VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

AXONAL INFLUENCES ON SCHWANN CELL

GENE EXPRESSION.

by

Christine E. Thomson, B.V.Sc. (Hons.), M.R.C.V.S..

Thesis submitted for the degree of Doctor of Philosophy in the Faculty of Veterinary
Medicine, University of Glasgow, Scotland.

Applied Neurobiology Group,
Department of Veterinéry Surgery,
University of Glasgow,
December, 1991.

© C.E. Thomson.



ProQuest Number: 10987083

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

Inthe unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10987083

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



DECLARATION:

The contents of this thesis are the work of the author with the exception of
figure 5.12 which was produced by Dr. Lynn Mitchell. The thesis has not been

previously submitted for the award of a degree to any other university.

Christine E. Thomson.



To mum and dad

Thank you for your love and support,
and for giving me an education



ACKNOWLEDGEMENTS I

LIST OF FIGURES AND TABLES I

SUMMARY \%

PREFACE VII
1.0 LITERATURE REVIEW - INTRODUCTION
1.0.1 Basic anatomy of the peripheral nerve fibre
1.1 AIM OF THESIS 3
1.2 AXON 4
1.2.0 Introduction 4
121 Axoplasm 4
1.2.1.1 Myelinated fibres 5
1.2.1.2 Unmyelinated fibres 7

122 Axolemma 7

1.2.3 Nodal specialization 8
1.2.4 Periaxonal space 9
1.2.5 Axonal Transport 10
1.3 SCHWANN CELLS : 12
1.3.1 In vivo 12
1.3.1.1 Types of Schwann cells | 12
1.3.1.2 Morphology of the Schwann cell 12
1.3.1.3 Functions of the Schwann cell 16
1.3.1.4 Schwann cell Proliferation . 17
1.3.2 Schwann cells in vitro 24
1.3.2.1 Techniques of Schwann cell culture 24
1.3.22 Schwann Cell Markers 32
1.3.2.3 Molecule expression in culture 37
133 Basal lamina 40
1.3.3.1 Role of basal lamina within the peripheral 40

' nervous system
1332 Composition of basal lamina 43



1.3.3.3 Factors required for basal lamina formation 46

in vitro

1.3.3.4 Effect of addition of exogenous basal 49
lamina to cultures

1.3.3.5 Requirement for extracellular matrix 50
components

1.3.3.6 Effect of basal lamina on Schwann S1

cell proliferation

1.4 MYELINATION 52
14.1 Introduction 52
14.1.1 Location 52
1.4.2 Morphology of the myelin sheath 52
1421 Microscopic appearance 33
143 Composition of myelin 54
1.4.3.1 Myelin proteins 55
1432 Myelin lipids 59
1433 Myelin associated enzymes 61
1.4.4 Function and dysfunction of myelin . 62
1.4.4.1 Function of myelin 62
1.4.4.2 Dysfunction of peripheral myelin - 63

myelin mutants

1.5 SCHWANN CELL - AXON INTERACTION 66
1.5.1 Development of the peripheral nerve 66
1.5.1.1 Embryology of the peripheral nerve 66
1.5.1.2 Molecular interactions between the 69

Schwann cell and the axon

1.5.2 Wallerian degeneration 78
1.5.2.1 Myelinolysis 80
1.5.2.2 Axonal fragmentation 34
1523 Traumatic degeneration 36
15.24 Axonal reaction 87
1.5.2.5 Schwann cell proliferation 39
1.5.2.6 Basal lamina 91
1.5.2.7 Regeneration 91

1528 Delayed degeneration 96



1.5.3

1.5.3.1
1.5.3.2
1.5.3.3

1.6
1.6.1
1.6.1.1
1.6.1.2
1.6.1.3
1.6.14
1.6.2

CHAPTER 2:

2.1
2.1.1
2.1.2
22
221
2.3
23.1
23.1.1
23.1.2
23.2.2
24
24.1
24.1.1
24.1.2
242
2421
2422

2423
243
243.1
2432
24.4
245
245.1
245.2

Schwann cell-axon interaction for
myelination

The role of axonal calibre

In vivo studies

In vitro studies

SCHWANN CELL GENE EXPRESSION
Myelin associated genes
PO
MBP
MAG
PLP
Control of myelin gene expression

MATERIALS AND METHODS
TISSUE CULTURE
Dissociated neonatal Schwann cells
Preparation of rat tail collagen
ANIMAL STUDIES
Perfusion fixation
MORPHOLOGICAL STUDIES
Light microscopy
Immunofluorescence -
Peroxidase-antiperoxidase (PAP)
Electron microscopy
MOLECULAR BIOLOGY TECHNIQUES
Isolation of nucleic acid from tissue samples
Genomic DNA isolation
RNA extraction
Preparation of DNA
S100 DNA
Py DNA preparation

NGF receptor DNA preparation
Preparation of radiolabelled probes
cDNA probes

Riboprobes for ISH

In situ hybridisation (ISH)

Blotting techniques

Northern blots

Dot blots

98

99
100
104

108
108
108
109
109
110
110



2453
2.4.6
2.4.6.1
24.6.2
2.4.6.3
24.64
2.5
25.1
252
253

CHAPTER 3:

3.1

3.1.1
3.12
3.13
3.1.4
32
321
322
323
3.23.1
3232
324
33
33.1
332
333
334
3.4
34.1
342
343
344
3.5
35.1
3.52
353
354

Stripping of filters
Autoradiography
[35S] (for ISH samples)
[32P] (dot and northern blots)
[3H]
Development of slides
PROTEIN ANALYSIS TECHNIQUES
Protein concentration assay
SDS-polyacrylamide gel electrophoresis
Western blotting

SCHWANN CELL CULTURE
DISSOCIATED NEONATAL SCHWANN CELL
CULTURE
Introduction
Materials and method
Results
Discussion
CULTURE OF SCIATIC EXPLANTS
Introduction
Materials and method
Results
Adult explants
Neonatal explants
Discussion
CULTURE OF CERVICO-SYMPATHETIC TRUNK
Introduction
Materials and Method
Results
Discussion
SCHWANN CELL MARKERS
Introduction
Materials and Method
Results
Discussion
SCHWANN CELL PROLIFERATION
Introduction
Materials and Method
Results
Discussion

126
126
126
127
127
127
127
127
128
129

130
130

130
130
131
132
133
133
134
136
136
137
137
143
143
143
143
144
144
144
144
145
145
146
146
147
147
148



3.6

CHAPTER 4:

4.1
4.2

42.1
422
423
423.1
4232
4233
424
4.3

43.1
43.1.1
43.1.2
43.1.3
43.14
432
432.1
43.2.2
4323
43.2.4
4.3.3
43.3.1
4332
43.3.3
4334
4.4

CHAPTER 3:

5.1
5.2
53
53.1

CONCLUDING REMARKS

THE IMPORTANCE OF THE AXON IN EXPRESSION

OF MYELIN-SPECIFIC MOLECULES BY THE

- SCHWANN CELL

INTRODUCTION
EFFECT OF PERMANENT OR TEMPORARY
AXOTOMY ON SCIATIC NERVE IN RATS AND MICE

Introduction

Materials and method
Results

Morphological changes
In situ hybridisation
Dot blots

Discussion

THE EFFECT OF AXONAL LOSS ON CULTURED
SCHWANN CELLS

Dissociated Schwann cell culture
Introduction

Materials and Methods

Results

Discussion

Culture of sciatic nerve explants
Introduction

Materials and method

Results

Discussion

Culture of Cervicosympathetic trunk
Introduction

Materials and Method

Results

Discussion

CONCLUDING REMARKS

DELAYED WALLERIAN DEGENERATION IN

C57BL/OLA MICE

INTRODUCTION
MATERIALS AND METHOD
RESULTS

Morphology of degeneration

149

151

151
151

151
151
152
152
153
153
154
155

155
155
155
156
156
158
158
138

159

159
160
160
160
161
161
161

163

163
165
166
166



5.3.1.1
53.12
5.3.13
53.14
5.3.15
5.3.1.6
5.4

5.5

CHAPTER 6:

6.1

6.2

6.3
6.3.1
6.3.1.1
6.3.1.2

6.3.1.3
6.3.2

6.3.2.1
6.3.2.2
6.3.3
0.3.3.1
6.3.3.2
6.3.3.3
6.4
6.4.1
6.4.1.1
6.4.1.2

6.4.1.3
6.4.14
6.4.1.5
6.4.1.6
6.4.1.7
6.4.2

6.4.3

Light microscopy
Electron microscopy
Immunocytochemistry
Axonal reaction

Po mRNA expression

Southern blotting
DISCUSSION
CONCLUDING REMARKS

DELAYED WALLERIAN DEGENERATION /N
VITRO
INTRODUCTION
MATERIALS AND METHOD
RESULTS
Morphology"
Effect of calcium and its chelation
Effect of dexamethasone and cyclic-:AMP
analogues
Effect of antimitotics
Effect on Pg and NGF receptor mRNA expression

In situ hybridisation
Dot blots
Immunofluorescence studies
NGF receptor
GFAP
N-CAM
DISCUSSION
The role of calcium in Wallerian degeneration
The toxic nature of calcium
Nerve fibre degeneration and P mRNA expression

Degeneration and mRNA levels

N-CAM expression

NGF receptor expression

GFAP expression

Unmyelinated fibres

The effect of EGTA on Wallerian degeneration in
vitro

The effect of antimitotics on Wallerian
degeneration in vitro

166
168
169
169
170

171
171
175

176

176
179
181
181
181
183

183
184

184
184
185
185
186
186
187
187
187
188

189
189
190
191
192
192

195



6.4.4

6.4.6

6.4.7
6.5

CHAPTER 7:

7.1
7.2
7.2.1
722
723
7.2.4
7.3

7.3.1
73.2
73.3
7.3.4
7.4

7.4.1
7.4.2
7.4.2.1
7422
7.4.2.3
7.4.3
7.4.3.1
7.4.3.2
7.4.4
7.5

7.5.1
7.5.2
7.5.2.1
7522
7.5.2.3

The effect of dexamethasone on Wallerian
degeneration in vitro
The effect of cyclic-AMP analogues on Wallerian
degeneration in vitro
Summary

CONCLUDING REMARKS

THE EFFECT OF AXOLEMMAL FRAGMENTS ON
THE EXPRESSION OF MYELIN-SPECIFIC
MOLECULES BY CULTURED SCHWANN CELLS.
INTRODUCTION
SCHWANN CELL CULTURE

Dissociated neonatal sciatic nerve

Adult explant cultures

Neonatal explants

Culture of the cervico-sympathetic trunk
ROLE OF BASEMENT MEMBRANE IN SCHWANN
CELL CULTURES

Introduction

Materials and Method

Results

Discussion
PREPARATION OF AXOLEMMA ENRICHED
FRACTIONS

Introduction

Materials and Method

Simple preparation

Discontinuous sucrose gradient preparation

Biochemical assessment of AEF

Results

AEF preparations

SDS-PAGE and western blots of AEF preparations

Discussion
THE EFFECT OF AXOLEMMA ADDITION ON MSM
EXPRESSION IN SCHWANN CELL CULTURE:

Introduction v

Neonatal dissociated Schwann cells

Introduction

Materials and method

Results

195

195

197

197

199

199
200
200
201
202
203
203



7.5.2.4
753

. 1531
7532
7.5.3.3
75.3.4
7.6
7.6.1
7.6.2
7.6.3
7.6.4
7.6.5
7.6.6

CHAPTER 8

8.1
8.2
8.2.1
822
8.3
8.3.1
8.3.2
8.4
8.5

CHAPTER 9:
9.1

9.2

9.3

9.3.1

932

9.4
9.5

APPENDICES

Al
Al.l
A2
A2.1

Discussion

Peripheral nerve explants

Introduction

Materials and method

Results

Discussion
CONCLUDING REMARKS

Theory

Aim

Source of AEF

Schwann cells

Basement membrane

Schwann cell proliferation

THE EFFECT OF DEMYELINATION ON SCHWANN
CELL GENE EXPRESSION
INTRODUCTION
MATERIALS AND METHODS
In situ hybridisation
Immunochemistry
RESULTS
In situ hybridisation
Immunocytochemistry
DISCUSSION
CONCLUDING REMARKS

GENERAL DISCUSSION AND CONCLUSIONS
INTRODUCTION
MATERIALS AND METHOD
RESULTS
Anti-laminin staining
Py mRNA expression
DISCUSSION
CONCLUDING REMARKS

TISSUE CULTURE
SD solution

ANIMAL STUDIES
Buffers



A2.1.1 General buffers 250

A2.1.2 Buffers for preparing AEF 250
A22 Strong Fixative 251
A23 4% paraformaldehyde/0.1% glutaraldehyde 251
A3 MORPHOLOGICAL STUDIES 251
A3.1 Light microscopy 251
A3.11 Routine processing for light microscopy 251
A3.1.2 Staining procedures 252
A3.13 PPD mountant for immunofluorescence 253
A32 Peroxidase-antiperoxidase immunocytochemistry 253
A33 Processing for electron microscopy 254
A34 Electron microscopic photography 255
A4 MOLECULAR BIOLOGY TECHNIQUES 255
A4.1 In situ hybridisation methodology 255
A4.1.1 Prehybridisation treatment 255
A4:12 Hybridisation 255
A4.13 Post hybridisation treatment and washing 256
A4.14 Preparation of glassware 256
Ad42 Blotting techniques 257
Ad42.1 Pre/hybridisation buffers 257
A4.23 Agarose gels 257
Ad4.24 Buffers 258
A4.25 Dyes 258
A4.2.6 Transfer of RNA to nitrocellulose paper 259
A43 Qiagen column 269
AS PROTEIN ANALYSIS TECHNIQUES 260
AS.1 Pierce protein assay 260
AS.2 Polyacrylamide gel compostions 260
A5.2.1 5% resolving gel 260
A522 20% resolving gel o 260
AS.23 2.5% stacking gel o 261
AS53 SDS-PAGE buffers 261
A53.1 Discontinuous buffers 261
AS3.2 Sample buffer 261
AS4 Staining and destaining polyacrylamide gels 261
AS.S5 Western blot buffers 261
Ab CENTRIFUGATION 262
A7 ABBREVIATIONS 262

REFERENCES 264



ACKNOWLEDGEMENTS:

In a work such as this thesis, one wishes to acknowledge many people who
have contributed to its production.

First and foremost, I would like to thank my supervisor, Professor Ian
Griffiths, for his guidance and support, sagacity and humour, throughout this study.
He gave me:

"enough rope to play with, but not quite enough to hang myself!"

Within the Applied Neurobiology Group, I would like thank the technical
staff for their help, advice and support. These people include Jenny Barrie, Nan
Deary, Douglas Kirkham, Evangelos Kyriakides and Mailis Mc Culloch.

My sincere thanks to colleagues who have contributed words of wisdom and
taught me various techniques; Dr. Lynn Mitchell, Dr. Paul Montague, Dr. Ilse
Sommers and Sylvia Morrison. Also, to Professor N. T. Gorman for allowing me to
use the facilities of his department.

I am very grateful to the Wellcome Trust which financially supported the
research, Glasgow University for the financial assistance with respect to fees, and
the Stella Mary Landford Trust and its administrators at the University of
Melbourne (Australia), for the scholarship which has supported me throughout
these studies.

I am very thankful for the computer buffs, who relieved many a stressful
moment: Jim Anderson, Professor Gorman, Andrew Miller and Martin Sullivan.

My sincere thanks to Alan May for the all the photography and his help.

Last, but definitely not least, my thanks to my good mates for their -
friendship and support: Sam and Rog, Andrew, Arlene, Fiona, Jim and Puffin.



e

IT

LIST OF FIGURES AND TABLES:

LIST OF FIGURES:

Chapter 1:

1.0.1 - General anatomy of a peripheral nerve.

1.1.1 - Possible mechanism of Schwann cell-axon interaction for upregulation of
MSM expression.

Chapter 2:

2.1- pBP2 plasmid.

2.2 - Isolated S100 cDNA.

2.3 - PoR-1 plasmid.

2.4 - Bluescript. NGF receptor plasmid.

2.5 - Linearized and non-linearized P cDNA.

Chapter 3:

3.1- - The effect of substrate on Schwann cell growth characteristics.

3.2 - Anti-laminin stained Schwann cells derived from adult sciatic nerve explant.

3.3 - Schwann cells cultured from adult sciatic nerve explant.

3.4 - Neonatal sciatic nerve explants.

3.5- Adult sciatic nerve explants - possible phagocytic cell.

3.6 - Schwann cells derived from cervico-sympathetic trunk explants.

3.7- Dissociated neonatal Schwann cells on collagen plus Matrigel double
stained for laminin and O4 surface marker.

3.8 - The effect of culture substrate on laminin coating of cultured Schwann cells.

3.9 - Intracytoplasmic staining for GalC in cultured adult sciatic Schwann cells.

3.10 - Schwann cells stained for S100.

3.11 - The effect of cytosine arabinoside on Schwann cell growth.

Chapter 4:

4.1 - The effect of nerve crush on adult sciatic nerve Pg mRNA expression.

4.2 - The effect of nerve transection on P) mRNA expression - dot blots.

4.3 - The effect of substrate on the expression of Pp mRNA by dissociated
neonatal Schwann cells.

4.4 - The effect of dissociated culture on Schwann cell Pg mRNA expression.

4.5 - Prolonged expression of Py mRNA by Schwann cells cultured from
explants. ‘



III

Chapter 5:

5.1 - Normal C57Bl/Ola mouse sciatic nerve.

5.2 - Normal mouse sciatic nerve, 5 days post-transection.

5.3 - Normal mouse sciatic nerve, 10 days post-transection.

5.4 - (C57Bl/Ola mouse sciatic nerve, 5 days post-transection.

5.5 - C57Bl/Ola mouse sciatic nerve, 10 days post-transection.

5.6 - Normal mouse sciatic nerve, 5 days post-transection - EM.

5.7 - C57Bl/Ola mouse sciatic nerve, 5 days post-transection - EM.

5.8 - Axonal reaction in the spinal ganglia of C57B1/Ola mice.

5.9 - Axonal reaction in the ventral horn cells of C57Bl/Ola mice.

5.10 - Expression of Py mRNA in teased fibres from C57Bl/Ola and normal mouse
nerve.

5.11 - Pg mRNA expression after axotomy in C57B1/Ola and normal mice.

5.12 - Northern blots of Py mRNA in transected and intact nerve of C57Bl/Ola and
normal mice.

Chapter 6:

6.1 - The effect of calcium on the preservation of myelinated fibres in vitro - EM.

6.2 - The effect of cytosine arabinoside on Py mRNA expression in cultured
explants. _

6.3 - The effect of antimitotics or dexamethasone on preservation of myelinated
fibres in vitro.

6.4 - The effect of cyclic-AMP on preservation of myelinated fibres in vitro.

6.5 - The effect of degeneration in vivo and in vitro on Pg mRNA expression.

6.6 - NGF receptor protein expression on normal and 5 day post-transected fibres.

6.7 - The effect of calcium on the expression of cell markers - NGF receptor.

6.8 - The effect of calcium on the expression of cell markers - GFAP.

6.9 - The effect of calcium on the expression of cell markers - N-CAM.

Chapter 7:

7.1 - EM of axolemmal-enriched fragments - simple preparation.

7.2 - EM of axolemmal-enriched fragments - sucrose gradient preparation.

7.3 - SDS-PAGE gels of axolemmal-enriched fragments and whole neonatal rat
brain.

7.4 - The effect on P) mRNA expression of adding AEF to cultured Schwann cells.



v

7.5 - The effect on Pg mRNA expression of adding AEF to cultured Schwann cells -
northern and dot blots.

Chapter 8:

8.1 - Tellurium neuropathy - effect on Pg mRNA expression.

8.2 - Teased fibres probed for NGF receptor mRNA.

8.3 - NGF receptor and GFAP protein expression on normal fibres.

8.4 - Teased fibres from a rat exposed to tellurium for 7 days.

8.5 - NGF receptor expression on teased fibres from a rat exposed to tellurium for 7
days.

LIST OF TABLES:

Chapter 2:

2.1 - Antibodies, their dilutions and sources used in immunofluorescence studies.

2.2 - Antibodies, their dilutions and sources used for immunostaining by the PAP
technique. A

Chapter 3:

3.1 - Immunofluorescence results on Schwann cells cultured from chronically
neurotomized adult sciatic explants, adult cervico-sympathetic trunk
(CST) explants, or neonatal sciatic nerve.

3.2 - The effect of addition of cytosine arabinoside on the mitotic index of cultured
Schwann cells.

Chapter 5:
5.1 - Results of immunostaining by the PAP method on intact and 5 day post-
transected sciatic nerve of the C57B1/Ola mouse.

Chapter 7:

7.1 - Results of western blotting of AEF prepared by the simple method, or on a
sucrose gradient.

7.2 - The effect on Pg mRNA expression of adding AEF to cultured Schwann cells.

\



SUMMARY: . _
The aim of these studies was to investigate some of the ways in which the
axon influences Schwann cell gene expression.

One of the major parts of the project was attempting to establish an in vitro
model of Schwann cell-axon interaction. Schwann cells cultured in isolation from
neurons, down-regulate expression of molecules associated with the myelin sheath.
It is proposed that the putative signal that stimulates myelin gene expression by the
Schwann cell is located on the axolemma. Therefore, a model system was
established whereby addition of an axolemmal-enriched fraction derived from
neonatal rat brain, caused the upregulation of myelin-specific molecule expression
by cultured Schwann cells. The ability of the Schwann cells to respond was
influenced by the method of culture, and only those cells derived from explants of
either neonatal rat sciatic nerve, or. denervated adult rat sciatic nerve, were
capable of responding. The role of basement membrane components in this system
was also investigated.

Addition of axolemmal-enriched fractions of brain tissue did result in the
upregulation of Py mRNA expression by the Schwann cells. This upregulation was
documented both by in situ hybridisation and dot blotting. The degree of
upregulation was variable and other, as yet, unknown factors appear to influence
the ability of the Schwann cell to respond. By dot blotting, the cultures treated with
these fractions expressed the Pg message at a level 1.63 fold greater than non-
treated cultures.

The role of the axon in influencing Schwann cell gene expression was also
investigated by studying various aspects of Wallerian degeneration and primary
demyelination.

Delayed Wallerian degeneration occurs in the C57Bl/Ola mouse mutant
after axotomy. This delayed morphological breakdown was found to be associated
with retarded down-regulation of the Pgp mRNA both on teased nerve fibres
assessed by in situ hybridisation, and on pooled nerve samples evaluated by
northern blotting.

Calcium is known to have a role in degeneration of nerve fibres both in vivo
and in vitro and Wallerian degeneration of cultured explants can be delayed by
chelating the calcium from the culture medium. The effect of calcium on
degeneration was investigated morphologically, immunohistochemically and at the
level of gene transcription. Calcium chelation retarded the morphologic aspects of



VI

Wallerian degeneration and the upregulation of genes (NGF receptor, GFAP and
N-CAM) which are associated with degeneration of myelin sheaths. However, the
expression of Pgp mRNA was not maintained, thereby suggesting different
mechanisms of control for myelin-specific genes and genes associated with the
non-myelin-forming Schwann cell phenotype.

Tellurium causes primary demyelination when fed to weanling rats.
Investigations into this neuropathy suggested that the expression of genes
associated with the non-myelin-forming Schwann cell may be under very local, and
focal control within a given Schwann cell. Partial demyelination of a single
Schwann cell internode was associated with focal re-expression of NGF receptor .
protein and GFAP, and to a lesser extent, N-CAM in the demyelinated area.
However, this same partially demyelinated internode could still be expressing Pg
mRNA quite strongly.

The combination of these studies have suggested that the putative
myelinating signal is probably located on the axolemma, but have raised the
possibility that expression of certain molecules (NGF receptor, GFAP) may be
determined by factors other than the axon. Such factors may be of purely Schwann
cell origin, and include the state of the myelin sheath, or the area of contact
between the adaxonal Schwann cell plasmalemma and the axolemma. The possible
effects of contact surface area on myelination are discussed in the final chapter.
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"His wisdom is infinite, that of which we are ignorant is contained in
him, as well as the little that we know"” (Kepler, astronomer).

PREFACE

Development and regeneration within the peripheral nervous system are
complex and begin with the outgrowth of axons from neurons. During development,
this is closely followed by the migration of Schwann cells from the neural crest.
Initially the Schwann cells lie outside large bundle of axons, but subsequently invade
the fascicles, proliferate and begin to associate with the axons. During regeneration,
pre-existing Schwann cells proliferate in response to contact with growing neurites,
and then become intimately associated them. In both cases, this initial association is
only the beginning of a very complex and fascinating interaction between the glial cell
and the axon. How the Schwann cell ultimately relates to the axon appears to be
dictated by the axon itself. Some Schwann cells just ensheath axons to form
unmyelinated fibres, yet others will wrap the axon many times with a compacted
extension of their plasmalemma to form a myelin sheath.

Without the myelin sheath, much of the mammalian nervous system would not
function. The vital role of myelin can be observed directly from patients afflicted with
primary dys/demyelinating diseases. The lack of myelin results in impaired nerve
conduction which may either be slowed or completely blocked. Clinically this results
in weakness, ataxia, sensory deficits, paresis and paralysis, and ultimately respiratory
failure and death. The clinical signs depend on the location and severity of the lesion
(Duncan and Griffiths, 1984). Despite good morphologic characterization of many of
the diseases that affect myelin, much of the basic neurobiology underlying the process
of ensheathment and myelination is not known. Likewise the trigger that initiates the
production of the myelin sheath by the Schwann cell is a mystery.

The dependence of the Schwann cell myelin sheath on axonal contact is
observed both during development and regeneration of the nerve. During development
it is only after the Schwann cell adopts a 1:1 relationship with a single axon that the
morphological features of incipient myelination appear i.e: the formation of the
mesaxon and its subsequent elongation and spiralling around the axon to ultimately
form the compact myelin sheath (Peters and Muir, 1959; Peters, 1976; Ranscht et al.,
1987) Pathologically, lack of axonal contact in the distal stump of transected sciatic
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nerves has a negative effect on the expression of genes from which myelin sheath
components are transcribed, and the cells fail to synthesize a myelin sheath and
(Gupta er al., 1988; Le Blanc er al., 1987; Lemke and Chao, 1988b; Poduslo, 1984a;
Trapp et al., 1988b). Regeneration of axons into the area of these Schwann cells
stimulates upregulation of myelin-specific molecule expression (Gupta e al., 1988;
Le Blanc et al., 1987; Mitchell er al., 1990; Politis er al., 1982). These studies
suggest that expression of these molecules by the Schwann cells is dependent upon
axonal-contact. This axonal dependence.is directly reflected in the steady-state levels
of the mRNAs encoding these proteins (Gupta et al., 1988; Le Blanc er al., 1987;
Lemke and Chao, 1988b; Trapp er al., 1988b).

In vitro, loss of myelin-specific molecule expression by Schwann cells is
observed when Schwann cells are enzymatically dissociated from neonatal rat sciatic
’ hervé. This dissociation causes loss of Schwann cell-axon contact which, in turn,
céuses down regulation of expression of myelin components within 5 days of culture
(Brockes er al, 1981; Jessen et al, 1985; Lemke and Chao, 1988b; Mirsky er al,
1980; Morrison et al, 1991; Owens and Bunge, 1989; Winter et al/, 1982). This low
level of expression is maintained indefinitely in the absence of axonal contact. If
axon-Schwann cell contact is re-established (by coculturing the Schwann cells with
DRG neurites) then upregulation of myelin-specific molecules by the Schwann
cells occurs (Winter et al., 1982; Mirsky et al., 1980).

Thus the axon is known to have a profound effect on the behaviour of the
Schwann cell both with respect to the structural contortions it makes to envelop the
axon and its molecular expression. The studies undertaken in this thesis were aimed at
investigating the effect of the axon on Schwann cell gene expression, which, in turn.
dictate the cell's behaviour and nature of ensheathment.



1.0 INTRODUCTION:

The nerve fibre of the peripheral nervous system (PNS) has developed to
propogate nerve impulses from one point of the organism to another. In this thesis,
the nerve fibre refers to the axon and its associated ensheathing Schwann cells. The
axon is one of the processes conducting information to or from the nerve cell body.
The satellite cells of the peripheral nerve fibre consist mostly of Schwann cells, some
fibroblasts and a few immune cells (macrophages, mast cells).

Two types of mature nerve fibre exist in the normal animal, based on the type
of axonal ensheathment - the fibre may be myelinated or unmyelinated (Thomas and
Ochoa, 1984). Myelin is found in both the peripheral and central nervous systems
(CNS); this thesis is concerned with that of the PNS. By forming a tubular sheath
around certain axons within the PNS, peripheral myelin is the structural specialization
that allows for much higher nerve conduction velocities. The sheath is formed by
many Schwann cells that associate with the axon along its length from a point near the
cell body, to within 1 to 2 pum from the axonal termination. Adjacent Schwann cells
abut at the nodes of Ranvier, thus, the sheath is really a series of apposed myelin
tubes. The myelin itself is a specialization of the Schwann cell membrane which has
wrapped around the axon many times to form concentric lamellae. The intervening
cytoplasm is lost from between the membranes as they compact to form the myelin.
Morphologically, by electron microscopy, the myelin sheath appears as a set of
boncentrically arranged lamellae wrapping around the axon; its main constituents are |
lipid and protein.

The speed of nerve impulse conduction in the mammalian unmyelinated fibres
is of the order of 1.0 m/sec. Without significantly increasing axonal diameter, higher
conduction speeds cannot be achieved. The structural specialization of myelination
allows for much greater conduction velocities without significantly increasing the
axonal diameter. It is possible that increased transmission frequency also occurs
(Thomas and Ochoa, 1984).

1.0.1 BASIC ANATOMY OF THE PERIPHERAL NERVE FIBRE:

Connective tissue sheaths subdivide nerves. The outermost 'covering is the
epineurium. This gives the nerve its characteristic shape and strength and loosely
separates bundles of nerve fibres (fascicles) from each other. The perineurium
ensheathes the individual fascicles within the nerve and separates the nerve fibres and
endoneurium from the extraneural environment. The perineurium is comprised of



flattened cells joined by tight junctions and forms the blood nerve barrier which
effectively excludes many large molecules from the intraneural environment. The
endoneurium is the innermost covering and invests the nerve fibre proper. It is mostly

composed of collagen with occasional interspersed fibroblasts. Blood vessels

course within the endoneurium and connective tissue sheaths (Bunge and Bunge,
1981; Jenkins, 1978) (fig 1.0.1).
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Figure 1.0.1: Diagram of a peripheral nerve. (Graphics by Mr. A. Miller. University of
Glasgow).



1.1 AIM OF THESIS:

Contact of the Schwann cell with the appropriate axon is essential for the
biosynthesis of myelin components by Schwann cell. However, little is known about
the molecule(s) that initiate and maintain myelin-specific molecules (MSM)
expression. The structure, dynamics and location of the putative myelinating signal
remain an enigma. In this thesis, it is postulated that there is such a signal, it is
produced within the neuronal soma, transported down the akon, and inserted in, or
near, or possibly even secreted by, the axolemma. Here it interacts over a very short
distance with a receptor on the Schwann cell membrane. Somehow, possibly via an
intermediate carrier such as cyclic-AMP, the message is transduced from the Schwann
cell plasmalemma to the Schwann cell nucleus. Here it interacts with the gene pool
and causes upregulation of the genes that encode transcription of message for
synthesis, and ultimately assembly, of the myelin sheath (fig. 1.1.1).

The aims of this thesis are to:

1) Investigate the location of the myelinating signal.

2) Investigate the mechanism of interaction of the myelinating signal with the
myelin-forming Schwann cell.

3) Evaluate the lability of the myelinating signal during its interaction with the
Schwann cell by studying situations of delayed Wallerian degeneration.

4) Investigate the effect of Wallerian degeneration on expression of other
axonally-controlled molecules by Schwann cells.

5) Investigate the role of the extracellular matrix in MSM expression by
Schwann cell.

6) Develop an in vitro model in which Schwann cells can be stimulated to
express MSMs in the absence of contact with intact axons. Components of this model
could then be manipulated to further study the composition of the myelinating signal,
and mechanisms by which Schwann cells can be stimulated to upregulate MSM
expression.
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Figure 1.1.1: Possible mechanism of Schwann cell-axon interaction for upregulation of
myelin-specific molecule expression. It is postulated that the putative signal (*) that
stimulates myelin formation by the Schwann cell is produced in the neuronal soma,
transported down the axon and becomes associated with the axolemma. It can then interact
with the Schwann cell plasmalemma and the signal is then transduced to the Schwann cell
nucleus (A), possibly via an intermediate carrier such as cyclic-:AMP. The gene pool encoding
the expression of myelin-specific molecules is stimulated and transcribed (B). N1 = neuronal
nucleus; N2 = Schwann cell nuclei. (Graphics by Mr. A. Miller, University of Glasgow).



1.0 LITERATURE REVIEW

1.2 AXON

1.2.0 Introduction

The PNS is comprised mainly of the axon, its surrounding glial cell (Schwann
cell), with or without an attendent myelin sheath, fibroblasts and occasional
leucocytes such as mast cells or macrophages. The axon is the outgrowth of the
neuron and is composed of a plasma membrane, called the axolemma, and the
axoplasmic matrix with enclosed cytoskeleton and organelles. The Schwann cell either
just ensheathes the axon to form an unmyelinated nerve or spirals around the axon to
form a myelin sheath and a myelinated fibre. The length of axon surrounded by the
myelin sheath of one Schwann cell is the internode, the node of Ranvier is the area
where adjacent Schwann cells abut and the paranode is the specialized area just lateral
to the node bordering the margins of the sheath. The structure of the axon, especially
the axolemma, depends upon the nature of Schwann cell ensheathment. In the
unmyelinated fibre the axon is more uniform, but in the myelinated fibre the structure
varies between the node, paranode and internodal regions.

In mammals, axonal diameter varies between 0.1 and 16 um with
unmyelinated axons ranging between 1 to 2 um and the larger diameter fibres being
myelinated. The length varies between 1.0 cm and several meters depending upon the
size of the animal. Axons tend not to branch except near the sensory or effector fields
(Berthold, 1978).

1.2.1 Axoplasm

In most nerves greater than 90% of the neuronal cell volume is axonal
(Berthold, 1978). Studies have shown that the axonal calibre is directly proportional
to the ratio of target size to the number of innervating axons. This suggests that
axonal calibre is influenced by retrogradely transported signals (Voyvodic, 1989). The
axonal diameter at the node is reduced to 1/3 to 1/6 of the internodal diameter
(Berthold 1978).



1.2.1.1 Myelinated fibres

The axonal cytoplasm has a viscosity approximately five times that of water. It
contains a variety of organelles, including the longitudinally oriented microtubules
and neurofilaments (Thomas and Ochoa, 1984). The cytoskeletal proteins include
neurofilaments, microtubules, actin, clathrin, actin-binding proteins and fodrin (brain
spectrin). Actin and fodrin are predominantly subaxolemmal in location, whilst the
microtubules and neurofilaments are fairly regularly distributed throughout the axon
(Papasozomenos et al., 1982).

The microtubules are non-branching structures about 25 nm diameter
comprised of a 5 nm thick wall surrounding a hollow core (Thomas and Ochoa,
1984). They are composed -of tubulin dimers consisting of an « and B subunits
(Thomas and Ochoa, 1984; Wallin 1988) which are synthesized in the neuronal
somata and transported down the axon by slow axonal transport (Pleasure, 1984). The
average microtubule length in cultures of sensory neurones is about 100 um. Fine
processes, 20 to 100 nm long, extend into the axoplasm from the tubules (Thomas and
Ochoa, 1984). Other polypeptides have been found in association with microtubules.
Microtubule associated proteins (MAPs) such as MAP1, MAP2, and tau factors,
facilitate microtubule assembly. MAP1 and 2 are high molecular weight proteins (350
and 270 kDa respectively) which have been observed as projections extending from
the microtubule surface, whereas the tau proetins (55 to 70 kDa) form a fuzzy coat on
the microtubule surface (Wallin, 1988). Tau factors may form the side arms of
microtubules connecting them with neurofilaments and other organelles (Thomas and
Ochoa, 1984; Papasozomenos ef al., 1982)

The density of the microtubules is generally 10 to 20/um2, however, this
varies depending on whether the nerve is sensory or motor, or a dorsal or ventral
root. The number of microtubules also varies within the axon; there may be more in
the branch of an axon than in the parent axon, which raises the possibility of local
polymerization within the branch axoplasm from pre-existing tubulin units. A state of
labile equilibrium exists between microtubules and monomeric tubulin. Tubules may
be disassembled into units by calcium, colchicine, vincristine and vinblastine,
increased hydrostatic pressure and cold (Ochs, 1984; Pleasure, 1984; Wallin 1988).

. Microtubules are important in providing a supportive cytoskeleton for elongated cell

processes, such as axons, and are a major component of the fast anterograde and
retrograde axonal transport systems (Pleasure, 1984; Wallin, 1988). They also have
roles in cell division and cell movement/shape changes (Wallin, 1988).



Neurofilaments are the major component of the neuronal cytoskeleton and are
composed of three proteins; the 68 kDa protein appears to form the core; the 145 kDa
protein wraps around it; and the 200 kDa protein contributes to the side arms which
link the neurofilaments to each other and to the other components of the cytoskeleton.
The latter two proteins are rich in phosphorylation sites which may mediate
interactions of neurofilaments with each other and with other cellular components
(reviewed Rosenfeld et al., 1987). Neurofilaments are of undetermined length and are
about 10 nm in diameter. They are unbranched, but at 50 nm intervals give rise to 1
to 8 lateral filaments which radiate 30 to 60 nm out to interconnect with neighbouring
neurofilaments. A regular network of neurofilament groups are formed and these
probably pursue a spiral course down the length of the axon. The neurofilament
density is 100 to 300/;4m2 (Thomas and Ochoa, 1984). Neurofilaments are
synthesized in the neuronal soma and carried by slow axonal transport (Pleasure,
1984). They play a major role in determining axonal calibre as well as neuronal size |
and shape. The degree of phosphorylation varies within different regions of individual
neurons. Normally the phosphorylated form is present in the axons and the
nonphosphorylated form within the perikarya, dendrites and axons. Phosphorylated
forms are found in perikarya in some pathologic states, but the factors leading to their
distribution here are not known (reviewed Rosenfeld er al., 1987). Neurofilaments
appear to have an important role in determining axonal calibre (Friede and
Samorajski, 1970; Hoffman er al., 1984). In the constricted portion of the axon at the
node of Ranvier, the numbers of neurofilaments are reduced correlating with the
decreased axonal calibre, but their density remains constant with the internodal axon
(Hoffman er al., 1984). Axonal calibre is more closely related to the neurofilament
content than to the thickness of the myelin sheath (Friede and Samorajski, 1970).

A monoclonal antibody, A60, has been produced from bovine brain by -
immunizing mice. The antibody binds to a 60 kDa subaxolemmal prbtein which is
thought to be a cytoskeleton associated peripheral membrane protein. Its in vivo role
may be linkage to neurofilaments or other membrane or cytoskeleton components
(Rayner and Baines, 1989)

Axonal mitochondria are 0.1 to 0.3 um in diameter and 0.5 to 8.0 um in
length. They are found in higher densities in smaller axons (2 to 5/pm2) and lower
densities in larger axons (O.»l/ymz). They are thought to be formed within the
neuronal somata and transported at an intermediate rate down the axon where they are
longitudinally oriented. The smooth endoplasmic reticulum (SER) forms a tubular or
flattened cisternal network that extends from the axonal hillock to the nerve terminals
occupying less than 2.5% of the axonal area. Within the axon proper, a primary



system of sER is formed which is composed of thicker tubes located in the sub-
axolemmal position. The secondary system consists of thinner tubules located more
centrally in the pre-terminal axonal branches. Ribosomal particles are rarely observed
distal to the axon hillock, but may occasionally be encountered free in the axoplasm
or related to the sER or mitochondria. Other structures observed in the axon include
vesicles, vesiculo-tubular bodies, multivesicular bodies and lamellated osmiophilic
bodies which may be lysosomes. Glycogen particles are observed in some axon
terminals and membrane bound glycogen particles (glycogenosomes) are also
occasionally observed within nerve trunks (reviewed by Thomas and Ochoa, 1984;
reviewed by Berthold 1978).

1.2.1.2 Unmyelinated fibres

The axoplasm of the unmyelinated fibre differs very little from the myelinated
fibre except that it has a less conspicuous neurofilament network and sER and more “
prominent microtubules (reviewed by Berthold, 1978; Friede and Samorajski, 1970).
A diffuse electron-dense coating 5 to 20 nm wide is observed beneath the axolemma
of unmyelinated fibres apposing each other in the same Schwann cell trough
(reviewed by Berthold, 1978).

1.2.2 Axolemma

The axolemma is an excitable trilaminar membrane 7 to 8§ nm thick bounding
the axon. The inner leaflet is slightly thicker and more osmiophilic than the outer
from which it is separated by a clear zone (reviewed by Thomas and Ochoa, 1984).
Freeze fracture studies have identified the presence of rounded particles 7 to 12 nm in
diameter distributed throughout the P and the E faces of the axolemma. In the nodal
region there is particle pleomorphism and a much greater density of particles on the
axolemmal E face than on the E face in the internode, suggesting nodal specialization
(Rosenbluth, 1976; Stolinski et al., 1981; Stolinski and Breathnach, 1982).
Specializations of the paranodal and juxta-paranodal regions were first detected by
freeze fracture studies when the Schwann cell had completed 3 to 6 turns around the
axon. On the axolemma these specializations included parallel rows of diagonally
oriented particles on the P face and rows of particles and pits on the E face. Rows of
particles specifically positioned with respect to the axolemmal particles were noted on
the opposing Schwann cell membranes. The juxta-paranodal region on the axolemma
and the adaxonal Schwann cell membrane also had specific particulate patterns

\



(Stolinski er al., 1981; Stolinski and Breathnach, 1982). Suggested roles for these
axon-glia membrane specializations include ionic channels used during the
propogation of nerve impulse, or that of biomechanical interaction such as axon-glia
adhesion (Rosenbluth, 1976; Stolinski et al., 1981; Stolinski and Breathnach, 1982).
The concentration of particles in this area may be due to their physical trapping by the
structures of the nodal area or they may be anchored there by a submembranous
axonal filamentous network (Rosenbluth et al., 1976).

On the axolemmal faces of unmyelinated fibres much fewer particles and no
specialized areas were noted in the regions of adjacent Schwann cell overlap (Stolinski
et al., 1981; Stolinski and Breathnach, 1981). Particle aggregates were observed on
the adaxonal Schwann cell plasmalemma in the regions of the mesaxon and Schmidt-
Lanterman incisures. These corresponded to axolemmal particle accumulation
suggesting a potential means of axon-glia communication. Other than these
accumulations, internodal intramembranous particles were rare and did not occur in
regions of compact myelin. The nature of these particles was not known (Stolinski es
al., 1985).

1.2.3 Nodal specialization

Apart from the axolemmal specializations just described, the node has some
other specializations. The nodal axolemma is corrugated and may be increased by a
series of spines that run across the long axis of the node (reviewed by Thomas and
Ochoa, 1984). It is usually 20 to 30 nm thick but may be up to 80 nm thick and has
an electron dense layer of undefined wispy material on the cytoplasmic side of the
membrane. The nodal axolemma is loosely connected to other axoplasmic elements
especially neurofilaments and sER. This part of the axolemma coincides with an
immunohistochemically ATPase positive layer (reviewed by Berthold, 1978). An
isoform of ankyrin has been localized to the subaxolemmal site at the node of
Ranvier. It was also observed scattered in the subaxolemmal position along
unmyelinated fibres, but not along the internodal axolemma. It may have a role in
linking specialized proteins at the node to the underlying axonal cytoskeleton (Kordeli
et al., 1990). The density of microtubules relative to neurofilaments is increased at
the node which is the converse of the internodal axon. The proximal paranodal
axoplasm contains numberous vesiculo-tubular bodies whilst the more distal paranode
contains more dense bodies. The axoplasmic elements, such as neurofilaments,
mitochondria and sER, are increased throughout the constricted nodal axon. Electron
dense granular material of unknown composition is also observed in the nodal axon



and the nodal axoplasm stains intensely with heavy metal salt (reviewed by Berthold,
1978). Nodal specialization is also illustrated by the markedly increased sodium -
channel density in this area compared with the internodal area. In the unmyelinated
fibre there is no obvious difference in sodium channel density along the axolemma.
The clustering of sodium channels in the developing nerve at the future nodes occurs
prior to myelin formation (Waxman and Ritchie, 1985). The nodal specialization of.
the axolemma is partially determined by interaction with a myelin-forming Schwann
cell (Rosenbluth, 1979; Tao-Cheng and Rosenbluth, 1983). Particle concentration is
observed in the nodal area, but not in the internodal axolemma or the axolemma of an
“unmyelinataed axon. The differentiation of the axolemma is disturbed in cases of
abnormal myelination (Rosenbluth, 1979). After demyelination, remyelination
produces short internodes. However, these nerves conduct at near normal velocities,
which reflects the synthesis of new channels. Similarly, conduction velocities are near
normal on regenerated axons (reviewed by Waxman and Ritchie, 1985). Saxitoxin
binding studies have indicated that the density of sodium channels is of about
12,000/,um2. Therefore, the increase in nerve impulse conductance at the node is
thought to be due to a concentration of channels and the internodal axolemma is
thought to be inexcitable due to lack of channels (Ritchie and Rogart, 1977).

1.2.4 Periaxonal space

The internodal periaxonal space is located between the axolemma and the
adaxonal Schwann cell membrane. It was reported to be about 20 to 30 nm wide
(Berthold, 1978) although more recent studies suggest that it i1s only 12 to 14 nm wide
(Trapp et al., 1984b). At the paranode the space is reduced to 3 nm (Thomas and
Ochoa, 1984; Rosenbluth, 1983), and at the node Schwann cell processes project to -
within 5 nm of the axolemma (Peters, 1976; Thomas and Ochoa, 1984). It is either
virtually empty or contains diffuse, finely granular, poorly electron dense material.
This space is sealed from the intramyelinic extracellular space of the intraperiod line
by a tight junction. The nodal gap is the ring-like space surrounding the axolemma
and situated between the terminations of the myelin sheaths of the adjacent internodes.
This space is continuous with the perinodal space. The axolemma-adaxonal Schwann
cell plasmalemma association appears to be fairly resistant to damage during
pathologic states. This includes changes that result in axonal shrinkage or swelling, or
swelling of the periaxonal cytoplasmic collar of the Schwann cell (cited in Trapp er
al., 1984b). Spaces between the axon and the myelin sheath are due to disruption of
the adaxonal Schwann cell cytoplasm and not because of expansion of the periaxonal

\
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space (reviewed by Bernholdt, 1978; reviewed by Thomas and Ochoa, 1984).

1.2.5 Axonal Transport

Degeneration of the nerve distal to an axotomy site implies the dependence of
the axon on the cell body for its maintenance. Materials are transported both in an
anterograde (somatofugal) and retrograde fashion along the axon. Anterograde
transport is fast (410 + 50 nm/day) or slow (0.1 to 2mm/day) (Grafstein and
Forman, 1980; Ochs, 1984; Schnapp and Reese, 1986).

Fast axonal transport is closely dependent on oxidative metabolism and the
supply of energy in the form of ATP. Calcium is also thought to have a role.
Compressive ischaemia and compounds which block oxidative phosphorylation (2,4-
dinitrophenol, sodium cyanide or azide) result in blockade of fast axonal transport
within 10 to 15 minutes. Fast axonal transport is also blocked by compounds which
interfere with glycolysis and the citric acid cycle, temperatures less than 11°C and
substances which disrupt microtubules (Grafstein and Forman, 1980; Ochs, 1984).
Fast axonal transport is used to transport particulate matter including cellular
membranous structures such as sER, plasma membrane, vesicles and mitochondria or
their constituent materials. Glycolipids, lipids, cholesterol, and glycoproteins, along
with acetylcholinesterase and norepinephrine, are also carried by this mechanism. The
rate of transport does not appear to be affected by the age of the individual, nor
whether the fibre is sensory or motor, myelinated or unmyelinated (Grafstein and
Forman, 1980; Ochs, 1984).

Slow axonal transport is in the anterograde direction only and is thought to
carry cytoskeletal components (microtubules and neurofilaments) and soluble proteins
(Ochs, 1984; Schnapp and Reese, 1986). The neurofilaments and microtubules are
carried as assembled units, but they are not cross-linked (reviewed by Hollenbeck,
1989) Cytoskeletal elements can thus be continually turned over and replaced
(Schnapp and Reese, 1986).

The rate of retrograde axonal transport is approximately half the rate of
anterograde transport. Proteins, glycoproteins, phospholipids, enzymes such as
acetylcholinesterase, nerve growth factor, various markers, toxins and viruses are
transported by this mechanism (Ochs, 1982; Ochs, 1984). The phenomenon of axonal
reaction (see section 1.5.2.4) is thought to be linked to retrograde axonal transport
(Ochs, 1984).

The mechanism and regulation of axonal transport is complex. It is a
microtubule-based motility system utilizing accessory factors and the enzymes kinesin
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and dynein in fast and retrograde axonal transport respectively (Sheetz et al., 1989).
Transport may be achieved by binding of the compounds to be carried to a common
carrier (transport filaments) which are moved down the microtubules by means of
their sidearms. ATP is required for the conformational changes of the sidearms to pull
the transport filaments along (Ochs, 1982). The unitary hypothesis suggests that both
slow and fast transport may occur via the same mechanism. Compounds may drop off
the transport mechanism; this probably occurs with the slowly transported
compounds. Thus compounds are distributed along the axon, whereas elements
transported along the fast mechanism drop off less readily and are more likely to be
transported to the nerve terminal (Ochs, 1982; Ochs, 1984).
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1.0 LITERATURE REVIEW

1.3 SCHWANN CELLS
1.3.1. In vivo
1.3.1.1 Types of Schwann cells

The Schwann cell is widely distributed throughout the PNS where it forms a
satellite cell to the axons. Its two main roles in the PNS are ensheathment and
myelination of the axon. Schwann cells may either just envelop the axon by
embedding it in a superficial trough to form an unmyelinated fibre or they may
undergo structural specialization to form the myelin sheath. Hence the Schwann cell
may be myelin-forming or non-myelin-forming (Peters, 1976).

1.3.1.2 Morphology of the Schwann cell

Numerous Schwann cells are required for ensheathment of the the full length
of the axon. In human peripheral nerve, individual Schwann cells range in length
from 100 to 1800 pum for myelinated fibres and 20 to 300 um for unmyelinated fibres.
The diameter range of myelinated fibres is 2 to 22 um and of unmyelinated fibres is
0.5 to 3.5 um. The internodal length is approximately 100 to 200 times the axonal
diameter (Thomas and Ochoa, 1984; Hildebrand, 1989). There is some
interdigitation between adjacent Schwann cells (Peters, 1976).

The myelin-forming Schwann cell
The myelin-forming Schwann cell is like a Swiss roll wrapped around the

axon. The cytoplasm has been squeezed out of the majority of the "roll" by
compaction of the cell's membranes. Significant amounts of cytoplasm are found in
the outer and inner portions of the "roll" (abaxonal and adaxonal cytoplasm
respectively). Veins of cytoplasm also run, fully or partially, from the abaxonal to the
adaxonal cytoplasm across the sheath (Schmidt-Lanterman incisures) and in rims at
either end (paranodal cytoplasmic pockets). In cross section, the abaxonal and
adaxonal cytoplasm execute just over one turn around the myelin sheath or axon
respectively. The outer mesaxon is the area of apposition formed by overlap of the
outer cytoplasmic membrane. The inner mesaxon is similarly ermed' by the overlap
of the inner cytoplasmic membranes. Tight junctions are present in both these
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mesaxons to exclude extracellular material (Thomas and Ochoa, 1984; Peters, 1976).

The quantity of the adaxonal cytoplasm is relatively greater around smaller
axons than larger axons, yet very few organelles are located within it. The abaxonal
cytoplasm contains the nucleus and is very limited except in the perinuclear area. The
nucleus, situated in the mid-internode, is elongated along the length of the axon and
contains peripherally clumped chromatin. The majority of organelles, such as rough
endoplasmic reticulum, Golgi apparatus, mitochondria, centrioles, lipid vacuoles and
Reich granules, are located within the périnuclear cytoplasm. The Reich granules are
thought to be lysosomes and are membrane bound, lamellated, rod shaped bodies
approximately 1 pum in length (Peters, 1976; cited in Thomas and Ochoa, 1984).
Schwann cell intermediate filaments are composed mainly of polymers of vimentin
which is a 52 to 58 kDa polypeptide (Pleasure, 1984). The plasmalemma 1is a triple
layered membrane and contains caveolae, especially in the perinuclear region and
adjacent to the incisures. These may increase the surface area of the Schwann cell
membrane and therefore compensate during stretching of the nerve fibre subsequent to
movement. The row of Schwann cells aligned along an axon is invested by a tube of
basal lamina. The basal lamina is continuous across the nodes of Ranvier (Peters,
1976; cited in Thomas and Ochoa, 1984).

Schmidt-Lanterman Incisures

Between the Schwann cell nucleus and the node of Ranvier is a series of
oblique clefts which cross the sheath at an average angle of 9 degrees (Peters, 1976).
The number of clefts is related to myelin thickness. In the largest fibres of the sciatic
nerve of the rat, for example, each internode has approximately 25 incisures. They
have been found to be more numerous in developing and regenerating fibres (cited in
Thomas and Ochoa, 1984). The clefts are formed by cytoplasmic bulges within the
sheath and may traverse the sheath fully or involve only a few lamellae. If these
incisures fully traverse the sheath, they provide a means of cytoplasmic continuity
across the sheath from the outer mesaxon to the inner mesaxon (Peters, 1976). The
amount of cytoplasm enclosed within the incisures is variable. The incisures are rich
in actin, frequently contain a single helical microtubule and occasionally contain
electron dense granules and multivesicular bodies. The exact function of these
incisures is not known. It has been postulated that they allow for elongation and
expansion of the nerve fibre; or longitudinal growth of the fibre; or that they are
involved in the passage of metabolites across the myelin sheath and the metabolic
maintenance of myelin (cited in Thomas and Ochoa, 1984).
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The node of Ranvier

The node of Ranvier is the structure where adjacent myelinating Schwann cells
abut (Peters, 1976). Over this region the Schwann cell cytoplasm external to the
myelin sheath forms a cytoplasmic collar which irregularly overlaps with the
cytoplasmic collar from the adjacent Schwann cell. These collars are bordered by the
basal lamina externally, the paranodal bulbs laterally and internally by the axolemma.
Nodal villi originate from these collars and form many finger like processes 70 to 100
nm wide which project to within 5 nm of the axolemma. It is possible that specialized
Schwann cell-axon interaction occurs at these points. Metabolic exchange may occur
between the mitochondria-rich processes and the mitochondria-poor axon (Peters,
1976; Thomas and Ochoa, 1984).

"Gap substance" is moderately electron dense, polyanionic material found in
the space between the villi and the external basal lamina. It is known to bind ions and
has been postulated to have a role in replenishing sodium or recapturing potassium
during impulse transmission across the node (Berthold, 1978; Rosenbluth, 1983;
Thomas and Ochoa, 1984;).

The paranode

Adjacent to the nodes of Ranvier the myelin sheath is modified to form the
paranode. Here, the myelin lamellae terminate by forming a series of finger like
projections. The innermost one terminates first and successive lamellae overlap and
project towards the axolemma. The major dense line is the fused apposing
cytoplasmic membranes of the Schwann cell (see section 1.5.1.1). It opens up at these
terminations which are filled with cytoplasm to create cytoplasmic pockets known as
paranodal or lateral loops. Tight junctions, and possibly desmosomal junctions, are
found between adjacent loops (Rosenbluth, 1983; Thomas and Ochoa, 1984). Within
the cytoplasm of these loops are found microtubules and, occasionally, membrane
bound vesicles and electron dense inclusions (Rosenbluth, 1983). The alignment of
these paranodal loops is much more orderly for small nerve fibres than for large
fibres. In the latter, not all of these "fingers" contact the axon. Via the paranodal
specialization, continuity is established between the adaxonal and abaxonal Schwann
cell cytoplasm. Microtubules, vesicles and some electron dense particles are observed
within paranodal loops. The axolemma is closely apposed to the plasmalemma of the
Schwann cell at these terminal cytoplasmic rims. The exterior surface of the
axolemma has a series of ridges called tranverse bands, which come into close contact
with the Schwann cell membrane reducing the extracellular space in this region to 3
nm. This distance is fixed in the paranodes so that, in longitudinal section, the
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axolemma's appearance is scalloped due to the paranodal pockets bulging into it.
Within this space is a series of 1.5 nm densities which are separated from each other
by regular spaces. Apart from the mechanical stability provided by this area of
contact, it is thought that the paranodal area could be involved in other interactions
between the Schwann cell and the axon such as limiting diffusion into the internodal
periaxonal space (Rosenbluth, 1983; Thomas and Ochoa, 1984). Freeze fracture
studies have identified the presence of intramembranous particles in the plasma
membrane of the perinodal Schwann cell processes. These particles may be related to
voltage-sensitive sodium channels (Stolinski er al., 1981; Stolinski and Breathnach,
1982; Waxman and Black, 1987).

Examination of the paranodal region in cross section reveals that the myelin
has a corrugated appearance which forms a series of 3 to 6 ridges running
longitudinally along the length of the paranode. The axon is fluted in appearance as it
follows the contour of the myelin. External to the myelin sheath, the troughs between
the myelin corrugations are filled with organelle rich cytoplasm (Peters, 1976;
Thomas and Ochoa, 1984).

The non-myelin-forming Schwann cell

Unmyelinated fibres tend to be the small diameter, slow conducting nerves
(Thomas and Ochoa, 1984). Their axons embed in troughs on the Schwann cell
surface with one Schwann cell ensheathing between 1 and 15 axons (cited in Peters,
1976; Thomas and Ochoa, 1984) although up to 100 axons/Schwann cell have been
suggested (Berthold 1978). These Schwann cells just ensheath the axons and do not
form myelin (Peters, 1976). A single Schwann cell may not ensheath the same group
of axons throughout its entire length (cited in Berthold 1978). The extent of axonal
envelopment is variable. The axon may only be partially ensheathed by the Schwann
cell such that the enveloping folds do not meet on the outer aspect of the axon leaving
part of the axolemma covered only by basement membrane. More commonly, the
Schwann cell cytoplasmic folds come together so that their apposed plasma
membranes run parallel to each other to form a mesaxon. A different situation exists

in the autonomic nervous system plexi; here some axons may be individually
enclosed, but groups of axons may also be enclosed within the same trough (cited in
Peters, 1976).

\
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1.3.1.3 Functions of the Schwann cell

Development, maintenance, degeneration and regeneration
The function of the Schwann cell depends on the age of the animal and the

ongoing developmental or repairative events within the PNS. The cell is very active in
the ensheathment and myelination of the perinatal PNS during its development (see
section 1.5.1.1). The axolemma is affected by the nature of Schwann cell
ensheathment as evidenced by the freeze fracture studies mentioned in section 1.2.2.
Hence the Schwann cell affects the differentiation of the axolemma. Nerve growth
factor protein and receptor are expressed by Schwann cells in the distal stump of an
axotomized nerve and play a role in haptotactic guidance of the regenerating neuron
(see section 1.5.2.7). The function of the Schwann cell during degeneration and
~ regeneration of peripheral nerve is described under section 1.5.2.

Other Schwann cell functions

Rippling, undulating movements of Schwann cell and the myelin sheaths have
been noted in developing and mature tadpole nerve fibres. The rippling movements
were observed to squeeze closed the Schmidt-Lantermann clefts. It has been
postulated that these movements could facilitate exchange between axonal and
extracellular compartments and possibly also affect axoplasmic flow. Substances could
thereby enter the Schwann cell, cross the myelin sheath and penetrate the axon (cited
in Peters, 1976). However, similar movements have not been observed in the
mammalian system and it seems unlikely that axoplasmic flow or movement into the
axon is effected via this method (Peters, 1976).

Schwann cells and the endoneurial collagen help provide support and elasticity
for axons during movment of body parts (Peters, 1976). They also have a role in
synthesizing extracellular matrix and basement membrane components (see section
1.3.3.3).

A variety of ionic channels have been identified on the Schwann cell including
the type of sodium and potassium voltage-gated channels which are usually associated
with excitable membranes. The functions of these are not clear, but it has been
speculated that these channels on the Schwann cell could support the channels used by
the axon (reviewed by Gray and Ritchie, 1985).

It has been postulated that the ensheathing cells of the central or peripheral
nervous system can actively sequester and phagocytose organelles from both normal
and diseased axons. This is achieved by infolding and invagination of the glial cell

\
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cytoplasm to sequester and subsequently phagocytose the axopla'smic organelles. In
this way the glial cell can "police” the adjacent axon and selectively remove effete
organelles (Spencer and Thomas, 1974).

1.3.1.4 Schwann cell Proliferation

The increase in Schwann cell numbers in developing rat nerve is very large
between embryonic day 16.5 and birth; this appears to be due to proliferation of
Schwann cells within the nerve rather than cell migration from the neural crest
(Peters, 1976). Experiments in mice identified that Schwann cell proliferation began
on about embryonic day 12 and continued after birth. But, by 2 days postnatal, less
than 25% of Schwann cells were still dividing and myelination was well advanced by
the end of the first week (Asbury, 1967).

Schwann cell division occurs in vivo during development and regeneration but,
in the mature animal, they are relatively quiescent (Brockes et al., 1981). Much of the
current information on Schwann cell proliferation has been derived from in vitro
studies. Cultures of Schwann cells and bare spinal ganglia (i.e. spinal ganglia free of
Schwann cells) have been grown separately to investigate the nature of the Schwann
cell mitogen (Wood and Bunge, 1975). The basal doubling time is 7 to 8 days for -
pure Schwann cells cultured in growth medium with 10% foetal calf serum after
antimitotic treatment. Growth kinetics suggest that the population divides
homogeneously rather than as a mixture of rapidly-dividing and non-dividing cells
(Raff et al., 1978b).

A number of different mitogens are known to be effective in inducing
Schwann cell proliferation. The growing neurite acts as a potent stimulus to Schwann
cell proliferation both in vivo and in vitro (Wood and Bunge, 1975; Pellegrino and
Spencer, 1985). Schwann cell proliferation is marked during active neuritic
outgrowth, but the number of dividing Schwann cells decreases as the outgrowth
slows. Induction of the synthesis phase in the Schwann cell occurs in the proximity of
the growing tips of the axons (Salzer er al., 1980b). Less than 5% of isolated
Schwann cells incorporated [3H] thymidine, but this incorporation increased to 90%
within 42 hours of unensheathed neurites growing into these cultures (Wood and
Bunge, 1975). In a similar study, the first dividing Schwann cell was observed 14
hours after axonal contact was made (Ratner ez al., 1987). Schwann cell proliferation
was also stimulated by sympathetic neurons, embryonic spinal cord and rat retinal
ganglion neurons but less vigorously than spinal ganglia neurons (Ratner et al., 1987,
Wood, 1976). Isolated neuritic membrane fractions, but not cytoplasmic preparations,
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also stimulated Schwann cell proliferation in vitro (Salzer et al., 1980b; Salzer et al.,
1980c). This implies that the Schwann cell mitogen is located on the plasma
membrane (Salzer et al., 1980b). This signal is very labile and disappears from the
neurite rapidly after axotomy. For example, excision of the spinal ganglia from a
coculture results in neuritic degeneration and within 48 hours there is a rapid decline
in Schwann cell proliferation (Salzer and Bunge, 1980a). Very close contact of the
Schwann cell with the axon is required to stimulate cell division. Schwann cells are
not stimulated to proliferate if they just share the same medium as the neurites nor if
they are only separated from the neurites by a very small distance or a 6 um strip of
collagen (Wood and Bunge 1975; Salzer er al., 1980c; Ratner er al., 1987).
However, none of these experiments ruled out a very short-lived protein secreted
from the neuron and active at only minute distances (Ratner et al., 1987).

The proliferative response of Schwann cells to growing neurites is very rapid
whilst the response to ’membrane fractions is slower (Ratner et al., 1987). The longer
the cells have been in culture and the higher the cell density, the less responsive they
are to the neuritic membranes (Cassel er al., 1982; Salzer et al., 1980b).

It is possible that the mitogen is a peripherally associated with the lipid bilayer
as mitogenic activity can be removed from crude plasma membrane preparations
derived from central nervous system tissue (Ratner et al., 1988). The mitogen can be
enriched in the membrane by base extraction to remove non-mitogenic protein; by
enzymatic degradation of the heparan sulphate proteoglycan; or by displacement using
heparin (DeCoster and DeVries, 1989).

An axolemmal-enriched fraction has been prepared from the myelinated axons
of both the central and peripheral nervous systems from murine and bovine sources.
These fractions will stimulate quiescent Schwann cells to divide. Hence the signal is
not species-restricted, system-restricted (that is, both peripheral and central nervous
system-derived signals are stimulatory) or age-restricted as both young and mature
sources of nervous system were used (DeVries er al., 1982). However, preparations
derived from whole spinal cord had no mitogenic activity, whereas whole brain
preparations had a weak effect (Salzer er al., 1980b). Axolemmal-enriched fractions
from both myelinated and unmyelinated nerve were found to be stimulatory for
Schwann cell proliferation (Mason er al., 1989). Sympathetic neuron-like PC12
tumour cell membranes were also mitogenic for Schwann cells and caused an increase
in intracellular cyclic-AMP of the Schwann cells (Ratner er al., 1984).

Axolemmal-enriched fractions were sensitive to sonication, homogenization,
trypsin and heat, although the heat sensitivity varied between preparations (DeVries et
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al., 1982; DeVries et al., 1983b; Sobue et al., 1983). The neuritic fraction was
rendered ineffective by treatment with heat, aldehyde fixatives and trypsin (Salzer et
al., 1980¢). Using various metabolic inhibitors and enzymes, studies have suggested
that a heparan sulphate proteoglycan and a glycoprotein compound are required on the
neuronal surface for stimulation of Schwann cell division and that a proteoglycan-
associated protein may be the mitbgenic signal (DeCoster and DeVries, 1989, Mason
et al., 1987; Ratner et al., 1987; Salzer et al., 1980c). The neuritic mitogen and the
Schwann cell mitogen receptor are both trypsin sensitive (Ratner et al., 1987; Salzer
et al., 1980c). The mitogenic molecule on the growing neurite did recover from
trypsin treatment but this took 30 hours. Schwann cells plated onto trypsin-treated
neurites lacked the longitudinal orientation of cells plated onto control neurites and
assumed a random orientation. After 10 to 15 hours, they began to orient
longitudinally (Salzer et al., 1980c¢).

Trypsin sensitivity, freeze fracture and neurotoxin binding studies of the
molecule suggests that the signal may reside on the outer surface of the axonal
membrane in situ (DeVries et al., 1982). The preparations made from the central
nervous system contained a substantial amount of gangliosides, however, various
gangliosides were tested and were not found to be mitogenic for Schwann cells
(DeVries et al., 1983b). Serum was required by axolemmal-enriched fractions, but
not neuritic membranes, to stimulate Schwann cell mitosis. Similarly, the mitogenic
responses of Schwann cells to pituitary extract, dibutryl cyclic-AMP and cholera toxin
(see section 1.3.2.1 on growth factors) were lower in serum-free medium (Cassell ez
al., 1982). The rate of Schwann cell proliferation was not altered by changing the
serum concentration from 5 to 20% in the presence of a constant amount of
axolemmal-enriched fraction (DeVries et al., 1983b).

The effect of axolemmal fragments on Schwann cells is specific. Fractions
* prepared from rat sarcolemma, fibroblasts, erythrocytes, or mitochondrial membranes
had minimal stimulatory effect on the Schwann cells. This indicated that axolemmal-
induced mitosis was not a general response to exogenous membranes (DeVries ef al.,
1983b; Salzer et al., 1980b; Sobue ef al., 1983). Liver microsomes, fibroblastic and
heat treated neuritic membranes were phagocytosed by Schwann cells but were not
mitogenic for them, so phagocytosis, per se, is not the mitotic stimulus (Meador-
- Woodruff et al., 1985). Conversely, the axolemmal-enriched fraction did not
stimulate fibroblasts to divide (Sobue et al., 1983).

The amount of proliferation stimulated is directly proportional to the amount
of axolemmal-enriched fraction added to the culture. The interaction appears to be a
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surface based phenomenon as brief trypsinization after 24 hours incubation of the
fraction with the Schwann cells released 94 to 97% of bound fraction. Maximum
adhesion is achieved within 4 hours of addition of the axolemmal-enriched fraction to
the Schwann cell cultures, but contact must be sustained for at least 6 hours and
optimally for greater than 24 hours to induce DNA replication (Sobue and Pleasure,
1985).

Schwann cell proliferation may occur in response to mitogens other than the
axolemmal associated mitogen. In vivo it occurs in peripheral nerves undergoing
Wallerian degeneration without direct influence from intact axons. In the distal stump,
Schwann cell proliferation was found to increase 7 fold at 3 days, peak sharply at 4
days (43 x control level) and decline to approximately 1/2 of the 3 day level by the
fiith day. The main proliferating cell was the Schwann cell (Pellegrino ez al., 1986).
It continues over a 2 week period in the absence of contact with intact axons.

The proliferative stimulus is thought to involve the breakdown products of
myelin (Bunge ef al., 1978b). In considering this fact, it is interesting to note that less
Schwann cell proliferation occured ‘after axonal degeneration in an unmyelinated or
thinly myelinated nerve (cited in Ohara and Ikuta, 1988). Proliferation by non-
myelin-forming Schwann cells does occur after axotomy, but the degree depends upon
the nerve. In the sciatic nerve, just over 1/3 of non-myelin-forming Schwann cells
were labelled with [3H] thymidine by the second day. However, labelling in Schwann
cells obtained from the transected cervico-sympathetic trunk was less than half that
seen in the mixed peripheral nerve. Thus the non-myelin-forming Schwann cell does
divide in response to axotomy, but the magnitude of the response was greater in cells
obtained from a mixed peripheral nerve.

The tim'ing of the division corresponded with the peak macrophage invasion
into the distal stump and may be due to the presence of myelin-phagocytosing
macrophages which are thought to have a role in Schwann proliferation. Myelin-
phagocytosing macrophages would not be present in the distal stump of the cervico-
sympathetic trunk, possibly accounting for its lower division rate (Clemence et al.,
1989). Similarly, in vitro, after neuritic degeneration in a myelinating culture, the
myelin-related Schwann cells proliferated, whilst those Schwann cells which had not
formed myelin remained quiescent. These studies suggested that axonal degeneration
was not the mitogen, as only myelin-forming Schwann cells were stimulated to
divide. It would seem that the mitogenic stimuli during development and degeneration
are distinct and that breakdown of myelin within the Schwann cells or turnover of
Schwann cell membranes is the stimulus operative during degeneration (Salzer and
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Bunge, 1980a). The role of the macrophage in Schwann cell proliferation is
considered later in this section. Another suggested reason for Schwann proliferation
was loss of supply of an axolemmal component transported from the neuronal somata
by fast axonal transport (Pellegrino ez al., 1986).

Like the axolemmal-enriched fraction, a myelin-enriched fraction prepared
from rat brainstem stimulates the incorporation of [3H] thymidine by cultured
Schwann cells in a dose dependent manner. The maximum stimulation produced by
the myelin fraction was approximately half that observed with the axolemmal fraction
(Yoshino et al., 1984). However, a myelin fraction prepared from the PNS did not
stimulate Schwann cell proliferation (DeVries er al., 1982). Schwann cells presented
with a myelin-enriched fraction actively and rapidly phagocytosed it and cell division
was noted within 9 hours. Phagocytically active Schwann cells had elongated
mitochondria, increased amounts of microtubules and 4 to 6 nm microfilaments.
Interwoven filaments formed dense accumulations especially in the perinuclear area.
Polysome rosettes tended to accumulate in the region of the cell processes and the
Golgi apparatus appeared active. Prominent rough endoplasmic reticulum was located
mainly in the perinuclear area and often had widely dilated cisterns filled with
homogeneous granular material. Phagolysosomes were observed. Ingested myelin was

still lamellar in structure and was variably bounded by a membrane (Bigbee et al.,
1987).

The shape of the dose response curves for the myelin- and the axolemmal-
enriched fractions was different. Also the method of cellular response was different in
that the myelin-enriched fraction required lysosomal processing, whilst the
axolemmal-enriched fraction did not (Meador-Woodruff er al., 1985; Yoshino et al,
1984). Addition of lysosomal inhibitors such as ammonium chloride (Yoshino er al.,
1984) or chloroquinone (Meador-Woodruff er al., 1985) to the system significantly
decreased the potency of the myelin-enriched fraction, but did not affect the
axolemmal-enriched fraction. These results suggest that axolemma and myelin
stimulate Schwann cell mitosis by different methods; with the axolemmal-enriched
fraction acting at the Schwann cell surface, whereas the myelin-enriched fraction
appears to require phagocytosis and lysosomal processing (Meador-Woodruff et al.,
1985).

Myelin basic protein failed to stimulate the Schwann cells, suggesting that
Schwann cell mitosis stimulated subsequent to demyelination must be due to factors
other than just this protein (DeVries ef al., 1982).
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The rate of Schwann cell proliferation was different for the two fractions. It
increased with myelin-enriched fraction in the 48 to 72 hour period after addition of
the fraction, whereas there was no change for the axolemmal-enriched fraction. This
increase coincides temporally with the increase in proliferation observed in vivo
during Wallerian degeneration. Therefore two distinct mitogenic signals for cultured
Schwann cells can be distinguished using fractionated nervous tissue (Meador-
Woodruff er al., 1985; Yoshino et al., 1984).

Macrophages also seem to have a role in permitting myelin-enriched fractions
to be mitogenic for Schwann cells. Conditioned medium derived from cultured
macrophages which have phagocytosed myelin-enriched fractions is mitogenic for
cultured Schwann cells, but conditioned media from macrophages exposed to
axolemma, liver microsomes, polystyrene beads or lipopolysaccharide was not
stimulatory. Lysosomal processing of the myelin-enriched fraction by the
macrophages is required for activity (Baichwal et al., 1988).

Agents, such as cholera toxin, dibutryl cyclic-AMP, isobutylmethylxanthine
and forskolin, which increase the intracellular level of cyclic-AMP in Schwann cells,
are successful in stimulating Schwann cell division (see section 1.3.2.1) (Porter et al.,
1986; Raff er al., 1978a; Raff et al., 1978b). These results suggest that one of the
intracellular signals for Schwann cell division may be sustained elevation of
intracellular cyclic-AMP (Raff et al., 1978b). However, cyclic-GMP and heparin
(which inhibits membrane bound adenylate cyclase) were not found to be stimulatory
for Schwann cell division (DeVries er al., 1983b). _

The role of cyclic-AMP as a second messenger in stimulating Schwann cell
division is controversial because myelin- and axolemmal-enriched fractions do not
appreciably alter the level of cyclic-AMP in Schwann cells (Meador-Woodruff et al.,
1984). Cholera toxin had no synergistic effect on the mitogenic activity of the
axolemmal-enriched fraction, unlike its synergistic effect with bovine pituitary extract
(Sobue et al., 1983; see section 1.3.2.1). Isobutylmethylxanthine did not effect the
mitotic response of Schwann cells to neuritic membranes, also suggesting that these
membranes do no act via the cyclic-:AMP second messenger system either (Salzer er
al., 1980c). '

Stimulation of Schwann cells by axolemmal- and myelin-enriched fractions
may be mediated by calcium ions as the mitogenicity of the fractions is proportional
to the calcium concentration of the culture environment (Meador-Woodruff er al.,
1984; Saunders and DeVries, 1988). It is possible that the mitogenic expression of
different compounds involves the activation of several classes of protein kinase.
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Calcium may act as the second messenger for axolemmal and myelin fractions. These
calcium dependent and cyclic-AMP dependent protein kinases may then act upon the
same substrate resulting in stimulation of mitosis of Schwann cell. Supraphysiologic
doses of cyclic-AMP may be able to overwhelm the system and activate the calcium
dependent protein kinases (Meador-Woodruff ez al., 1984). It has been suggested that
activation of protein kinase C by either the axolemmal or myelin fractions may result
in activation of the NaT/HT exchanger and cause the observed increase in
intracellular pH of Schwann cells during their mitosis (Saunders et al., 1989). Agents
which raise intracellular cyclic-AMP levels alter the morphology of the Schwann
cells, causing them to lose their bipolar shape and assume a more flattened appearance
(DeVries et al., 1982; DeVries et al., 1983b). Non-cyclic-AMP mediated mitogens
such as pituitary extract, neuritic membranes and axolemmal derived fractions do not
alter the morphology of the Schwann cells. This also suggests that the two groups of
agents act via a different mechanism (DeVries et al., 1982; DeVries et al., 1983b).

Termination of Schwann cell division is not fully understood, however, it is
known that type I collagen is inhibitory to cultured Schwann cell proliferation. This
collagen preparation was not entirely pure, so the inhibition may not be due just to the
collagen. Denatured type I collagen, other types of collagen and other basement
membrane components were not found to be inhibitory to Schwann cell proliferation
(Eccleston et al., 1989).
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1.0 LITERATURE REVIEW
1.3 THE SCHWANN CELL
1.3.2. Schwann cells in vitro
1.3.2.1. Techniques of Schwann cell culture

There are two basic ways of culturing Schwann cells. They may either be
dissociated from each other and the other endoneurial elements to form single cell
preparations, or, perhaps less commonly, they may be cultured from explants of nerve

tissue from which they are encouraged to grow out.

Dissociated Schwann cells

The two most commonly employed methods of producing dissociated Schwann
cells are from either spinal ganglia (dorsal root ganglia) of foetal rats or from sciatic
nerve of neonatal rats.

1) Spinc?l ganglia ,

Spinal ganglia cultured in vitro recapitulate many of the developmental stages
of the nervous system; i.e. nerve fibres grow out initially, Schwann cells migrate and
proliferate along the fibres, followed by a slowing of proliferation, ensheathment and
myelination (Salzer et al., 1980a). Spinal ganglia harvested from 19 to 21 day rat
foetuses are decapsulated and cultured on collagen-coated coverslips. The cultures are
maintained in 5% CO», at 35°C. The three major types of cells that can be identified
in these cultures are the centrally located ganglionic mass of neurons, Schwann cells
and fibroblasts. The Schwann cells remain closely associated with the axons, unlike
fibroblasts which wander freely over the culture surface. The number of Schwann
cells usually increases during the active outgrowth of axons in the culture, whilst the
number of fibroblasts increases throughout much of the life of the culture (Wood,
1976)

Cultures of spinal ganglia can be denuded of Schwann cells by extensive
-treatment with antimitotics. Quiescent Schwann cells can subsequently be induced to
settle upon, ensheath and myelinate bare neurite within 2 weeks (Wood, 1976).

Dissociated Schwann cells have also been produced from adult cat spinal
ganglia. This tissue source yielded both neuronal and Schwann cells. Like Schwann
cells obtained by other methods, these cells tended to align in a staggered fashion next
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to each other and a lacework of cells was ultimately formed, rather than a true
monolayer. Electron microscopic studies identified the presence of the usual
subcellular organelles such as Golgi apparatus, mitochondria, many free ribosomes,
rough endoplasmic reticulum and membrane bound dense and lamellar bodies. The
perinuclear cytoplasm or proximal portions of the cell process were rich in these
ultrastructural elements. No basal lamina was observed. Scanning EM identified that
the perinuclear portion of the Schwann cell was quite 3-dimensional and raised above
the surface of the dish. This would account for the refractile appearance of these cells
* under phase microscopy. The authors felt that the dissociation method yielded better
Schwann cell lines than the explant method (see next section) (Wrathall ez al., 1981a).

2) Neonatal sciatic nerve

In 1979, Brockes et al., devised a method for enzymatic dissociation of
Schwann cells from sciatic nerve of neonatal rats. The sciatic nerve was dissected
from freshly killed rats and incubated with trypsin and collagenase. The softened
nerves were dissociated by trituration through a hypodermic needle and the suspension
passed through fine nylon gauze to remove debris. After centrifugation, the pellet was
resuspended in Dulbecco's Modification of Eagle's Medium (DMEM) with 10%
foetal calf serum (FCS) and plated out. The cells were kept at 37°C and cultured in
the same medium. Within 24 hours the cells assumed the spindle shaped appearance
and oval nucleus characteristic of cultured Schwann cells. A few flat fibroblasts were
also noted. These latter cells proliferated rapidly in the absence of any inhibitors and
within 7 days formed a monolayer under the Schwann cells. Because of this, a method
for obtaining pure cultures of Schwann cells was devised using antimitotics (see next
section on purification of cultures) (Brockes er al., 1979).

A similar method of enzymatic and mechanical dissociation has been used to
obtain Schwann cells from neonatal mice. Likewise, after 5 to 6 days in vitro, bipolar
Schwann cells were observed overlying fibroblast like cells. The bipolar cells aligned
and formed chains in areas free of fibroblasts (White ez al., 1983).

3) Adult peripheral nerve .

Dissociated Schwann cells have also been produced from adult cat sciatic and
ulnar nerves using several cycles of exposure to trypsin or collagenase. Nerve
dissociated in this fashion consisted primarily of myelin sheath segments which had a
thin rim of Schwann cell cytoplasm. A few free cells were also noted which were
Schwann cells associated with unmyeiinated axons. Fibroblasts and perineurial cell
types were also observed. After 24 to 48 hours the predominant cell type was the
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sheet like fibroblast, but a few bipolar spindle shaped cells were observed growing
superficially. The morphology of these adult Schwann cells was similar to that of the
neonatal dissociated cell, in that they were small bipolar and spindle shaped and
tended to grow in chains and fascicles. They had a refractile appearance under phase
microscopy. If the nerve tissue fragments attached between 1 and 8 days after
dissociation, then the percentage of Schwann cells in culture was enriched compared
with allowing Schwann cell attachment to occur within the first 24 hours (Wrathall er
al., 1981b).

Non-dissociated Schwann cells

Schwann cells may also be cultured from tissue without subjecting them to
mechanical and/or enzymatic dissociation. A fragment of tissue is cultured as an
explant on a culture surface covered with a substrate such as rat tail collagen.

1) Cat spinal ganglia

Explant cultures have been prepared from adult cat spinal ganglia and within 4
days an outgrowth of non-neuronal cells was produced. Initially the cells were
pleomorphic and multipolar, but by the second week a monolayer of flattened sheet
like cells were observed surrounding the explant. After 14 days the explants were
excised and transferred to a new culture dish and could, thus, be maintained over at
least four subcultures. The secondary outgrowth from the explant after transplantation
was enriched in spindle shaped cells. Fibroblastic cells were mainly eliminated by
transplantation of the explants and production of secondary or tertiary outgrowth. The
explant was ultimately removed leaving behind a culture of cells (Wrathall er al.,
1981a).

2) Peripheral nerve explants

Endoneurial slices have been prepared from the sciatic nerves of adult rats
which had been transected and allowed to degenerate in vivo for 7 weeks. The distal
stump was desheathed and sliced into 1.0 mm segments and cultured on rat tail
collagen coated coverslips. Explants were also prepared from 4 day-old rat pups
without prior transection (Poduslo and Windebank, 1985b).

Explants of peripheral nerve (brachial and sciatic) have been prepared from
human embryos. Initial cell outgrowth occurred within 2 days and was primarily
fibroblastic. Spindle shaped Schwann cell like cells were observed in the outgrowth
within 4 to 5 days. Schwann cells were also cultured from sympathetic ganglia and
nerves, with outgrowth beginning within 3 to 5 days (Murray and Stout, 1942).

\
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Askanas and colleagues (1980), developed a method of culturing human
Schwann cells from mature peripheral nerve using explant/re-explant technique to
enrich the culture with Schwann cells. Palisades of Schwann cells were obtained in
dense cultures grown on gelatin. Electron micrbscopy identified elongated nuclei with
few invaginations of nuclear membrane and 1 to 2 nucleoli/nucleus. A basement
membrane was not observed exterior to the 12 nm thick plasmalemma. Many focal
invaginations of thickened (27 nm) plasmalemma were observed with fuzzy
unidentified material observed on the cytoplasmic face of these invaginations. The
cytoplasm was rich in free and bound ribosomes. Golgi apparatus and mitochondria
were concentrated around the nucleus. Longitudinally oriented microtubules and a few
subplasmalemmal microfilaments were noted. Centrioles, occasional dark osmiophilic
and laminated bodies were visualized in some cells. The long spindle shaped
morphology, cytoplasm enriched with microfilaments which are presumed to be
organelles of motility, and lack of basement membrane suggests that cultured
Schwann cells were in the migratory phase (Askanas ef al., 1980).

However, generating Schwann cells from normal nerve is difficult because
there is very little outwandering of Schwann cells from the uncut (unpredegenerated
nerve). Rabbit sciatic nerve was cut and allowed to degenerate for various times in
vivo before explant cultures were produced. Outwandering activity of the Schwann
cells was first noted in nerves cut 4 days before culture initiation and peaked at 19 to
25 days. At this time the level of activity was 40 fold that at 4 days. Activity declined
until the 60th day, but there was still some present 1 year after cutting. The rise to
peak of outwandering activity coincided with the total duration of mitotic activity
observed in vivo. There was variability in the degree of outwandering depending on
where the explant was taken from in the distal stump. The terminal bulb region
adjacent to the transection of the distal stump was not found to be a good source of
Schwann cells due to extensive fibroblast proliferation. It was thought that the
wandering activity of the Schwann cells and fibroblasts was due to the degeneration of
nerve fibres and, in the region close to the cut, a superimposed traumatic effect of
cutting the nerve (Abercrombie and Johnson, 1942).
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Purification of cultures

Fibroblasts are a common cell contaminant of Schwann cell culture. The
fibroblasts are larger, more sheet like cells, with extensive cytoplasm, bigger nuclei
often with prominent nucleoli (Brockes er al., 1979). These cells divide much more
rapidly than the Schwann cells and if their proliferation is not controlled they will
overgrow the rest of the culture forming a monolayer under the other cells within 7
days (Salzer et al., 1980a; Brockes er al, 1979). Mesenchymal cells are generally
required for support of epithelial growth and differentiation (Rheinwald and Green,
1975). But Schwann cells are ectodermal cells which do not appear to require this
_ support for serial cultivation up to at least 6 passages (Brockes et al., 1979).

Because of their high mitotic index, fibroblasts cultured with tritiated
thymidine become heavily labelled (Wood, 1976). Double labelling studies performed
by Brockes et al., (1979), have shown that 80 to 90% of Thy-1 positive cells
(fibroblasts) take up tritiated thymidine, but only 15 to 30% of Ran-1 positive cells
(Schwann cells) were labelled. Thus, in vitro, the fibroblasts are dividing rapidly,
whereas the Schwann cells are either proliferating slowly, or a minority of them are
dividing at a faster rate (Brockes er al., 1979). This difference in the mitotic index
permits the use of antimitotic agents such as cytosine arabinoside or
fluorodeoxyuridine to selectively eliminate the fibroblasts. However, these drugs are
not specific for fibroblasts, but also reversibly inhibit Schwann cell proliferation.
Although Schwann cells are relatively resistant to antimitotic agents, during brief
exposure to these agents they may become susceptible as they enter the mitotic cycle
during prolonged drug usage. The complete elimination of the Schwann cells from
cocultures with spinal ganglia requires extensive treatment with antimitotic agents for
several weeks (Brockes et al., 1979; Wood, 1976). Schwann and neural cell
characteristics of ensheathment and myelination are not irreversibly affected by these
drugs as these events will subsequently occur in culture (Wood, 1976). However, the
addition of antimitotic agents to explant cultures from adult cat spinal ganglia was
thought to slow cellular outgrowth and decrease the proportion of Schwann cells in
the final culture (Wrathall et al., 1981a).

A single pulse application of an antimitotic only controls the number of
fibroblasts for a period of time; it does not eliminate them. Within 7 days of the pulse
the fibroblasts were again observed in significant numbers, so an immuhe-based,
complement-mediated kill of the fibroblasts was developed. This was based on the
expression of a surface antigen Thy-1.1 by fibroblasts, but not Schwann cells. After
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detachment with trypsin the mixed cell culture was incubated with murine antiserum
against Thy-1.1 and then rabbit complement, causing lysis of the fibroblasts. This
technique resulted in S(;hwann cell populations that were 99.5% pure at confluence.
The cultures were able to be passaged further with additional anti-Thy-
1.1/complement-mediated kills if necessary. Viable Schwann cell cultures could be
maintained for 6 passages or 150 days in vitro. After passaging, the morphology.of
the Schwann cells altered so that the cells were larger, with a more triangular or
polygonal cell body tapering into 2 to 5 processes. Both before and after passaging the
Schwann cells showed a strong tendency to line up side-to-side and end-to-end,
extending parallel processes (Brockes et al., 1979).

Two other methods of enriching cultures with Schwann cell have been
described. Short trypsin treatments of cultures containing fibroblast and Schwann cells
has been used in neonatal mouse and adult cat cultures. Selective detachment of the
Schwann cells occurred, leaving behind the fibroblasts and resulting in Schwann cell
enriched secondary cultures (White er al., 1983; Wrathall er al., 1981a; Wrathall er
al., 1981b). The other method is based on the different adhesion properties exhibited
by Schwann cells and fibroblasts after dissociation. The latter are more likely to attach
during the first 30 minutes if the cultures are vibrated during this time. This resulted
in a Schwann cell rich suspension which was subsequently plated out in fresh culture
dishes. With time in vitro, the proportion of Schwann cells in these cultures decreased
but even at 21 days in vitro, the percentage of Schwann cells was still 80%. This
proportion was affected by the composition of the culture medium with increased
fibroblast growth in media enriched with serum, glucose, pyruvate or sodium
bicarbonate (Kreider er al., 1981).

Growth factors

Glial cell division occurs in vivo during development and subsequent to
axotomy, otherwise these cells are relatively quiescent in the mature animal (Brockes
et al., 1981). As stated in the last section, the doubling time of cultured neonatal rat
Schwann cells, after antifibroblastic treatment, is approximately 8 days (Brockes et
al., 1979). In vitro, the growth rate appears to be species dependent (White et al.,
1983). It is faster in mouse and cat cultures than in rat (cited White ez al., 1983). The
growth rate in some cultures also appears dependent upon the length of time in
culture. Dissociated Schwann cells from neonatal mouse sciatic nerve doubled in
number every 22 hours at 5 days in vitro; at 12 days 60 to 70% of cells were labelled
with [3H] thymidine after a 24 hour pulse; but the cells failed to divide after 20 days
in vitro (White et al., 1983). Similarly, the proliferation rate of adult cat Schwann
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cells slowed with time, and by the fifth passage further subculture was not possible
(Wrathall er al., 1981b). In human foetal (8 to 10 week gestation) Schwann cell
cultures, 34% of Schwann cells divided over a 48 hour period as assessed by
bromodeoxyuridine incorporation (Kim ez al., 1989).

The results of cell growth kinetic curves on Schwann cell proliferation have
suggested that these cultures consist of a homogenous population of infrequently
dividing cells rather that a mixture of rapidly-dividing and non-dividing cells (Raff et
al., 1978b). However, these studies were performed on cultures that had previously
been treated with cytosine arabinoside and anti-thy 1.1 complement-mediated kill of
fibroblasts. No information was given about cell growth kinetics for cultures untreated
with antimitotics. If Schwann cells are dividing at different rates within a culture, then
use of antimitotics to purify cultures may result in selection of slower dividing or
quiescent Schwann cell populations (White et al., 1983). The doubling time of
Schwann cells was niarkedly decreased to 20 hours by transfecting them with Simian
virus 40 in an attempt to immortalize the cell line. However, these cells have different
morphologic and biologic characteristics to untransfected Schwann cells (Chen et al.,
1987; Tennekoon er al., 1987). Therefore, antimitotic usage may not be without
problems. For example, White and colleagues (1983) found that use of antimitotics
resulted in a legacy of Schwann cells which could not proliferate and be maintained.
It may also be that different subpopulations of Schwann cells exist as Schwann cells
derived from adult cat spinal ganglia and peripheral nerve have different proliferation
characteristics (Wrathall e al., 1981a; Wrathall et al., 1981b).

A number of different compounds have been tried as Schwann cell mitogens.
An extract has been prepared from bovine pituitary that induces a 12 to 15 fold
increase in the uptake of [3H] thymidine and a doubling time of less than 3 days
(Brockes et al., 1979; Raff et al., 1978a). The stimulatory effect of the extract was
greater at 48 and 72 hours compared with 24 hours and was detectable over a wide
range of concentrations. Proteolytic digestion and moderate heating reduced its
activity suggesting a proteinaceous nature for the compound (Raff er al., 1978a).
Extracts of bovine nerve roots, liver and kidney were inhibitory for mitosis, whereas
extracts of bovine brain were stimulatory, but much less so than pituitary extracts.
Pituitary hormones, per se, did not stimulate Schwann cell mitosis. Some foetal calf
serum was required in the medium for the action of the pituitary extract (Raff et al.,
1978a). An extract from bovine caudate nucleus was found to have higher specific
activity than the pituitary gland (Brockes er al, 1981). The activity of the pituitary
extract has been greatly enhanced by purification and this extract is referred to as glial
growth factor (GGF). The activity of GGF resides in a basic protein with a native
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molecular weight on gel filtration of 60 kDa (cited in Brockes et al, 1981).

Schwann cell proliferation is stimulated by compounds that raise intracellular
cyclic-AMP concentration. Cholera toxin decreases the doubling time of Schwann
cells to every 48 hours (Raff er al., 1978b). It interacted synergistically with GGF
and reduced the doubling time to less than 2 days. Dibutryl cyclic-AMP was only
moderately stimulatory (Raff ez al., 1978a; Salzer e al., 1980a). Similarly, forskolin
interacted synergistically with GGF resulting in a 60 fold increase in [3H] thymidine
uptake (Porter er al., 1986). Pituitary extract does not raise the intracellular cyclic-
AMP levels in the Schwann cells and will interact synergistically with agents that do
raise it. This suggests that cyclic-AMP elevators and pituitary extract act by different
mechanisms (Raff et al., 1978a). This mechanistic difference was accompanied by a
difference in cell morphology. Whilst no appreciable change in Schwann cell
morphology was noted with GGF, cholera toxin and forskolin caused the Schwann
cells to adopt a more flattened fibroblastic appearance (Raff er al., 1978a; Raff er al.,
1978b; Porter et al., 1986).

The use of mitogens did not seem to affect the Schwann cells' functional
capability. When compared with Schwann cells derived from spinal ganglia, they
secreted the same proteins, expressed the same cell surface antigens and could
ensheath and myelinate bare neurites. They also maintained their surface markers to
Ran-1, laminin, N-CAM, L1 and L2 and J1 antigens. Cell proliferation decreased
with confluence (Porter er al., 1986).

Many other agents have been tested as Schwann cell mitogens, including
neurotransmitters and known mitogens for lymphocytes or fibroblasts, but have failed
to stimulate Schwann cell division. Increases in intracellular calcium have been
indirectly implicated in cell division, but addition of the calcium ionophore A23187
had no effect on Schwann cell proliferation (Salzer and Bunge, 1980a). Several
growth factors have been shown to stimulate Schwann cell mitosis to varying degrees
in the presence of serum and forskolin or other cyclic-AMP activators. These include
growth factors of platelet and fibroblast origin. Transforming growth factors and the
carboxymethyl cellulose fraction of glial growth factor were found to be mitogenic
with or without forskolin (Davis and Stroobant, 1990). In animals, some of these
growth factors have been implicated in tissue repair. Activated macrophages release
some of these factors after injury and may thus have a role in Schwann cell mitogenic
stimulation via this mechanism (Davis and Stroobant, 1990)
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1.3.2.2 Schwann Cell Markers

As the morphology of Schwann cells and fibroblasts may overlap,
unambiguous identification of cell types is achieved using cell surface and cytoplasmic
antigens specific to the cell in question (Brockes et al., 1979; Brockes et al., 1981).
Time-lapse cinematography has shown that bipolar Schwann cells may undergo a
morphological transition to a fibroblast-like form (Ernyei and Young, 1966)
supporting the identity of these intermediate shaped cells as Schwann cells (Brockes et
al., 1977). Cell surface antigens can also be used to select for a population of cells
(Brockes et al., 1981). The antigens expressed by Schwann cells depend upon
whether the cell is forming myelin and other factors. Non-myelin-forming Schwann
cells express GFAP-like intermediate filament protein; ASE3 antigen, Ran-1 and the
adhesion molecules N-CAM, L1/Ng-CAM. These antigens are not present, or are
found at much lower levels, in myelin-forming Schwann cells. The latter cells express
myelin basic protein (MBP), myelin associated glycoprotein (MAG) and P proteins.
Both Schwann cells express galactocerebroside (GalC), sulphatide, O4, OS8 and 09
lipid antigens (Eccleston er al., 1982; Jessen et al., 1985; Jessen er al., 1989; Jessen
et al., 1990; Mirsky et al., 1990a). Expression of all of these molecules appears to be
driven by axonal contact except GFAP (Jessen et al., 1989). Schwann cells do not
express receptors for tetanus toxin, LETS or Thy-1. However, 30 to 50% of
Schwann cells in dissociated neonatal culture were positively labelled by cholera toxin
suggesting that they expressed the GM-1 ganglioside (Brockes er al., 1979) Neurons
demonstrate the thy-1 antigen and also express receptors for tetanus toxin, whilst
fibroblasts are positive for Thy-1 and LETS (large external transformation sensitive
protein) (Fields et al., 1978; Brockes et al., 1979). ‘

Ran-1
Ran-1 antigen has been detected only on Schwann cells and on a minor

population of cells in the leptomeninges (Brockes et al., 1979). It is a rat specific
antigen raised against a chemically induced rat neural tumour (Fields ez al., 1978). It
is not found on fibroblasts, spinal ganglia neurons or enteric neurons. Cranial
(superior) cervical ganglia neurons are positive for Ran-1 (Fields 1985). The Ran-1
cell antigen is the NGF receptor and is related to a protein identified by the 217¢c
antibody (Ferrari er al., 1991; Jessen et al., 1990; Mirsky and Jessen, 1990b). Ran-
1/NGF receptor is expressed by non-myelin-forming Schwann cells in vivo, but is
suppressed on myelin-forming Schwann cells. This suppression is dependent upon
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dissociated cell culture of neonatal rat sciatic nerve with time in vitro (Jessen et al.,
1990). However, Ran-1 is a trypsin sensitive molecule and therefore may not be
observed in freshly dissociated cultures (Mirsky et al., 1980).

Ran-2
This is a 140 kDa cell surface protein and is only expressed on non-myelin-
forming Schwann cells of the PNS. Ran-2 immunoreactivity was also found on enteric

glia, CNS astrocytes, some perineurial cells and fibroblasts (Jessen and Mirsky,
1984a; Mirsky and Jessen, 1984).

S-100

S100 is an acidic protein dimer of varying molecular masses that exists in
soluble and membrane bound forms within the mammalian CNS (reviewed Stefannson
et al., 1982). It is found within astrocytes, Schwann cells, and also melanocytes,
chondrocytes and adipocytes (Dunn er al., 1987). Schwann cells and the outermost
part of the myelin sheath stain intensively for S100, but the sheath itself was negative
in human and rat peripheral nerve (Neuberger and Cornbrooks, 1989; Stefansson et
al., 1982). Axons were found to be negative for it in one study, (Stefansson et al.,
1982) but some were positive in another study. (Neuberger and Cornbrooks, 1989).
S100 was also detected in the satellite cells, but not neurons, of spinal, myenteric and
sympathetic ganglia. Some cells within the adrenal medulla were also positive and
these cells may be satellite cells of sympathetic nerves and ganglia. The stain was both
nuclear and cytoplasmic in location. (Stefansson et al., 1982). It is found in cultured
Schwann cells, and all Ran-1+ Schwann cells expressed it in their nuclei and
cytoplasm. (Brockes et al., 1981; Kim et al., 1989).

The mRNA encoding the 8 subunit is 1.6 kb when obtained from rat and beef
brain but was 600 kb shorter from rabbit. The loss of these 600 bases suggested that
this portion of the sequence is non-essential. Experiments using colchicine or
vinblastine affected the organization of microtubules within the cell, which decreased
the levels of S100 mRNA. It is a calcium-binding protein, but its functional role and
relationship to calcium regulation are not known (Dunn er al., 1987). The overall
function of this protein is also not known, but it may have a role in regulating
Schwann cell functions and possibly in axonal regeneration (Neuberger and
Cornbrooks, 1989).
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O series of antigens
The O series of monoclonal antibodies have been raised against surface lipids

on developing oligodendroglia. The antigens may also be expressed on Schwann cells.
These antigens appear on myelin-forming Schwann cells around the time they become
competent to make myelin. O7, O8, and 09, but not O11, were also expressed on
non-myelin-forming Schwann cells. It is thought that the appearance of the antigens
detected by the monoclonal antibodies, O7, O8 and 09, may be related to
ensheathment of axons by Schwann cells. O7 antibody binds to GalC. Non-myelin-
forming Schwann cells mature more slowly than myelin-forming Schwann cells as
suggested by continuing lipid changes occurring up to 4 weeks postnatally. However,
by postnatal day 20, dissociated cultured Schwann cells derived from the cervico-
sympathetic trunk had a high percentage of cells labelled with these antibodies. The
intensity of staining varied between the different antibodies. O antigen expression is
lost with time in culture and is no longer expressed after 7 days in vitro (Eccleston et
al., 1982).

The O4 monoclonal antibody was produced by immunizing mice with whole
white matter and recognizes a developmentally;regulated sulphatide antigen (cited in
Fields 1985; Mirsky et al., 1990a). It is specific to Schwann cells in rat peripheral
nerve and was not detected on any S100 negative cells. Although less than 0.5% of
S100 stained Schwann cells were positive for it at embryonic day 15 to 16, by birth
99% of cells were positive. It was also detected in the cervico-sympathetic trunk with
93% of these Schwann cells being positive for the antigen at embryonic day 20
(Mirsky et al., 19903).

The AOO7 antibody has been raised against sulphatide and its developmental
appearance is almost identical to that of the 04 molecule. The appearance of both
these molecules at embryonic day 16 is not intrinsically programmed within the cell
but requires extrinsic factors. They are manifested 2 days before the appearance of
GalC. 04 and AOQ7 binding occurs prior to the commitment of the Schwann cell to
the myelin-forming or non-myelin-forming pathway and is not specifically related to
myelination. It is possible that the sulphatide to which these antibodies bind appears in
the Schwann cell membrane associated with the stabiliza<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>