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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. 


