var ia t ion. 

Expression of the f ive selected Schwann cell genes was also con f i rmed in the 

N o r t h e r n b lo t and RT-PCR exper iments . Expression of th ree genes was also found in 

sciatic nerve and f ibroblasts (Table 6), wh ich was in l ine w i t h the SAGE data. RT-PCR 

could n o t con f i rm the high expression of SI00A6 in the f ibroblasts. Incor rec t tag 

assignment, leading to multiple genes mapping the same tag could explain this discrepancy. 

Discussion 

To get insight in to the t ranscr ip t ion act iv i ty of the human per iphera l nervous system, 

we p e r f o r m e d SAGE l ibrary screening and generated gene expression prof i les of the 

sciatic nerve (as a model of the fully myel inat ing Schwann cell), and o f cu l tu red 

Schwann cells (a mode l of non-myel inat ing pro l i fe ra t ing Schwann cell). By grouping 

the SAGE tags in funct ional categories, and applying t w o di f ferent statist ical approach

es, we could define statist ical ly significant dif ferences in expression levels. Four func

t ional categories stand o u t in the per iphera l nerve l ibrar ies: the comp lemen t system, 

l ipid metabo l ism, immune response and cell s t ruc tu re . 

The high expression of the genes of the comp lemen t system in the PNS in vivo is a 

novel observa t ion . W e have con f i rmed p ro te in p roduc t i on and locat isat ion o f the 

comp lemen t fac tors in the sciatic nerve (R.R. de Jonge et al., submi t ted) . O u r data 

shows that many components of the comp lemen t system are p roduced w i t h i n the 

sciat ic n e r v e , poss ib ly t o fac i l i ta te the ma in tenance , repa i r and regene ra t i on o f 

pe r iphera l nerve myel in. 

As expec ted , a high representa t ion of tags der ived f r o m genes involved in l ipid metab

ol ism was found [2 , 23 ] . A number of studies have repo r ted upregulat ion of 

apo l ipopro te ins after nerve in jury [24, 25 ] . A p o l i p o p r o t e i n D (ApoD) is expressed in 

the normal nerve in rats [26 ] , and we see high expression in human sciatic nerve .The 

func t ion of apo l ipopro te ins in the PNS is no t comple te ly unders tood bu t i t might be 

re lated t o the movement of lipids betweens cells and t o cellular cho lestero l home

ostasis. Besides apo l ipopro te ins , we found expression of genes re lated t o fat ty acid 

and sphingol ip id metabol ism and of genes encoding phospholipases (Table 3). The 

presence of these tags indicates the constant expression of genes re lated t o l ipid 

metabo l ism in the to ta l nerve bu t no t in cu l tu red Schwann cells. This suggests that 

cont inuous l ipid metabol ism is impo r t an t f o r myelin p roduc t i on and maintenance. 



Tags encoding for genes involved in the formation of the extracellular matrix, with a 

particular strong representation of the collagen family, were the most pronounced 

category in the Schwann cell library.The expression and role of several collagens and 

laminin genes in Schwann cells has been studied extensively [27, 28] and collagens 

have been proposed to be involved in Schwann cell differentiation [29]. 

The mRNAs for the genes encoding the IGFBP family and SI00 calcium binding pro

teins were highly represented in both libraries. Previous reports [30-34] have shown 

expression of these proteins in peripheral nerve but its functional significance has not 

been clarified, yet, although IGFBP proteins have been proposed to play a role in nerve 

regeneration [30]. Upregulation of IGFBP genes have been observed in the sciatic 

nerve after injury, as well as during Schwann cell differentiation [3 I].The S I 00(3 pro

tein has been used as a marker for Schwann cells for a long time [32]. SI 00(3 stimu

lates neurite outgrowth, enhances survival of neurons during development and stim

ulates regeneration of injured rat sciatic nerve in vivo [33].The SI00 calcium binding 

proteins are known to play a role in extracellular matrix and cytoskeleton formation 

compatible with their high representation in the Schwann cell library [34].Their func

tion in neurite outgrowth and nerve regeneration can explain the high expression of 

these genes in the sciatic nerve [33].The SI 00 proteins also play a role in the inflam

matory response [33]. Further research is necessary to unravel the role of these 

genes in the PNS. 

Several genes encoding known myelin-associated glycoproteins (periaxin, gelsolin, 

MAL and decorin) were represented in the sciatic nerve library [35-37].These myelin 

specific genes were not expressed in the cultured Schwann cells, confirming that 

Schwann cells need a nerve environment or axon to keep a myelinating phenotype. 

Wi thout these signals Schwann cells can survive but dedifferentiate to another phe

notype [38]. 

Myelin glycoproteins, like PMP-22, MPZ, MBP and PIP-1 were not among the 100 most 

highly expressed genes. MBP and MPZ were present in the nerve library but at very 

low levels whereas PMP-22 was not detected at all. The same holds for known 

Schwann cells genes, like GFAP and GAP-43. There are several explanations for this 

phenomenon. High protein levels do not have to be correlated with high mRNA 

levels.The long half-life of the myelin proteins [39] may explain the low RNA levels 

in our libraries. In vivo myelination models will be necessary to study differences in 

expression at several time points and the role of these genes during different phases 

of the myelin formation. Immunofluorescent staining of the cultured Schwann cells 

detected the Schwann cell specific markers (see Material & Methods). Other possible 

explanations are related to technical issues. The cDNAs representing the gene of 

interest may lack the restriction site for the tagging enzyme. For example, the tag of 

PMP-22 was not found in the sciatic nerve SAGE library, but its expression in peripheral 

nerve was confirmed by Northern blot and RT-PCR analysis. In the PMP-22 mRNA, 
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the last CATG before the poly-A signal is at least 1000 bp upstream the 3'end of the 

mRNA. Generation of oligo dT primed cDNA of more than 1000 bp is less efficient, 

therefore such tags are likely to be under-represented. Moreover this site is polymor

phic which may result in a tag located even more upstream. In some cases our failure 

to identify genes encoding for myelin proteins in the nerve library may be due to 

errors in the tag assignment, resulting from sequencing errors leading to the loss or 

creation of an Nlalll site, polymorphisms in the genome of the individual from which 

the SAGE library was derived or incorrect tag assignment. Attempts are underway to 

get more reliable tag assignment. Besides the constant update of the CGAP databas

es, the development of SAGE Genie [40] and longSAGE [41] have improved the tag 

assignment. 

It is beyond the scope of this report to discuss all genes or gene families that are 

highly expressed in these libraries. Even more, there is a large group of genes with 

unknown function that need further investigation. Our data indicate that the SAGE 

libraries from human sciatic nerve and cultured Schwann cells offer an extensive, 

albeit incomplete, inventory of previously identified and unidentified genes, which can 

be used to elucidate (novel) genes involved in maintenance of nerve and its myelin 

sheath. The availability of a transcriptome of the PNS and human cultured Schwann 

cells will aid functional studies to examine the physiological role of these genes and 

their possible involvement in diseases of the peripheral nervous system. 
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Abst rac t 
The complement system plays a major role in host defence against microorganisms, 

in inflammation and in the processing and elimination of immune complexes. We have 

conducted serial analysis of gene expression (SAGE) from normal sciatic nerve and 

found high expression of the complement system genes.The results were confirmed 

by RNA studies (RT-PCR and Northern blot hybridisation), as well as Western blot 

analysis and immunohistochemistry. High expression of components of the classical 

pathway, alternative pathway and inhibitory components was observed.The first 

components of complement pathways were found in axons, whereas the inhibitory 

components were detected in the perineurium, thereby protecting the nerve from a 

complement attack. Immunoreactivity towards activated complement factors was 

found in neuroma and after a nerve crush, which represents nerve degeneration. We 

hypothesize that local production of complement in the peripheral nervous system is 

needed for protect ion of the nerve in the normal situation and efficient myelin 

clearance after nerve injury: a prerequisite for normal regeneration and remyelination 

in the peripheral nerve. 
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In t roduct ion 

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 [I] .Three distinct routes, the classical, the alternative and lectin 

pathway can activate complement and lead to the formation of the C5b-C9 cytolytic 

membrane attack complex (MAC) [2, 3]. The primary site of synthesis of the majority of 

the plasma complement proteins is liver. Extra-hepatic complement biosynthesis, 

known to occur in several tissues, may be an important factor in triggering and per

petuating local inflammatory reactions, especially in tissues that are shielded from 

plasma components by a blood-tissue barrier [4, 5]. 

The human brain, which is protected by the blood-brain barrier, is an example of an 

organ with its own local biosynthesis of the complement system [3, 6]. Complement 

has been implicated in several neurodegenerative diseases of the brain, like 

Alzheimer's disease, Huntington's disease and Pick's disease [6]. Complement activa

tion is also seen in immune-mediated neurological disorders such as multiple sclero

sis [7]. In the peripheral nervous system (PNS), several types of neuropathy are 

suspected to be autoimmune in origin and circulating autoantibodies to myelin and 

Schwann cell antigens have been detected [8-16]. Complement is implicated as an 

effector in inflammatory demyelination observed in experimental allergic neuritis 

(EAN), a model for Guillain-Barré syndrome, an immune-mediated acquired human 

demyelinating neuropathy [17]. In patients with polyneuropathy and IgM monoclonal 

gammopathy, deposition of several complement components and of the MAC on the 

myelin sheaths of peripheral nerves has been reported [18]. 

Complement proteins have also been implicated in Wallerian degeneration [19]. 

Transection of axons in the PNS leads to a pattern of distal axonal degeneration, fol

lowed by myelin degradation and Schwann cell and fibroblast proliferation. 

Macrophages participate in a wide array of cellular responses during Wallerian degen

eration, and although the exact mechanism for their recruitment is not completely 

understood, complement is believed to play a role. Serum C3 depleted rat show a 

reduced macrophage infi l tration and a reduced capacity to clear myelin [20]. C5 

deficient mice show a delay in macrophage recruitment as well as axonal breakdown 

and myelin sheath elimination after sciatic nerve crush [21]. 

The presence of local synthesis of complement components in human has not been 

showed. In this study, we show high representation of mRNA tags from genes encod

ing genes of the complement system, in a SAGE library derived from adult human sci

atic nerve. The presence and locatisation of the encoded proteins was analysed by 

Western blot and immunohistochemistry. Besides, immunoreactivity directed to 

activated complement components was found in neuroma samples, as well as in rat 

sciatic nerve 4 hours after crush injury. We propose that local production of comple-
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ment in the PNS is necessary for efficient myelin clearance after nerve injury: a 

prerequisite for normal regeneration and remyelination in the peripheral nerve. 

Mater ials and Methods 

Tissue and R N A extraction 

Sciatic nerve samples were obtained at routine autopsy from heart failure patients 

without a history of peripheral nerve disease. Autopsies were performed within 12 h 

after death. Tissue was immediately frozen in liquid nitrogen. The tissue was homog

enized using a mikro-dismembrator (B. Braun Biotech International, Melsungen, 

Germany). RNA was directly extracted from the tissue using Trizol (LifeTechnologies, 

Gaithersburg, MD, USA). Human peripheral nerve neuromas were obtained from 

patients with chronic neuroma pain after traumatic peripheral nerve lesions.The neu

roma samples as well as the neurofibromatosis samples were retrieved from the tis

sue database present in the Academic Medical Centre, Amsterdam,The Netherlands. 

Informed consent was obtained from each patient according to the hospital stan

dards. 

Construction of SAGE library 

The library was constructed from I |ig of sciatic nerve poly-A-RNA, derived from 

one individual, following SAGE Protocol I .Oc by Velculescu et al [22] 

(www.sagenet.org). Data were analysed using USAGE V2 software developed in our 

institute [23] for extraction of single tags from sequence data and subsequent iden

tification on the EMBL human gene database. To further study tag identification and 

expression, NCBI/CGAP's SAGEMAP program was used (http://www.ncbi.nlm.nih.gov/SAGE). 

RNA analysis 

Northern blots were prepared from nerve samples from 5 different individuals, as 

well as from cultured human Schwann cells and human brain cortex. 10 ug of total 

RNA was glyoxilated and size separated on a 1% agarose gel, prepared using the 

glyoxal/NaPi electrophoresis method [24]. Capillary blotting onto a nylon fi l ter 

(N-Hybond,Amersham, UK) was performed overnight in 20 X SSC, followed by ultra

violet cross-linking (0.2 J/cm2) and baking (80°C/2 h). Hybridisations and post-

hybridisation washes were according to the protocols of Church and Gilbert [25]. 

Reverse transcriptase-PCR (RT-PCR) was performed to obtain probes for the C3, CLU 

and D component of complement (primer sequences are available upon request). 

Hybridised probe was visualized and quantified with a Fuji BAS 1800 Imager (Fuji, 

Raytest Benelux B.V., Tilburg, The Netherlands) and analysed with AIDA software 

Raytest (Raytest Benelux B.V). 

http://www.sagenet.org
http://www.ncbi.nlm.nih.gov/SAGE
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Quantitative PCR 

Real-time RT-PCR on the LightCycler (Roche Diagnostics, Mannheim, Germany) was 

performed in a total volume of 10 | i l . I Ox reaction buffer (Taq polymerase, dNTPs, 

SYBR Green, Roche Diagnostics), 4 mM MgCI2, 20 nM of each oligonucleotide and 

cDNA or (water as negative control) were added. Reactions were placed in glass cap

illaries on the lightcycler and subjected to an initial denaturation step of 30 s at 

95 °C, followed by 45 cycles of 10s at 95°C, 5s at the specific annealing temperature 

(GAPDH, 60 °C; C3 and CLU, 55 °C) and I 0s 72°C. At the end of each cycle, the fluo

rescence emitted by the SYBR Green was measured. After completion of the cycling 

process, samples were subjected to a temperature ramp (from 5°C above annealing 

temperature to 95°C at 2°C/s) with continuous fluorescence monitoring for melting 

curve analysis. Apart from primer-dimers, a single narrow peak was obtained for each 

PCR product by melting curve analysis at the specific melting temperature, and only 

a single band of the predicted size was observed on agarose gel electrophoresis. 

Expression levels were normalized to the expression of GAPDH. All experiments were 

performed in triplicate. 

Western blot analysis 

Human cerebral cortex, liver and nerve were homogenized using a mikro-dismembra-

tor in liquid nitrogen. The homogenates were resuspended in 20 mM Tris-HCI, 6% 

glycerol, 0.4% SDS and 5 mM DTT. Protein extracts were boiled for 5 min, separated 

by SDS-PAGE using 10% polyacrylamide gels, and transferred to nitrocellulose filters. 

The nitrocellulose filters were pre-incubated in 50 mM Tris-HCI buffered saline con

taining 0.5%Tween-20 (TBST) and 5% non-fat dry milk powder. Blots were incubated 

for 3 hours with the primary antibody (Table I) in TBST containing 5% non-fat dry 

milk. Membranes were washed in TBST and incubated with horseradish peroxidase-

conjugated secondary antibody for 2 h. Membranes were washed in TBST and 

immuno-reactivity bands were detected using enhanced chemiluminescence (ECL, 

Amersham, Piscataway, NJ). 

Immunohistochemistry 

Frozen nerve sections (5 (im) were fixed on glass slides with acetone. Endogenous 

peroxidase was inactivated by a 30 min incubation in 0.3% H 2 0 2 in PBS. 

Immunohistochemical staining was performed by a three-step immunoperoxidase 

technique. The slides were incubated with normal goat serum for 10 min and then 

incubated with the first antibody diluted in BSA for 60 min (Table I), followed by 

incubation for 30 min with a 1:300 dilution of a biotinylated secondary antibody in 

PBS/10% human AB serum (DAKO).They were then incubated for 30 min with horse

radish peroxidase labelled polystreptavidin (ABC-complex, DAKO). Peroxidase 

activity was visualized by incubation of the slides with 0.05% 3-amino-9-ethylcar-



bazole in acetate buffer for 10 min fo l lowed by a counters ta in ing w i t h hematoxy l in 

fo r 30 s. Paraffin embedded nerve sect ions (7 urn] of the neuroma, neu ro f i b roma to 

sis and ra t sciatic nerve samples were deparaf ined using xy lo l and an ethanol 

sequence. Endogenous peroxidase act iv i ty was inactivated by a 30 min incubat ion in 

0.3% H 2 O 2 in methanol . Slides we re heated at ful l p o w e r in a microwave in c i t ra te 

buf fer 0.0 I M p H 6.0 f o r 3 m i n . The rea f te r , t he i m m u n o h i s t o c h e m i c a l s ta in ing was 

p e r f o r m e d as descr ibed above.Al l incubat ions were pe r fo rmed at r o o m tempera tu re . 

Slides incubated w i t h secondary ant ibody o r the isotype alone served as negative 

con t ro l s . An t i bod ies di lut ions were de te rmined on skin biopsy samples f r o m comple

men t pos i t ive psoriasis patients and healthy con t ro ls . Images we re captured using a 

digi tal camera ( C o l o r v i e w l 2) and analysis sof tware (AnalySIS, Soft Imaging Systems 

G m b H , Z o e t e r w o u d e . T h e Nether lands) . 

Table I. Antibodies used for Western blot and immunohistochemistry 

A n t i s e r u m 

C l q 

C l r 

C I s 

C I - I N H 

C3 

C3d 

C3c 

CR3 

M A C 

C4BP 

MCP 

DAF 

C D 5 9 

CLU 

FD 

HF 

IF 

PFC 

S o u r c e 

Nord ic 

Biodesign 

Nord ic 

Sigma 

Cappel 

D A K O 

D A K O 

D A K O 

Sigma 

Calbiochem 

Quide l 

Quidel 

Gift* 

Quide l 

G i f t * * 

Quide l 

Quide l 

Quide l 

Host 

species 

Rabbit 

Rabbit 

Goat 

Rabbit 

Goat 

Rabbit 

Rabbit 

Mouse 

Mouse 

Rabbit 

Mouse 

Mouse 

Mouse 

Mouse 

Rabbit 

Goat 

Goat 

Goat 

Di lut ion 

W e s t e r n 

1 

1 

1 

1 

1 

1000 

1000 

1000 

2000 

3000 

N D 

N D 

1:2000 

N D 

1:1000 

N D 

N D 

1 

1 

1 

1 

1 

1 

1000 

1000 

200 

2000 

2000 

2000 

Di lu t ion 

I m m u n o 

:250 

1 

1 

1 

1 

1 

1 

250 

250 

250 

2000 

1000 

1000 

N D 

1 

1 

1 

1 

1 

1 

100 

1000 

50 

100 

800 

1000 

N D 

N D 

N D 

N D 

Kindly provided by S. Asghar. Dept. of Dermatology. AMC. The Netherlands 

Kindly provided by R. Veerhuis, Dept. Pathology. VU. The Netherlands 

N D = not determined 

N e r v e c rush i n j u r y 

Twe lve-week-o ld PVG rats weighing 150-200 g (Har lan, UK) were housed in pairs in 

plastic cages in the animal house and given ra t chow and wa te r ad l ib i tum.A l l the sur

gical procedures were performed w i th aseptic techniques. For nerve crush, the animals 
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were anaesthet ized under in teraper i toneal in ject ion of a m ix tu re of ketamin 

(Eurovet, The Nether lands) , r ompun (Bayer, Germany) and a t roph ine (Eurovet , The 

Nether lands) in a concen t ra t ion of 4 :2 :1 . The r ight sciatic nerve was exposed th rough 

a gluteal muscle spl i t t ing incis ion. A t this locat ion, the nerve t r u n k was crushed fo r a 

30 second per iod between an a r t e r y clamp and a st i tch was placed at the site of the 

crush. O n the left side, a cont ro l operat ion was per formed which exposed the sciatic 

nerve but d id n o t d is turb it, and a st i tch was also placed. The muscle and skin we re 

then closed wi th stitches. A t each selected post-operative t ime (0, 4, 8, 12, 18 and 24 h), 

t w o rats we re anaesthetized and intracardial ly perfused w i t h 10% formaldehyde. Both 

sciatic nerves were removed and each nerve was div ided in 6 pieces.The nerve pieces 

were placed in fo rmaldehyde f o r post sampling f ixa t ion overn ight and then processed 

and embedded in paraf f in.The blocks we re sect ioned serially at 7 j j m . Sections were 

sta ined w i t h an t ibod ies against C3c and C 3 d , as desc r i bed above . L u x o l fast b lue 

staining was performed to determine the quality of the sample and the morphological 

changes due t o the crush. 

Results 

H i g h e x p r e s s i o n of c o m p l e m e n t c o m p o n e n t s f o u n d by 

ser ia l analysis o f g e n e e x p r e s s i o n . 

O u r SAGE l ibrary f r o m human adult sciatic nerve conta ined 9422 unique tags, of 

which 2279 tags (24.2%) we re detected m o r e than once ( f rom 2 t o 264 t imes). 

Mapping the SAGE tags t o known genes and m R N A s in the GenBank database 

showed expression of per iphera l nerve-specif ic genes, a high representa t ion of genes 

involved in l ipid metabol ism as wel l as housekeeping genes (R.R. de Jonge, manuscr ip t 

submi t ted) . Surprisingly, we also found a high representa t ion of componen ts of the 

comp lemen t system.Table 2 gives an overv iew of the var ious components of comple

ment found in the sciatic nerve SAGE l ibrary, in compar ison t o a l ib rary cons t ruc ted 

f r o m cu l tu red human Schwann cells and th ree l ibrar ies obta ined f r o m the NCBI 

SAGE data websi te ( the Duke precrisis f ibroblast l ibrary, normal l iver and a combina

t i on of all normal brain l ibrar ies are given). Compar ing the nerve and Schwann cell 

l ibraries a l lowed us t o identi fy genes specific fo r the to ta l nerve env i ronment . Brain 

SAGE data were used t o compare PNS and CNS.The data f rom f ibroblasts and l iver 

were included because they are a known source fo r complement . 

In the nerve l ibrary, the classical pathway was represented by CIQA, CI QB, CIQC, CIR, 

CIS and C4 (Table 2). From the al ternat ive pathway, the D componen t of comp lemen t 

(FD) was highly represented, wh i le fac tor B (FB) and properd in (PFC) were n o t detect 

ed. The centra l c o m p o n e n t C3 was highly expressed. The regu la tory componen ts 

expressed in nerve included c luster in (CLU), decay accelerat ing factor (DAF), mem

brane co fac tor p ro te in (MCP), fac to r H (HF), C I inh ib i to r (CI-INH), CD59 



Table 2. Expression of genes' of the complement system in PNS and other tissues 

Complement 
route 

Classical 
Pathway 
Alternative 
Pathway 

Common 
pathway 

Regulatory 
proteins 

Receptors 

Tag 

CTCTAAGAAG 

AATGAATGAA 

AAATCAATAC 

TTCTGTGCTG 

ACTGAAGAA 

AACACAGCCT 

GGCCACGTAG 

GTTGTCTTTG 

CAACTAATTC 

GGCTTGCTGA 

CTTTCAAGA 

TTGGGATGGG 

CTCTCCAAAC 

TGACTGGCAG 

ATAGACATAA 

ACTTTAATGA 

Gene 

C IQ , alpha 

C I Q , beta 

C I Q , gamma 

CIR 

CIS 

C4 

FD 

C3 

CLU 

DAF 

MCP 

HF 

CI- INH 

CD59 

ClqBP 

C5ARI 

CO 

o 
d. 
01 

> 
o 
Z 

8 

1 

3 

5 

3 

2 

16 

21 

22 

1 

0 

3 

1 

2 

1 

5 

o 
u 

c 
c 
re 

JZ 

u 

o-
1 

0 

1 

1 

0 

0 

0 

0 

2 

1 

0 

0 

1 

0 

0 

vO 
CO 

o 
CO 

CO 

f 
• * • 

so 
ci 
c 
'a 
CO 

1 

< l * * * 

0 

0 

< l 

1 

0 

1 

28 

0 

< l 

0 

1 

8 

1 

<l 

o 
CO 
sO 

>o 

01 

> 

3 

<l 

< l 

<l 

5 

20 

<l 

63 

24 

0 

1 

21 

2 

0 

< | 
< | 

a 
re 

XI •—• 

s s 
_Q CO 

iE 5°. 
0 

0 

<l 

<l 

< l 

< 1 

0 

0 

< l 

< l 

< l 

0 

0 

2 

3 

0 

* Expression per 10000 tags 

** 0 means no tags present in analysed library 

*** < l means expression low than I tag per 10000 

and C I Q b inding p ro te in (C/QBP).The tag f rom m R N A encoding the recep to r C5ARI 

was present in the nerve l ibrary. C2, C5, C8, C9, PFC, Factor I (IF), C4BP, v i t ronec t in , 

CIQRi, C3AR, CRI and CR2 w e r e no t present in the nerve l ib rary .The high represen

ta t ion of the components of comp lemen t is specific f o r the nerve env i ronment , as the 

l ibrar ies cons t ruc ted f rom cu l tu red f ibroblasts and Schwann cells did no t show high 

express ion of the complement componen ts . The expression of C3, FD and CLU was 

ver i f ied by N o r t h e r n blots and RT-PCR analysis. The expression of C3, FD and CLU 

was ver i f ied by N o r t h e r n b lo ts and RT-PCR analysis using R N A f r o m sciatic nerve of 

5 d i f ferent individuals (data n o t shown) . 

P r o t e i n e x p r e s s i o n o f c o m p l e m e n t 

c o m p o n e n t s in sciat ic n e r v e , c o r t e x and l iver 

W e s t e r n b l o t analysis of samples f r o m sciatic nerve, l iver and brain c o r t e x was used 

t o de te rm ine p ro te in levels of the comp lemen t components (Figure I ) . C I Q , C I R , 

C3 , C L U , IF and PFC could be detected in all 3 tissues. FD was only present in the 
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Figure I Visualization of the complement components in human cortex, liver and sciatic nerve. 
Western blot analysis of protein extracts from human cortex, human liver and human sciatic nerve protein 
using specific anti-complement antibody fractions were performed as described in Materials and Methods. 
Equal amounts of protein were loaded and confirmed by coomassie staining (data not shown). 

nerve. CIS, C5, C4BP and HF showed expression in both liver and nerve. DAF, MCP, 

C3d and MAC were not suitable for Western blot analysis, since these are soluble 

factors. None of the complement proteins tested were detected in the Schwann cells 

(data not shown). In all cases, the detected protein was of the expected size. 

Protein locatisation using immunohistochemistry 

To localize the site of protein expression in vivo we performed immunohistochem

istry on normal human nerve cross-sections. The immunoreactivity of various anti-

complement antibodies to the different nerve components is summarized in Table 3 

and representative examples are given in Figure 2. Axons were specifically immuno-

stained by antibodies for C I S (Figure 2A) and C I R. CD59 antibody stained the myelin 

sheath (Figure 2B). The border of the myelin sheath, which probably contains the 

nucleus of the Schwann cell, was stained with the antibodies for CIS (Figure 2A), 

CI R, C4BP (Figure 2C), and DAF. The endoneurium showed immunoreactivity to 

CLU (Figure 2 D ) , C I Q (Figure 2E), C I - INH, C3, CD59 and DAF, while C I R, CIS, 

CI - INH, CD59, CLU (Figure 2D), C4BP (Figure 2C) and DAF, showed staining of the 

perineurium.The MAC was detected in the blood vessels of the nerve fibre (Figure 2F). 

The erythrocytes showed immunoreactivity to the C I Q antibody (Figure 2E), 
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Figure 2. Immunohistochemistry of complement components in the normal human sciatic nerve. 
Ant i -CIS antibody stains axons (closed arrow head) and Schwann cells (open arrow head) (A). Ant i-CD59-
antibody stains the myelin sheath, endoneurium and epineurium (B). Ant i-C4 binding protein antibody stains 
the Schwann cells (open arrow head), perineurium (closed arrow head) and blood vessels (C).Ant i-CLU anti
body stains perineurium (closed arrow head) and endoneurium (open arrow head) (D) .An t i -C lq antibodys-
tains erythrocytes (closed arrow head) and endoneurium (open arrow head) (E). Anti-MAC antibody stains 
the blood vessels (closed arrow head) in the nerve (F). Scale bar is 100 urn. 
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Figure 3. Activated complement components in chronic disease.The perineurium of the sprouting nerve fibres 
in the neuroma show immunoreactivity to the anti-C3c antibody (A) and the proliferating Schwann cells (B). 
Positive staining of the perineurium of a neu ro f i b roma tos i s sample using an antibody against C3c (C). while 
normal nerve showed no immunoreactivity (D). Scale bar is 100 urn. 

CI - INH, CD59 and DAF. The FD antibody was not suitable for immunohistochem-

istry. Staining with the macrophage antibody, LCA, produced negative results. 

Complement expression in disease 

In order to see whether complement activation occurs in disease, we analysed tissue 

from neurofibromatosis and neuromas.These samples showed presence of the acti

vated complement components. We tested for C3c and C3d, breakdown products of 

C3b, a biologically active fragment of C3 that is produced when complement is acti

vated by either the classical or alternative pathway. Deposition of C3c and C3d indi

cates activation of the complement system. C3c is a soluble factor and C3d is the 

final C3 cleavage product that remains bound to the activation sites. Detailed analy

sis of six neuroma samples showed immunoreactivity for C3c and C3d (Table 3).The 

neuroma samples showed positive staining of the perineurium of sprouting fibres for 

antibodies against the activated complement components, C3c (Figure 3A) and C3d, 

while normal human sciatic nerve showed no staining (Figure 3D). In other neuroma 

samples, proliferating Schwann cells reacted with antibodies against the activated 
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comp lemen t components (Figure 3B, Table 3). In the neuro f ib romatos is sample the 

per ineur ium showed immunoreac t iv i t y to bo th ant ibodies against act ivated comple

ment , C3c (Figure 3C) and C3d. 

C o m p l e m e n t e x p r e s s i o n a f t e r n e r v e in jury 

To study if comp lemen t components also play a ro le early in Wal le r ian degenerat ion 

we p e r f o r m e d nerve crush exper iments in rats.The nerve in jury immediate ly changed 

the morpho logy of the nerve f ibres. A severe damage of the myelin sheath was seen 

4 h af ter crush (Fig 4A and 4B). A t the site of myelin damage C3c was detected 

(Figure 4 C ) . T h e immunoreac t i v i t y against C3c was stil l present after 24 h but most 

p ronounced between 4 and 8 h af ter crush (Figure 4C-E) . Staining w i t h an an t i -C3d 

ant ibody showed early react iv i ty in the myelin sheath (4 h af ter crush, Figure 4G) . 

However , at 8 h after nerve crush in jury C3d was de tec ted around the b lood vessels 

(Figure 4H) . Immunoreact iv i ty against C3d s lowly disappeared unt i l 24 h after crush 

in jury (Figure 41).The con t ro l nerve was negative fo r both antibodies (Figure 4F and 4J). 

Discussion 

In this r epo r t , we show endogenous expression of components of the comp lemen t 

pathway in the normal human per iphera l nerve. Using SAGE, we found expression of 

genes of the classical pathway (CIR, CIQ, CIS and C4), of the al ternat ive pathway 

(FD), and genes of the c o m m o n pathway (C3). N o t only act ivat ing, bu t also inh ib i to 

ry and regula tory prote ins (CLU, CI-INH, C4BP, MCP, DAF and CD59) are expressed in 

the per iphera l nerve. W e have con f i rmed the expression by N o r t h e r n b lo t and RT-

PCR analysis of m R N A ex t rac ted f r o m 5 d i f ferent human sciatic nerve samples. The 

presence of the comp lemen t pro te ins was demons t ra ted by W e s t e r n b lo t analysis. 

This analysis also detected the PFC, IF, C5 and C4BP prote ins, a l though they we re no t 

represented in the l ib rary .There can be several explanat ions f o r this discrepancy. For 

instance, this can be due t o external comp lemen t synthesis, pro longed stabi l i ty of the 

p ro te in and the re fo re low m R N A levels o r i nco r rec t SAGE tag annota t ion . 

The expression of comp lemen t by cells in the per iphera l nerve seems t o depend on 

factors specific fo r the nerve env i ronment , as in vitro cu l tu red f ibroblasts and Schwann 

cells do no t have a high expression of the complement system. Immunohis tochemist ry 

con f i rmed the presence of C I S , C I R , C3, C4BP, DAF and C D 5 9 in myel inat ing 

Schwann cells. The quest ion whe the r all those comp lemen t components are p r o 

duced by Schwann cells exclusively o r whe the r f ibroblasts, resident macrophages or 

the b lood complement reservo i r play an addi t ional ro le , cannot be resolved w i t h 

these exper iments . However, the high levels of m R N A fo r these prote ins in the 

pe r i phe ra l ne rve suggest t ha t Schwann cel ls are the m o s t l ikely source o f m R N A 
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synthesis.Thus, we conclude that, like the CNS [3], the PNS has its own complement 

biosynthesis. The results are in line with previous reports showing the presence of 

the components of the complement system in the rat and human sciatic nerve [26-29]. 

The locatisation of the various complement components differed considerably 

between axon, Schwann cell, endoneurium and perineurium (Table 3). We propose 

that the regionalized expression of the complement system might play a role in 

regeneration of the PNS. In the normal nerve the first components of the classical 

and alternative pathway were present in the axon, but none of the inhibitory compo

nents are expressed, leaving the axon without direct protection. The presence of 

CD59 protein in myelin protects the myelin sheath from complement. Koski et al. 

[28] described that complement activation on myelin is downregulated at the step of 

the assembly of terminal complement complexes, including C5b-9, due to the pres

ence of CD59, suggesting a protective role for the complement system.Vedeler et al. 

[30] described that the presence of CRI on the Schwann cell may be of importance 

in limiting damage caused by the complement cascade. We did not find expression of 

CRI in the SAGE library of the nerve, but showed expression of other inhibitory 

factors in the perineurium.The scaffolding of the nerve, as well as the Schwann cell 

and myelin, are thus protected from complement-induced damage in the normal 

situation. We propose that following disruption of this architecture, rapid activation 

of the complement system will take place. Shortly after nerve injury, Schwann cells 

dedifferentiate, proliferate and actively initiate myelin degradation to facilitate nerve 

regeneration, a process called Wallerian degeneration [31, 32]. Thus, activation of 

complement during Wallerian degeneration can lead to rapid and efficient clearance 

of the axons and subsequently myelin without damage to the surrounding tissue. 

Previous research has shown that complement components affect both the ability of 

the macrophages to invade the nerve and their ability to ingest myelin particles. Bruck 

et al. [33] showed that degenerating myelin is opsonised by complement components, 

as deficiency of C3 blocks myelin phagocytosis. Dailey et al. [20] have shown in C3 

depleted Lewis rats that degeneration and regeneration after a crush injury of the 

sciatic nerve was delayed and partially failed. Due to the fact that most complement 

components have multiple functions, the role of the complement in nerve degenera

tion and regeneration cannot be fully proven by these depletion studies. Proliferating 

Schwann cells might activate complement to initiate myelin degradation.To test this 

hypothesis, we have analysed two disease states. First, we tested whether activated 

components of complement (C3c and C3d) were present in chronic diseases of the 

PNS, like neurofibromatosis and neuroma. Neuroma occurs in traumatized nerves in 

which the regeneration of axons into the distal stump for some reasons is made 

impossible. A neuroma can best be considered as uncontrol led axonal g rowth , 

supplemented by growth of Schwann cells, perineurial cells, blood vessels, and 
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connective tissue cells and fibres.The presence of activated complement components 

in the proliferating Schwann cells in the neuroma sample suggests that Schwann cell 

are able to activate complement even in the absence of Wallerian degeneration, 

pointing to a role for complement components in the opsonisation and uptake of 

myelin and the recruitment of macrophages. 

Further, we studied nerve degeneration induced in rats by nerve crush injury. After 

four hours we found immunoreactivity towards activated complement components, 

indicating a role for complement during early degeneration. Immunoreactivity was 

seen in the myelin sheath of the injured nerve (Fig 4C) and was absent in control 

nerves. Activation of the complement system by either the classical, alternative or 

lectin pathway results in the cleavage of C3 to C3b. Subsequently, C3b is cleaved into 

C3c and C3d. Previous studies have shown presence of C3d on the myelin sheath sur

face of patients with immune-mediated neuropathies [I I].The authors suggested that 

a mechanism must exist on the surface of the Schwann cell to induce degradation of 

C3b into C3c and C3d. Combining our results with Hayes et al. suggests that the 

proliferating Schwann cells themselves might be able to activate complement. One of 

the important functions of C3b is to activate the terminal lytic sequence of comple

ment, which can cause damage to the cell membrane through the formation of the 

MAC. 

In summary, our data provide evidence for the presence of an endogenous biosynthe

sis of many components of the complement system within the sciatic nerve. Presence 

of activated components of the complement system after acute and chronic nerve 

injury suggests an active role for the complement system in regeneration of the 

peripheral nerve. We propose that the local biosynthesis of complement contributes 

to the protection of the nerve, possibly by facilitating the maintenance, repair and 

regeneration of peripheral nerve myelin. 
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Abst ract 
In the peripheral nervous system, myelin is formed and maintained by Schwann cells. 

An injured or improperly formed myelin sheath can lead to severe dysfunction of the 

nerve. A large number of genes have been found to cause hereditary neuropathies. 

The molecular pathways, in which many of these genes are involved, are unknown. 

A macroarray with 490 cDNA clones was constructed to study the expression of 

these genes in Schwann cell cultures. Duplicate arrays were hybridised with cDNA 

derived from Schwann cell cultures obtained from nerve of normal healthy individu

als and f rom nerves of three patients wi th different hereditary neuropathies 

due to 

mutations in NDRGI (HMSNL), Cx32 (HMSN-X) and an unidentified gene responsible for 

CCFDN.We found a small set of differentially expressed genes in all three Schwann 

cell cultures derived from patients compared to normal controls.To verify the 

differentially regulated genes we used RT-PCR. Since we only detected l imited 

differences between normal and HMSN Schwann cell cultures a SAGE library of the 

HMSNL Schwann cell culture was constructed.The comparison of this library with 

the normal Schwann cell library not only confirmed the changes seen in the macroarray 

experiment, but identified more differentially expressed genes. The upregulation of 

semaphorin 3C was the most interesting observation.This protein is suggested to be 

involved in axon guidance. 



The mature human peripheral nerve is a dynamic and complex structure that is 

crucially dependent on the interactions betweens neurons, Schwann cells and fibro

blasts [ I ] . Development, survival and repair of peripheral nerves are particularly 

dependent upon the communication between Schwann cells and neurons. Myelinating 

Schwann cells form a multi-layer membrane around axons, necessary for effective 

saltatory conduction [2]. Dysmyelinating or demyelinating diseases are the result of 

improperly formed or damaged myelin. 

Hereditary motor and sensory neuropathy (HMSN) is the most common hereditary 

neuropathy. HMSN has been classified traditionally using neurophysiological tech

niques by the presence or absence of reduced motor nerve conduction velocities [3]. 

Genetic techniques are frequently used to distinguish between the different types of 

HMSN [4].To date, mutations causing hereditary neuropathies have been identified in 

at least 17 different genes (ten mutations which cause motor and sensory neu

ropathies) and chromosomal loci have been identified for more than 25 others [4]. 

This multitude of genetic alterations suggests that either many genes are involved in 

a common pathway leading to a defect in myelination or that many different pathways 

exist that are important for normal functioning of the Schwann cell.To test whether 

different genetic alterations leading to a HMSN phenotype affect the same pathway 

in the Schwann cell we analysed three Schwann cell cultures from patients wi th 

different forms of HMSN. 

In a previous study, we developed expression profiles of normal sciatic nerve and 

Schwann cell cultures by serial analysis of gene expression (SAGE). A major disadvan

tage of the SAGE technique is that still large amounts of RNA are necessary. Usually, 

nerve biopsy material obtained from a HMSN patient does yield sufficient RNA to 

construct a SAGE library. However, the nerve biopsy can also be cultured in vitro to 

obtain a primary Schwann cell culture. These Schwann cell cultures offer important 

tools in the study of hereditary neuropathies. We developed a sciatic nerve and 

Schwann cell specific macroarray based on previous obtained expression profiles.This 

macroarray will allow quick screening for the nerve specific gene-transcripts of RNA 

derived from Schwann cell cultures from patients with HMSN. We chose to use 

HMSN-X because the function of mutated gene (Cx32) is well characterised; HMSNL 

because the mutated function of the gene (NDRGI) is not known and CCFDN 

because the gene has not yet been identified. 

The X chromosome linked hereditary demyelinating neuropathy (HMSN-X) is caused 

by a mutation in Cx32 [5]. Cx32, a gap junction protein, plays a role in transport 

processes, and particular in ionic homeostasis, in and across the myelin sheath [6]. 

More than 240 different mutations in Cx32 have been identified (http.V/molgen-

www.uia.ac.be/CMTMutations/).They produce a clinical phenotype characterised by 

a varying amount of weakness, muscle atrophy, and sensory loss. Many individuals with 

http://http.V/molgenwww.uia.ac.be/CMTMutations/).They
http://http.V/molgenwww.uia.ac.be/CMTMutations/).They
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HMSN-X have near-normal nerve conduction velocities with greatly decreased ampli

tudes, which suggest that axonal loss, rather than demyelination is a prominent 

feature of the neuropathy [7, 8]. 

HMSNL is an autosomal recessive peripheral neuropathy with deafness and unusual 

neuropathological features, which was initially identified in affected individuals from 

the Gypsy community of Lorn, a small city in Bulgaria [9, 10]. Subsequently, the dis

ease has been found in several other European countries [I I, 12].The disease starts 

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 deafness in the third decade 

[10]. HMSNL patients show severe reduced motor nerve conduction velocities indi

cating a demyelinating neuropathy.The gene was localised on chromosome 8q24 and 

sequence analysis of HMSNL patients identified an early stop codon in the NDRGI 

[ I 3].The function of this gene in nerve is not clarified yet, but NDRGI has been sug

gested to play a role in growth arrest and cell differentiation during development and 

in maintenance of the differentiated state in the adult. NDRGI possibly acts as a sig

nalling protein shuttling between the cytoplasm and the nucleus [14, 15]. 

Congenital cataracts facial dysmorphism and neuropathy syndrome (CCFDN) is a 

rare autosomal recessive disorder, which was first identified among Bulgarian Gypsy 

patients [ I 6] .The CCFDN syndrome is a complex multisystem disorder, which 

combines developmental abnormalities with a progressive neurological syndrome. 

Nerve conduction studies demonstrate slowing for both motor and sensory fibers 

into the demyelinating range [ I 6]. The CCFDN disease locus has been mapped to 

chromosome I8qter and related disease haplotypes in the same region suggested 

genetic homogeneity and a single founder mutation [17]. No speculations on the 

underlying genetic abnormality have been made [18]. 

This study describes hybridisations of gene-transcripts of Schwann cells derived from 

normal healthy controls and patients with HMSN-X, HMSNL and CCFDN on a nerve 

specific macroarray.The majority of genes on the macroarray did not show difference 

in gene expression between patients and control. Subsequently, we created a SAGE 

library of HMSNL Schwann cell cultures to identify genes that were differentially reg

ulated and not present on the macroarray.The results of the SAGE confirmed that 

the amount of changes in gene expression between Schwann cells from patients and 

controls is limited. The comparison between the SAGE libraries of normal and 

HMSNL derived Schwann cells showed that the same genes were up- or downregu-

lated as in the macroarray experiment. Moreover, the SAGE data offered a more 

extensive profile of the mutated Schwann cells.The upregulation of semaphorin 3C, 

a protein involved in axon guidance, is of particular interest. 
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M a t e r i a l & M e t h o d s 

Tissue 
Four normal sciatic nerves were collected during a routine autopsy. Nerve biopsies 

from a patient with HMSNL, a patient with CCFDN and a patient with a mutation in 

the Cx32 gene (HMSN-X) were used to start Schwann cell cultures. Informed 

consent was obtained from patients or in case of autopsy from relatives. 

The lack of expression of NDRGI in the HMSNL Schwann cell culture was confirmed 

by RT-PCR and subsequent sequencing of the genomic DNA confirmed the presence 

of the mutation. 

Cell culture 

Primary human Schwann cell cultures were established from sciatic nerve biopsies as 

described [ 19, 20] with a few modifications. Schwann cells were maintained in Iscove's 

Modified Dulbecco's Medium (IMDM, LifeTechnoglogies, Gaithersburg, MD, USA) sup

plemented with: 10% FCS, 10 nM recombinant human Gl-heregulin177"244 (a gift from 

Genentech, Inc., South San Francisco, USA), 2.5 ug/ml insulin, 0.5 mM IBMX (3-

isobutyl-l-methylxanthine, ICN, Costa Mesa, USA), 0.5 uM forskolin (ICN), 100 

Units/ml penicillin and 100 ug/ml streptomycin. Unti l the f irst passage 0.25 ug/ml 

phytohaemoagglutinin (PHA, Sigma, Zwijndrecht, The Netherlands) was included. 

Schwann cell cultures were further purified by Thy-1. I/complement mediated lysis 

[21]. Incubation with fibroblast specific anti-Thy-l.l IgM antibody (1:2500 diluted in 

IMDM) followed by 30 min incubation with guinea pig complement (LifeTechnologies, 

20% in IMDM) killed most of the remaining fibroblasts.This treatment was first opti

mised on control human fibroblast cultures (from skin biopsies) and resulted in a 

near complete lysis (95%). Antibodies to fibroblast marker smooth muscle actin only 

stained a low percentage (<5%) of the cells suggesting a minor fibroblast contamina

tion. Cultures were expanded up to I0 6 cells and aliquots of early passage numbers 

were stored in liquid nitrogen in culture medium supplemented with 10% DMSO. 

Routinely, cells could be cultured up to 15 passages, with a doubling time of 2-3 

weeks. Every 3-4 days half of the total volume culture medium was displaced. 

Schwann cell markers SI00B, glial f ib r i l la ry acidic p ro te in , p75 low-af f in i ty 

neurotrophin receptor were positive in 90-95% of the cells. Cells were harvested 

when confluent and total RNA was isolated using Trizol (LifeTechologies). 

Generation of c D N A macroarray 

To generate a cDNA macroarray, we selected genes with a high representation in pre

vious constructed SAGE libraries of normal nerve and normal cultured Schwann cell 

(see Chapter 5), as well as their family members. Genes that have been mentioned in 

the literature as upstream regulators or downstream targets were also included. 

Seven hundred and sixty eight bacterial clones containing plasmids with cDNA of 
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these genes were selected from the ResGen library 

(ftp://ftp.resgen.com/pub/sv_libraries/RG_Hs_seq_ver_060 I 01 .txt, Invitrogen, Breda, 

The Netherlands). cDNA was PCR amplified using TIGR primers (TIGR-Forward: 

5'GTTTTCCCAGTCACGACGTTG'3;TIGR-Reverse: 

5TGAGCGGATAACAATTTCACACAG'3). PCR products were purified over a 

sephadex G50 column and checked on gel. All purified cDNAs were sequenced with 

the BigDye Terminator Cycle sequencing kit (PE Biosystems, Foster City, CA) using 

the TIGR reverse primer. Electrophoresis of the samples was performed on an 

ABI3I00 Automatic Sequencer (Perkin-Elmer Corporation, Norwalk, CT) and data 

were analysed using Sequence Analysis Software v.3.4.The Blast alignment tool was 

used to confirm identity of the PCR products. 491 (64%) contained a well-defined 

cDNA insert, whereas the other 277 (36%) were contaminated or did not contain an 

insert (a list of all spotted genes is given in appendix I I). PCR products were diluted 

1:1 with spotting buffer (15 % sucrose and 0.01 % cresol red) and spotted in tripl i

cate onto nylon filter (N-Hybond,Amersham, Piscataway, NJ). Spotting was performed 

by an in house made arrayer using split pin technology. 

Filter preparations 

Before use, DNA on the filters was denatured on 3MM Whatman paper which was 

soaked with 0.5M NaCI/0.5M NaOH for 3 min, followed by neutralisation on soaked 

3MM Whatman paper with 0.5M Tris-HCI pH 7.5/ I.5M NaCI for 7 min and finally 

washed in 0.5X SSC and cross-linked with UV 0.2 J/m2. 

Generation of the probe 

5 fig of total RNA was isolated from the cells using Trizol (LifeTechnologies). Total 

RNA was incubated with 2 |il of Oligo dT and incubated at 70°C for 10 min and put 

on ice. RNA was radioactive labelled by reverse transcription.The reverse transcrip

tion cocktail contained 6 ml 5X first strand buffer, I ul 0.I M DTT (LifeTechnologies) 

and 1.5 ul of dNTPs (l6mM dCTP, 16 mM dGTP, 16 mM dTTP and 100 mM dATP, 

Amersham) and 8 (il of 33P a-dATP (Amersham, > 2500 Ci/mM).This was incubated 

for 5 min at 42°C before adding 2 |il of Superscript reverse transcriptase 

(LifeTechnologies). The cocktail was incubated for I h at 42°C. An extra I (il of 

Superscript reverse transcriptase was added and incubation was continued for I h. 

After reverse transcriptase the RNA was degraded by adding 3 |il of 3M NaOH, l|il 

of 1% SDS and l [ i l of 0.5M EDTA and incubating at 65°C for 30 min. After cooling 

down to 20°C 10 ul of I M Tris-HCI, 3 (il of 2N HCL and 50 (il ofTES were added. 

The mixture was vortexed and spun down through a I ml Sephadex G50 fine spin 

column for 2 min at 1000 rpm.To prevent non-specific binding 5 |ig of COT I DNA, 

5 (ig Yeast tRNA and 5 (lg of poly d(A) were added.The probe was boiled for 5 min 

before adding to the pre-hybridised filter of at least 2 h. Hybridisation was performed 

http://ftp.resgen.com/pub/sv_libraries/RG_Hs_seq_ver_060
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for 72 h at 65°C in a hybridisation mix containing 5X SSC, 5X Denhardt's and 0.5% 

SDS. Filters were washed once with 2X SSC, 0.1% SDS for I h and twice with 0.2X 

SSC, 0.1% SDS for 30 min. 

Data analysis 

Filters were exposed overnight and visualised with a Fuji BAS 1800 Imager (Fuji, 

Raytest Benelux B.V.,Tilburg,The Netherlands).The signal intensities from hybridised 

filters were quantified (AIDA software, Raytest Benelux B.V). Regional background 

subtraction was performed in the AIDA software. To determine differences in spot 

intensities, the mean and SD of the triplicate spots were calculated. Spots of which 

the intensity differed more than one SD from the mean of the three spots were 

removed from the dataset.To normalise the signals, the total signal of each filter was 

scaled up and made equal to the signal intensity of the filter with the highest intensi-

ty.The comparisons of the signals are described with correlation factors, using stan

dard statistical methods. The signals of the four normal Schwann cell cultures were 

averaged and compared to the mean of each duplicate hybridisation of the patient 

derived Schwann cell cultures. During the comparison of the normal and disease 

derived Schwann cell cultures, at least three of the four normal Schwann cell cultures 

had to be of the same signal intensity.The minimum intensity level had to be larger 

than 30 PSL (photo-stimulated luminescence) units (AIDA). Genes were considered 

differentially expressed when the upregulation or downregulation was at least three fold. 

Construction of SAGE library 

We constructed the libraries according to the protocol ofVelculescu et al [22].The 

tissue was homogenised using a mikro-dismembrator (B. Braun Biotech 

International). Poly-A-mRNA was directly extracted using a poly-A-extraction kit 

(Ambion, Austin,Texas, USA). Sequence data were analysed using USAGE V2 software 

developed in our institute [23] for extraction of single tags from sequence data and 

subsequent identification on the EMBL human gene database. To further study tag 

identification and expression, NCBI/CGAP's SAGEMAP program was used at 

http://www.ncbi.nlm.nih.gov/SAGE/. Statistics on the SAGE data were performed as 

described by Kal [24]. Shortly, the number of copies of each specific tag per cell was 

expressed as a proportion of all sequenced tags. Since the high number of tags 

sequenced, a normal distribution was assumed.This allowed for 95% CI and standard 

error calculations. P-values lower than 0.001 were taken as significantly different. 

RT-PCR analysis 

RT-PCR was performed for the following genes: CKTSFIBI; LTBP2; MMP3; MYH9; 

NDRGI;PGTIS and TIMP3, performed on cDNA derived from 7 Schwann cell cultures 

used to hybridise the macroarray filters and normal nerve. All PCRs were performed 

http://www.ncbi.nlm.nih.gov/SAGE/
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with an annealing temperature of 55°C for 35 cycles. Expression levels were meas

ured on the Lumi-lmager (Roche).To confirm specificity of the PCR all samples were 

checked on an agarose gel. Expression levels were normalised to the expression of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All primer sequences are avail

able upon request. 

Results 

Macroarray construction, normalisation and analysis 

To construct a human peripheral nerve cDNA macroarray, we selected 414 genes 

from previously constructed SAGE libraries of human sciatic nerve and normal 

human cultured Schwann cells (see Chapter 5).The selected genes were highly 

represented in one of these libraries. Family members and genes related to pathways 

of the highly expressed genes were also included. PCR products (including several 

duplicates) were spotted on a nylon membrane.The macroarray was hybridised with 

total RNA of four normal Schwann cells and three Schwann cell cultures from HMSN 

patients.The patient Schwann cell cultures were derived from a biopsy of a HMSNL 

patient (mutation in NDRGI), a patient with a mutation in Cx32 (HMSN-X) and a 

CCFDN patient. All hybridisations were performed in duplicate. After normalisation 

of the signal intensities, the various hybridisations were compared (Figure I). The 

duplicate hybridisations of the same Schwann cell culture correlated well (Table I). 

The fact that we did not find higher correlation factors could be due to small changes 

in culture and hybridisation conditions. These 'intra-sample' variations should be 

taken into account before conclusions can be drawn from the analysis between the 

different samples.The gene expression patterns of the patient Schwann cell cultures 

correlated equally well with the mean of the normal Schwann cell cultures (HMSNL, 

R=0.89; HMSN-X, R=0.84 and CCFDN, R=0,80) as compared to the normal Schwann 

cell cultures to each other (Table I). These high correlation between normal and 

patient Schwann cell RNA profiles suggest that gene expression patterns of the genes 

on the macroarray do not differ considerably. However, a more comprehensive analysis of 

the data showed some differences. We selected genes that showed a three-fold high

er or lower normalised intensity signal between the normal and patient Schwann cell 

cultures.The up- or downregulated genes had to be present in at least three of the 

four normal Schwann cell cultures of the same intensity level. 

In the HMSNL Schwann cells only 9 genes were differentially expressed (Table 2A). 

In the HMSN-X Schwann cells 15 genes were differentially expressed (Table 2B). 

Thirty-two genes were differentially expressed in the CCFDN Schwann cells (Table 2C). 

The presence of multiple spots of the same gene allowed a check for reproducibility. 



Results 147 

Table I. Correlation factors between hybridisations of the various Schwann cell cultures. 

Hybridisations Correlation Factor 

Intra-sample variation 

HSCCIa/HSCCIb 

HSCC2a/HSCC2b 

HSCC3a/HSCC3b 

HSCC4a/HSCC4b 

HMSNLa/HMSNLb 

HMSN-Xa/HMSN-Xb 

CCFDNa/CCFDNb 

Inter-sample variation 

HSCCI/HSCC2 

HSCCI/HSCC3 

HSCCI/HSCC4 

HSCC2/HSCC3 

HSCC2/HSCC4 

HSCC3/HSCC4 

Control-disease variation 

MHSCC/HMSNL 

MHSCC/HMSN-X 

MHSCC/CCFDN 
HSCC= normal human Schwann cell culture 

MHSCC=mean of 4 normal Schwann cell cultures 

a and b indicate different hybridisations of the same mRNA sample 

We could confirm the similarity in expression levels of these multiple clones. For 

example TNSFSIO in the HMSN-X Schwann cells (Table 2B) or nine genes in the 

CCFDN Schwann cells (Table 2C). 

Five genes (CD9, IGFBP6, PDGFR, PTGIS and Coll2AI) were upregulated in the cell 

cultures derived from both HMSNL and CCFDN (Table 2A and 2C). Clusterin and 

RNAsel were upregulated in the Schwann cell cultures derived from HMSN-X and 

CCFDN (Table 2B and 2C). 

Two genes, MMP3 and PEA 15 were downregulated in all three patients (Table 2A, 2B 

and 2C).Tropomyosin I was downregulated in both HMSNL and CCFDN Schwann 

cells (Table 2A and 2C). In both the HMSN-X and the CCFDN Schwann cells Col4AI 

was downregulated (Table 2B and 2C). 

IGFBP2 was downregulated in the HMSNL Schwann cells, whereas this gene was 

upregulated in the CCFDN Schwann cells (Table 2A and 2C).This is also the case for 
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Figure I. Comparison between different hybridisations visualised by scatter plot. 
A) Two different hybridisations of the mRNA derived from one normal Schwann cell culture. 
B) The hybridisation of mRNA derived from two different normal Schwann cell cultures. 
C) CCFDN derived Schwann cell culture versus normal Schwann cells.The clones with the same expression 
( • ) , clones with at least a threefold upregulation in the patient derived Schwann cell culture ( A ) and clones 
wi th at least a three fold downregulation in the patient derived Schwann cell culture ( • ) are plotted. 

three genes (ADAMTSI, clone RP506C8 and integrin, alpha 7) between the HMSN-X 

and CCFDN Schwann cell cultures (Table 2B and 2C). 

Four of the nine genes that are up- or downregulated in the HMSNL Schwann cells 

are neurotrophic factors or are involved in cell growth (table 2A). In the HMSN-X 

derived Schwann cells, downregulation of Cx32 could not be detected because the 

expression in the normal Schwann cell culture was already below detection level. No 

other genes related to gap junction proteins, like ion pumps, were up- or downregu

lated in the HMSN-X Schwann cells (Table 2B).The Schwann cells derived from the 

CCFDN patient showed the largest number of differential expressed genes. These 

genes were mainly involved in cell growth and extracellular matrix formation (Table 

2C). 



Table 2A. The HMSNL Schwann cell culture 

Gene name 
Upregulated ge 

CD9 antigen 

Col l 2a 1 
IGFBP6 
LTBP2 
PTGIS 

Downregulated 

IGFBP2 
MMP3 

PEA 15 
Tropomyosin 1 

Ratio 

nes 

3.3 
3.4 
3.5 
3.2 

4.0 

genes 
5.8 

3.5 
4.1 

3.5 

Function 

Neurotrophic factor 

Extracellular matrix 
Cell growth 
Extracellular matrix 

Prostaglandin synthesis 

Cell growth 
Extracellular matrix 

Neurotrophic factor 
Muscle contraction 

Chromosomal 
location 

I2pl3 
I6ql2 
I2ql3 

I4q24 

20ql3 

2q33 
Ilq22 

lq2IDLt 

I5q22 

SAGE* 
Data 

HSCL 

1 
5 
0 

4 

-

-
3 
3 

1 1 

SAGE* 
Data 

H M S N L 

2 
14 
4 

3 

-

1 
0 

1 
6 

'Expression per 10000 

tDL= Disease locus 

Table 2B. The HMSN-X Schwann cell culture 

Gene name Ratio Function 
Chromosomal 

location 

Upregulated genes 
Cathepsin D 3.1 
Clusterin 3.2 
Ribonuclease, RNase A , family, I 3.8 

Transcription and translation I I pi SDL* 

Complement system 8p2IDL 
Transcription and translation I4ql I 

Downregulated genes 

ABLIM 

ADAMTSI 

BAC RPI I-506C8 
BAC RPI 1-916013 
Clone CTD-2049H4 on chromosome 
5 
Clone CTD-2096123 on chromosome 
5 
Col4al 
Integrin, alpha 7 
Laminin, beta I 

MMP3 
PEA 15 

TNFSFI0 (2 clones) 

28.5 
> I 0 

0 
5.3 
4.8 

Extracellular matrix 

Extracellular matrix 
Unknown 

Unknown 

3.5 Unknown 

9.8 Unknown 

4.2 Extracellular matrix 

12.5 Extracellular matrix 
4.7 Extracellular matrix 
5.0 Extracellular matrix 

3.5 Neurotrophic factor 

3.9 Cell growth 

I0q25 

2lq2l 
2q33 
I2q2l 

5q3l 

5pl3 
I3q34 
I2ql3 
7q22 
Ilq22 
lq2IDL 
3q26 

• DL= Disease locus 



Table 2C. The CCFDN Schwann cell culture 

G e n e n a m e 

U p r e g u l a t e d genes 

A D A M T S I (3 clones) 

ATP-binding cassette, sub-family A , member 8 

BAC clone RPI I-506C8 

C D 9 antigen (2 clones) 

Clusterin 

Complement component I, s subcomponent 

Cy sta tin A 

Col 12a I 

Fc fragment Fcer l gamma 

Fibulin I (2 clones) 

IGFBP2 (2clones) 

IGFBP5 

IGFBP6 

Integrin, alpha 7 

Neural prol i ferat ion, differentiation and cont ro l I 

PDGF-r 

PTGIS (3 clones) 

Ribonuclease, RNase A family, I 

SI00 calcium-binding protein AIO (2 clones) 

SLAP gene 

TIMP3 (2 clones) 

Zinc finger prote in 216 gene 

D o w n r e g u l a t e d genes 

C C T 6 A 

Col4a I 

CKTSFIB I (3 clones) 

MMP3 

MYH9 (2 clones) 

PEA IS 

Prostaglandin-endoperoxide synthase I 

PAI-I 

T ropomyos in I 

W e r n e r helicase interacting protein 

- DL= Disease locus 

C h r o m o s o m a l 

Ratio Funct ion location 

4.2 

4.2 

3.9 

7.5 

18.6 

3.3 

3.4 

4.0 

3.4 

4.0 

3.7 

6.7 

20.2 

4.9 

4.3 

15.4 

30.4 

6.4 

5.2 

14.2 

5.1 

3.8 

Extracellular matr ix 

Ion pump 

Unknown 

Neurot rophic factor 

Complement system 

Complement system 

Transcription and translation 

Extracellular matr ix 

Immune response 

Extracellular matr ix 

Cell growth 

Cell growth 

Cell g rowth 

Extracellular matr ix 

Cell g rowth 

Neurot rophic factor 

Prostaglandin synthesis 

Transcript ion and translation 

Signal transduction 

Transcript ion and translation 

Extracellular matrix 

Transcript ion and translation 

2 l q 2 l 

17q24DLJ 

2q33 

I 2 p l 3 

8 p 2 I D L 

I 2 P I 3 

3q2 IDL 

I 6 q l 2 

I 9 p l 3 

2 2 q l 3 D L 

2q33 

2q33 

I 2 q l 3 

I 2 q l 3 

9q34 

8p22 

20q l3 

I4qll 
l q 2 I D L 

8q24DL 

22q l2 

9q l 3 

S.I 

>IOO 

9.1 

> I 0 0 

3.6 

3.6 

4.5 

7.7 

15.5 

4.8 

Extracellular matrix 

Extracellular matrix 

Developmental processes 

Extracellular matrix 

Muscle contract ion 

Neurot rophic factor 

Prostaglandin synthases 

Bloodclott ing 

Muscle contract ion 

Transcription and translation 

7 p l 4 D L 

I3q34 

I 5 q l 3 

I l q 2 2 

22q l3DL 

l q 2 I D L 

9q32 

7q2 l 

I5q22 

6q24 



In case a pathway identified by macroarray analysis is likely to be involved in a the 

HMSN phenotype, alterations in other genes involved in that pathway might also lead 

to HMSN phenotypes. We mapped all the differentially expressed genes to their 

chromosomal region to determine whether genes would map to HMSN disease loci 

(Table 2). We found 10 genes located within a known disease locus. On four loci the 

gene was already identified (I q21 =MPZ; 8p2 I =NF68; 8q24=NDRG/ and 

22q I 3=Sox/0).Two genes were located within a large chromosomal region where a 

disease locus was mapped, but no gene yet. Cystatin A (3q2l) localised within the 

HMSN2B region (3q 13-22), and the gene for ATP-binding cassette, sub-family A, member 

8 is found where the disease locus for hereditary neuralgic amyotrophy has been 

mapped (l7q24-25).Two genes mapped to within a small chromosomal region without a 

disease-related gene (Table 2B and 2C). Chaperonin containing TCP I, subunit 6A 

(CCT6A) mapped to the HMSN2D region and cathepsin D (CTSD) was located on the 

region of the HMSN4B2. No genes were located on chromosome I8q, the disease 

region of CCFDN (Table 2C). We identified three regulated genes on 2q33, a region 

that has not been related to hereditary neuropathies, so far.Two of these genes are 

from the same gene family. 

Construction of H M S N L Schwann cell culture SAGE library 

A SAGE library from the HMSNL Schwann cell culture was constructed to identify 

differentially expressed genes that were not present on the macroarray.This SAGE 

library consisted of 27,456 tags with I 1,127 unique tags. After subtraction of 75 tags 

that matched to linker or mitochondrial sequences, a total of I 1,052 unique tags 

were compared to the normal Schwann cell library (7480 unique tags). The Cancer 

Genome Anatomy Project (CGAP) reliable tag database was used to match tags with 

genes. No match was found in 9% of the tags. 

Twenty-eight genes were found to be upregulated in the HMSNL SAGE library (Table 3A) 

and a smaller set of genes (14) was significantly (p<0.00l) downregulated (Table 3B). 

Prominent amongst the differentially expressed genes in HMSNL Schwann cell cul

tures are a number of genes involved in calcium signal transduction (SI00AI0 and 

SI00A6); transcription (histone deacetylase 3 and splicing factor 3); cell growth 

(IGFBP6 and IGF&P3) and neurotrophic factors (semaphorin 3C, stathmin-like 2 and 

brain abundant I). The genes involved in extracellular matrix structure (Coll2AI, 

ColAI, integrin alphal I and integrin, beta I), maintenance (lysyl oxidase-like 2, TIMPI, 

TFPI2) and signalling (COMP) represented the majority of the differentially expressed 

genes. The role of many of these genes in the biology of the nerve is unclear or 

unknown. We also found a marked change in the level of expression of proteins related to 

cytoskeletal changes (thymosin beta 4, zyxin and 8ASP/).These genes are involved in 

the control of cell shape, motility and division through changes in the cytoskeleton. 

All three genes have been noted to be involved in the dynamics of the neural growth 
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cone but little is known about their roles in Schwann cells. In view of the observed 

severe loss of axons and lack of regenerative activity, the altered expression levels of 

genes encoding axonal growth regulators were considered an important finding. 

Within this group, semaphorin 3C (SEMA3C) showed significant upregulation in the 

HMSNL Schwann cells. 

Comparison of SAGE data and macroarray experiment 

The comparison of the SAGE libraries from a normal and a HMSNL Schwann cell 

cultures showed only differences in a limited number of gene transcripts. This is in 

agreement with the macroarray results. The differential regulated genes found with 

the macroarray (Table 2A) were also found with the SAGE technique apart from a 

few exceptions. No tag was found for CD9, IGFBP2 and PTGIS.The intensity levels for 

these genes on the macroarray are low (<60PSL).Therefore the SAGE tag is proba

bly missed in the approximately 20,000 tag library. The three-fold change of LTBP2 

could not be seen in the SAGE data but RT-PCR confirmed upregulation in the 

HMSNL Schwann cell culture.The discrepancy might be due to an error in tag 

assignment. The expression of 6 genes, that showed a difference in expression was 

verified by RT-PCR.The RT-PCR results showed downregulation of CKTSFI8/, MMP3 

and MYH9 and upregulation of TIMP3, LTBP2 and PTGIS by RT-PCR (data not shown). 

D i s c u s s i o n 

It is becoming increasingly clear that in order to obtain a better understanding of the 

pathogenesis of hereditary peripheral neuropathies, we need a more complete 

molecular picture of the peripheral nerve and the myelination process. Recent 

reviews of the structure and diseases of the peripheral nerve have stressed the inter

connected nature of Schwann cells, neurons and fibroblasts [ I , 2] .A very important 

part of this connectivity is inter-cellular signalling.The key to progressive disability in 

demyelinating disorders may be a dysfunction in the communication between 

Schwann cells and axons [25], secondary axonal loss [26] or a combination of both 

processes.The HMSNs have provided a tool for delineating the molecular structure 

of myelin and the process of myelination in the PNS [ I ] . Still, very little is known 

about the control of myelination and Schwann cell/axon communication in the myeli

nated nerve. In this study a sciatic nerve and Schwann cell specific macroarray was 

constructed to examine the expression profiles of several HMSN Schwann cell cultures. 

The advantage of the macroarray technique is that the expression of a large group of 

genes can be studied within one experiment. However, since our macroarray consists 

of a pre-selected group of genes from normal nerve and Schwann cells, it is possible 

that genes, which are also important in the development of HMSN, are missed, but 

the relative low cost and high efficiency in screening more samples are a major advan-
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tage. Cons t ruc t i ng a SAGE l ibrary of each H M S N sample w o u l d be t o o labor ious and 

t o o expensive. In add i t ion , a relatively large amoun t of R N A is needed t o cons t ruc t a 

SAGE l ibrary. In this study, we hybr id ised ou r per iphera l nerve specific macroarray 

w i t h R N A of Schwann cell cul tures der ived f r o m normal nerves and Schwann cell cu l 

tures der ived f rom three pat ients w i t h a hered i ta ry neuropathy. 

The relat ive good cor re la t ion factors between c o n t r o l and pat ient der ived cell cu l 

tures suggested that the ma jo r i t y of genes are expressed at similar levels. However a 

m o r e comprehensive analysis showed a di f ferent ial expression of 42 genes. Linkage o f 

o u r m a c r o a r r a y resu l ts t o disease loc i s h o w e d t w o genes o f p a r t i c u l a r i n te res t , 

chaperonin containing t-complex polypept ide-1, subunit 6A (CCT6A), which is located in 

the H M S N 2 D region and cathepsin D (CSTD), wh ich is located at the HMSN4B2 

region. For bo th loci the gene has no t been ident i f ied, yet. Chaperonins conta in ing t-

complex polypeptide-1 (CCT) are cytosolic molecular chaperone particles implicated 

especially in the biogenesis of cytoskeletal pro te ins by p romo t i ng the co r rec t fo ld ing 

of the major ubiqui tous cytoskeletal components , tubul in and act in. C C T conta in ing 

the alpha subunit , l ike CCT6A, en ter neur i t ic processes and are specifically found at 

the leading edge of g r o w t h cone-l ike s t ruc tures where they co- local ise w i t h act in . 

CCT6A may play a ro le , in cytoskeletal e labora t ion dur ing neur i togenesis [ 27 ] . 

There fo re , CCTA6 may be a good candidate gene fo r H M S N 2 D . CSTD has been shown 

t o be present in the cytoplasm of Schwann cells but no t in axons of in tact nerves by 

immunoh is tochemis t ry . However , af ter nerve crush CSTD was detected in axon t ips 

[28 ] . CSTD is involved in cell adhesion [29] and is though t to play an impo r t an t ro le 

dur ing ensheathment. This makes CSTD also a good candidate fo r HMSN4B2 . 

Muta t ion analysis needs t o be pe r fo rmed t o test whe the r these candidate genes are 

indeed involved in the deve lopment o f a hered i ta ry neuropathy. 

W e found a good cor re la t ion between the results of ou r macroarray exper iments and 

previous studies. O t h e r research groups have focused the i r studies on differences in 

gene expression after nerve in jury .These studies showed up- or downregu la t ion o f 

cell adhesion pro te ins , neuro t roph ic fac tors and myosin genes [29, 30] . For example, 

genes of the IGFBP family, CD9, S100 family, and several MMPs we re up- and downreg -

ulated in ou r expe r imen t consistent w i t h previous studies [30, 3 I ] . 

Upregulat ion of ICFBP genes have been observed in the sciatic nerve after injury, as 

wel l as dur ing Schwann cell d i f ferent ia t ion [32 ] . 

The d is t r ibu t ion of CD9 is at the o u t e r surface of myelin and has a relat ively late 

developmental appearance [33, 34 ] . The axon regulates the express ion of CD9 in 

Schwann cells [ 35 ] . CD9 is suggested t o in teract w i t h extracel lu lar mat r i x or cell 

adhesion molecules and part ic ipate in the maintenance of the ent i re myelin sheath 

[33 ] . The S100 calcium binding prote ins are k n o w n t o play a ro le in ext racel lu lar 

mat r i x and cytoske le ton fo rma t i on [36 ] . They also have a func t ion in neur i te ou t -



growth and nerve regeneration [37]. TIMP3 is an inhibitor of the MMP family and the 

only family member, which is associated with the extracellular matrix [38]. There is 

not much known about the TIMPs but several MMPs are related to Schwann cell and 

myelin development [39].We found downregulation of MMP3 while TIMP3 was upreg-

ulated. Of special interest is MMP3 since it was downregulated in the Schwann cell 

cultures derived from all three patients. 

The other gene that was down regulated in all three patients derived Schwann cell 

cultures was PEA-IS. PEA-15 is an acidic serine-phosphorylated protein highly expressed 

in the CNS, where it can play a protective role against cytokine-induced apoptosis [40]. 

More research should be performed on the function of the up- or downregulated 

genes to reveal the role in Schwann cell development, myelin maintenance and the 

origin of HMSN's. 

The comparison of data sets from the macroarrays and SAGE for the normal and 

HMSNL Schwann cell cultures overlapped. However, some of the differences seen 

with the macroarrays were not significant in the SAGE libraries and a large number 

of differences identified using SAGE were not represented on the macroarray. This 

emphasises the fact that both approaches are complementary. 

As HMSNL is primarily a demyelinating disorder, changes in the HMSNL Schwann 

cells that may reflect alterations in Schwann cell viability or the ability to undergo the 

marked structural rearrangements, necessary for myelination, are of interest. A 

marked change in the level of expression of proteins related to cytoskeletal 

rearrangement (stathmin like-2, thymosin alpha and beta, zyxin) indicates that the 

HMSNL Schwann cells have an aberrant potential for structural changes.These 

proteins are involved in the control of cell shape, motility and division through 

changes in the cytoskeleton. 

The intrinsic importance of NDRGI in the development of the Schwann cell is high

lighted by the number of changes in genes involved in developmental processes. For 

example, genes encoding for receptors of developmental signals, genes involved in 

control of cell differentiation and cell growth (Table 3 and 4) are differentially 

expressed. Overall, these changes indicate that loss of NDRGI already have a profound 

effect on the dedifferentiated Schwann cells. 

In view of the observed severe loss of axons and lack of regenerative activity, the 

altered expression levels of genes encoding axonal growth regulators were consid

ered to be an important finding. Within this group, semaphorin 3C (SEMA3C) showed 

a highly significant upregulation. Semaphorins form a large family of proteins, with a 

variety of proposed roles in the nervous system. The best-studied member of the 

family is semaphorin 3A (SE/V1A3A).This secreted protein has been shown to induce 

the collapse of growth cones in neurons [41] but also to enhance axonal transport 

[42]. Semaphorin binding to the cell surface receptors neuropilin and plexin initiates 

cytoskeletal rearrangements through actin polymerisation/ depolymerisation and 
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induces axoplasmic organelle transport and vesicular trafficking (reviewed in [43]. 

Neuropilins also act as receptors for the vascular endothelial growth factor which 

has both mitogenic and neurotrophic activity on cells in the PNS [44, 45]. 

Previous studies of SEMA3C have shown that it is present in the developing central 

nervous system, can redirect axonal growth in vitro [46] and is involved in the con

trol of neural crest cell migration in cardiac tissue [47]. SEMA3C is expressed in adult 

peripheral nerve Schwann cells but is absent in the spinal cord [48].The physiologi

cal role, mechanisms of action and regulation of SEMA3C in the PNS are not known 

although it has been proposed that SEMA3C plays a role in nerve regeneration, act

ing in opposition to SEMA3A [49]. SEMA3C could be a signalling molecule expressed 

at low levels by the mature Schwann cell, which exerts its effects through neuropilin 

and plexin, and possibly other axonal receptors.The axonal loss in HMSNL can be 

related to abnormally high SEMA3C expression levels, which act directly in causing 

derangements of the axonal cytoskeleton and might indirectly act, by competitive 

receptor binding, to interfere with other signals necessary for axonal survival. 

In conclusion, the use of a small well-defined peripheral nerve specific macroarray, 

allowed identification of genes interesting for the myelination process and for 

Schwann cell/ axon interactions. It is clear that SAGE is a more powerful technique if 

the genes of interest are not well defined or known. A smaller tissue-specific 

macroarray can be used to verify SAGE results and to screen larger amounts of sam

ples. This has the advantages that gene expression can be followed in time during 

development or regeneration, specifically of interest for elucidation of the myelina

tion process. The significant changes in diverse pathways indicate that NDRGI is one 

of the key molecules in the biochemistry of the Schwann cell. 
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Summariz ing discussion 

The peripheral nerve is composed of different cell types and forms a complex struc

ture containing both compact and non-compact myelin. Damage to or improper 

formation of the myelin sheath can cause demyelination. Studies on demyelinating 

neuropathies have given us insight in some of the genetic factors and immune-

mediated responses that are the underlying cause of some of these disorders. 

However, the current knowledge about myelination, demyelination and remyelination 

of the peripheral nerve is far from complete. Genetic profiles from the nerve of 

healthy individuals and from patients with a demyelinating hereditary neuropathy can 

provide insight into molecular pathways involved in the myelination process. Several 

important considerations need to be taken into account before choosing a strategy 

for studying the myelination process. The nerve is composed of several cell types. 

Therefore, in an analysis of nerve extracts it will be difficult to distinguish, which cell 

types are involved in the disease process. A second consideration is that the diseased 

nerve might be too damaged to produce enough RNA, due to loss of cells, to study 

the expression profiles.The ideal situation would be to study the normal myelination 

process and the disease development at early stages in vivo. Constructing genetic pro

files of human nerves at different time points during development will often be 

impossible due to ethical considerations. Therefore, cultured cells would provide a 

good substitute. A nerve biopsy can be taken into culture to start primary human 

Schwann cell cultures. The advantages of this culture model are that homogenous 

population of cells are obtained, such cultures will provide enough material to con

struct genetic profiles and the conditions of the culture system will be well-defined 

and therefore easy to control .The disadvantage of this model is that it is rather 

artificial.The cells might not act similar in vivo compared to the in vitro situation and 

the interaction between Schwann cells and axons is not present. Furthermore, in the 

primary cultures, the Schwann cells have dedifferentiated to a non-myelinating 

Schwann cell phenotype. In vitro differentiation models, e.g. co-cultures of Schwann 

cells and neuronal cells, would be an ideal tool to study the myelination process. Until 

now it has been impossible to develop these co-cultures with human cells. 

In this thesis, two different approaches are used to examine the mechanisms of myeli

nation in the peripheral nervous system (PNS). 

The first approach consists of genetic investigations into a novel autosomal recessive 

demyelinating peripheral neuropathy, HMSNL. Genetic linkage and positional cloning 

are used to identify the gene mutated in this condition. 

In a second, hypothesis-generating approach, relying on high-throughput genetic 

analysis, gene expression profiles of the normal peripheral nerve and of cultured 

Schwann cells are constructed.The expression profile of an HMSNL Schwann cell 

culture serves to identify additional genes involved in the pathogenesis of this 



demyelinating neuropathy and to provide a better understanding of the function of 

the mutated gene. A macroarray was developed to examine differences between the 

expression profiles of normal Schwann cells and cells derived from patients. Such 

comparative studies were undertaken on samples of patients with three different 

neuropathies.The differential expression patterns are a powerful tool for elucidating 

biochemical and genetic pathways involved in normal development of the peripheral 

nerve and in the mechanisms underlying the development of hereditary neuropathies. 

The co-culture model 

There is increasing evidence, both clinical and experimental, that the axon may play a 

pivotal role in the pathogenesis of hereditary motor and sensory neuropathies, as 

well as in acute and chronic inflammatory demyelinating polyneuropathies. Schwann 

cell-axon interactions may explain the clinical course and outcome in these patients. 

Until now it has not been possible to study these interactions in vitro using human 

Schwann cells and neurons. A co-culture study of primary human Schwann cells and 

nHT2 cells is set-up in order to facilitate the examination of different steps of the 

myelination process.The nHT2 teratocarcinoma cell line is able to differentiate into 

neuronal cells, but these neurites never reach a diameter large enough to start myeli

nation. The aim of this study was to identify the proper culture conditions, which 

would increase the axonal diameter. I -methyl-3-isobutylxanthine and forskol in, 

factors that increase cAMP levels, and Schwann cell-conditioned medium showed 

promotion of axonal outgrowth. As, cAMP is known to increase expression of the 

myelin genes in Schwann cells, it might therefore also be involved in a signalling path

way coordinating myelination-associated changes in axonal outgrowth (Chapter 2). 

The morphology of the neuronal cells was changed and these cells already showed 

expression of neurofilament proteins, suggesting that they might be suitable for co-

culture studies. However, we decided not to invest all our energy in this difficult 

culture system. 

Future steps should be aimed at optimising the culture conditions and developing the 

co-culture model up to a myelinating stage. This model could be important in revealing 

genes involved in the myelination process. Isolating RNA during several time points 

in the myelination process, will allow the construction of genetic profiles during 

myelination. As a next step healthy neurons can be cultured with Schwann cells 

derived from patients.The study of mutated co-culture systems might reveal disease 

related genes or pathways. 

The identification of the gene causing H M S N L 

Founder effects and linkage disequilibrium have been successfully exploited to map 

single gene disorders and the study of isolated populations is emerging as a major 

approach to the investigation of genetic diseases. Gypsies were not meeting the 



criteria for a well-defined founder population. However, the study on HMSNL has 

indicated that within the complex structure of Gypsy society, endogamous groups 

exist which have the characteristics of true genetic isolates. The genetic studies 

described in Chapters 3 and 4 include the mapping, cloning and characterisation of 

the HMSNL gene. HMSNL, a disease that was first identified in Roma families from 

Bulgaria, shows features of Schwann cell dysfunction and a concomitant early axonal 

involvement, suggesting that impaired axon-glia interactions play a major role in its 

pathogenesis. Recombination mapping described in Chapter 3, reduced the original 

3 cM HMSNL region on chromosome 8q24.3 to a critical interval of about 200 kb. 

Conserved disease haplotypes suggested genetic homogeneity and a single founder 

mutation. In Chapter 4, sequence analysis of two genes located in the critical region 

identified the founder HMSNL mutation: a premature-termination codon at position 

148 of the N-myc downstream-regulated gene I (NDRGI). NDRGI is ubiquitously 

expressed and has been proposed to play a role in growth arrest and cell differentiation, 

possibly as a signalling protein shuttling between the cytoplasm and the nucleus. Our 

analysis of its expression in peripheral nerve demonstrated particularly high levels in 

Schwann cells.Taken together, these findings point to a role for NDRGI in the 

peripheral nervous system, possibly in the Schwann cell signalling necessary for axonal 

survival. 

Serial analysis of gene expression 

The interactions between axons, surrounding myelin, and Schwann cells are thought 

to be important for the correct functioning of the nervous system.The development 

of co-cultures of primary Schwann cells with neurons would create the ideal oppor

tunity to study genes involved in these interactions. Despite our attempts to start 

these co-cultures, we never established a myelinating stage.The availability of primary 

Schwann cell cultures allowed us to study Schwann cells derived from healthy con

trols and patients. Although these cells are non-myelinating, comparing their expres

sion profile to a SAGE library of a normal nerve, containing mainly myelinating 

Schwann cells, would be of interest in the study of Schwann cell development. 

Moreover, Schwann cell cultures derived from patients with a hereditary neuropathy 

could serve as an input for the construction of genetic profiles of the disease states. 

Therefore, we constructed three SAGE libraries: (i) from normal sciatic nerve, (ii) 

from primary human Schwann cell cultures and (iii) from a primary Schwann cell 

culture derived from a patient with HMSNL. 

The SAGE study in Chapter 5 provides insight into the gene expression pattern of an 

adult nerve and cultured human Schwann cells.The normal sciatic nerve and normal 

Schwann cell culture libraries were compared to each other as well as to a brain 

library and a fibroblast library. Due to the large amount of data that is generated by 

SAGE we had to define categories. In the sciatic nerve library, we have detected high 



levels of expression of genes related to lipid metabolism, the complement system, and 

the cell cycle, whereas cultured Schwann cells mainly showed high expression of 

genes encoding for extracellular matrix proteins. 

Our libraries each contain about 20,000 tags. A single mammalian cell is estimated to 

contain on average about 50,000 gene transcripts.Therefore, the low abundant genes 

are probably missed in these expression profiles. But as, the molecular knowledge of 

the peripheral nerve is scarce, the highly expressed genes will already provide a 

wealth of informat ion for future studies. We focused our study on functional 

categories with the highest represented genes.The components of the complement 

system are such a category. In Chapter 6 of this thesis, the studies on the presence 

and role of complement components in the peripheral nerve are described. 

A striking finding is the low representation of the known myelin genes in the sciatic 

nerve library. This is probably due to high stability of the proteins in the myelin 

sheath. 

Seperatly from SAGE libraries of normal nerve and normal Schwann cell cultures, a 

library of Schwann cells derived from a nerve of a HMSNL patient was constructed. 

As HMSNL is a primarily demyelinating neuropathy, changes in the gene expression 

of HMSNL Schwann cells that may have an effect on the viability or ability of the cells 

to undergo the marked structural rearrangements, necessary for myelination, are 

note worthy. The marked changes in the expression levels of proteins related to 

cytoskeletal changes (stathmin like-2, thymosin alpha and beta, zyxin) indicates that 

the defect in the HMSNL Schwann cell might result in structural changes.The most 

important change in the HMSNL library was the upregulation of semaphorin 3C 

(SEMA3C). SEMA3C is suggested to redirect axonal growth in vitro and is involved in 

the control of neural crest cell migration in cardiac tissue.The axonal loss in HMSNL 

might be related to abnormally high SEMA3C expression levels, which act directly in 

causing derangements of the axonal cytoskeleton and indirectly, by competitive 

receptor binding, in interfering with other signals necessary for axonal survival 

(Chapter 7). 

Array experiments 

The construction of a SAGE library is laborious, costly and a relative large amount of 

RNA is necessary. A microarray or macroarray can be used as an alternative for 

SAGE. W i th arrays, the expression levels of a predefined set of genes in various 

tissues or cell cultures can be screened quickly. One of the main differences between 

arrays and SAGE is that for array construction knowledge of the sequence of the 

genes to be analysed is required. This is a serious limitation as often the genes of 

interest are unknown.Thus, SAGE seems to be a better choice for the identification 

of new genes and macroarray will be more suitable when many disease-sample have 

to be screened. 



The expression data from the SAGE libraries described in Chapter 5 were used to 

develop a PNS-specific macroarray. Duplicate macroarrays were hybridised with 

cDNA derived from Schwann cell cultures, established from nerve samples of normal 

healthy individuals, and from nerves of patients with HMSNL, HMSN-X and CCFDN. 

Most of the genes spotted on the macroarray did not show differential expression. 

The fact that the expression patterns between normal Schwann cell cultures and the 

cultures derived from the HMSNL, HMSN-X and CCFDN patient are not very differ

ent, may imply that the genetic alteration in the diseased Schwann cells does not 

affect the dedifferentiated cells in culture.The genetic defect might only affect genes, 

which are important in a later stage of Schwann cell differentiation.To study this, the 

development of co-cultures is essential. However, overall still 42 genes were differen

tially expressed between normal healthy controls and the patients. 

The genes that show a change in expression pattern between normal Schwann cells 

and disease Schwann cells are mainly involved in the formation of extracellular matrix 

and cell growth. We did not identify one gene or a gene pathway that could be linked 

directly to the origin of the investigated diseases.Two differential expressed genes are 

of particular interest as they are located within genomic regions to which neuropathy 

disease genes (HMSN2D and HMSN4B2) have been mapped but not identified as yet. 

Both these genes are implicated in the process of nerve ensheathment and are there

fore good candidate genes for the development of these hereditary neuropathies. 

These could be involved in the development of hereditary neuropathies and need 

further study. 

In our study, we used Schwann cell cultures derived from biopsies. All samples were 

cultured under well-controlled conditions and probe generation were performed 

under the same conditions. Normalisation was done by scaling up the total intensity 

levels to the macroarray with the highest intensity level, taken in account that total 

gene expression is equal in all samples. Since the comparisons yielded quite similar 

expression levels for all normal Schwann cell cultures, we think that this type of nor

malisation is appropriate. 

The next step was to determine the threshold value for significant changes in gene 

expression. Due to the limited amount of duplicates in our experimental set up, reli

able statistical analysis was not possible to support claims of an increase or decrease 

in gene expression. Quantitative PCR needs to be performed to verify these data. 

The comparison of the SAGE data with the results of the macroarray experiments 

yielded similar results. In both expression profiles a limited set of changes is 

observed. The genes found to be up- or downregulated on the macroarray showed 

similar expression profiles in the SAGE libraries. This proves that the macroarray 

allowed us to identify differentially expressed genes. 



In the analysis of the expression profiles, three gene families are of special interest 

and need further investigations. The insulin-like growth factor-binding proteins, the 

SI 00 calcium-binding proteins and the matrix metalloproteinases are differentially 

expressed between the Schwann cells cultures derived from healthy donors and 

patients. A role for these genes in the peripheral nerve has been implicated but is not 

fully understood, yet. 

C o m p l e m e n t 

In Chapter 6, one of the functional categories described in Chapter 5 is studied in 

detail. Analysis of the SAGE libraries showed high representation of factors of the 

complement system in peripheral nerve.The complement system plays a major role 

in host defence against microorganisms, in inflammation and in the processing and 

elimination of immune complexes. In this study, we observed high expression of 

components of the classical pathway, alternative pathway, as well as inhibitory com

ponents, in the human sciatic nerve. The first components of complement pathways 

are found in axons, whereas the inhibitory components are detected in the nerve 

scaffolding. In experimental nerve crush injury, used as model of nerve degeneration, 

we detected activated complement proteins.These data provide evidence for endogenous 

biosynthesis of several components of the complement system within the sciatic 

nerve. 

The origin of complement components in the PNS was unclear. The SAGE data clearly 

shows that several complement components are produced locally. We propose that 

the regionalized expression of the complement system might play a role in regener

ation of the PNS.The scaffolding of the nerve as well as the Schwann cell and myelin 

are protected from complement-induced damage in the normal situation due to the 

presences of complement regulators. Presence of activated components of the com

plement system after acute and chronic nerve injury suggests an active role for the 

complement system in regeneration of the peripheral nerve. We propose that following 

disruption of this architecture, rapid activation of the complement system will take 

place.Thus, activation of complement during Wallerian degeneration can lead to rapid 

and efficient clearance of axons and subsequently myelin wi thout damaging the 

surrounding perineurium and epineurium. 
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Conclusion 

Several molecular strategies were applied to reveal genes involved in the origin and 

pathogenetic mechanisms of the hereditary neuropathies. 

The first approach resulted in the identification of the NDGRI gene as the cause for 

HMSNL. In a second approach, construction of SAGE libraries and macroarray exper

iments generated a wealth of information, revealing several interesting genes and 

biological pathways that need further investigation. The major categories of genes 

highly expressed in peripheral nerve are involved in cell structure, developmental 

processes, lipid metabolism and protein biosynthesis. A novel observation is the high 

expression of genes of the complement system. The comparison of expression pro

files of Schwann cell cultures derived from patients and normal healthy controls has 

identified a small amount of interesting genes for future studies. Especially SEMA3C is 

a putative candidate for a key gene involved in the pathogenesis of HMSNL. Linkage 

of our macroarray results to disease loci showed two genes of particular interest, 

chaperonin containing t-complex polypeptide-1, subunit 6A (CCT6A), which is located in the 

HMSN2D region and cathepsin D (CSTD), which is located at the HMSN4B2 region. 

These genes might be good candidate genes for hereditary neuropathies. This analysis 

showed that SAGE can be performed as an hypothesis generating tool and the small 

defined macroarray can be used to verify these SAGE results in a larger set of sam

ples. We conclude that the advances in molecular biology especially in the high-

throughput gene expression technologies are capable of producing insight into complex 

and functional disease processes of the peripheral nerve, whose etiologies are due to 

multiple genetic factors and their interplay with the environment. 
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Samenvat t ing 

De perifere zenuw bestaat uit zenuwvezels (axonen genoemd) die omgeven worden 

door Schwann cellen. Schwann cellen omwikkelen hierbij de axonen zodat er een 

vetlaagje ontstaat dat ervoor zorgt dat de zenuwimpuls efficiënt kan worden voort-

geleid. Dit vetlaagje wordt myeline genoemd. Patiënten met een demyeliniserende 

neuropathie, een ziekte waarbij dit myeline laagje wordt afgebroken, hebben impuls-

geleidingsstoornissen, zowel in motorische als in sensorische zenuwvezels, waardoor 

krachtsverlies en gevoelsstoornissen optreden. Deze ziektes kunnen zowel aan

geboren (erfelijk) als verworven zijn. Myeline is een morfologisch ingewikkelde een

heid, die bestaat uit compacte en niet-compacte delen. Elk van deze delen bevat een 

specifieke set eiwitten en vetten om de myeline laag te vormen en te onderhouden. 

Het doel van het in dit proefschrift beschreven onderzoek is om genen te bestuderen 

die betrokken zijn bij de aanleg van het myeline, het onderhoud van het myeline en 

de interacties tussen het myeline en de axonen. Bovendien zijn we geïnteresseerd in 

genen die betrokken zijn bij het ontstaan van demyeliniserende neuropathieën. Het 

vinden van dit soort genen kan uiteindelijk een bijdrage leveren aan de ontwikkeling 

van nieuwe therapieën. 

Om dit doel te bereiken is het onderzoek opgedeeld in twee onderdelen. In het 

eerste deel wordt aan de hand van genetisch koppelingsonderzoek de oorzaak van 

de hereditaire motorische en sensorische neuropathie-Lom (HMSNL), een autosomaal 

recessief overervende neuropathie, gekarakteriseerd. In het tweede deel, is een 

expressie profiel van de gezonde zenuw en gekweekte Schwann cellen afkomstig van 

controles en patiënten gemaakt. Hiervoor is gebruik gemaakt van serial analysis of 

gene expression (SAGE) en arrays. 

Een literatuuroverzicht in Hoofdstuk I belicht de structuur, compositie en ontwikkel

ing van de myeline laag. Deze algemene introductie bespreekt bovendien de verworven en 

erfelijke demyeliniserende neuropathieën en het proces van degeneratie en regeneratie 

van de myeline laag.Tot slot is er een uitleg over de gebruikte moleculaire technieken: 

SAGE en microarray. 

Hoofdstuk 2 beschrijft een in vitro kweekmodel voor myelinisatie. Er zijn veel aan

wijzingen dat het axon ook een belangrijke rol speelt in de pathogenese van de 

erfelijke en verworven demyeliniserende neuropathieën. Schwann cel-axon interac

ties lijken van belang voor het verloop van de ziekte en het herstel van de patiënt. 

Tot op heden is het niet mogelijk geweest deze interacties in vitro te bestuderen met 

de hulp van humane Schwann cellen en humane neuronen. Het axon moet namelijk 

van een bepaalde dikte zijn, wil het omwikkeld (gemyeliniseerd) worden door de 

Schwann cel. Het doel van deze studie is de juiste kweekcondities te vinden die de 
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g r o o t t e van de d iameter posi t ief kan beïnvloeden. I -methy l -3- isobuty lxanth ine en 

fo rsko l in , fac toren die het cAMP niveau verhogen, en Schwann cel gecond i t ioneerd 

med ium zorgen v o o r d ikkere zenuwui t lopers . cAMP staat er o m bekend dat het de 

expressie van myeline genen in Schwann cel ve rhoogd . cAMP kan ook be t rokken zijn 

bij een signaler ingsroute die myeline geassocieerde verander ingen in de zenuwui t 

lopers veroorzaak t . 

In Hoo fds tuk 3 en 4 beschri jven we de karakter iser ing van het gen dat de oorzaak is 

van HMSNL , een autosomaal recessieve neuropath ie . H M S N L is als eerste geconsta

teerd onder Bulgaarse zigeuners. Later is de z iekte ook gevonden bij andere Europese 

zigeuners. H M S N L pat iënten hebben behalve een Schwann cel dysfunct ie ook al v roeg 

axona le schade. D i t suggeree r t da t v e r s t o o r d e axon -Schwann cel i n te rac t ies een 

grote rol spelen in de pathogenese. Het gen bevindt zich op de q arm van chromosoom 8. 

In Hoo fds tuk 3, is het oorspronke l i j ke H M S N L gebied van 3 cM, een maat v o o r D N A 

afstanden, d o o r middel van recombinat ie mapping en een minimaal gebied van 

homozygo t ie , teruggebracht naar ongeveer 200 kb. In Hoo fds tuk 4 lever t sequent ie 

analyse van twee genen in het gebied de mutat ie op die le idt t o t HMSNL . 

De mutat ie in het gen N-myc downst ream-regu la ted gene I (NDRGI) ve roorzaak t 

een vroegt i jd ige stop in het afleesraam van het D N A w a a r d o o r het e iw i t n iet geheel 

gemaakt kan w o r d e n . De mutat ie er f t over met de z iekte en k o m t niet v o o r onder 

de normale bevolking. De precieze ro l van het NDRCI e iw i t in de per i fere zenuw is 

onbekend. U i t voorafgaand onde rzoek is bekend dat NDRGI een ro l speelt in groeiar-

rest en celd i f ferent iat ie . NDRGI zou daarom een rol kunnen spelen als signaal e iw i t 

tussen cytoplasma en de nucleus. In onze studie is gevonden dat NDRGI t o t expressie 

k o m t in de per i fere zenuw; er zijn me t name hoge niveaus detecteerbaar in de 

Schwann cel. De conclusie is dat NDRGI een ro l speelt in het per i fere zenuwstelsel 

en misschien zelfs in Schwann cel signalering die noodzakelijk is voor axon overleving. 

O m een expressie prof ie l van zenuw en gekweekte cellen te kr i jgen zijn in Hoo fds tuk 

5 twee SAGE banken gemaakt. SAGE is een techniek waarb i j in een keer alle genen 

die t o t expressie komen in een bepaald weefsel kunnen w o r d e n bestudeerd. Een frag

men t van 10 basenparen is genoeg om een gen te ident i f iceren. He t isoleren van 

duizenden van deze f ragmenten geeft een kwant i ta t ie f overz ich t van t o t expressie 

komende genen. In deze studie zijn SAGE banken gemaakt van de normale zenuw en 

gekweekte Schwann cel len. De genen die het hoogst t o t expressie komen in beiden 

banken w o r d e n vergeleken en besproken. De genen zijn in verschi l lende funct ionele 

g r o e p e n g e c a t e g o r i s e e r d . T w e e s ta t i s t i sche m e t h o d e n z i jn g e b r u i k t o m z e n u w -

specifieke genen te on tdekken . In de zenuw vonden we me t name genen die 

be t rokken zijn bij het vetmetabol isme, het comp lemen t systeem en de celcyclus. De 

gekweekte Schwann cellen brengen voornamel i j k genen t o t expressie die be t rokken 



zijn bij het aanmaken van de extracellulaire matrix. De bekende myeline genen kwamen 

niet hoog to t expressie in deze SAGE banken. Deze gen expressieprofielen zijn te 

gebruiken voor de identificatie van genen en eiwitten die betrokken zijn bij het 

onderhoud van de myelinelaag en bevatten kandidaat-genen die betrokken zijn bij 

erfelijke neuropathieën. 

In Hoofdstuk 6 wordt één categorie van genen nader bestudeerd die hoog tot 

expressie komt in de SAGE bank beschreven in Hoofdstuk 5. Het gaat om de genen 

van het complement systeem. Het complement systeem, is een systeem dat 

betrokken is bij het afweersysteem. Het systeem werkt in een cascade waarbij stap 

voor stap eiwitten worden geactiveerd om ervoor te zorgen dat via het "membrane 

attack complex" ongewenste eiwitten of bacteriën verwijderd worden. Het systeem 

bestaat uit ruim 30 eiwitten en kan via twee routes zijn werk doen. 

Tijdens het bestuderen van de SAGE bank van de zenuw is een hoge representatie 

van deze genen gevonden. In de zenuw zijn zowel de activerende als de remmende 

factoren van het complement systeem aanwezig. De perifere zenuw is dus in staat zelf 

een aantal componenten van het complement systeem te synthetiseren. De eerste 

componenten van de complement cascade zijn gevonden in het axon, terwijl de rem

mende factoren zich bevonden aan de buitenzijde van de zenuw. In een zenuw-crush 

experiment, dat model staat voor zenuwdegeneratie, zijn geactiveerde complement 

eiwitten gedetecteerd. Hieruit is de volgende hypothese opgesteld: de lokale productie van 

complement in het perifere zenuwstelsel is nodig voor het effectief wegruimen van 

de myeline laag na schade. Di t is een voorwaarde voor regeneratie van de zenuw. 

Hoofdstuk 7 beschrijft een array experiment. Een array is een filter of een glaasje 

waarop bestaande genen geplaatst zijn. Door de array te hybridiseren met comple

mentair DNA kan het expressie profiel van een bepaald weefsel waarvan het DNA 

afkomstig is worden bepaald. De array in deze studie bevat genen die hoog tot 

expressie kwamen in de SAGE banken uit Hoofdstuk 5. Aanverwante genen van de 

hoog tot expressie komende genen zijn ook toegevoegd, evenals genen die zich in 

dezelfde biologische route bevinden. De array is gebruikt om verschil in expressie te 

kunnen aantonen tussen normale Schwann cellen en Schwann cellen afkomstig van 

patiënten met een neuropathie. De verschillende samples zijn vergeleken en 42 genen 

waren verschillende gereguleerd tussen de gezonde en de van patiënten afkomstige 

Schwann cellen. De locatie van de genen op het chromosoom is vastgesteld en twee 

genen liggen in een gebied wat gekoppeld is aan een erfelijke neuropathie. Deze genen 

zijn kandidaat genen voor HMSN en zullen verder geanalyseerd moeten worden. De 

genen die een verschil in expressie vertonen zijn met name betrokken bij de extra-

cellulaire matrix formatie, celgroei, ontwikkelingsprocessen, spiercontractie en 

vetmetabolisme. Een aantal neurotrofe factoren, waarvan reeds beschreven is dat zij 



betrokken zijn bij zenuwdegeneratie, worden ook verschillend tot expressie gebracht. 

Grote verschillen in het expressie profiel van de normale versus de uit de patiënt 

gekweekte Schwann cellen zijn niet aanwezig, daarvoor hebben we een SAGE bank 

gemaakt van Schwann cellen van een HMSNL patiënt en die vergeleken met de nor

male Schwann cell/SAGE bank uit Hoofdstuk 5.Tussen deze SAGE banken zijn 

eveneens weinig verschillen te zien. De verschillen in gen expressie gevonden met de 

array zijn ook terug te vinden wanneer de twee SAGE banken vergeleken worden. 

Omdat de array uit een geselecteerde set van genen bestaat vinden we meer genen 

die verschillend gereguleerd zijn wanneer de SAGE banken worden vergeleken. De 

belangrijkste verandering in genexpressie is de opregulatie van het gen Semaphorine 

3C. Semaphorine 3C is waarschijnlijk betrokken bij het sturen van de axonale uit

groei. Bovendien is het betrokken in het controleren van de migratie van neurale 

crest cellen in hart weefsel. Er moet nog veel onderzoek gedaan worden om deze 

data te bevestigen en de functie van de verschillend tot expressie komende genen te 

ontrafelen. 

Het proefschrift eindigt met een algemene discussie (Hoofdstuk 8). 

Samengevat hebben we meer inzicht gekregen in het genexpressie patroon van de 

normale zenuw en van humane Schwann cellen van zowel gezonde controles als 

patiënten met een erfelijke neuropathie. Een opvallende observatie is de aanwezig

heid van genen van het complement systeem. De resultaten van dit proefschrift kunnen 

leiden tot de vondst van meerdere kandidaat genen voor erfelijke demyeliniserende 

neuropathieën. Dit kan uiteindelijk leiden tot mogelijke, nieuwe behandelingen voor de 

erfelijke neuropathieën. 
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Appendix I: Abbreviat ions 

A p o D 
ApoE 

BAC 
BAEP 
BDNF 
C I - I N H 
C I Q A 
C I Q B 
C I Q C 
C I R 
C IS 
C2 
C3 
C3AR 
C3c 
C3d 
C4 
C4BP 
C5 
C5ARI 
C6 
C7 

C8 
C9 

cAMP 
C C F D N 
CGAP 
C H N 
CIDP 
CLU 
C M T 
CNS 
CNP 
CREB 
Cx32 
DA F 
DMEM 
DSS 
E 
EAE 
EAN 
E-cadherin 
EST 
FB 
FCS 
FD 
FGF 
G A N 
GAP-43 
GAPDH 
GBS 

Apol ipoprotein D 
Apol ipoprotein E 
Bacterial-artif icial-chromosome 
Brainstem auditory evoked potential 
Brain derived neurotrophic factor 
Complement component 1 inhibitor 
Complement component Iq , alpha 
Complement component Iq , beta 
Complement component Iq , gamma 
Complement component I r 
Complement component Is 
Complement component 2 
Complement component 3 
Complement component 3a receptor 
Complement component 3c 
Complement component 3d 
Complement component 4 
Complement component 4 binding protein 
Complement component 5 
Complement component 5a receptor 1 
Complement component 6 
Complement component 7 
Complement component 8 
Complement component 9 
Cyclic adenosine monophosphate 
Congenital cataract facial dysmorphism and neuropathy 
Cancer Genome Anatomy Project 
Cognential hypomyelinating neuropathy 
Chronic inf lammatory demyelinating polyradicu 
Clusterin 
Charcot-Marie-Tooth 
Central nervous system 
Cyclic nucleotide phosphodiesterase 
cAMP response element binding protein 
Connexin 32 
Decay accelerating factor 
Dulbecco's modified Eagle medium 
Dejerine-Sottas syndrome 
Embryonic 
Experimental allergic encephalitis 
Experimental allergic neuritis 
Epithelial cadherin 
Expressed sequence tags 
B component of complement 
Fetal calf serum 
D component of complement 
Fibroblast growth factor 
Giant axonal neuropathy 
Growth-associated protein 43 
Glyceraldehyde-3-phosphate dehydrogenase 
Guillain-Barré Syndrome 

oneuropathy 
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GDNF 
GFAP 
HF 
HMSN 
HMSNL 
HMSN-X 

HNPP 
H N T 2 cell 
HSCCM 
HSCM 
IBMX 
ICN 
IF 
IGF 
IGFBP 
IMDM 
KDa 
MAC 
MAG 
MAL 
MBP 
MCP 
MPZ 
N-CAM 
NCBI 
N D R G I 
NF-H 
NF-M 
NGF-R 
Nmnat 
NT3 
PDGF 
PFC 
PHA 
PLP 
PMD 
PMP-2 
PMP-22 
PNS 

R 
RA 
RT-PCR 
S 
SAGE 

SC 
SLAP 
SMA 
SNP 
STS 
TBST 

TPE 
Ube4b 
Wld 

Glial derived neurotrophic factor 
Glial f ibri l lary acidic protein 
Factor H 
Hereditary moto r and sensory neuropathy 
Hereditary moto r and sensory neuropathy Lorn 
Hereditary motor and sensory neuropathy linked to the X chromosome 
Hereditary neuropathy wi th pressure palsies 
Human tertocarcinoma cell 
Human Schwann cell-condit ioned medium 
Human Schwann cell medium 
3-isobutyl-1 -methylxanthine 
Forskolin 
Factor 1 
Insulin growth factor 
Insulin-like growth factor binding protein 
Iscove's Modified Dulbecco's Medium 
kilo Dalton 
Membrane attack complex 
Myelin associated glycoprotein 
Myelin and lymphocyte protein 
Myelin basic protein 
Membrane cofactor protein 
Myelin protein zero 
Neural cell-adhesion molecule 
National Center for Biotechnology Information 
N-myc downstream regulated gene 1 
Neurof i lament high 
Neurof i lament medium 
Nerve growth factor receptor 
Nicot inamide mononucleot ide adenylyltransferase 

Neurot roph in 3 
Platelet derived growth factor 
Properdin 
Phytohaemoagglutinin 
Proteolipid protein 
Pelizaeus-Merzbacher disease 
Peripheral myelin protein 2 
Peripheral myelin protein 22 
Peripheral nervous system 
Recombinant haplotype 
Trans-reinoic acid 
Reverse transcriptase PCR 
Maternal haplotype 
Serial analysis of gene expression 
Schwann cell 
Src-like adaptor protein 
Smooth muscle actin 
Single-nucleotide polymorphism 
Sequence-tagged site 
Tris-HCI buffered saline containing 0.5% Tween-20 

Tissue preferential expression 
Ubiquit ination factor E4B 
Wallerian degeneration 
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Appendix I I: A l l spot ted genes 

Spot Gene Name 

S335 40S ribosomal protein S27 isoform 

S447 acetyl-Coenzyme A acyltransferase 2 

S386 acid sphingomyelinase-like phosphodiesterase 

SIO actin-binding LIM protein 

SI 29 actin-binding LIM protein 

SI 57 ADAMTSI 

SI 60 ADAMTSI 

SI 99 ADAMTSI 

5412 ADAMTS4 

SI84 adaptor-related protein complex 2 

SI36 adenosine kinase 

S400 adenosine monophosphate deaminase 

S420 adenosine monophosphate deaminase 

S408 ADP-ribosylation factor 3 

S456 ADP-ribosylation factor 3 

SI03 aggrecan I 

S248 aggrecan I 

SI 00 alpha-l-antichymotrypsin 

S479 alpha-l-antichymotrypsin 

S202 angiogenin, ribonuclease, RNase A family, 5 

5205 apolipoprotein D 

5206 apolipoprotein D 

S229 apolipoprotein E 

S378 apolipoprotein E 

S245 apolipoprotein F 

5413 ATP synthase gamma-subunit 

S439 ATP synthase, H+ transporting 

SI 15 ATPase, Na+/K+ transporting, beta 3 polypeptide 

S65 ATP-binding cassette, sub-family A (ABC I) 

S52 BAC clone RPI I - I I2EI6 

S4I8 

S4I5 

SI53 

S342 

S86 

S233 

S436 

SI96 

S35 

S45 

BAC clone RPII-2I4J9 from 2 

BAC clone RPI I-39IA7 

BAC clone RP 1 I-467P9 

BACR-6I8G20 

B A C R P I I - 9 I 6 0 I 3 

BACRPI I - 9 I60 I3 

BACRPCIII-408HI 

basigin 

B-cell translocation gene 1 

biliverdin reductase B 

Spot Gene name 

S28 glutathione peroxidase I 

S204 glutathione peroxidase 3 

S33 glutathione peroxidase 3 

SI09 glutathione peroxidase 3 

SI23 glutathione S-transferase pi 

SI98 glyoxalase I 

S20I glypican 3 

S33I golgi phosphoprotein 3 

S379 growth arrest-specific 6 

S87 GTTI protein 

S2I7 GTTI protein 

S347 guanylate kinase I 

SI45 heat shock 105kD 

SI51 heat shock IOkD protein I 

SI 76 heat shock I OkD protein I 

5178 heat shock 27kD protein 2 

S244 heat shock 27kD protein 2 

S382 heat shock 27kD protein 2 

S23 I heat shock 70kD protein 10 

S440 heat shock 70kD protein 4 

S27 heat shock 90kD protein I, alpha 

S96 heat shock 90kD protein I, alpha 

S36I heat shock 90kD protein I, alpha 

S120 heat shock transcription factor 2 

S234 heat shock transcription factor 2 

SI05 hepatitis B virus x-interacting protein 

S32 heterogeneous nuclear ribonucleoprotein 

S94 heterogeneous nuclear ribonucleoprotein 

S395 hevin 

S338 high density lipoprotein binding protein 

Homo sapiens breast cancer anti-estrogen 

S463 resistance I 

SI01 homolog of Nedd5 

S246 homolog of Nedd5 

S453 hydroxyacyl-Coenzyme A dehydrogenase 

S243 hypothetical gene FLJ20507 

5179 hypothetical gene supported by BC0I 1721 

S44 hypothetical protein DKFZp566M33 

S171 hypothetical protein FLJ22029 

S369 hypoxia-inducible factor I, alpha subunit 

S127 insulin-like growth factor binding protein 2 
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S43 

S2I3 

S426 

S475 

S398 

S448 

S454 

SI77 

S222 

S227 

S425 

S462 

SI28 

SI35 

S388 

S399 

SI93 

S2I 

S488 

SI72 

SI3I 

S132 

SI2I 

SI33 

S247 

SI 74 

S207 

SI30 

S208 

SI70 

S482 

S2I0 

S2I8 

SI56 

S333 

S46 

SI 16 

S367 

S4I7 

brain acid-soluble protein 1 

breast cancer anti-estrogen resistance 1 

breast cancer anti-estrogen resistance 1 

calumenin 

eaten in 

catenin alpha 2 

catenin, alpha 4 

cathepsin B 

cathepsin B 

cathepsin B 

cathepsin D 

cathepsin D 

cathepsin E 

cathepsin K 

cathepsin L2 

cathepsin L2 

caveolin 1, caveolae protein 

Cbp/p300-interacting transactivator 

CCAAT/enhancer binding protein, beta 

CCAAT-box-binding transcription factor 

CDI5 I antigen 

CDI5 I antigen 

CD 163 antigen 

CD36 antigen 

CD36 antigen 

CD44 antigen 

CD44 antigen 

CD9 antigen 

CD9 antigen 

CDC28 protein kinase 2 

cDNA clone IMAGE:202315 5'. 

cDNA DKFZp564C093 

cDNADKFZp586J02l 

cDNADKFZp762CII 10 

cgi-120 protein 

CGI-39 protein 

CGI-39 protein 

CGI-39 protein 

chaperonin containing TCP 1, subunit 2 

S238 

S37I 

S460 

S242 

SI59 

S370 

S228 

SI90 

SI4I 

SI8 

SI26 

S392 

S346 

S226 

SI2 

S343 

S327 

S323 

S66 

SI04 

S485 

S38 

SI39 

SI37 

S329 

S435 

S225 

S239 

S2I4 

SI80 

SI92 

S232 

S383 

S384 

S409 

SI64 

SI68 

S473 

S478 

insulin-like growth factor binding protein 2 

insulin-like growth factor binding protein 2 

insulin-like growth factor binding protein 5 

insulin-like growth factor binding protein 6 

integrin alpha-E derived mRNA sequence 

integrin alpha-E derived mRNA sequence 

integrin, alpha 6 

integrin, alpha 7 

integrin, alpha E 

integrin, alpha V 

integrin, beta 5 

integrin, beta 7 
KDEL endoplasmic reticulum protein 

retention receptor I 

keratin 8 

KIAA0058 gene product 

KIAA0058 gene product 

KIAA0088 protein 

KIAA0562 gene product 

KIAA0640 protein 

KIAA0640 protein 

KIAA0640 protein 

KIAA0679 protein 

laminin, beta I 

latent transforming growth factor beta 
binding protein 2 

Ihpp 
likely ortholog of mouse lipoic acid 
synthase 

LIM and SH3 protein I 

LIM and SH3 protein I 

LIM domain kinase 2 

LIM domain only 7 

LIM domain only 7 

LIM protein 

LIM protein 

LIM protein 

LIM protein 

LIM protein 

lipoic acid synthetase 

lipoic acid synthetase 

lipoic acid synthetase 
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S451 chaperonin containing TCP I, subunit 6A 

S39I cholesterol 25-hydroxylase 

S55 chondroitin sulfate proteoglycan 2 

S465 chromosome 5 clone CTD-2288H I 

5427 clone 1090633 

S36 clone 25061 

S422 clone BB062 I6S ribosomal RNA gene 

S457 clone BB062 16S ribosomal RNA gene 

S224 clone CTC-487M23 

S5 cloneCTD-2033DI5 

S80 clone CTD-2049H4 

5428 clone CTD-2288H I 

S69 clone EUROIMAGE 1913076 

S88 clone FLCO165 mRNA sequence 

S95 clone FLCO 165 mRNA sequence 

SI 7 cloneLLNLF-l I9CI 

SI55 cloneLLNLF-l I9CI 

SI 17 

S67 

S63 

S40I 

S4I4 

S44I 

S93 

S79 

S390 

S360 

S40 

S449 

S50 

S337 

S78 

S487 

S22 

S2I9 

S34 

clone RPII-365PI3 

cloneRPII-365PI3 

clone RPI I -48IHI7 

cloneRPII-7PI9 

clone RPII-7PI9 

clone RPII-7P19 

clone RPI-3J17 

clone RP3-393D12 

clone RP5-9I9FI9 

clone ZD86G04 

clusterin 

clusterin 

COLLAGEN ALPHA l(XII) CHAIN 

COLLAGEN ALPHA l(XII) CHAIN 

collagen, type 1, alpha 1 

collagen, type 1, alpha 2 

collagen, type III. alpha 1 

collagen, type III, alpha 1 

collagen, type IV, alpha 1 

low density lipoprotein-related protein-
Si 52 associated protein I 

SI88 lymphocyte cytosolic protein I 

S375 lymphocyte cytosolic protein I 

SI48 lysyl oxidase-like I 

S366 lysyl oxidase-like I 
MADS box transcription enhancer 

S2 factor 2 

S40J malate dehydrogenase I, NAD 

S444 malate dehydrogenase I, NAD 
mannosyl glycoprotein beta-l,2-N-

S57 acetylglucosaminyltransferase 
mannosyl glycoprotein beta-l,2-N-

S89 

SI06 

S203 

S49 

SI 25 

S49! 

S433 

S47I 

S58 

SIIO 

S200 

SI97 

SI08 

S340 

S4II 

S389 

S490 

S355 

SI4 

acetylglucosaminyltransferase 

matrix metalloproteinase 19 

matrix metalloproteinase 2 

matrix metalloproteinase 3 

microsomal glutathione S-transferase 1 

monoamine oxidase B 

mRNA for 5'UTR for unknown protein 

mRNA for 5'UTR for unknown protein 

myosin regulatory light chain 2, smooth 
muscle isoform 
myosin, heavy polypeptide 9, non-
muscle 
myosin, heavy polypeptide 9, non-
muscle 
NADH dehydrogenase 1 alpha 
subcomplex 
neural proliferation, differentiation and 
control, 1 
neuroblastoma RAS viral oncogene 
homolog 

nicotinamide N-methyltransferase 

ninjurinl 

NSI-associated protein 1 

p38gamma MAP Kinase mRNA 

PEA 15 

S445 phosphoglycerate mutase I 

SI47 phospholamban mRNA 

S364 phospholamban mRNA 

phosphoribosyl pyrophosphate 

SI49 synthetase 2 

S326 plasmolipin 

S483 Plasmolipin 
platelet/endothelial cell adhesion 

SI 24 molecule 

S2I5 PLOD3 
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559 collagen, type VI, alpha I 

560 collagen, type VI, alpha I 

S23 collagen, type VI, alpha 2 

S134 collagen, type VI, alpha 3 

S2I I collagen, type VII, alpha I 

S373 complementc I q subcomponent, c 

S324 complementc I q subcomponent, c 

S38I complement component I inhibitor 

SI89 complement component I inhibitor 

S363 complement component I, s subcomponent 

SI 65 complement component 4-binding protein, alpha 

S163 complement component 7 

SI 58 complementc I q subcomponent, c 

S169 complementc I q subcomponent, c 

S429 complementc I q subcomponent, c 

S466 complementc I q subcomponent, c 

S477 complementc I q subcomponent, c 

S48I complementc I q subcomponent, c 

SI73 cosmid clone 363E3 

S237 cosmid R33683 

S339 CTD-2096123 

S353 cyclinDI 

S423 cycl inDI 

S432 cyclinDI 

S459 cyclinDI 

S470 cyclinDI 

SI94 cystatin A 

5344 cystatin C 

SI61 cystatin C 

5345 cystatin C 

S68 cysteine knot superfamily I, BMP antagonist I 

S53 cysteine-rich, angiogenic inducer, 61 

S90 cysteine-rich, angiogenic inducer, 61 

SI I I cysteine-rich, angiogenic inducer, 61 

S43I cytochrome b-561 

procollagen-lysine, 2-oxoglutarate 5-
SI75 dioxygenase 2 

procollagen-lysine, 2-oxoglutarate 5-
SI83 dioxygenase 2 

procollagen-lysine, 2-oxoglutarate 5-
SI66 dioxygenase 3 

procollagen-lysine, 2-oxoglutarate 5-
S230 dioxygenase 3 

procollagen-proline, 2-oxoglutarate 4-
S76 dioxygenase 

S322 progresterone binding protein 

SI I 3 prostaglandin 12 synthase 

S35I prostaglandin 12 synthase 

S489 prostaglandin 12 synthase 

S48 prostaglandin-endoperoxide synthase I 
protein immuno-reactive with anti-PTH 

S42 polyclonal antibodies 

SI46 proteoglycan I, secretory granule 

597 prothymosin, alpha 

598 prothymosin, alpha 

S249 PSG13 

S424 PTD009 protein 

S46I PTD009 protein 

S9 PTK7 protein tyrosine kinase 7 

S354 putative helicase RUVBL 

S212 putative zinc finger protein 

S6 quiescin Q6 

SI 14 ras homolog gene family, member C 

S365 ras homolog gene family, member C 
region containing guanine nucleotide 

S8I binding protein 
region containing hypothetical protein 

S64 MGC4694 

S357 regulated in glioma 

S394 regulator of G-protein signalling 2, 24kD 

S4I9 replication factor C I 

S455 replication factor C I 

reticulocalbin 2, EF-hand calcium binding 
S393 domain 

S34I retinoic acid receptor responder 

S4 retinoic acid receptor responder 2 

S330 RGC-32 

S356 RGC-32 

S4I0 ribosomal protein L29 
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S469 

S372 

S47 

S9! 

SI3 

SI95 

S56 

S350 

SI 50 

SI 54 

S406 

S5I 

S328 

S332 

S334 

S336 

S464 

S20 

S7I 

S72 

S325 

S352 

S480 

S77 

cytochrome b-561 

cytochrome c oxidase polypeptide Vila-heart 

cytochrome c oxidase subunit Vlb 

cytochrome c oxidase subunit Vlb 

DEAD/H box polypeptide 5 

dermatan sulphate proteoglycan 3 

Dickkopf-1 gene 

DKFZP586LI5I protein 

dual specificity phosphatase MKP-5 

enolase 1 

enoyl Coenzyme A hydratase, short chain, 1 

epithelial membrane protein 3 

est 

est 

est 

est 

EST from clone 1090633 

ESTs 

ESTs 

ESTs 

ESTs 

ESTs 

ESTs 
ESTs, Highly similar to CGI-104 protein 
[H.sapiens] 

S467 

S430 

S62 

SI86 

S3 74 

S484 

SI22 

SI42 

SI43 

S387 

SI 1 

SI67 

S37 

S209 

S8 

S25 

S376 

S397 

S442 

SI 12 

SI9I 

SI5 

S83 

S7 

S70 ESTs. Highly similar to RGC-32 S82 

S472 eukaryotic translation elongation factor I alpha 2 S404 

S434 eukaryotic translation initiation factor IA S405 

SI 18 eukaryotic translation initiation factor 3. subunit 2 SI40 

S3 I fatty acid binding protein 4 S85 

SI9 Fc fragment of IgG, low affinity Mb, receptor S24 

SI6 fibrillin I 

S182 fibroblast growth factor 2 

S476 fibronectin I 

S29 fibulin I 

SI85 fibulin I 

S22I fibulin 5 

S223 fibulin 5 

S39 

SI8I 

S377 

S235 

S2I6 

SI 38 

SI 19 

ribosomal protein L29 

ribosomal protein L29 

RNA binding protein 

SI00 calcium-binding protein A I0 

SI00 calcium-binding protein A I0 

SI00 calcium-binding protein A8 

SI00 calcium-binding protein P 

SI00 calcium-binding protein, beta 

SI00 protein beta-subunit gene, exon I 

selenoprotein P, plasma, I 

SERPINEI 

SERPINE2 

similar to KIAAI624 protein 
Similar to nucleolar protein interacting 
with the FHA domain of pKi-67 
similar to proprotein convertase 
subtilisin 

Similar to tubulin alpha 3 

Similar to tubulin alpha 3 

small inducible cytokine A3 

small inducible cytokine A3 

small inducible cytokine subfamily B 

solute carrier family I 

solute carrier family 14, member I 

solute carrier family 14, member I 

spermidine/spermine N l -
acetyltransferase 
spermidine/spermine N l -
acetyltransferase 

superoxide dismutase I, soluble 

superoxide dismutase I, soluble 

tissue factor pathway inhibitor 

tissue inhibitor of metalloproteinase 3 

tissue inhibitor of metalloproteinase 3 
transcription elongation factor B, 
polypeptide I-like 

transforming growth factor beta-
activated kinase-binding protein I 

transforming growth factor beta-
activated kinase-binding protein I 
transforming growth factor beta-
stimulated protein TSC-22 

transforming growth factor, alpha 

transforming growth factor, beta 

receptor II 

transforming growth factor, beta 
receptor III 
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S24I f ibul in 5 

S380 f ibul in 5 

S396 flavin containing monooxygenase 4 

S438 flavin contain ing monooxygenase 4 

SI44 f ou r and a half LIM domains I 

S I02 f r izz led-related p ro te in 

S362 fr izz led-related p ro te in 

SI 87 genomic M H C class III comp lement gene cluster 

S452 glutamate decarboxylase 2 

S407 glutamic-oxaloacet ic transaminase I, soluble 

S450 g lu taminy l - tRNA synthetase 

S402 von Wi l l eb rand factor 

S474 von Wi l l eb rand factor 

SI07 W W domain binding prote in 2 

S458 zinc finger p ro te in 216 

S I62 ubiquit in-conjugat ing enzyme E2 variant I 

S4 I6 tubul in, gamma I 

S446 tubul in , gamma 1 

S4I tubul in, gamma I 

SI t ropomyos in I 

S3 t ropomyos in I 

S26 tyros ine 3-monooxygenase 

S468 v-jun avian sarcoma virus 17 oncogene homo log 

t rans forming g r o w t h factor, beta 

S368 recep to r III 

t ransforming, acidic coi led-coi l 

S54 containing p ro te in I 

t ransforming, acidic coi led-coi l 

573 containing p ro te in I 

t ransforming, acidic coi led-coi l 

574 containing p ro te in I 

t ransforming, acidic coi led-coi l 

575 containing p ro te in I 

t ransforming, acidic coi led-coi l 
S84 containing p ro te in I 

t ransforming, acidic coi led-coi l 

S99 containing p ro te in I 

S220 TSC22 

S236 TSC22 

t u m o r necrosis factor superfamily, 

S92 member 10 

t u m o r necrosis factor superfamily, 

5348 member 10 

t u m o r necrosis factor superfamily, 

5349 member 10 

t u m o r necrosis factor superfamily, 

5358 member 10 

t u m o r necrosis factor superfamily, 

5359 member 10 

t u m o r necrosis factor superfamily, 

S486 member 10 

S443 ub iqu ino l -cy tochrome c reductase c o r e 

p ro te in II 

S30 unactive progesterone recep to r 

S437 UDP-N-acety l -a lpha-D-galactosamine 

ubiqui t in A -52 residue r ibosomal 

S6I p ro te in fusion p roduc t I 

v-erb-b2 avian erythroblast ic leukemia 

S240 viral oncogene homo log 3 

v-fos FBJ mur ine osteosarcoma viral 

S385 oncogene homo log 

v-jun avian sarcoma virus 17 oncogene 

S42I homo log 



And finally the moment we are all been waiting for het D a n k w o o r d 

Di t boekje is er niet alleen gekomen omdat ik zo hard gewerkt heb. Mede dankzij de hulp 

van een hele hoop vrienden, collega's en betrokken is mijn proefschrift zo mooi geworden. 

H ie rvoo r mijn oprechte en grootse dank. 

Een aantal mensen zal ik in het bijzonder zal: 

Professor doctor, F. Baas, Frank, mijn promotor , jouw enthousiasme voor wetenschappelijk 

onderzoek was na het eerste gesprek al op mij overgewaaid. Ik vind het een eer jou eerste 

promovenda te zijn, mogen er nog vele volgen. Het ri jden in de cabrio door New England 

zal ik niet snel vergeten als mede alle BBQ-s, t ienertrammelant en peptalks. 

D o k t e r Ivo, af en toe voelde ik me erg schuldig met al het werk waarmee ik jou belastte, 

gelukkig werd het afgewisseld met een gezellige babbel. Jij hebt me met name het laatste 

jaar er doorheen gesleept. Bedankt voor de opkikkers op de vri jdagochtend en dat het nog 

maar veel mag vriezen in de winter. 

Dear Luba, I would like to thank you for all the reading w o r k you have completed and the 

encouring talks during our few meetings. I am very pleased you are able t o be present at 

my thesis defence. 

Het hele laborator ium Neurozintuigen (Carin, Christ ine, Coby, Farid, Fred, Jennifer, Jules, 

JW3, Kees, Lida, Lou, Marcel K, Marianne, Marja, juf Marjon, Monique, Nico) w i l ik natuurli jk 

bedanken voor de gezelligheid (al was ik niet vaak van de partij tijdens de koffiepauze en 

moest ik al helemaal niks hebben van alle slagroomtaarten), de betrokkenheid niet alleen 

bij het labwerk maar ook wat ik daar buiten uitspookte (sorry dat ik jullie zo vaak heb 

moeten laten zoeken als de telefoon ging) en de afwisseling (ik hoop nog van de parti j te 

mogen zijn op de catanavonden, culiweekend in N ieuw Balingen en filmavonden). 

Marit , sor ry dat je af en toe je eigen labtafel niet terug kon vinden in mijn puinhopen maar 

heb langzaam leren opruimen. 

Anne loo r bedankt voor het luisterend oo r tijdens mijn uitgilsessies. Houd t de moed en de 

drive erin. 

Car in , Susanne en W iep , sterkte de komende maanden. 

Mia voor van alle hand en span diensten waarbij je je eigen werk onmiddell i jk staakte. 

Jeroen bedankt voor de hulp met het maken van de SAGE bank. 

Kool and the gang bedank ik met name voor de gezelligheid. 

Asker, jij hebt als student heel wat voor mij bij elkaar gepipetteerd, ik hoop je nog vaak 

tegen te komen in de Paradiso. 



iedereen van de afdelingen Antropogenet ica, K inderendocr ino logie en Inwendige 

geneeskunde wi l ik bedanken voor de gezelligheid en interesse.Van de afdeling pathologie 

wi l ik met name Marja en Renee bedanken voor hun gigantische hulp. 

Richard, na de introduct ie van het glaasje rode po r t is het vervaardigen van dit proefschrift 

een stuk relaxter verlopen. Je bijdrage is niet in 2 zinnen te bevatten, thanx. 

Dana, Harre, Mariek, Marijn, Mischa, Muriel en Nynke bedankt voor het koken van een 

lekker maaltje, een wandeling door de stad, een luisterend oor, gewoon even niksen en 

gezellig stappen. Gelukkig is daar weer meer t i jd voor! ! ! 

Jelle het is jammer dat je er niet bij kan zijn. Na dr ie jaar had je eigenlijk pas door dat ik 

niet aan kanker maar aan zenuwen werk te gelukkig maar dan is werk en privé toch nog 

een beetje gescheiden. Bedankt voor en ondersteunende woorden vlak voordat je wegging 

en de vele lieve emails uit het verre oosten. Ik heb echt een wereldbroer ! 

Hella en Freek, de inhoud van mijn proefschrift mag dan ingewikkeld zijn, de inhoud van 

mijn hersenpan is dat soms ook.Jullie waren er altijd om de druk van die ketel af te halen. 

Heel erg bedankt voor de leerzame momenten, liefde, lol, steun en zorg. Mijn creativiteit 

zit blijkbaar in het uitpuzzelen van ingewikkelde levensprocessen. 

Ik kan het nonnenklooster met opgewekt hoofd verlaten. 

Pfcke kus Zoos 
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