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PREFACE

In June 1987, neurobiologists, immunologists, molecular biologists,
virologists and neurologists from several countries met in Vancouver to
discuss recent advances of relevance to multiple sclerosis. The
symposium was a part of the 22nd Canadian Congress of Neurological
Sciences meeting and was sponsored by funds from the Multiple Sclerosis
Society of Canada and the Medical Research Council of Canada. The
presentations covered five major topics: basic neurobiology, molecular
biology, the role of viruses in demyelination, immune function and
dysfunction in multiple sclerosis, and clinical magnetic resonance
imaging studies. It was heartening to note that scientists from several
different disciplines were working towards a common end-point: the
understanding and treatment of multiple sclerosis.

In this book, speakers at the symposium have each presented a chapter
of their findings and discussions. In addition, some non-participants at
the symposium have been invited to submit chapters in order to give this
volume a more complete scope. It is hoped that the reader will find this
book a useful reference for several subjects of interest to multiple
sclerosis.

In closing, I would like to thank the following for their help and
support: the Multiple Sclerosis Society of Canada and the Medical
Research Council of Canada for their financial support; the contributors
of this book for their manuscripts; Dr. A. Eisen, Mrs. K. Eisen, Mrs. P.
Bodnarchuk and Mrs. M. Kim for their efforts in planning and organizing
the symposium; and Ms. Catherine Schikowski for her secretarial
assistance.

Seung U. Kim, M.D. Ph.D.
Editor



CONTENTS

NEUROBIOLOGY OF GLIAL CELLS

1. Human oligodendrocytes in culture: Biology and immunology
S U, RIM oo

2. Neurological lineages and neurological diseases
K. Mokuno, P. Baron, J. Grinspan, G. Sobue, B. Krieder
and D. Pleasure ............uiuiuinini e

3. Human glial cells and growth factors
V.W. Yong, M. Kim and S.U. Kim

MOLECULAR BIOLOGY OF OLIGODENDROCYTES

4. Molecular genetics of myelin basic protein in mouse and humans
J. Kamholz ... .. e
5. The primary structure of myelin associated glycoprotein suggests
a role in myelination
M. Arquint, M.B. Tropak, P.W. Johnson, R.J. Dunn
and J.C. Roder . ... .. e e e
6. Molecular genetics of myelin proteolipid proteins and their
expression in normal and jimpy mice
K. Mikoshiba, C. Shiota and K. Ikenaka

ELECTROPHYSIOLOGY OF GLIAL CELLS

7. The ionic channels of glial cells
C. Krieger and S.U. Kim ...... ... ... . . i
8. Physiological function of inward potassium currents in bovine
oligodendrocytes in culture
J.G. McLarnon and S.U. Kim

VIRUS INFECTION AND DEMYELINATION

9. Molecular determinants in autoimmunity
R.S. Fujinami ..... ... . . . .. e
10. Viruses and demyelination
R.A. Shubin and L.P. Weiner ........... .. ... ... . i iiiiiona...
11. Retroviral disease of the nervous system
B. Weinshenker and G.P.A. Rice ......... ... ... . i,
12. Herpes simplex virus Type 1 (HSV1): A murine model of virus
induced central nervous system demyelination
L. Kastrukoff, A. Lau, D. Osborne and S.U. Kim



NEUROIMMUNOLOGY OF MULTIPLE SCLEROSIS

13. Experimental allergic encephalomyelitis as a model of
multiple sclerosis

E.C. ALvord Jr. ...ttt e e e e e e 173
14. Immune regulation in multiple sclerosis

J.P. Antel and R. Loertscher ...............cuveuvrnunnnenennnn. 187
15. In vivo and in vitro abnormal IgG regulation in multipl

sclerosis

T 0BT o e e e e 205
16. Studies of myelin breakdown in vitro

D. Johnson, R. Toms and H. Weiner ............. ... viinuiunnnn. 219
17. Autoantibodies to myelin basic protein in multiple sclerosis

K.G. Warren and I. Catz ........c.iiuiuniiniuineninnenennenen. 237

CLINICAL ASPECTS OF MULTIPLE SCLEROSIS

18. Magnetic resonance imaging in demyelination
D - v 259

viii



HUMAN OLIGODENDROCYTES IN CULTURE: BIOLOGY AND IMMUNOLOGY

Seung U. Kim

Division of Neurology
University of British Columbia
Vancouver, Canada

INTRODUCTION

In the central nervous system (CNS), oligodendrocytes (OL) are
responsible for the formation and maintenance of myelin which facilitates
saltatory conduction of nervous impulses along axons. Abnormality and
loss of OL and myelin result in several neurological disorders in human,
among them multiple sclerosis (MS) for which there is no effective
treatment (37,40,41). To better understand the pathogenesis of these
disorders, it would be helpful if an enriched OL population could be
isolated, grown in culture, and the basic properties of these cells
studied in a controlled environment.

During the past few years, several reports have described the
isolation, enrichment and culture of OL from the brain of several
mammalian species. The isolation process employs one of two basic
techniques: (a) bulk isolation of OL following trypsin digestion and
density gradient centrifugation, and (b) isolation of OL by differential
adhesion and subsequent shaking from brain cell cultures established
previously. Neonatal or adult brains from calf, pig, sheep, cat, rat,
monkey and human (13,17,23,32,38,47,66) were used. These cultured OL
expressed cell type specific marker such as galactocerebroside, myelin
basic protein, cyclic nucleotide phosphodiesterase and myelin associated
glycoprotein (23,24,32).

Large quantities of pure cultured OL can provide us with a unique and
important model system to investigate the biochemical and immunological
properties of the OL and their response to viral or immunological agents
suspected of being causative factors of the disease.

This chapter provides a review of our attempts and achievements in
the studies of oligodendrocytes and multiple sclerosis using human and

bovine OL in culture.

Oligodendrocyte Isolation and Culture

For the isolation of human OL, brains obtained 3-20 hours postmortem
were used. The patients had no evidence of neurological disease.
Their age varied from 18-95 years. During the past 5 years (1983 -



1988), we have isolated and grown human OL from 120 individuals. Except
for several series in which bacterial contamination destroyed isolated
OL, we have been successful in obtaining healthy OL cultures.

White matter tissue weighing 5 - 50 grams was cut into small pieces
and incubated in calcium- and magnesium-free Hanks’ balanced salt
solution (BSS) containing 0.25% trypsin and 20 ug/ml DNase for 40 minutes
at 37 degrees C in a shaking water bath. The tissue digests were
dissociated into single cells by gentle pipetting, washed 3 times in BSS,
and passed through a 100 ym nylon mesh filter fashioned in a Buchner
funnel. Isolated cells in 20 ml BSS were mixed with 1 ml 10X
concentrated BSS and 9 ml Percoll (Pharmacia). A gradient was formed by
30 minutes centrifugation at 15,000 rpm in a Beckman high speed
refrigerated centrifuge with a fixed angle rotor. OL collected between
an upper dense myelin layer and lower erythrocyte layer were retrieved,
diluted in BSS, and harvested by low speed centrifugation for 10 minutes
at 1,500 rpm. These OL were suspended in feeding medium containing 5%
fetal bovine serum, 5 mg/ml glucose, and 20 ug/ml gentamicin in Eagle'’s
minimum essential medium, and seeded on polylysine-coated 9 mm Aclar
plastic coverslips (Allied Chemical). Cell yield was 2 x 108 cells/gm
tissue. Cell vitality checked by trypan blue exclusion immediately after
the cell isolation ranged from 75-90%. After 24 hours, the coverslips
were flooded with 3 ml of feeding medium. The details of the isolation
and culture techniques can be found in previous reports (28,32).

Cell Type Specific Markers for Oligodendrocytes

In the past the identification of major neural cell types in culture
has been dependent primarily upon morphological criteria, using phase
contrast microscopy, which can be inaccurate and confusing. Recently,
immunochemical methods using cell type specific markers have become a
useful alternative and solution for this problem. Now several cell type
specific markers are available for identifying major cell types in CNS
cultures (Table I) (21,23,54). The markers considered specific for
oligodendrocytes by biochemical and immunocytochemical criteria are
galactocerebroside, sulfatide (sulfogalactosylceramide), ganglioside GM4
(sialosylgalanctosylerceramide), myelin basic protein, proteolipid and
myelin associated glycoprotein, among others.

Since the first report of Raff et al (55) demonstrating a positive
immunostaining of rat OL by rabbit anti-galactocerebroside (GC) serum,
antibody directed against GC has been the most reliable and commonly
applied cell type specific marker for OL in culture. However, its
usefulness is less evident in tissue sections because of difficulty
preserving surface antigens of OL cell body and processes in sections
(46). Thus, GC immunostaining can be detected only in cell membrane of
OL and Schwann cells and is not seen with other neural cell types.

Other specific cell markers for OL include several major components
of myelin proteins. CNS myelin is very rich in lipid (more than 70% in
dry weight) and the rest is made up of proteins. The myelin proteins
consist mainly of proteolipid (PLP), 50% of total protein; myelin basic
protein (MBP), 35% of total protein; 2',3’-cyclic nucleotide-3'-
phosphohydrolase (CNP), 5% of total protein; myelin associated
glycoprotein (MAG) 1% of total protein, and several enzymes. Antisera or
antibodies specific for these major myelin proteins naturally become
excellent candidates for the cell type-specific marker for OL. With
immunocytochemical methods, PLP and MBP have been shown to be present in
OL before myelination in the studies using tissue sections (2,18,65).

Several investigators have utilized antisera specific for MBP to



identify OL in culture and studied its expression by assessing the degree
of immune reaction intensity during development. Whereas these studies
have been performed mostly in rat and mouse cells (3,5,11,22,44,54), we
have demonstrated MBP immunoreaction in OL isolated and cultured from
adult human brains (23,32). Double immunofluorescence staining for
surface GC and intracellular MBP in human OL grown in serum-free medium
is shown in Figure 1.

As for the immunostaining of cultured OL by PLP antibody, Dubois-
Dalcq et al have reported that the PLP expression by neonatal rat OL came
one week after galactocerebroside expression and 1-2 days after MBP and
MAG phenotypes (11). In both adult human and bovine OL cultures, we have
seen positive immunostaining of these cells by the same rabbit anti-PLP
serum used by the authors cited above.

High enzyme activity of CNP has been found in central myelin and
isolated OL (50,51). In cultured OL obtained from the brains of mouse
(4-5 weeks), calf (2-5 months) and human (18-95 years), we have
previously demonstrated a specific and intense immunofluorescence
staining of OL cell bodies and processes indicating that the CNP
immunostaining is primarily localized in OL and not in astrocytes or
neurons (24). A similar immunostaining of cultured OL by CNP antibody
was reported by a French group (59).

MAG is a minor transmembrane glycoprotein of CNS myelin that is
localized on the periaxonal and non-compacted areas of the myelin sheath
(53,67). The only available report on the immunocytochemical
demonstration of MAG in cultured OL was that of Dubois-Dalcq in which rat
OL obtained from neonatal animals was found to react to anti-MAG antibody
after 1 week in culture (11). These authors reported that expression of
MAG, MBP and PLP appeared in neonatal rat OL about 1 week after the
immunostaining by GC antibody. We have also found that the adult human
and bovine OL grown in culture could be immunostained by anti-MAG
polyclonal or monoclonal antibodies. However, we were not able to obtain
a positive MAG immunostaining after fixation in acid-alcohol as described
by Dubois et al. Only when cultured OL was reacted to the antibody prior
to fixation was positive staining obtained.

Ganglioside is the generic term for glycolipids containing sialic
acids. Recently, an exclusive localization of GM4 ganglioside, a minor
class of ganglioside, was reported in isolated human myelin and OL
preparations (1l4). It is thus possible to utilize an antibody directed
against GM4 ganglioside as a cell type-specific marker for cultured OL.
Double immunofluorescence studies in adult human glial cell cultures have
shown that all the GC-positive OL were labelled by GM4 antibody.

However, it is noteworthy that about 80% of glial fibrillary acidic
protein (GFAP)-positive astrocytes were also found to react to GM4
antibody (25). On the other hand, GD3 ganglioside, another minor
ganglioside found in the brain, was found to be a more specific OL marker
as compared to GM4 ganglioside. It was demonstrated that all of GC
positive OL were labelled by GD3 antibody, while less than 5% of GFAP-
positive astrocytes was immunostained by GD3 ganglioside antibody (25).
From our results it is evident that GD3 ganglioside could be used as a
cell type-specific marker for OL, while GM4 gangliosides considered as
specific markers for both OL and astrocytes.

In addition to GM4 and GD3 gangliosides, we also investigated
immunoreactions of human neuronal cells to antibodies specific for GMl
gangliosides and GQIC ganglioside. The results are summarized in Table 2
in which specific binding of antibodies to different classes of CNS cells
can clearly be recognized.



The recent development of techniques for producing hybridomas that
synthesize monoclonal antibodies against single antigens has essentially
revolutionized the approach to production and application of specific
antibodies. By using this new hybridoma technique, a group in Heidelberg
has produced 4 related monoclonal antibodies reactive to OL surface
antigens (60). These antibodies are reported to be specific for
galactocerebroside or sulfatide, but details have not been published.

Using bovine brain synaptosome fraction as immunogen, Ranscht et al
have produced monoclonal antibody against galactocerebroside which
specifically labelled the surface of cultured rat OL and Schwann cells
(56). This monoclonal antibody has been used widely by many
investigators in the studies of OL development in culture. More
recently, monoclonal antibodies directed against various myelin proteins
such as MBP and MAG have been produced and used in the studies of
developmental expression of these proteins in vivo and in vitro
(8,10,43).

Poduslo et al produced a rabbit antiserum directed against whole cell
preparation of bovine OL which reacted positively with the surface of the
isolated OL (52). Reaction could be blocked by absorbing the antiserum
with isolated OL though, surprisingly, not with myelin. Similar antisera
have been produced by Abramsky et al (1), Traugott et al (69) and Lisak
et al (39). These antisera produced by different investigators were
found to react with surface and intracellular antigens of isolated OL and
brain sections. These antisera were produced in rabbits by repeated
injections of bovine OL isolated by the sucrose density gradient method
of Poduslo and Norton (51). Recently we have also raised a series of
antisera in rabbits injected with human and bovine OL isolated by Percoll
density gradient method which reacted with the surface antigens of human
OL in culture. As yet the nature of the antigen(s) to which these
antisera are directed have not been characterized.

Serum-Free Chemically Defined Medium for Oligodendrocytes

The growth of most cell types in culture requires the addition of
serum to the nutrient medium. Serum is a complex mixture and its
components are not well characterized. The role of these active serum
components is to provide not only greater nutritional support but also
special factors which are required for the attachment, survival,
proliferation, and differentiation of the cultured cells. Several
approaches have been taken to eliminate serum requirements by adapting
cell lines to the medium without serum, or by the addition of active
components of serum to the medium. Sato and his associates have
succeeded in growing various cell lines in serum-free media supplemented
with several hormones and growth factors (4). These investigators
demonstrated that one of the main functions of serum is to provide a
mixture of hormones which stimulate cell growth. More recently, we have
applied this approach to primary neural culture in order to learn the
minimal nutritional requirements of the developing nervous system. We
have demonstrated that insulin, when substituted for serum, was important
for the survival and differentiation of chick dorsal root ganglion
neurons in culture (62,63). We have also shown that by the use of serum-
free chemically defined medium, it was possible to isolate and grow
astrocytes selectively in cultures of newborn rat cerebrum (27,31).

In an attempt to formulate a serum-free chemically defined medium for
long-term culture of OL isolated from adult human brain, we have modified

a formula originally designed for rat astrocyte cultures (DM2) (31).

After 24-48 hours in 5% fetal bovine serum containing medium,



Figure 1 Double immunolabelling of cultured human oligodendrocytes
by galactocerebroside and myelin basic protein antibodies. X 700

A: Galactocerebroside.

B: Myelin basic protein.

Figure 2 Phase contrast microscopy of human oligodendrocytes
isolated from the brain of 76 year old male and cultured for 68 days.
X 500

A: Oligodendrocytes grown in serum containing medium.

B: Oligodendrocytes grown in DM3 serum-free medium.



coverslips carrying human OL were washed twice in Hanks' balanced salt
solution and fed with F12 plus 5% fetal calf serum or with serum-free
chemically defined medium (DM3) composed of F12 supplemented by hormones,
growth factors and trace metal ions. F12 synthetic medium was
supplemented with 2 ml 50X MEM essential amino acid solution, 1 ml 100X
MEM non-essential amino acid solution and 1 ml 100X MEM vitamin solution
with the following hormones, growth factors and trace metal ions:

Insulin 20 ug/ml, triiodothyronine 3 X 10'8M, hydrocortisone 5 X 10'8M,
transferrin 10 ug/ml, glucose 255 mg/ml, human serum albumin 75 mg/ml,
gentamicin 20 ug/ml, HEPES 1 X 10'2M, manganese chloride 5 X 10'9M,
ammonium molybdate 3 X 10'9M, nickel sulfate 3 X 10'10M, and sodium
silicate 1 x 1-°M, sodium vanadate 5 x 107°M and sodium selenite 3 X 10~
8M. 1In addition, F12 medium contains 1 X 10-8M copper sulfate, 3 X 10-6M
ferric sulfate and 1 X 10°°M zinc sulfate.

Representative cultures of OL grown in serum-containing or serum-free
chemically defined medium (DM3) are shown in Figure 2. The cells grown
in DM3 acquired obviously longer and thicker processes than cells grown
in serum-containing medium. The longest period that OL were maintained
without ill effects was 4 months (30). After this period, OL became
granular, atrophic, and fragmented, indicating that DM3 formula lacks
essential nutrients/growth factor(s) which could sustain long-term
survival of OL in vitro. Since OL grown in serum-containing medium (the
concentration of serum could be as low as 1%), could survive more than 6
months, this nutrient/growth factor(s) apparently is a component of fetal
bovine or horse serum. Identification of this factor in serum requires
further investigation.

Modulation of Antigenic Expression by Oligodendrocytes

It has been known for some time that OL-enriched cultures may become
overgrown by astrocytes and that after a month or two in vitro, GC-
positive oligodendrocytes make up less than 60% of the cell population
(38).

The phenotypic expression and biological modifications occurring in
human OL during their maintenance in vitro has been followed in this
laboratory. Following the replating procedure, most of the small round
cells (8-10 uM diameter) became attached to the cover slips within 24 h
and by 4-5 days they became bipolar or multipolar cells. At this stage
typically 95-98% of them were OL expressing GC on their surface. Most
GC-negative cells were GFAP-positive astrocytes and very few (less than
1%) were fibronectin-positive fibroblasts (Table 3). However, after 2
weeks in vitro, the OL population decreased while the number of
astrocytes increased considerably. In addition, many cells (7-20% of
total cell population) were immunolabelled by both GC and GFAP antibodies
(26).

The concurrent occurrence of reduction in OL population and increased
astrocyte population was an unexpected finding for us. We speculated
that an active proliferation of astrocytes and the paucity in OL mitosis
during the early phases of culture might underlie this shift in cell
population dynamics. To examine this hypothesis, we exposed cultures to
[3H]-thymidine for 24 h, immunostained with GC antiserum and GFAP
antibody, and developed the cultures for autoradiography. None of the
GC-positive or GFAP-positive cells incorporated radiolabelled thymidine
although a small number of fibroblasts did. This result suggested the
possibility of cellular transformation/modulation of OL to astrocytes
(26).

To determine whether this transformation could be impeded, we exposed



cells to different concentrations of dibutyryl cyclic AMP (dbcAMP) for a
short period. We found that dbcAMP at a final concentration of 1073y
produced a significant increase of the GC-positive cells with a
concomitant reduction in both GFAP-positive and double-positive cells. A
lower concentration of dbcAMP (10'4M) was less effective, while a higher
concentration (10°4M) was toxic.

In the second set of experiments we exposed cells for 5 days to
butyric acid, dbcAMP, 8-bromo cyclic AMP, and RO-1724, an inhibitor of
cyclic nucleotide phosphodiesterase (Table 4). It was found that dbcAMP
and 8-bromo cyclic AMP treatment produced a marked increase in GC-
positive cells in comparison with control cultures.

It has been known that cyclic AMP derivatives, or inhibitors of
cyclic nucleotide phosphodiesterase capable of raising the intracellular
level of cyclic AMP, affect a number of events in cultured cells. One of
these effects is to promote differentiation in rodent primary astrocyte
cultures (36,61). More recently it has been reported that dbcAMP induces
2',3"-cyclic nucleotide 3'-phosphohydrolase activity in rat OL. In
addition, cyclic AMP derivatives have been shown to promote the
expression of galactocerebroside on the surface of rat Schwann cells
(64).

Dibutyryl cyclic AMP did not stimulate glial cell division but
promoted a transformation from GFAP-positive cells to GC-positive cells.
The interconvertibility of astrocytes and OL by external environmental
influences has already been reported (54). Moreover, a recent study in
the developing human fetal spinal cord of 8-10 weeks gestation has shown
that GFAP-positive astrocytes are the first distinguishable neuroglial
element and that cells with morphological and immunocytochemical features
of OL appear later, when myelin formation begins (7). These authors also
observed "transitional forms" between astrocytic and oligodendrocytic
elements in which cells expressed markers for both OL and astrocytes.
Thus, they have suggested that radial glia may give rise to both
astrocytes and OL.

In the present cultures, most of the adult glial cells in vitro
became GC-positive OL within 2-7 days. After several weeks in culture, a
marked expansion of the astrocytic population (20-30%) was observed,
along with a significant number of "transitional form" cells expressing
both GC and GFAP markers. These data suggest that glial cells might have
a high degree of plasticity and under certain conditions, e.g., in vitro
and in absence of neurons, many lose their specificity and revert from a
mature to a more undifferentiated stage. The presence of cyclic AMP
derivatives might create a favorable condition similar to that in vivo so
that glial cells start to show the same characteristics and properties
observed in vivo. It appears that cyclic AMP may play an important role
in glial cell differentiation. It may also be involved in the process of
priming OL to become associated with axons.

Major Histocompatibility Complex Antigens

The major histocompatibility complex (MHC) is a tightly linked
cluster of genes located on chromosome 17 in mouse and on chromosome 6 in
humans. These genes encode for a series of highly polymorphic cell
surface glycoproteins which can be divided in two classes: Class I (H-2
in rodents and HLA-A,B,C in humans) and Class II (Ia in rodents and HLA-D
system in humans). The MHC proteins are important in a phenomenon called
MHC or T cell restriction. In the context of immune regulation, T
lymphocytes cannot recognize an antigen on the cell surface if the
appropriate MHC antigen is not simultaneously expressed by that cell.



Class I proteins are the usual restriction elements for cytotoxic T cells
whereas Class II molecules are the restriction elements for helper T
cells (33,57,71).

Class I glycoproteins have a relatively widespread distribution while
Class II antigens are expressed primarily on cells involved in immune
function. The latter include B lymphocytes, some cells of macrophage-
monocyte lineage and certain accessory cells of the immune response such
as dendritic cells and Langerhans cells (73).

Earlier studies using human brain sections have suggested that the
cells of the CNS lack either Class I or Class II MHC antigens (11,15,72)
and this has been partly responsible for the concept of immunological
privilege of the brain. More recently, however, conflicting results have
begun to emerge. Several investigators have presented negative findings
of MHC antigen expression in normal human brain sections (9,35,45,68).

On the other hand, other investigators have reported a limited
distribution of MHC antigens in human brain sections (12a,15a). The
reasons for these conflicting and controversial findings among
investigators are not clear. Several factors could be considered: one
is the use of brain sections, either fixed or fresh frozen. MHC antigens
may be destroyed or altered during the process of section preparation or
the antibody may have poor access to the antigen of interest; another is
the possibility that the expression of MHC antigen levels in brain may be
so low as to be below the sensitivity of the methods of detection
employed. Tissue culture studies may circumvent some of the difficulties
associated with tissue sections and several investigators have resorted
to them. The obvious importance of MHC antigens in immune regulation,
and the possibility that aberrant expression of these glycoproteins may
lead to certain autoimmune disease, makes further studies on cultured
cells, especially those from humans, of special importance (23,32a).

Of 14 series of human adult OL cultures analyzed in our laboratory
for expression of HLA-A,B,C, 13 showed positive immunostaining. The
extent of Class I expression varied, ranging from 5% of cells in two
series to 90% or more in eight series. Only one sample was negative for
HLA-A,B.C expression. One series was analyzed at four different time
points and each time the percentage of GC-positive OL that presented with
HLA-A,B,C was over 90%. Neither age of donors nor cause of death,
appeared to determine the number of cells that expressed HLA-A,B,C (32a).

0f 12 series of human adult OL cultures that were double stained with
antibodies specific for HAL-DR and galactocerebroside, 6 showed positive
immunolabelling. The extent of HLA-DR expression varied, ranging from &
to 16%. Six samples were found negative for HLA-DR expression. One
series of OL was analyzed for HLA-DR at 3 different times in culture and
never expressed HLA-DR antigen. As in the case of Class I antigens, the
age of donors, their cause of death or length of time in culture did not
influence the immunolabelling by HLA-DR antibody (25).

The brain has been considered to be privileged for three obvious
reasons. Firstly, access of cells and macromolecules to the brain proper
is restricted by the endothelial cells and astrocytes that surround the
blood vessels of the brain, forming the blood-brain barrier. Secondly,
the brain has been thought to lack lymphatic drainage, although more
recent findings suggest otherwise. Thirdly, cells within the parenchyma
of the brain are thought to be negative for MHC antigen expression
(9,35,45,68). Our results have shown that a substantial population of
adult human OL express both HLA-A,B,C and HLA-DR antigens. In many
cases, MHC Class I antigen was detected in over 90% of OL, while Class II
antigen was found in less than 15% of OL populations.



Table 1 Cell Type Specific Markers for
Oligodendrocytes

Galactocerebroside

Sulfatide

Ganglioside GM,
Ganglioside GDj3
Myelin basic protein (MBP)

Proteolipid protein (PLP)

Myelin-associated glycoprotein (MAG)
2',3"'-Cyclic nucleotide 3'-phosphodiesterase
Carbonic anhydrase C
Glycerol phosphate dehydrogenase

Table 2 Immunoreavtivity of Anti-Ganglioside Antibodies with
Cultured Human Neural Cells

GM1 (%) GM4 (%) GD3 (%) GQLC(A2B5) (%)
0Oligodendrocytes (GCY) 100 100 100 0
Astrocytes (GFAP*) 80 80 5 0
Fibroblasts (FN") 5 0 0 0

Neuons (NF') 80 0 0 60-70

Table 3 Immunofluorescence Staining of Cultured Human
Glial Cells for Cell Type-Specific Markers

Days in Vitro cct GFaP* Botht Neither
2 462 (97.0%) 8 (1.7%) 0 6 (1.3%)
7 388 (92.6%) 26 (6.2%) 0 5 (1.2%)
21 603 (69.1%) 146 (16.7%) 114 (13.1%) 10 (1.1%)
72 498 (51.2%) 252 (25.9%) 212 (21.8%) 12 (1.2%)
Table 4 Effects of Cyclic AMP Derivatives and
RO-1724 on Human Glial Cells in Culture
Treatment cct (%) GFt (%) Both™ (%)
5 days
Control 60.5 19.5 20.0
8-Bromo cAMP 70.6 (+10.1) 16.3 (-3.2) 13.1 (-6.9)
Dibutyryl cAMP 80.2 (+19.7) 13.8 (-5.7) 6.0 (-14.0)
RO-1724 74.8 (+14.3) 11.4 (-8.1) 13.8 (-6.2)
Butyrate 62.1 (+1.6) 18.2 (-1.3) 19.7 (-0.3)




It is evident from our study that the MHC expression, both for Class
I and II antigens, by galactocerebroside-immunostaining positive human OL
was detected in the absence of any inducing factors, and where the
possibility of artefactual immunostaining was eliminated by careful
studies of control cultures.

The widespread distribution of MHC antigens of both Class I and II on
cultured human OL as presented in our studies (25,32a) is only one of the
kind in the literature. For the negative results of MHC expression that
are obtained from human brain sections (9,35,45,68), a possibility is
that the antigen of interest might have been destroyed during the process
of tissue preparation.

It is our conclusion that a large number of adult human OL express
detectable levels of MHC antigens of both Class I and Class II. The
presence of MHC antigens in human OL as described in our study then
suggest that the brain is not as immunoprivileged as previous studies
have indicated.

Myelinotoxic Factor in MS Serum and Cerebrospinal Fluid

The first evidence for a circulating myelinotoxic antibody in the
sera of multiple sclerosis patients was the observation that sera from
some patients in the midst of acute attack is capable of demyelinating
rat central nervous system (CNS) cultures (6). Figures published by
Bornstein suggest that serum from approximately 50% of patients with
multiple sclerosis demyelinate rat CNS cultures. Studies of similar
demyelination induced in mouse CNS cultures indicate that the active
factor, probably gamma globulin, is present in cerebrospinal fluid from
MS patients as well (29). One reported attempt to identify the antigen
target of this circulating antibody by absorption with myelin and brain
fractions showed that demyelinating activity was absorbed only by a
pellet containing blood vessels and OL. An immunolabelling technique was
used to demonstrate the presence of anti-oligodendrocyte antibody sera
from MS patients (1) and in this study, positive binding occurred in 19
of 21 MS patients and none in normal controls or other neurological
disease. Other investigators, however, did not confirm these
observations (21,70). Since these studies used poorly characterized,
non-viable, non-human OL as target cells, we considered it important to
investigate if sera and cerebrospinal fluids obtained from MS patients
can bind immunologically to human OL grown in culture. Several separate
experiments performed so far have not produced any positive staining of
OL by MS serum. However, it is too early to discount this lead, because
the immunocytochemical technique we employed might not be sensitive
enough to detect the presence of cytotoxic factor in MS cerebrospinal
fluid or serum.

HTLV-I Virus Infection

In multiple sclerosis, the causes of destruction of OL and myelin
sheaths are unknown. Viral infection has been suspected to play a role
in the pathogenesis of MS, but no virus has been identified to link
directly to the disease (19). Recently Koprowski and his associates
reported a close association between a human retrovirus of HTLV family
and some MS patients (34). They have found that sera and CSF from MS
patients contain antibodies that cross-react with HTLV proteins. 1In
addition, they have shown the presence of HTLV RNA in T cells cultured
from CSF of such patients. The results suggest that these MS patients
may have been infected by an HTLV probably related to HTLV-I.
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HTLV-I was discovered first in 1980 and is the cause of adult T cell
leukemia in Japan (16). Recently, Osame and his colleagues in Japan have
reported the occurrence of aggregated cases of neurological patients with
spinal myelopathy which is caused by HTLV-I (49). In the West Indies, in
clinically similar tropical spastic/ataxic paraparesis (TSP), more than
half of patients showed HTLV-I antibody in serum and more recently also
in their CSF (74). Saida and his associates have reported the detection
of HTLV-I antibody in sera of some Japanese MS patients by
radioimmunoassay and Western blots (48), confirming the possible
involvement of HTLVs in the pathogenesis of MS as reported by Koprowski
and his colleagues. A number of reports are now available that suggest a
possible association of HTLV-I or related viruses to the etiology of MS
and other chronic CNS myelopathies (20,58).

In order to clarify the role of HTLV-I in the possible infection of
CNS neural elements, it would be desirable to obtain a purified
population of such cells, maintain them in vitro, and then assess the
effects of HTLV-I on these cells under a controlled environment.
Recently we have performed a study at our laboratory in collaboration
with Dr. T. Saida of Kyoto. We infected mixed cell cultures of human OL
and astrocytes with HTLV-I by co-culturing these cells with MT2, a HTLV-I
producing T cell line. After 7-14 days of exposure to virus, the
presence of HTLV-I antigen in OL and astrocytes was detected by double
labelling immunofluorescence microscopy using rabbit anti-
galactocerebrosideor anti-glial fibrillary acidic protein serum and
mouse monoclonal antibody specific for HTLV-I pl9 gag protein,
In addition, electron microscopic examination of sister cultures
demonstrated the production of virus particles inside and outside of OL
and astrocytic plasma membrane.

These results indicate that HTLV-I is capable of infecting human OL
and astrocytes in addition to lymphoid cells and would lend support to
the contention that HTLV-I plays a primary role in the pathogenesis of
HAM and TSP, chronic neurological disorders of the CNS.

CONCLUSIONS

The importance of the oligodendrocytes in the formation and
maintenance of myelin in the CNS and in the understanding of the clinical
problems off multiple sclerosis is self-evident. It is now possible to
isolate a large number of human oligodendrocytes from autopsied brain and
maintain them in culture for long periods. Using these cultures, basic
biological, physiological and immunological properties and traits of
oligodendrocytes can be investigated in the absence of other cell types
which may interfere with phenotypic expression of the cells in question.
Using these cultured cells it is also possible to study the effect of
putative growth factors for oligodendrocytes such as lymphokines,
epidermal growth factor, platelet derived growth factor and axonal
membrane preparation which are reported to be mitogenic for
oligodendrocytes.

Using analytical techniques currently available to us, much has been
learned during the past 7 years since we have isolated human
oligodendrocytes in quantity for the first time. The challenge of the
future is to identify and understand molecular signals and mechanisms
that regulate oligodendroglial structure and function during their
development and maturation using the well-characterized culture system
described in this chapter.
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INTRODUCTION

While neuroglial cells have been regarded as "support cells" for
neurons since the beginning of this century, it has been only in recent
years that the nature of such "support" has begun to be appreciated. It
is now clear that neuroglial cells provide neurons with essential
substrates such as glutamine and remove or inactivate such toxic
metabolic products as NH,, (46,47,97,98), regulate activities of
potassium and other ions in the extracellular space (56,57), and permit
saltatory conduction of nerve impulses by forming myelin. In addition to
these metabolic support functions, Schwann cells in the peripheral
nervous system (PNS) synthesize many proteins necessary for neuronal
development and survival; these include extracellular matrix constituents
such as type IV collagen, fibronectin and laminin (5,6,14), cell adhesion
proteins such as N-CAM and myelin associated glycoprotein (MAG) (51), and
soluble proteins such as nerve growth factor (NGF) (2,29,30). Similar
protein synthetic trophic functions are performed in central nervous
system (CNS) by astroglia; these include the synthesis of extracellular
matrix components and growth factors, for example insulin-like growth
factor (1,13,20,21,58,65). It is now thought likely, as well, that
neuroglia regulate the properties of the blood-brain barrier. CNS
neuroglia, probably astroglia, induce brain capillaries to express the
tight junction phenotype that is required for a competent blood-brain
barrier (89) and it is possible that astroglia participate in the
regulation of regional cerebral blood flow by modulating perivascular
potassium concentrations (62).

This chapter will not focus on these "support" roles of neuroglia,
but will address a closely related topic: how are the proliferation,
differentiation, and metabolism of the various classes of neuroglia
regulated under normal circumstances, and what are the consequences of
perturbation of these regulatory mechanisms? We will review current
information on the lineages of neuroglia of the peripheral and central
nervous systems and their regulation and then briefly consider what is
known about the functions and roles of these lineages in various human
diseases.
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NEUROGLIAL LINEAGES

Peripheral Nervous System

The work of Le Douarin in chick-quail chimeras has been most valuable
in documenting the differentiation of neural crest precursor cells into
Schwann cells, autonomic and sensory neurons, neuroendocrine cells and
melanocytes (42). Webster and coworkers employed classical electron
microscopic observations to provide a clear picture of the subsequent
segregation of Schwann cells into myelin-forming and non-myelinating
adult phenotypes (93). Nerve cross-anastomosis experiments by several
laboratories demonstrated plasticity of these Schwann cell phenotypes,
with non-myelin forming Schwann cells capable of myelination if provided
with an axon of appropriately large caliber. More recent
immunohistological and molecular biological studies have provided further
details on the effects of contact with axons of various caliber on the
differentiation of Schwann cells. Schwann cells are induced by both
large and small axons to express surface galactocerebroside and cytosolic
proteolipid and to down-regulate surface expression of low affinity NGF
receptors (86,88,95) but only by small axons to express a cytoskeletal
protein resembling glial fibrillary acidic protein (18,35) and only by
large axons to synthesize myelin (94).

The glial cells of the enteric nervous system were largely unstudied
till the work of Jessen and Mirsky (34,35). Employing immunohistological
methods, they demonstrated that these glia are irregular or multiprocess-
bearing cells that express GFAP-like and glutamine synthetase
immunoreactivity, in these respects resembling CNS astroglia.

Central Nervous System

Classical neuroanatomic techniques permitted identification of
oligodendroglia, astrocytes, ependymal cells, and microglia in adult CNS
and Muller cells in the retina. Astroglial foot processes were known to
abut the basal lamina of CNS capillaries, and it was therefore presumed
that astroglia regulate metabolite fluxes between bloodstream and
neuropil. Ependymal cells were noted to be ciliated (50) and were
thought to participate in absorption or secretion of CSF. Radial glia
were suspected to be precursors of astroglia, and perhaps of
oligodendroglia (8).

Immunohistological approaches to the identification of CNS neuroglia
began with the work of Bignami, Dahl and Eng (3,15), who established GFAP
as a "marker" for astroglia. Two types of astroglia were described:
"protoplasmic", relatively poor in GFAP and located mainly in gray
matter; and "fibrous", with more glial filaments and located mainly in
white matter. It was initially unclear whether these were
representatives of distinct astroglial lineages, different stages in
differentiation along a single lineage, or simply different astroglial
phenotypes dictated by their locale.

A decade ago, information on neuroglial lineages in CNS was very
limited. It was assumed that divergence of oligodendroglial from
astroglial lineages occurred early in development and in an irreversible
fashion. Three successive stages in oligodendroglial maturation were
delineated by combined microscopy and tritiated thymidine
radioautography--immature light, transitional, and post-mitotic dark
oligodendroglial. The relationship between small resting microglia and
microglia "activated" by infection or other disease processes was
appreciated. However, the ontogeny of microglia and the significance of
microglial activation were unclear.
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The development of cell type-specific antibodies in addition to anti-
GFAP (eg. anti-galactocerebroside [anti-galC]) to identify mature
oligodendroglia; the anti-ganglioside monoclonal antibody A2B5, which, in
the rat, binds to the plasma membrane surface of precursor cells in the
oligodendroglial lineage (10,59,60,71,74); and anti-glutamine synthetase,
which binds to the interior of mature astroglia (61l), permits
identification of various neuroglial types and description of their
stages of differentiation. These immunohistologic reagents, when
combined with advances in tissue culture that allow serial observation on
neuroglia in the presence or absence of neurons and growth factors (38),
selective killing of single classes of neuroglia by complement and
antibody dependent cytolysis, tritiated thymidine radioautography to
identify cells undergoing mitosis, and retrovirus-mediated gene transfer
techniques to identify all the descendants of single infected cells (69),
have permitted more critical analysis of neuroglial lineages.

Application of these new techniques has permitted a number of
important advances in our understanding of CNS glial lineage
relationships. Miller et al were able to demonstrate the existence of at
least two non-interconvertable classes of astroglia. "Type 1" astrocytes
are abundant in gray matter, appear in rat brain before birth, maintain
processes that abut brain capillaries, and are responsible for the
astroglial reaction to various forms of brain injury (52). The
immunohistological phenotype of these cells in the rat is GFAP + A2B5-.
The lineage relationships of type 1 astroglia are not understood, but it
is clear that type 1 astroglial progenitors diverge from progenitors
within the oligodendroglial lineage very early in CNS development. "Type
2" astroglia, which are abundant in optic nerve and white matter, appear
only postnatally in the rat, contribute to the glial limiting membrane of
optic nerve and send processes to abut nodes of Ranvier. The
immunohistological phenotype of these cells in the rat is GFAP + A2B5+.
At the same time, Raff’s group (59,91) and others (23) described the
characteristics of an immediate precursor for both the type 2 astrocyte
and the oligodendrocyte: the oligodendrocyte-type 2 astrocyte ("02A")
cell. 1In the rat, this 02A cell has the immunophenotype A2B5 + galC-
GFAP-. Cells of this phenotype are small, round, bi- or multi-polar, and
are both actively motile and actively mitotic. Their migration through
optic nerve, and possibly other regions of immature CNS, serves to seed
the neuropil with precursors for mature oligodendroglia and type 2
astroglia (81l). Unfortunately, the monoclonal antibody A2B5 fails to
mark such common precursor cells in species other than the rat, and there
is a great need for a more generally applicable histological means for
identification of this branch point in the oligodendroglial lineage.

Herndon et al (28) and Ludwin (49) clearly documented that
oligodendroglia in mature brain of experimental animals are capable of
mitosis following demyelination induced by viral or other diseases, thus
indicating that the persistent nature of demyelination. These
observations suggest that the irreversible demyelination observed, for
example, in multiple sclerosis, cannot be ascribed simply to an
irreversibly post-mitotic state for oligodendroglia in adult brain.

Price and Cepko showed that lineage relationships in brain and retina
can be worked out by retrovirus-mediated transfer of the bacterial gene
for beta-galactosidase, a convenient marker for the descendants of cells
infected with this retroviral construct (68,69). This technology has
shown that precursor cells common to glial and neuronal lineages persist
in brain and retina to a developmental stage much later than previously
suspected.
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Several laboratories have demonstrated that CNS microglia derive from
the systemic monocyte lineage and have many of the properties of
macrophages in non-neural tissues. These include phagocytosis, display
of MHC class II antigens and production of various monokines
(22,27,63,100). At least two conclusions can be drawn from these
observations. First, brain microglia have the capacity to act both as
antigen-processing cells and effector cells during the evolution of
immune disorders of the CNS. Second, it should be possible to repopulate
brains of patients with inherited lysosomal or peroxisomal disorders with
cells containing the missing or inactive protein by marrow
transplantation, though one cannot necessarily assume that expression of
such a protein in microglia would be of therapeutic value.

Linser and Moscona showed that the activity of glutamine synthetase,
an enzyme vital for ammonia detoxification, is induced in Muller cells by
axonal contact and repressed by axotomy (46,47). This is one of the
better documented examples of an effect of neuronal contact on neuroglial
phenotype.

REGULATION OF NEUROGLIAL LINEAGES

To what extent is the program for proliferation and differentiation
of neuroglia controlled by mechanisms intrinsic to the differentiating
precursor cells themselves, and to what extent by exogenous signs (eg.
hormones, growth factors, cell contact-dependent phenomena)? That which
is known can be summarized in a few sentences. Survival and initial
proliferation of the 02A precursors of mature oligodendroglia and type 2
astroglia is dependent upon intimate contact with neurons (9), but later
development of oligodendroglia, including the timely appearance of the
various myelin-specific proteins can proceed in the absence of neurons
(39,99). A protein in serum, not yet fully characterized, induces 02A
cells to differentiate toward type 2 astroglia; in its absence, the
oligodendroglial phenotype is favored (60). Proliferation of cells of
the 02A lineage is enhanced by type 1 astroglia (59), and this appears to
be accomplished by means of the secretion by these astrocytes of
platelet-derived growth factor and insulin-like growth factor
(1,10,71,74). Basic fibroblast growth factor also stimulates
proliferation of cells of the oligodendroglial lineage (12).
Proliferation of type 1 astrocytes appears to be inhibited by neuronal
contact (26,84), and phenotypic and metabolic maturation of type 1
astroglia to be enhanced by contact with endothelial cell basal lamina
(25).

In contrast to the behaviour of type 1 astroglia in CNS,
proliferation of Schwann cells in PNS is enhanced by axonal contact
(76,84). Schwann cell mitosis is also unstimulated by agents which
increase Schwann cell intracellular adenosine 3',5’'-monophosphate (85)
and by fibroblast growth factor, glial growth factor, and PDGF (67)
(Hardy and Pleasure, submitted for publication). Axonal contact induces
Schwann cells to down-regulate surface expression of NGF receptors and
neural cell adhesion molecules (N-CAM), but to upregulate synthesis of
galactolipids such as galC and glycoproteins such as P,
(36,37,43,51,53,88). One of the signals involved in this neuronal
modulation of Schwann cell phenotype appears to be an elevation in
Schwann cell cyclic AMP content (43,53,80,86).

The recent application of methods for in situ hybridization to
localize NGF mRNA has demonstrated that Schwann cell levels of this mRNA
are high in the immature animal, diminish in the adult, and rise early
during Wallerian degeneration; this rise in Schwann cell synthetic
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capacity for this protein is due to the action of macrophages which
invade the degenerating nerve and release interleukin-1 (2,29,30,45).

NEUROGLIA IN DISEASE

This is a very brief summary of a large body of data. Only selected
references are provided, and the reader is urged to consult standard
texts (eg. Dyck et al, Peripheral Neuropathy, 1984) for further details.

Inherited Disorders of Oligodendroglia and Schwann Cells

A number of genetic defects affecting the synthesis of proteins
required for normal function of myelin-forming cells have been recognized
(87). Mutation of the X chromosome affecting the gene for proteolipid,
the principal structural protein of CNS myelin, causes sex-linked
dysmyelination in the mouse (the "jimpy" strain), in "myelin-deficient"
rats, and Pelizaeus-Merzbacher disease in man (54). An autosomal
mutation affecting the myelin basic protein gene also causes CNS
demyelination in the mouse (66), but no human analogue has yet been
recognized.

Autosomal mutations affecting either lyosomal arylsulfatase A or
galactocerebrosidase interfere with metabolism by oligodendroglia and
Schwann cells of myelin galactosphingolipids, causing dysmyelinative
encephalopathy and neuropathy. A mouse analogue of human
galactocerebrosidase deficiency has also been recognized (the "twitcher"
strain). Metabolism of myelin lipids is also impaired and the integrity
of myelin is compromised in human inherited peroxisomal disorders
affecting the PNS (phytanic acid oxidase deficiency or Refsum’s disease)
or both CNS and PNS (adrenoleukodystrophy).

Neurofibromatosis (NF, von Recklinghausen’s disease) is a dominantly
inherited predisposition to tumors containing Schwann-like cells (64).
NF is one of the most frequent inherited disorders affecting the nervous
system. The existence of two distinct forms of NF, long suspected on
clinical grounds, has now been verified by genetic analysis. Systemic
NF, characterized by cafe au lait spots and axillary freckles, Lisch
nodules of the iris, malformations of the sphenoid, vertebrae and tibia
in addition to subcutaneous and plexiform Schwann cell tumors, is due to
a mutation on chromosome 17, in the neighborhood of but not in the gene
for NGF receptor (79). The much rare central form of NF, characterized
by bilateral acoustic neurinomas and a paucity of cutaneous
manifestations, is carried on chromosome 22 (78), and appears to result
from inactivation of an anti-oncogene (40,78). The genetic defects in
these two forms of neurofibromatosis are expressed primarily in neural
crest-derived cells, especially in Schwann cells, but there is an
increased incidence of tumours in neural tube-derived cells as well, for
example optic gliomas.

Acquired Disorders of Oligodendroglia and Schwann Cells

Immune mechanisms compromising the survival or function of myelin
forming cells play a role in the pathogenesis of multiple sclerosis (MS)
and the Guillain-Barre syndrome (GBS) (31,32,92), and both cell-mediated
and serologically mediated immune processes involving sensitization to
such myelin components as myelin basic protein, Py basic protein, and
galactocerebroside participate in the pathogenesis of experimental models
that simulate some of the clinical and pathological features of MS and
GBS. For example, rabbits immunized repeatedly with galC develop
antibody-mediated PNS demyelination, and Lewis rats sensitized to P, PNS
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myelin protein develop T-lymphocyte-mediated PNS demyelination (75).
Both microglia and astroglia may play roles in the pathogenesis of these
immune -mediated disorders by presenting antigens and secreting monokines
and thereby facilitating lymphocyte-mediated damage to myelin and to
myelin synthesizing cells (4,22,27,63,100).

Viral infections of neuroglia are increasingly recognized (7,11,90).
Ependymal cells express surface binding sites for herpes simplex, mumps,
measles and other viruses, which may participate in the pathogenesis of
viral encephalitides. In some instances (eg. coronavirus in mice, papova
virus in humans), oligodendroglial infection leads to CNS demyelination.
Both direct cytolytic effects of the infection on myelin-forming cells
and the triggering by the viral infection of an inflammatory process
consequent to a delayed hypersensitivity mechanism play roles in these
disorders. Neuroglia can serve as reservoirs for latent virus (eg.
herpes simplex within gasserian ganglion Schwann cells) or for chronic
viral infections (eg. HIV) (7,19). 1In some instances (eg. simian sarcoma
viral infection), growth factors encoded by the viral genome (eg. v-sis)
induce tumors (eg. glioblastoma).

Bacterial infections of neuroglia also occur. The most common
example is the accumulation of Hansen'’s bacilli within the Schwann cells
of subcutaneous nerve twigs in lepromatous leprosy, resulting in the loss
of pain and temperature perception that is a characteristic feature of
this disease.

Neuroglia are affected by various endocrine diseases. Myelination is
delayed in infantile hypothyroidism, and some adults with hypothyroidism
develop a demyelinative neuropathy. Diabetes mellitus also predisposes
to PNS demyelination, perhaps due in part to the presence of aldose
reductase within Schwann cells, but axonal degeneration is more common
and more severe.

Toxins known to selectively affect neuroglia are far less numerous
than those injuring neurons. Perhaps the best example is the protein
exotoxin secreted by C. diphtheriae, which inhibits Schwann cell protein
synthesis and induces a delayed demyelinative polyneuropathy in patients
with pharyngeal or wound diphtheria.

Examples of the intermediary metabolism by neuroglia of toxins
affecting primarily neurons are also now recognized. Neuroglia play a
protective role in some instances, for example the detoxification of
ammonia and of excitatory neurotoxins by astroglia (97,98), while in
other cases, a non-toxic precursor is converted to a toxic product by
neuroglia (eg. MPTP to MPP+).

Secondary Responses of Neuroglial Cells

Astrogliosis occurs in CNS in response to many types of injury, and
appears to be primarily a response of type 1 astrocytes (52). In most
instances, the relative contributions of astroglial proliferation,
astroglial hypertrophy, and accumulation of GFAP+ fibrils to this
astroglial reaction have not been worked out. An even more glaring
lacune in our knowledge is the lack of information on the functional
significance of astrogliosis--is it a reparative process, or instead, an
impediment to regeneration (17,48,77). Perhaps the answer is that either
is true, depending on age and species (82).

Retinal Muller cells also respond to injury by accumulation of GFAP
(16). In addition, when maintained in culture in the absence of neurons,
these cells can assume a lenslike phenotype, including the expression of
antigens characteristic of lens cells (55).
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Schwann cells respond to axotomy caused by Wallerian degeneration by
upregulation of expression of NGF receptor and N-CAM (51,80,88) and
increased synthesis of NGF--all events likely to enhance subsequent
axonal regeneration. Schwann cell mitosis is transiently, but
dramatically augmented during the early stages of Wallerian degeneration
(76) and the Schwann cells form columns ("bands of Bungner") through
which the regenerating axonal sprouts then propagate. Whether this
Schwann cell proliferation is induced by the exposure to axonal fragments
(84), to myelinic fragments (96), or both, remains to be established.
Schwann cells also evince a mitogenic response to demyelination (24), but
in this instance do not up-regulate NGF receptor expression (86).

Microglia are activated by CNS infections and immune disorders to a
macrophage-like phenotype, becoming actively phagocytic, expressing MHC
components necessary for antigen presentation, and secreting monokines
(22,27,100).

Oligodendroglial proliferation also occurs in mature brain in
response to many types of injury (28,49) and is followed by accelerated
synthesis of myelin constituents (41). The relative contributions of
mature oligodendroglial and residual precursor cells to this
proliferation are unclear. Invasion of CNS by nerve root Schwann cells
also occurs in response to CNS demyelination, and can lead to
considerable remyelination, for example of MS spinal cord lesions (33).
Such aberrant remyelination is recognizable by the presence of basal
lamina encircling the myelinating cell (which occurs normally in PNS but
not CNS) and by immunohistological techniques which detect myelin
constituents normally restricted to PNS (eg. Py, P,). The functional
consequences of such Schwann cell remyelination of CNS have not been
established.
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INTRODUCTION

In the central nervous system (CNS), macroglial cells are classified
as astrocytes or oligodendrocytes, while in the peripheral nervous
system, Schwann cells, the equivalent of CNS oligodendrocytes, form the
only glial cell type. During the normal development of the nervous
system, glial cells or their precursors undergo proliferation at certain
time points, possibly influenced by the schedule of an internal 'time
clock’ and just before the onset of myelination. The macroglial cells
eventually become post-mitotic and normally do not divide in the adult
nervous system except in response to injury. The latter is well
documented for astrocytes during insults of various kinds (10,35,68)
and for Schwann cells during Wallerian degeneration (1,5,64) and
internodal (segmental) or paranodal demyelination (21). In the case of
oligodendrocytes, however, the literature has been controversial. While
some reports have shown that oligodendrocytes cannot proliferate after
injury (10,68), others have suggested that mitosis of oligodendrocytes
can occcur after physical brain trauma (40,41,42), following recovery
from demyelinating viruses (26,62), and in an experimental allergic
encephalomyelitis (EAE) model of multiple sclerosis (61).

Given that macroglial cells may undergo cell division under certain
conditions, it is beneficial to identify and understand the factors that
control their proliferation, be these endogenous growth factors, contact
with axons or exogenous agents. In disease states where cells are lost,
such as for oligodendrocytes in multiple sclerosis, induction of mitosis
may achieve a critical number of the same cell type to enable restoration
of function. This aim is not without clinical support. In multiple
sclerosis, proliferation of oligodendrocytes, albeit limited in its
extent, has already been reported in the relatively normal white matter
adjacent to disease plaques (60). What is therefore required are stimuli
to enhance this limited regenerative capacity already observed.

In vivo studies of glial cell proliferation are intrinsically

difficult. Dividing cells may not be reliably identified as having
undergone mitosis and morphological characterization of the cell type may
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also present problems. The difficulties existing in the identification
of dividing oligodendrocytes were underlined by Cavanagh (10) who
remarked that even when he could not find definite evidence for
oligodendrocyte proliferation, it was conceivable that they had divided,
but that in so doing, they had become morphologically indistinguishable
from a normal oligodendrocyte.

For such reasons, many studies of glial cell proliferation have
resorted to tissue culture techniques. Enriched population of a
particular cell type can be attained (29,30,34,43,72) and cells can be
also readily identified by immunocytochemistry for the presence of their
cell type specific markers, such as galactocerebroside for
oligodendrocytes and glial fibrillary acidic protein (GFAP) for
astrocytes (4,33,55,57).

Using cultured cells, many mitogens have been reported for glial
cells and the results are summarized on Tables I and II. For astrocytes,
these include fibroblast growth factor (FGF) (54), platelet-derived
growth factor (PDGF) (25), epidermal growth factor (EGF) (37,66,71),
glial growth factor from the bovine pituitary (GGF-BP) (6,29.54), myelin
basic protein (7,65) and interleukin-1 (17). For Schwann cells, among
the reported mitogens are axolemma fragments derived from either the
peripheral or central nervous system (11,52,64,69), a myelin-enriched
fraction (78), GGF-BP (6,52,53,56), cAMP (56,70), and forskolin, an
adenyl cyclase activator that results in cellular accumulation of cAMP
(53). Mitogens for Schwann cells have recently been comprehensively
summarized by Ratner et al (59). In the case of oligodendrocytes,
proliferative factors are reported to be ‘glia promoting factors’
(16,18,19), contact with neuronal axons (73,74), PDGF (3), FGF (13), T-
cell derived factors (44) and interleukin-2 (2).

To identify factors that can induce cell proliferation, it is

necessary to have a technique that is reproducible and unabmiguous.
Three methods are commonly used, but each has its own limitations. The
first relies on the counting of cell numbers in a given area
{16,18,22,48). The second utilizes the incorporation of 3 H-thymidine or

25I-iododeoxyuridine into the DNA of dividing cells followed by
quantification of the amount of radioactivity in a scintillation counter
(2,44,51,56,66). For these two methods, unless the cell population is
homogeneous, results can be misleading. Type I astrocytes have a
fibroblast-like morphology (58) and it is conceivable that when a
positive result for astrocytes is reported by these techniques, the cells
that were proliferating were mainly fibroblasts, which normally thrive in
culture. Another potential source of error is that the original density
of cells may vary from one sample to the next such that comparisons of
test samples from controls become flawed.

The third method also employs 3H-thymidine incorporation into the DNA
of dividing cells, but then uses autoradiography to determine the number
of cells with silver grains on their nuclei (3,29,71,78). The cell type
undergoing mitosis can be positively identified if such cells have been
additionally immunostained with their cell type specific markers.
Although this method is commonly used, the disadvantages include the high
level of background that is frequently encountered with autoradiography
(68) and the long period (days or even weeks) that is required for the
development of the radiolabelling. Subjectivity associated with dis-
crimination between unlabelled and weakly labelled cells can also
constitute a problem.

Due to such difficulties, we have developed a double labelling
immunofluorescence technique to assess cell proliferation (75). The
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method uses nuclear incorporation of bromodeoxyuridine (BrdU), an analog

of thymidine, as an index of DNA replication (12,20,49).

By using a

specific antibody directed against BrdU and another antibody directed
against the cell type specific marker (for example, GFAP for astrocytes),

the proliferating cell type can be readily identified.

simple, rapid, reproducible and unambiguous.

This technique is

TABLE I. REPORTED MITOGENS FOR ASTROCYTES AND OLIGODENDROCYTES IN

CULTURE

Reported mitogen

Sources of cells

Method* Ref.

Glial growth factor
from bovine
pituitary

Fibroblast growth
factor

Epidermal growth
factor
Platelet-derived

growth factor

Myelin basic protein

Interleukin-1

‘Glia promoting
factors’

Fibroblast growth
factor

Platelet-derived
factor

Axonal contact

T-cell derived
factors

Interleukin-2

ASTROCYTES
Neonatal rat brain
Neonatal rat brain

Neonatal rat brain

Neonatal mouse brain
Neonatal rat brain
Human glial cell line

Human glial cell line
Mouse embryonic brain
Adult mouse brain or

C6TK cell line

Neonatal rat brain

OLIGODENDROCYTES

Neonatal rat brain

Neonatal rat brain

Neonatal rat brain

Adult rat spinal cord

Neonatal rat brain

Neonatal rat brain

29.54

54

37
66
71

25

65

17

16,18,19

13

73,74

44

*Refers to the method of assessing cell proliferation:

A=Counting of

cells not identified by immunostainings, B=-H-thymidine or 1251,
iododeoxyuridine uptake followed by scintillation counting, c=3H-
thymidine incorporation followed by autoradiography with cell-type
specific markers not used, D=3H-thymidine uptake followed by

autoradiography, cell-type specific markers used.
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As shown on Tables I and II, most studies of mitogens for glial cells
have relied on cells isolated from rodent nervous system. Results using
human glial cells are scarce and it cannot be assumed that mitogens for
rodent cells will necessarily have similar effects on human cells. For
this reason, we have embarked on an extensive study on factors that might
induce proliferation of cultured human glial cells. This chapter, using
the BrdU method, summarizes our findings with fetal astrocytes, fetal
Schwann cells, adult astrocytes and adult oligodendrocytes. Part of the
results have been published elsewhere (76,77).

TABLE II. REPORTED MITOGENS FOR SCHWANN CELLS IN CULTURE

Reported mitogen Sources of cells Method*  Ref.

Glial growth factor Neonatal rat sciatic B 56
from bovine Neonatal rat sciatic c 52,53
pituitary Adult human sural C 52
Adult human trigeminal C 47
Axolemma Neonatal rat sciatic [ 52,64,69
Adult human sural C 52
Neonatal rat dorsal C 11
root ganglion
cAMP Neonatal rat sciatic B 56
Neonatal rat sciatic c 70
Myelin Neonatal rat sciatic c 78
Forskolin Neonatal rat sciatic C 53

*Refer Table I for legend

MATERIALS AND METHODS
Cell Culture

Human adult astrocytes and oligodendrocytes were obtained by
previously described methods (30.31) from the autopsied corpus callosum
of subjects of ages between 60 and 90 years old. 1In brief, the corpus
callosum was cut into fragments of 3° mm and incubated with 0.25% trypsin
and 0.002% DNAse in calcium- and magnesium-free Hanks’ balanced salt
solution (CMF-HBSS) for 1 h at 37 degrees C. Dissociated cells were
passaged through a nylon mesh of 100 um pore size, mixed with Percoll
(Pharmacia) (final concentration of 30% Percoll) and centrifuged at 15000
rpm for 25 minutes. Oligodendrocytes and astrocytes, floating between an
upper myelin layer and a lower erythrocyte layer, were diluted with 3
volumes of HBSS and harvested by centrifugation at 1500 rpm for 10
minutes. The cells were washed twice in HBSS, suspended in feeding
medium, and plated onto 9 mm Aclar plastic coverslips coated with 10
ug/ml polylysine (Sigma, approximate molecular weight of 400,000) at a
density of 10% cells/coverslip. Feeding medium consisted of 5% fetal
calf serum, 5 mg/ml glucose and 20 ug/ml gentamicin in Eagle's minimum
essential medium. The cells were used for the present proliferation
studies after 7 weeks in culture.
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Fetal astrocytes were isolated from human fetuses, legally and
therapeutically aborted, of 8-10 weeks gestation. Whole brain was cut
into fragments of 23 mm and incubated with 0.25% trypsin and 0.002% DNase
in CMF-HBSS for 30 min at 37 degrees C. The fragments were then
dissociated into single cells by gentle pipetting. The suspension was
centrifuged at 1500 rpm to collect the dissociated cells. Two washings
in HBSS ensued and the cells were finally suspended in feeding medium
identical to that for adult astrocyte/oligodendrocyte. The cells were
seeded onto polylysine-coated Aclar coverslips at a density of 10
cells/coverslip. Cell types include neurons, fibroblasts and astrocytes.
Oligodendrocytes could only be detected occasionally using
immunostainings of antibodies directed against galactocerebroside. The
proliferation experiments were performed after the cells have been in
culture for at least 11 days.

For the isolation of Schwann cells, dorsal root ganglia were obtained
from fetuses of 8-10 weeks gestation. Dissociated cultures were
established as previously described (32) in a manner similar to that for
fetal astrocytes above. Feeding medium was Eagle’s minimum essential
medium supplemented with 10% fetal calf serum, 5 mg/ml glucose and
20 ng/ml gentamicin. No nerve growth factor was added and this resulted
in depletion of neuronal populations (38,39,46) such that within 2 weeks
in vitro, neurons comprised less than 1% of the total cell population;
Schwann cells (30%) and fibroblasts (70%) being predominant. These
neuron-deficient cultures were used for the present proliferation
studies.

Incubation of cells with growth factors and BrdU

For fetal astrocytes, the test growth factors were added to the
culture medium for 3 days prior to immunofluorescence studies while BrdU
(Sigma, 10 uM) was introduced for the last 2.5 h. Preliminary
experiments had indicated that for control fetal astrocytes, 2.5 h of
incubation with BrdU-containing medium was adequate to achieve BrdU
nuclear labelling of 10-30% of cells. For adult astrocytes and
oligodendrocytes, test growth factors and BrdU were added for 3 days
before immunostainings were performed. BrdU was added for 3 days because
preliminary studies had shown that these adult cells were slowly dividing
cells, if at all. 1In addition, the concentration (10 uM) of BrdU added
for 3 days was found not to be toxic to the cells as assessed by cell
morphology and survival. 1In the case of fetal Schwann cells, test
factors and 10 uM BrdU were applied to the culture medium simultaneously
for 2 days prior to immunostainings.

Test growth factors were recombinant Interleukin-2 (Genzyme
Corporation, 5 and 50 U/ml), EGF and FGF (Bethesda Research Laboratories,
0.5 and 5 pg/ml), PDGF (Collaborative Research, 5 and 50 mU/ml),
dibutyryl cAMP (DBcAMP, Sigma, 100 pM and 1 mM), nerve growth factor
(NGF, Sigma, 100 ng/ml and 1 ug/ml), forskolin (Sigma, 10 and 100 uM), a
tumor-promoting agent 4B-phorbol 12, 13-dibutyrate (PDB, Sigma, 10 and
100 nM) (8,50), and GGF-BP (1 ung/ml). GGF-BP was prepared from adult
bovine pituitary homogenates by ammonium sulfate fractionation, carboxy-
methylcellulose and phosphocellulose column chromatographies (6) and was
a kind of gift of Dr. D. Pleasure (29). 1In addition, a combination of
GGF-BP (1 pg/ml) and forskolin (10 uM) was tested.

Immunocytochemistry

The general process is outlined in Figure 1 and has been described in
detail for astrocytes (75). After removal of BrdU-containing medium and
washing the cells thoroughly with phosphate-buffered saline (PBS) to
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ASTROCYTES OLIGODENDROCYTES

SCHWANN CELLS

Test factor was
added for 3 days
and 10 pM BrdU
for 2.5 h (fetal)
or 3 days (adult)
|

Proliferating cells incorporate BrdU, a thymidine

nuclei ’

Test factor and 10 uM
BrdU was added
for 3 days

Cells were fixed
with 70% ethanol
-20°C, 30 min

Rabbit anti-
galactocerebroside
1:20, 30 min

Rat anti-glial
fibrillary acidic Ig-rhodamine
protein, 1:40 1:40, 30 min
30 min | '

Goat anti-rabbit

Goat anti-rat
Ig-rhodamine
1:40, 30 min

Cells were fixed with
4% paraformaldehyde
4°C, 15 min

Cells were fixed with
70% ethanol
- 20°C, 30 min

|
0.25% Triton-X, 30 min
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added for
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analog, into their
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Cells were fixed
with 70% ethanol
- 20°C, 30 min

2 N HC1l, 10 min, to denature intact native DNA

0.1M sodium borate, pH 9.0, 10 min, to neutralise HCl

Mouse anti-BrdU, 1:10, 30 min
|

Goat anti-mouse Ig-FITC, 1:40, 30 min
|

Coverslips with cells were mounted on glass slides

Under an immunofluorescence microscope, the % of astrocytes,
oligodendrocytes or Schwann cells with BrdU labelling in their nuclei was

tabulated.

These results of test coverslips were divided by similar

results obtained from control coverslips to give the proliferation index

(PI) of the test factor.

Figure 1. METHOD FOR DETERMINING PROLIFERATION

Cells were cultured on 9 mm Aclar coverslips and maintained

in serum containing medium.
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ensure complete removal of unbound BrdU, astrocytes and Schwann cells on
coverslips were fixed with 70% ethanol at -20 degrees C for 30 min. Rat
monoclonal antibody to glial fibrillary acidic protein (GFAP) (1:2) or
polyclonal rabbit anti-GFAP was applied to astrocytes for 30 min,
followed by goat anti-rat immunoglobulin conjugated to rhodamine (1:40).
This enabled subsequent identification of astrocytes. For
oligodendrocytes, prior to the ethanol fixation process, cells were
incubated with rabbit antiserum against galactocerebroside (1:20, 30 min)
followed by goat anti-rabbit immunoglobulin conjugated to rhodamine
(1:40) for another 30 min. Oligodendrocytes were then fixed with 4%
paraformaldehyde at 4 degrees C for 15 min, followed by ethanol fixation.
Without the paraformaldehyde pretreatment, galactocerebroside
immunostainings tended to be obliterated by the acid treatment described
below. After the ethanol fixation step, cells were incubated with 0.25%
Triton-X in PBS for 30 minutes. This improvisation was necessary because
the paraformaldehyde treatment resultedd in the nuclear membrane being
less permeable to the BrdU antibody.

Hydrochloric acid at 2 M concentration was introduced to the cells
for 10 min to denature DNA. This step is essential because the antibody
to BrdU cannot bind to BrdU of intact DNA. Following a wash in PBS,
sodium borate at pH 9 and 0.1 M was added for 10 min to neutralize the
HCl. After rinsing off the borate with PBS, mouse monoclonal antibody to
BrdU was applied for 30 min at 1:10 dilution. This was followed by goat
anti-mouse immunoglobulin conjugated to fluorescein (1:40) for 30 min.
The coverslips were then mounted on glass slides with glycerol-PBS and
examined on a Zeiss Universal fluorescence microscope equipped with phase
contrast, fluorescein and rhodamine optics. Except for the cell fixation
processes, the entire staining and acid denaturation procedure was
carried out at room temperature.

Thus, proliferating cells could be detected by their nuclear
incorporation of BrdU. Astrocytes could be simultaneously recognized by
the presence of GFAP while oligodendrocytes were identified by
galactocerebroside. No double stainings were performed on Schwann cells
but these cells could be readily identified by their bipolar, spindle-
shaped morphology.

Sources of antibodies were as follows: mouse anti-BrdU monoclonal
from Becton Dickinson, rat anti-GFAP monoclonal from Dr. V. Lee (36),
polyclonal rabbit anti-GFAP from Dako Corporation, and all secondary
antibodies (e.g. goat anti-mouse immunoglobulin-fluorescein) were from
Cappel Laboratories. Antiserum to galactocerebroside purified from
bovine brain was raised in rabbits in this laboratory (15). Dilutions of
antibodies were made in PBS.

Tabulation of data

Under the immunofluorescence microscope, GFAP or galactocerebroside
positive cells (astrocytes and oligodendrocytes respectively) were
identified and counted. Of these, the number of identified cells with
BrdU labelling in their nuclei was assessed to obtain the percentage of
astrocytes or oligodendrocytes that were proliferating on the particular
coverslip. Cell countings were done at x20 magnification in 10-20 fields
such that between 100-400 cells were tabulated. The result was divided
by the average of similar results obtained from control coverslips to
give the proliferation index (PI) of the test factor. Thus, a PI value
of 1 represents no mitotic capability while a PI value of 2 indicates a
two-fold mitotic response. Value of 1.5 or greater was taken as a
positive proliferative result.
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For Schwann cells, the percentage of bipolar, spindle shaped cells
with BrdU-nuclear labelling was similarly tabulated and the PI value
obtained.

In all cases, controls were sister cultures that were exposed to BrdU:
but not to any of the test growth factor.

RESULTS

For the convenience of the reader this section has been sub-divided
into the three types of glial cells.

Astrocytes

Figure 2 shows positive immunolabellings of a control fetal astrocyte
culture with the antibodies directed against GFAP and BrdU. The GFAP
staining was cytoplasmic while BrdU labelling was nuclear. Different
degrees of nuclear labelling by BrdU could be seen, presumably
representing different stages of the mitotic cycle of the cell. Although
there was occasional cross-reactivity between the two secondary
antibodies when mouse anti-BdrU and rat anti-GFAP were used
simultaneously, both being directed against rodent immunoglobulins, the
distinct spatial labellings of cytoplasmic GFAP on the one hand and
nuclear BrdU on the other, makes the results clear, interpretable and
valid. However, to avoid confusion, we have recently begun to use
polyclonal rabbit anti-GFAP and mouse anti-BdrU antibodies.

As shown on Table III, four mitogens were identified for fetal
astrocytes. These were GGF-BP at 1 pg/ml, PDGF at 5 and 50 mU/ml, FGF at
the higher concentration tested (5 ug/ml), and PDB at 100 nM but not 10
nM. All other agents tested produced 