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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 
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HUMAN OLIGODENDROCYTES IN CULTURE: BIOLOGY AND IMMUNOLOGY 

INTRODUCTION 

Seung U. Kim 

Division of Neurology 
University of British Columbia 
Vancouver, Canada 
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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 -
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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 S - SO grams was cut into small pieces 
and incubated in calcium- and magnesium-free Hanks' balanced salt 
solution (BSS) containing 0.2S% trypsin and 20 ~g/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 ~m nylon me~h filter fashioned in a Buchner 
funnel. Isolated cells in 20 ml BSS were mixed with 1 ml lOX 
concentrated BSS and 9 ml Percoll (Pharmacia). A gradient was formed by 
30 minutes centrifugation at lS,OOO 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 l,SOO rpm. These OL were suspended in feeding medium containing S% 
fetal bovine serum, S mg/ml glucose, and 20 ug/ml gentamicin in Eagle's 
mlnlmum essential medium, and seeded on polylysine-coated 9 mm Aclar 
plastic coverslips (Allied Chemical). Cell yield was 2 x 106 cells/gm 
tissue. Cell vitality checked by trypan blue exclusion immediately after 
the cell isolation ranged from 7S-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 Oli~odendrocytes 

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,S4). 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 (SS) 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) , SO% of total protein; myelin basic 
protein (MBP) , 3S% of total protein; 2' ,3'-cyclic nucleotide-3'
phosphohydrolase (CNP) , S% 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 (14). 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 GMI 
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. 
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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, 
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Figure 1 Double immunolabellinr, 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. 
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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 SOX 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 ~g/ml, triiodothyronine 3 X 10-8M, hydrocortisone 5 X 10-8M, 
transferrin 10 ~g/ml, glucose 255 mg/ml, human serum albumin 75 mg/ml, 
gentamicin 20 ~g/ml, HEPES 1 X 10-2M, manganese chloride 5 X lO-9M, 
ammonium molybdate 3 X 10-9M, nickel sulfate 3 X 10-10M, and sodium 
silicate 1 x 1_5M, sodium vanadate 5 x 10-9M and sodium selenite 3 X 10-
8M. In addition, F12 medium contains 1 X 10-8M copper sulfate, 3 X 10-6M 
ferric sulfate and 1 X 10-6M 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 ~M 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 radio labelled 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 
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cells to different concentrations of dibutyryl cyclic AMP (dbcAMP) for a 
short period. We found that dbcAMP at a final concentration of 10-3M 
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 (10-2M) was toxic. 

In the second set of experiments we exposed cells for 5 days to 
butyric acid, db cAMP , 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. 
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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). 

Of 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 4 
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 GM4 
Ganglioside GD3 
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 

GMl(%) GM4(%) GD3(%) GQlC(A2B5)(%) 

Oligodendrocytes (GC+) 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 GC+ GFAP+ Both+ Neither 

2 
7 

21 
72 

462 (97.0%) 8 (1.7%) 0 
388 (92.6%) 26 (6.2%) 0 
603 (69.1%) 146 (16.7%) 114 (13.1%) 
498 (51. 2%) 252 (25.9%) 212 (21. 8%) 

Table 4 Effects of Cyclic AMP Derivatives and 
RO-1724 on Human Glial Cells in Culture 

Treatment 

5 days 
Control 60.5 19.5 20.0 
8-Bromo cAMP 70.6 (+10.1) 16.3 (-3.2) 13.1 

6 
5 

10 
12 

(-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) 

(1.3%) 
(1.2%) 
(1.1%) 
(1. 2%) 
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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. In 
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 p19 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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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 NH4+ (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-gale]) 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 (61), 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 eNS glial lineage 
relationships. Miller et a1 were able to demonstrate the existence of at 
least two non-interconvertab1e classes of astrog1ia. "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 
astrog1ia1 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 astrog1ia are not understood, but it 
is clear that type 1 astrog1ia1 progenitors diverge from progenitors 
within the oligodendrog1ia1 lineage very early in eNS development. "Type 
2" astrog1ia, 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. In 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 eNS, serves to seed 
the neuropil with precursors for mature oligodendroglia and type 2 
astrog1ia (81). 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 oligodendrog1ia1 lineage. 

Herndon et a1 (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 retrovira1 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 Po 
(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-l (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 aI, 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 eNS 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 aryl sulfatase 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 playa 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, P2 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 P2 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). In 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 playa 
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). 

22 



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 Waller ian 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. P2, Po)' The functional 
consequences of such Schwann cell remyelination of CNS have not been 
established. 
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In the central nervous system (eNS), 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-l (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 
125I-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- t hymidine 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. This technique is 
simple, rapid, reproducible and unambiguous. 

TABLE I. REPORTED M1TOGENS FOR ASTROCYTES AND OLIGODENDROCYTES IN 
CULTURE 

Reported mitogen 

Glial growth factor 
from bovine 
pituitary 

Fibroblast growth 
factor 

Epidermal growth 
factor 

Platelet-derived 
growth factor 

Sources of cells 

ASTROCYTES 

Neonatal rat brain 
Neonatal rat brain 

Neonatal rat brain 

Neonatal mouse brain 
Neonatal rat brain 
Human glial cell line 

Human glial cell line 

Myelin basic protein Mouse embryonic brain 
Adult mouse brain or 
C6TK cell line 

1nterleukin-l Neonatal rat brain 

'Glia promoting 
factors' 

Fibroblast growth 
factor 

Platelet-derived 
factor 

Axonal contact 

T-cell derived 
factors 

1nterleukin-2 

OL1GODENDROCYTES 

Neonatal rat brain 

Neonatal rat brain 

Neonatal rat brain 

Adult rat spinal cord 

Neonatal rat brain 

Neonatal rat brain 

Method* 

C 
D 

D 

D 
B 
C 

C 

D 

B 

B 

A 

D 

C 

D 

B 

B 

Ref. 

6 
29.54 

54 

37 
66 
71 

25 

7 

65 

17 

16,18,19 

13 

3 

73,74 

44 

2 

*Refers to the method of assessing cell proliferation: A~Counting of 
cells not identified by immunostainings, B~3H-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 C 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. In brief, the corpus 
callosum was cut into fragments of 33 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 covers lips coated with 10 
ug/ml polylysine (Sigma, approximate molecular weight of 400,000) at a 
density of 104 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 104 
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 lJg/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. In addition, the concentration (10 ~M) of BrdU added 
for 3 days was found not to be toxic to the cells as assessed by cell 
morphology and survival. In 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,S and 50 U/ml) , EGF and FGF (Bethesda Research Laboratories, 
0.5 and 5 ~g/ml), PDGF (Collaborative Research,S and 50 mU/ml), 
dibutyryl cAMP (DBcAMP, Sigma, 100 ~M and 1 mM), nerve growth factor 
(NGF, Sigma, 100 ng/ml and 1 ~g/ml), forskolin (Sigma, 10 and 100 ~M), a 
tumor-promoting agent 4B-phorbol 12, l3-dibutyrate (PDB, Sigma, 10 and 
100 nM) (8,50), and GGF-BP (1 ~g/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). In addition, a combination of 
GGF-BP (1 ~g/ml) and forskolin (10 ~M) 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 

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

I 

OLIGODENDROCYTES 

Test factor and 10 llM 
BrdU was added 
for 3 days 

SCHWANN CELLS 

Test factor & 
10 uM BrdU was 
added for 
2 days 

I 
Proliferating cells incorporate BrdU, a thymidine analog, into their 

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

I 
Rat anti-glial 
fibrillary acidic 
protein, 1:40 
30 min 

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

Rabbit anti
ga1actocerebroside 
1:20, 30 min 

I 
Goat anti-rabbit 
Ig-rhodamine 
1:40, 30 min 

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

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

I 
0.25% Triton-X, 30 min 

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

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

O.lM sodium borate, pH 9.0, 10 min, to neutralise HC1 
I 

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

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

Covers lips 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 covers lips were divided by similar 
results obtained from control covers1ips to give the proliferation index 
(PI) of the test factor. 

Figure 1. 
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ensure complete removal of unbound BrdU, astrocytes and Schwann cells on 
covers lips 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 
HC1. 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 ~g/ml, PDGF at 5 and 50 mU/ml, FGF at 
the higher concentration tested (5 ~g/ml), and PDB at 100 nM but not 10 
nM. All other agents tested produced a PI value of about 1 and thus were 
ineffective as mitogens. Figure 3 shows a higher density of BrdU 
labelling for fetal astrocytes exposed to GGF-BP when compared to 
controls. 

Figure 2. Control fetal astrocyte culture showing GFAP (A) and 
bromodeoxyuridine (B) incorporation. Astrocytes undergoing proliferation 
are shown by arrows in A. X 1600. 
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Figure 3. GFAP (A, C) and bromodeoxyuridine (B, D) immunofluorescence 
of control fetal astrocytes (A, B) or astrocytes exposed to GGF-BP (C, 
D). Note the higher density of bromodeoxyuridine labelling in culture 
exposed to GGF-BP (D). X 800. 

The proliferative ability of fetal astrocytes appeared to be 
dependent on the period of time in culture. Figure 4 represents the 
percent of control astrocytes (those that were not treated with growth 
factors) that incorporated BrdU as a function of time in vitro. At 11 
days of culture, 57% of astrocytes had positive labelling of BrdU in 
their nuclei. This gradually declined such that after 112 days in vitro, 
only 11% of fetal astrocytes incorporated BrdU. 
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Figure 4. Percent of control human fetal astrocytes undergoing 
proliferation as a function of time in culture. Each point is the mean ± 
SEM of 3-6 determinations. 

In the case of adult astrocytes, no BrdU labelling could be observed 
for control astrocytes or those exposed to the various growth factors . 
It appeared that these adult cells had lost the ability to undergo 
mitosis . Figure 5 shows the absence of BrdU incorporation in the nucleus 
of adult astrocytes. 

Figure 5. Human adult astrocytes do not incorporate bromodeoxyuridine 
into their nuclei . A: GFAP immunofluorescence, B: bromodeoxyuridine 
labelling. X 1600. 
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It should be noted that most fetal astrocytes were flat and 
fibroblast-like (Figures 2 and 3) while most of their adult counterparts 
were protoplasmic and process-bearing (Figure 5). The fibroblast-like 
astrocytic morphology has been designated Type I while protoplasmic and 
process-bearing astrocytes have been described as Type II (55). The 
failure of adult astrocytes to incorporate BrdU did not seem to be due to 
their Type II morphology since similar cells in fetal astrocyte cultures 
were found to incorporate BrdU. 

TABLE III. PROLIFERATION INDEX (PI) OF VARIOUS GROWTH FACTORS ON HUMAN 
FETAL ASTROCYTES AND SCliWANN CELLS IN CULTURE 

Growth factor Concentration PI astrocyte PI Schwann 

Interleukin-2 5 U/ml 1.2 ± 0.2 1.2 ± 0.1 
50 U/ml 0.9 ± 0.1 1.0 ± 0.1 

Glial growth factor 1 lJg/ml 3.6 ± 0.1* 1.7 ± 0.1* 
from bovine 
pituitary 

Platelet-derived 5 mU/ml 2.1 ± 0.1* 1.0 ± 0.1 
growth factor 50 mU/ml 1.8 ± 0.2* 1.7 ± 0.2* 

Fibroblast growth 0.5 lJg/ml 1.0 ± 0.2 1.0 ± 0.1 
factor 5 lJg/ml 1.5 ± 0.1* 1.2 ± 0.2 

Epidermal growth 0.5 lJg/ml 0.5 ± 0.1 0.9 LO.l 
factor 5 lJg/ml 1.2 ± 0.1 1.2 ± 0.1 

Nerve growth 100 ng/ml 1.1 ± 0.1 1.5 ± 0.1* 
factor 1 lJg/ml 1.4 LO.2 1.7 ± 0.1* 

Phorbol-12, 13- 10 nM 1.1 ± 0.1 1.7 ± 0.2* 
dibutyrate 100 nM 3.1 ± 0.4* 1.6 ± 0.1* 

Dibutyryl cAMP 100 lJM 1.1 ± 0.0 1.1 ± 0.1 
1 mM 0.9 ± 0.0 0.8 ± 0.0 

Forskolin 10 lJM not tested 0.9 ± 0.2 
100 lJM not tested 1.1 ± 0.1 

Glial growth factor 1 lJg/ml not tested 1.8 ± 0.1* 
and forskolin 10 lJM 

PI values are mean ± SEM, of between 3 and 6 coverslips each. PI for 
control is 1. *Denotes effective mitogens. SEM of less than 0.05 is 
shown as 0.0. The average % of control fetal astrocytes that 
incorporated BrdU was 16 ± 1.2 (n=12) while that of control fetal Schwann 
cells was 34 ± 2.1 (n=13) (mean ± SEM). 
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Oligodendrocytes 

As was the case with adult astrocytes, adult oligodendrocytes did not 
incorporate BrdU into their nuclei even in the presence of any of the 
test growth factors . This inability was not due to the stage of 
diff .~ rentiation of oligodendrocytes in culture since undifferentiated 
oligodendrocytes (Figure 6) , as well as the ir differentiated counterparts 
(Figure 7), did not show positive labellings with BrdU . That the BrdU 
method works for oligodendrocytes is shown by galactocerebroside and BrdU 
stainings of rat oligodendroccyte isolated on postnatal day 1 and 
incubated with BrdU for 48 hours (Figure 8). 

Figure 6. Undifferentiated human adult oligodendrocytes do not 
incorporate bromodeoxyuridine into their nuclei . A: galactocerebroside 
immunostaining, B: bromodeoxyuridine labelling. X 800. 

Figure 7. Differentiated human adult oligodendrocytes do not 
incorporate bromodeoxyuridine into their nuclei. A: galactocerebroside 
immunostaining, B: bromodeoxyuridine labelling . X 800 . 
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Figure 8 . Postnatal day 1 rat brain at 3 days in vitro was incubated 
with 10 urn BrdU for 48 hours. A: ga1actocerebroside immunostaining, 
B: BrddU labelling. X 800. The positive BrdU labelling is evidence 
that the method can detect mitosis of oligodendrocytes. 

Schwann cells 

In Table III, the PI values of various growth factors on human fetal 
Schwann cells are presented. Mitogenic factors were GGF-BP (1 ug/ml), 
NGF (100 ng/ml and 1 ug/ml), PDB (10 and 100 nM), and the combination of 
GGF (1 ug/ml) and forskolin (10 uM). PDGF produced a positive 
proliferative response only at the higher concentration t ested (50 
mU/ml) . On the average (n of 13 cultures containing between 100-200 
Schwann cells each), 34% of control Schwann cells incorporated BrdU into 
their nuclei over a 48 hour period. Figure 9 compares BrdU 
immunolabelling of control Schwann cells with those exposed to GGF-BP . 
As noted, more Schwann cells were labelled in cultures treated with GGF
BP. 

DISCUSSION 

The search for factors that can promote proliferation of glial cells 
has generated many studies, some with contradictory results. For 
instance, while EGF was found to be mitogenic for neonatal rodent 
astrocytes in the studies of Simpson et al (66) and Leutz and Schachner 
(37), negative result was obtained by Pruss et al (54). A probable 
reason for the discrepancies in the literature lies in the methods 
commonly used to detect cell proliferation, namely 3H-thymidine uptake 
followed by scintillation counting or autoradiography (Tables I and II). 
As aforementioned, these techniques can have potential flaws such as cell 
identification, t he lack of a homogeneous cell population in the case of 
scintillation counting, and the subjectivity that may become importan t in 
autoradiography when differentiating between weakly labelled and 
unlabelled cells. 
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Figure 9. Bromodeoxyuridine immunofluorescence of control human fetal 
Schwann cells (A) or those exposed to GGF-BP (B). X 800. 

In the present series of experiments, a less ambiguous method 
(immunofluorescence of BrdU) was used to assess whether or not several 
soluble factors have the potential to produce proliferation of glial 
cells derived from human fetuses or adults. In addition, since 
astrocytes and oligodendrocytes were simultaneously labelled with their 
cell type specific markers, positive identification of the proliferating 
cell type becomes possible. 

Our results for fetal astrocytes show that four agents were capable 
of producing a mitogenic response: GGF-BP, PDGF, FGF and phorbol ester. 
The effects of FGF and phorbol ester were dose-dependent in that only the 
higher concentrations tested resulted in proliferation. The findings 
with GGF-BP confirm the reports of others for rat astrocytes (6,29,54). 
On the other hand, the negative actions of EGF contrast the findings of 
Simpson et al (66) and Leutz and Schachner (37). Besides the difference 
in the technique used to assess cell proliferation, a possible 
explanation for the discrepancy is that the astrocytes in the present 
study are derived from humans and not rodents. Another possibility is 
that the present experiment was conducted in the present of serum
containing medium while many previous studies were performed in serum
free medium. Indeed, Morrison et al (48) showed that the proliferation 
of astrocytes in 10% serum-containing medium was about 3 times greater 
than those maintained in serum-free medium supplemented with a mitogen, 
FGF. Thus, the presence of serum in the present experiment, itself 
capable of promoting mitosis, might have masked the proliferative ability 
of EGF. However, serum-containing medium presents a more physiological 
environment to the cells than that of serum-free medium and the present 
series of experiments was performed in serum-containing medium for that 
reason. The capability of phorbol ester to stimulate division of fetal 
astrocytes, as well as fetal Schwann cells (see below), has never been 
reported and may represent a widespread tumor-inducing property of 
phorbol esters (for review, see reference 8). 

Figure 4 shows that the potential of control astrocytes to undergo 
proliferation decreases with the length of time that they have been 
maintained in culture. Many cell types lose their proliferative ability 
after repeated mitosis and passaging (14,23,24) and in the present 
experiment, human fetal astrocytes appear to fall into this category. 

That adult astrocytes in culture were incapable of mitosis confirms 
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our earlier observations (31) using 3H- t hymidine radiolabelling to detect 
cell division. This failure did not appear to be due to their Type II 
morphology (58) since some of the Type II astrocytes in the fetal 
cultures incorporated BrdU. In addition, Miller et al (45) showed that 
both Type I and Type II astrocytes could undergo mitosis in response to 
injury. From the results in Figure 4, where fetal astrocytes lose their 
proliferative capability with aging in vitro, it appears that the most 
likely reason for the failure of adult astrocytes to undergo mitosis is 
due to the advanced age of the adult astrocytes, being derived from 
humans of between ages 60-90. It is important to elucidate the mechanism 
by which proliferation of astrocytes (gliosis) is initiated. Gliosis is 
a central problem in CNS regeneration in which uncontrolled astrocytic 
multiplication blocks paths of regrowing nerves. 

As shown on Table I, factors such as 'glial promoting factors', FGF, 
PDGF, axonal contact and Interleukin-2 have been reported to produce 
mitosis of oligodendrocytes isolated mostly from neonatal rat brain. It 
is important to confirm these findings since such results have important 
implications for diseases such as multiple sclerosis where 
oligodendrocytes are lost. Promoting remaining oligodendrocytes in such 
diseases to proliferate, and then to differentiate to produce 
remyelination, may eventually result in restoration of lost functions. 
Since multiple sclerosis is a disease of adults, it is especially 
necessary to test such agents on human adult oligodendrocytes. We 
attempted such an experiment and found that adult human oligodendrocytes 
in culture do not undergo mitosis. In addition, none of the agents 
tested, such as interleukin-2, could promote proliferation. The search 
for effective agents continues. 

Several studies have examined the factors that might induce the 
mitosis of neonatal rat Schwann cells in vitro (Table II). The results 
have led Raff et al (56) to propose that there might exist two pathways 
that led to the proliferation of Schwann cells: one involved cAMP and 
the other did not. This was supported by the observation that the 
combination of forskolin (an adenyl cyclase activator with resultant 
accumulation of cAMP) and GGF-BP (which did not increase cAMP content) 
produced a greater proliferation index on rat Schwann cells than those 
obtained when either was used individually (53). We repeated these 
experiments using human fetal Schwann cells. In agreement with the 
literature (6,52,53,56), GGF-BP was found to increase the proliferation 
rate of human fetal Schwann cells (Table III). Contrasting the results 
of others (54,56,64), NGF (at 100 ng/ml and 1 ug/ml) and PDGF (at the 
higher concentration of 50 mU/ml) were mitogenic for human fetal Schwann 
cells. The mitogenic property of NGF is interesting in view of the 
presence of nerve growth factor receptors on these cells (Kim et aI, J 
Neuroscience Research, in press). 

Unlike the hypothesis of Raff et al (56), we found no evidence for 
the requirement of a cAMP-dependent mechanism in increasing the mitotic 
response of human fetal Schwann cells. This was shown by the lack of 
effects of two concentrations of dibutyryl cAMP or forskolin (Table II). 
The combination of forskolin and GGF-BP did not result in a higher 
response than that of GGF-BP alone, leading to the conclusion that the 
positive effect of the combination was due to GGF only. 

In conclusion, we have assessed the ability of various agents to 
promote proliferation of human glial cells in culture. We began with the 
hypothesis that growth factors described for rodents cannot be assumed to 
be similarly effective in humans and indeed, this may be the main reason 
why some of the results presented here contradict those in the 
literature. The previous observation that interleukin-2 promoted 
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proliferation of oligodendrocytes (44) was of special interest because 
interactions between the immune system and the nervous system are 
increasingly being recognized to be important in the pathogenesis of 
several nervous disorders. However, our results with human glial cells 
could not replicate that finding. The observations that phorbol ester, 
thought to activate directly protein kinase C (9,28,50), stimulated the 
mitosis of human fetal astrocytes and Schwann cells, suggest that 
activation of this important ubiquitous enzyme may trigger key events 
that lead to cell proliferation. Human adult astrocytes and 
oligodendrocytes could not be induced to proliferate in the present 
series of experiments and it is important to continue the search for 
factors that might induce their mitosis in culture. As stated, such 
experiments have strong implications for diseases such as multiple 
sclerosis and CNS injury. 

SUMMARY 

Although several mitogens for glial cells isolated from the rodent 
nervous system have been described, few studies have examined the factors 
that can promote proliferation of human glial cells. Using a new do~ble 
immunofluorescence technique, we assessed various growth factors on the 
proliferation of cultured human glial cells. Cells studied were fetal 
astrocytes, fetal Schwann cells, adult astrocytes and adult 
oligodendrocytes. Mitogens effective for fetal astrocytes were glial 
growth factor from the bovine pituitary, platelet-derived growth factor, 
fibroblast growth factor and 4B-phorbol 12, l3-dibutyrate. The 
proliferative capability of fetal astrocytes decreases with aging in 
vitro. For fetal Schwann cells, effective agents were glial growth 
factor from the bovine pituitary, platelet-derived growth factor, nerve 
growth factor, and 4B-phorbol 12, l3-dibutyrate. Adult astrocytes and 
oligodendrocytes did not normally divide in culture and none of the 
agents tested were effective in inducing their proliferation. The report 
that interleukin-2 was a mitogen for oligodendrocytes could not be 
replicated in the present study on any of the glial cell types. 
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Myelin is a multi-lamellar membrane structure which ensheathes the 
axon and acts to increase nerve conduction velocity without a significant 
increase in axonal diameter. Myelin occurs mainly in vertebrates (1), 
although some invertebrates have been found to have a myelin like 
structure as well. The myelin sheath is synthesized by oligodendrocytes 
in the central nervous system (2) (CNS) and Schwann cells in the 
peripheral nervous system (3) (PNS). The myelin sheath synthesized by 
these two cell types is morphologically similar and consists of a series 
of concentrically wrapped membrane bilayers which are extensions of the 
oligodendrocyte or Schwann cell plasma membrane (4). During myelination, 
these membrane extensions are repeatedly wrapped about the axon and are 
then compacted at both apposed cytoplasmic and extracellular membrane 
surfaces to form the intraperiod and major dense lines seen by electron 
microscopy in mature myelin (5) [see Figure 1]. Maturation of the 
myelinating cell and deposition of the myelin sheath is, thus, 
accompanied by a number of drastic morphological and physiological 
changes which also include the synthesis of a set of new proteins found 
only in myelin (6). Although Schwann cells and oligodendrocytes 
synthesize morphologically similar membrane structures, they have 
different embryological origins and distinct biological properties (2,3). 
This chapter concerns mainly oligodendrocyte gene expression, thus the 
following discussion will focus on the oligodendrocyte and eNS 
myelination. 

In humans, CNS myelination begins with the appearance of the medial 
longitudinal fasciculus at the beginning of the second trimester and is 
virtually complete by the end of the second year (7), although the 
association cortex may continue to myelinate until the tenth decade (8). 
During this critical period, brain weight increases dramatically and this 
increase is predominantly due to the synthesis of myelin (9). The 
multiple fiber tracts of the brain each myelinate at different times and 
at different rates (7). In general, however, more caudal structures 
myelinate earlier than more rostral ones, creating a gradient of 
myelination from caudal to rostral within the neuraxis (7, 8, 10). The 
factors involved in regulating this complex pattern of myelin biogenesis 
are currently unknown. Many studies, however, have revealed a sudden 
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increase in the glial cell population in the brain prior to the onset of 
myelination (11, 12, 13). This cellular proliferation, called 
"myelination gliosis", is accompanied by changes in glial cell morphology 
(14) as well as the accumulation of the lipid components of myelin (15, 
16). This pattern suggests that the production of substances which 
promote oligodendrocyte precursor migration, proliferation and subsequent 
maturation occurs locally around specific axon tracts to be myelinated. 
Current evidence from studies of rat optic nerve cultures suggests that 
type I or protoplasmic astrocytes secrete a factor(s) which promotes 
oligodendrocyte precursor proliferation (17, 18, 19). Whether these 
substances are produced by neurons, astrocytes or some other cell type in 
vivo, however, is still an open question. It is clear from this data, 
however, that regulation of the overall timing of myelination is complex 
and may involve cellular interactions between oligodendrocytes as well as 
several other cell types. 

After this initial phase of cellular proliferation, the developing 
oligodendrocyte sends out processes which make contact with and wrap 
around axons. Stainable myelin then begins to accumulate and myelin 
compaction occurs. During this process, each oligodendrocyte will 
myelinate many different axons, in some instances 35 or more (20, 21), 
unlike the Schwann cell in the PNS which myelinates only one. At this 
stage, local events in the area of the myelinating saxon appear to 
determine the extent of myelination or the number of wraps the 
oligodendrocyte process makes about the axon. Usually the larger the 
axon, the thicker its myelin sheath (22). Electron microscopic studies 
of mouse brain (23) and optic nerve (24) myelination have shown single 
oligodendrocytes myelinating axons of different sizes. In each instance, 
the larger axon had more wraps of myelin, suggesting that myelin 
thickness is specified independently for each axon in an area far from 
the oligodendrocyte cell body. The mechanisms involved in regulating 
this process are not known, but again point out the importance of 
cellular interactions in the control of myelin biogenesis. 

The myelin sheath laid down during this complex series of events is 
composed mainly of lipid, 75% by weight (25), and also contains a number 
of structural proteins (6). In the CNS, the major structural proteins in 
myelin are proteolipid protein (PLP) which makes up about 50% of the 
myelin protein, myelin basic protein (MBP) which makes up about 30% of 
the protein and myelin associated glycoprotein or MAG which makes up 
about 1% of the myelin protein. Cyclic nucleotide phosphohydrolase (CNP) 
and the myelin lipid biosynthetic enzymes make up the rest of the myelin 
protein. With the myelinating oligodendrocyte itself, a unique temporal 
sequence of expression of these myelin proteins has been demonstrated 
both in vitro (26) and in vivo (27) during the period prior to sheath 
formation. Galactocerebroside, a specific lipid, is synthesized first, 
then MBP, MAG and finally PLP are produced and myelination commences. 
For MBP, PLP and MAG, control of new protein synthesis occurs at the 
level of transcription (28, 29, 30, 21) and this is likely to be the case 
for the lipid biosynthetic enzymes as well. Myelination is thus 
accompanied by the expression of a unique set of myelin specific genes, 
although the signals which control the onset of synthesis of these myelin 
specific proteins are not understood. Unlike Schwann cells in the PNS, 
oligodendrocytes do not require the presence ofaxons to carry out this 
program once it has been set in motion (26, 29). In summary then, the 
process of myelination involves regulation of the timing of 
oligodendrocyte proliferation, migration and maturation, temporal 
regulation of the expression of a set of myelin specific genes, and 
finally, control of the extent of myelination. 

Recent application of the techniques of molecular biology to the 
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study of myelination have significantly increased our knowledge of the 
myelin structural proteins, including MBP (32, 33), PLP (30, 34, 35) and 
MAG (31, 36). These techniques have been used to determine the primary 
structures of each of these proteins, to analyze the structure of the 
genes encoding them, and to describe their patterns of gene expression 
during myelination. The genes for each of these proteins have been 
mapped to specific chromosomal locations (37, 38, 39), and in the cases 
of PLP (40, 41, 42) and MBP (43, 44), mutations in these genes have been 
shown to result in profound disruption of the process of myelination. In 
the following sections, I will discuss the molecular genetics of MBP. 
These data, although interesting in themselves, should be viewed in the 
context of myelination as described above, as well as a prelude for 
future work aimed at understanding the cellular and molecular mechanisms 
involved in the overall regulation of myelination. 

Human and Rodent MBP mRNA and Gene Structure: Alternative 
Splicing of the Primary MBP Transcript Produces a Family of MBPs 

In rodent myelin there is a family of four MBPs of 21.5, 18.5, 17.0 
and 14.0 kd. The 18.5 and 14.0 kd forms make up the bulk of the MBP, 
while the 17.0 and 21.5 kd forms are present in much smaller amounts 
(45). These four proteins share a common amino acid sequence and differ 
by the presence of an extra sequence in either the N terminus, the C 
terminus, or both. The 21.5 kd protein has both extra sequences, the 
18.5 kd protein has the C terminal sequence, the 17.0 kd form has the N 
terminal sequence and the 14 kd form has neither. In vitro translation 
of rodent brain mRNA can produce all four proteins, suggesting that they 
are not formed from a single MBP by post-translational modification (46). 
Several laboratories have subsequently isolated cDNAs for each of the 
four mouse MBPs, and have determined the mouse MBP gene structure as well 
(32, 33). These workers found that there was a single MBP gene of 32 kb, 
consisting of seven exons which contained all of the coding information 
in the largest MBP. Thus, the four forms of MBP could be accounted for 
by alternative splicing of a primary MBP transcript from a single MBP 
gene. A summary of these results is shown on the left hand side of 
Figure 2. As can be seen in the figure, alternative splicing of either 
exon 2 or exon 6 produces the four rodent MBP isoforms. Neither the 
mechanism(s) producing these alternatively spliced transcripts nor their 
functional significance for myelination are known. 

Using a similar molecular biological approach, Kamholz et al (47) 
isolated cDNAs encoding three separate human MBPs of 21.5, 18.5 and 17.2 
kd. These cDNAs shared a common sequence and differed by the presence of 
extra sequences in either the 5' or 3' end of their coding regions. The 
human MBP gene structure was also determined, and was found to be 
approximately 45 kb in length. The gene structure was also determined, 
and was found to be approximately 45 kb in length. The gene was similar 
in structure to its rodent counterpart, consisting of seven exons, and 
contained all of the coding information of the largest MBP (J. Kamholz, 
unpublished observations). Alternative splicing of a single human MBP 
transcript can thus also account for the three human MBP isoforms. These 
results are summarized on the right hand side of Figure 2. Alternative 
use of either exon 2 or exon 5 will produce the three human MBPs. Exon 
6, one of the alternatively spliced mouse exons, does not participate in 
alternative splicing in the human case. Although both the human and 
mouse MBP transcripts undergo alternative splicing, the splicing patterns 
in the two species are thus slightly different. Neither the significance 
of this difference, nor the mechanism which produces it, is currently 
understood. 

Alternative splicing of a single transcript producing a family of 
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PNS 

P N S eNS 

Figure 1 Schematic representation of the major features of PNS and 
eNS myelin (above) and electron micrographs of PNS and eNS myelin 
(below). ip- intraperiod line; md- major dense line; A- axon. The 
arrows in the electronrnicrographs indicate the intraperiod line . 
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Figure 2 Schematic representation of the human and mouse MBP genes 
(above) and the corresponding rnRNAs and proteins produced from them 
(below). The numbering scheme for both the genes and rnRNAs refers to the 
MBP exon sequences. kd- kilodaltons; kb- kilobase pairs . 
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proteins from a single transcription unit, has also been found for a 
large number of genes other than MBP (see 48, 49 for recent reviews). In 
fact, both proteolipid protein (PLP) , the major CNS myelin protein, as 
well as myelin associated glycoprotein (MAG), are found in more than one 
isoform produced by alternative splicing (36, 30). The phenomena of 
alternative splicing is thus ubiquitous in brain as well as other 
tissues. Although it is quite common, the function of alternative 
splicing within the cell remains elusive (50). For the MBPs, however, 
several lines of indirect evidence suggest that alternative splicing may 
play an important role in myelination. 

Alternative Splicing of MBP is Conserved in Mammalia~ 
Evolution and Regulated During Myelination 

MBP is conserved in myelin throughout vertebrate evolution, and in a 
number of mammalian species, several minor isoforms of the protein are 
also found, along with a major protein of 18.5 kd. A minor 21.5 kd MBP 
has been found in man, mouse, chimpanzee, guinea pig, cow, rabbit and 
sheep (51, 52). Using antibodies raised to a peptide encoded by MBP exon 
2, which is alternatively spliced in both mouse and human, we have 
specifically detected the guinea pig 21.5 kd MBP isoform (F de Ferra and 
J Kamholz, unpublished). Thus, the guinea pig MBP must have an exon 2 
like sequence in its largest MBP, and it is likely that this protein is 
formed by alternative splicing. By analogy, the cow, rabbit and sheep 
21.5 kd MBPs may also contain exon 2-like sequences, which can 
participate in alternative splicing. Myelin from several mammalian 
species has also been found to contain a 17.6 kd MBP variant (51, 52, 
53), which is also present in chicken myelin. No detailed data are 
currently available for these small MBP variants, although it is likely 
that they are also formed by alternative splicing, as in the case of the 
human 17.2 kd MBP. Thus, alternative splicing is likely to be conserved 
throughout mammalian evolution, and may thus be important for myelination 
in these species. 

In rodent brain, the relative concentrations of the four MBPs have 
been shown to vary somewhat during myelination. Early in the process, 
there is relatively more of the 21.5 and 17.0 kd isoforms, both of which 
contain exon 2 sequences, that can be found later, in more mature myelin 
(46). We have recently investigated myelination in human brain, and have 
found that there is relatively more of the mRNA encoding the 21.5 kd MBP 
isoform in the developing brain than can be detected in adult brain 
material (J Kamholz, unpublished). Since each oligodendrocyte makes all 
of the MBP isoforms, (F de Ferra, unpublished), regulation of alternative 
splicing must occur during the myelination process in order to modulate 
the amounts of these isoforms. These data also suggest that sequences 
contained within MBP exon 2 may be necessary for normal myelin 
development to occur. 

Although there is no direct evidence to implicate minor MBP isoforms 
and alternative splicing as important for the myelination process, the 
above indirect data strongly suggest that this is the case. If this is 
so, what is the role of the minor MBP isoforms? Figure 3 is a cartoon 
version of the myelin proteins situated within the myelin membrane. MBP 
is located on the inner cytoplasmic surfaces, while PLP is a 
transmembrane protein (54). Direct interaction of these proteins within 
the myelin membrane, although suggested in the figure, has not been 
demonstrated directly. Minor MBP isoforms containing exon 2 sequences 
could interact with other cellular constituents- either PLP or other 
membrane proteins and/or lipids in the myelin membrane- and may be 
necessary to direct MBP to the correct position in the cell for myelin 
assembly to occur. Minor isoforms may also be necessary for the myelin 
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Figure 3 Diagrammatic representation of the molecular organization 
of the CNS myelin bilayer. Cyt- cytoplasmic apposition; Ext
extracellular apposition; MBP- myelin basic protein; PLP- proteolipid 
protein. 

-400 
5 ' ........ . ....... CCAG AGCCTTCTGA AACACAGAGC 

-380 -360 
TGCAATAAGG CTGCTCCATC CAGGTTAGCT CCATCCTAGG CCAAGGGCTT 

-340 -320 -300 
TATGAGGACT GCACATATTC TGTGGGTTTT ATAGGAGACA GCTAGGTCAA 

-280 -260 
GACCCCTCAG AGAAAGCTGC TTTGTCCGGT GCTCAGCTTT GCACAGGCCC 

-240 -220 -200 
TGATTCATAT CTCATTGTTG TTTGCAGGAG AGGCAGATGC GAACCAGAAC 

-180 -160 
AATGGGACCT CCTCTCAGGA CACAGCGGTG ACTGGACTCC AAGCGCACAG 

-140 -120 -100 
CGGACCCGAA GAATGCCTGG CAGGATGCCC ACCCAGCTGA CCCAGGGAGC 

-80 -60 
CGCCCC~GATCCGCC TCTTTTCCCG AGATGCCCCG GGGAGGGAGG 

-40 -20 +1 
ACAACACC~GACAGG CCCTCTGAGT CCGACGCAGC TCCAGACCAT 

+20 +40 

CCAAGAAGAC AGTGCAGCCA CCTCCGAGAG CCTGGATGTG ATGGCGTCA 

+60 +80 
CAGAAGAGAC CCTCCCAGAG GCACGGA . .. ... ..... 3' 

Figure 4 Human MBP promoter sequence data. Numbering of the MBP 
promoter sequence begins with the mRNA cap site as determined by primer 
extension analysis. The ATG at which translation is initiated is 
underlined, and is 47 base pairs downstream from the cap site. Also 
underlined are the TATA and CAT like sequences at -30 and -80, and the 
possible myelin specific promoter element at -50. 
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assembly process itself. If this were the case, more of these proteins 
would be necessary during the early stages of myelination than later, in 
more mature myelin, and exon 2 like sequences should be conserved, in 
minor MBP isoforms, throughout evolution. As seen above, both of these 
consequences have been found to be correct. A direct test of this 
hypothesis, however, will be to construct transgenic shiverer mice which 
express only a single MBP isoform. Shiverer mice are missing most of the 
MBP gene, are neurologically impaired, and make quite abnormal myelin 
(43, 44). If multiple MBP isoforms are necessary for myelination, these 
transgenic animals will remain abnormal, since myelin assembly should not 
occur. This type of experimental system can also be used to investigate 
the function of the individual myelin proteins in vivo. In any case, 
alternative splicing of a single MBP transcript, producing a family of 
related proteins, may prove more than a molecular curiosity, and may be 
crucial for the process of myelination itself. 

Regulation of MBP Gene Expression is Likely to Involve 
Interaction of Specific DNA Sequences Upstream from the Gene 
(Promoter/Enhancer Elements) with a Number of Regulatory Proteins 

MBP is expressed in only two cell types, oligodendrocytes and Schwann 
cells, and is under strict temporal control as part of a program of 
myelin specific gene expression. The factor(s) which control this 
expression, however, are currently unknown. Analysis of the expression 
of a large number of viral and cellular genes has shown that, in most 
instances, DNA sequences upstream from the gene, promoters and enhancers, 
are directly involved in regulating gene expression (55). These 
sequences interact with specific regulatory proteins, which either 
stimulate or inhibit transcription of the gene. Thus, in order to 
understand the regulation of the MBP gene, it will be necessary to 
identify its promoter and enhancer elements, as well as those proteins 
with which these sequence elements interact. 

450 bp of DNA sequence upstream of the first exon of the human MBP 
gene is shown in Figure 4. The mRNA cap site, which delineates the 
transcriptional start site of the gene, is marked in bold, and is 47 bp 
from the start of translation (data not shown), and each of the 
alternatively spliced MBP isoforms begins transcription at this same A 
residue. Thus, there is a unique 5' end for the MBP mRNA precursor 
prior to splicing. No currently known regulatory sequence element can be 
found within this sequence. Comparison of this sequence with the 
published mouse promoter (33), however, reveals a significant sequence 
homology over a region of several hundred base pairs upstream from the 
cap sites. No TATA or CAT boxes, sequence elements commonly found in the 
first 80 bp upstream from the cap sites of many eukariotic promoters 
(55), are present within either promoter sequence. Both, however, 
contain a TATA like sequence 30 bp upstream of the cap site and a CAT 
like sequence 80 bp from this site. These are underlined in the figure. 
A 12 bp sequence, GGGGAGGGAGGA, which lies between the TATA and CAT like 
sequences, is also found in the JC virus 98 bp tandem repeat region (56). 
JC virus, which causes the human dysmyelinating disease progressive 
multifocal leukoencephalopathy (PML)_, is a small DNA virus which 
replicates mainly in oligodendrocytes. This 12 bp sequence is thus a 
good candidate for an oligodendrocyte specific regulatory element. The 
physiological significance of this sequence, as well as the rest of the 
putative promoter sequence, is currently under investigation. 

SUMMARY AND CONCLUSIONS 

As shown in the above experiments, we have used the techniques of 
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molecular biology to analyze the structure of both the human and mouse 
MBP genes, and have demonstrated that a family of related MBPs is 
produced in each species by alternative splicing of a single MBP 
transcript. We have also demonstrated that this splicing pattern is 
regulated, producing more of exon 2 containing minor isoforms during the 
early stages of myelination. These data suggest that minor MBP isoforms, 
and thus alternative splicing, may be necessary for normal myelination to 
occur. And finally, we have determined a portion of the human MBP 
promoter and have identified a 12 bp sequence which is likely to act as a 
myelin specific transcription element. 

Future analysis of the regulation of myelin gene expression will 
likely define both the regulatory sequences, promoters and enhancers, for 
the major myelin structural genes, as well as the proteins with which 
they interact. These data will describe the intercellular molecular 
machinery necessary for the cell to carry out the program of myelin 
specific gene expression. they will not, however, give a full picture of 
the overall process of myelination. In order to do this, the details of 
the intracellular events which occur during oligodendrocyte development 
must be more fully defined, and the axonal signals, which are likely to 
accompany specific oligodendrocyte-axon interactions, identified. It 
will also be important to understand how these extracellular events are 
transduced into the intercellular signals which ultimately activate the 
program of myelin specific gene expression. the molecular details of 
myelin assembly must also be worked out, as well as the function of the 
various myelin structural proteins in maintaining the myelin membrane 
structure. These data are not only necessary for understanding 
myelination itself, but are critical for analysis of demyelination as 
well as remyelination. future advances in all these areas will thus 
depend on a thorough integration of both molecular and cellular 
approaches to myelination, creating a truly molecular neurobiology. 
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The molecular events that control the interaction of Schwann cells or 
oligodendrocytes with neurons and finally lead to myelination are at 
present not understood. A detailed knowledge of the process of 
myelination is needed in order to reach the long-term goal of improving 
the prognosis of human demyelinating disorders, possibly by promoting 
efficient remyelination. A body of evidence has accumulated indicating 
that major morphological changes during neural development are caused by 
the interaction of cells through adhesion molecules expressed on their 
surface. It appears likely that specific cell adhesion is also crucial 
to the process of myelination. In this review we summarize the 
structural characteristics of myelin associated glycoprotein (MAG) and 
discuss how it may be involved in cell interactions leading to 
myelination. 

Structure of Myelin 

Myelin is a multilamellar membrane structure surrounding many axons 
in the central (CNS) and the peripheral nervous system (PNS) (reviewed in 
79). It is produced by oligodendrocytes in the CNS and Schwann cells in 
the PNS and typically consists of 30-50 closely apposed double membrane 
leaflets surrounding each axon (10,11). 

Mature myelin sheaths in the central and the peripheral nervous 
system are morphologically related, despite major differences in their 
protein composition (79). The innermost myelin membrane is separated 
from the axon by a constant distance of 12-14 nm, the periaxonal space. 
The central myelin leaflet surrounding the periaxonal space, designated 
inner mesaxon, as well as the outermost membrane leaflet of myelin, the 
outer mesaxon, retains its cytoplasm. The cytoplasm in all the other 
myelin leaflets is extruded during the process of compaction, resulting 
in the tight apposition of the cytoplasmic faces of the two membranes of 
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one leaflet (the major dense line), and the close contact of the external 
faces of two adjacent leaflets (the intraperiod line). Other areas in 
mature myelin which retain their cytoplasm are the paranodal loops 
flanking the nodes of Ranvier and the Schmidt-Lanterman incisures, 
pockets of cytoplasm found within the compacted myelin of the peripheral 
nervous system. The non-compacted areas of myelin form a continuous 
channel of cytoplasm which retains contact with the cell body of the 
myelinating cell (41). 

The Process of Myelination 

The development of techniques for separately culturing pure neurons 
and Schwann cells has allowed a detailed in vitro study of the steps 
leading to myelination. Our understanding of myelination in the PNS is 
more advanced because Schwann cells in culture can be induced to 
proliferate and myelinate more readily than oligodendrocytes. Recently, 
however, successful in vitro myelination of dorsal root ganglion (DRG) 
neurons by pure oligodendrocytes has been achieved and the newly 
developed cell culture techniques have opened the door for the in-depth 
study of myelination in the CNS (98,99). 

The stepwise events that follow the initial contact of Schwann cells 
with pure neurons can be distinguished experimentally (12). First the 
Schwann cells are induced to proliferate by the direct contact with 
neuronal processes. Schwann cell proliferation in the absence of neurons 
can be achieved in vitro by the addition of glial growth factor and 
forskolin, an activator of adenyl cyclase (73). After the initial 
mitotic phase, the Schwann cells migrate and line up at regular intervals 
along the length ofaxons; they bind to axons that will be myelinated at 
a later stage and those that will merely be ensheathed. The binding of 
Schwann cells, which may be mediated by cell adhesion molecules like N
CAM, is therefore not a decisive factor determining the future 
myelination state of axons. In the next step, termed ensheathment, the 
Schwann cell completely surrounds the axon shaft once. Several smaller 
axons «1 um diameter) can be ensheathed by a single Schwann cell. These 
small axons remain arrested at the ensheathment stage and are not 
myelinated. Axons larger than 1 um are enveloped by a single Schwann 
cell. In vitro, the myelination process is halted at this stage, unless 
ascorbate and fetal calf serum are present in the medium (27). Early in 
myelin synthesis, the growing number of lamellae surrounding the axon are 
uncompacted; at a later stage, the myelin lamellae become flattened and 
the cytoplasm is extruded. Parallel with the process of myelination, the 
Schwann cell secretes extracellular matrix components (collagen type I, 
III, IV and V, laminin, entactin and heparin sulfate proteoglycan) which 
form the basal lamina surrounding the Schwann cell (13). Upon 
maturation, the basal laminae of adjacent Schwann cells form a continuous 
tube which encloses the myelinated axon along its whole length (79). 
Compact myelin, morphologically indistinguishable from in vivo myelin, 
can be observed in culture four weeks after the ensheathment stage. 

Neural Cell Adhesion Molecules 

The best characterized cell interaction molecule is the neural cell 
adhesion molecule N-CAM which plays a key role during very early 
development in the segregation of epithelia, the attachment of tissue 
sheets, the conversion of epithelia to mesenchyme and the control of 
cellular migrations (reviewed in 24, 25, 26). In the nervous system, N
CAM mediates the fasciculation ofaxons, the guidance of axonal growth 
cones along glial pathways and the formation of neuromuscular junctions. 
The effects of N-CAM are mediated by the homophilic interaction of two N
CAM molecules expressed on the surface of adjacent cells (15). 

62 



In the adult, N-CAM exists as three protein species of 180, 140 and 
120 kD apparent molecular weight. These three forms of N-CAM share a 
common external domain and were recently shown to arise from a single 
gene which maps to chromosome 9 in the mouse (17) and to chromosome 11 in 
the human (66). The homophilic binding domain is situated near the N
terminus of the common external portion of N-CAM (15), and is part of a 
region containing five tandem repeat units. The repeats are 
approximately 90 amino acids in length and exhibit significant homology 
with the variable and constant domains of immunoglobulins (40). Each 
tandem repeat in N-CAM is coded for by two exons (70), in contrast to the 
homology units of all other members of the immunoglobulin supergene 
family, which are specified by a single exon. 

The 180 kD species (ld chain) differs from the 140 kD form (sd chain) 
by a single insert of 261 amino acids in the cytoplasmic domain which is 
encoded by a single exon (70). The 120 kD N-CAM (ssd chain) lacks the 
entire cytoplasmic domain present in the 140 and 180 kD forms and 
contains at its C-terminal a unique stretch of 24 uncharged amino acid 
residues coded for by a separate exon (5). This region serves as the 
attachment site for phosphatidylinositol which helps to anchor the N
CAM120 protein in the membrane (39). 

The 140 kD protein is the early form of N-CAM and is involved in 
embryonic pattern formation and promotes neuromuscular synapse formation 
in striated muscle (82). The 180 kD form of N-CAM is only found in the 
nervous system and is restricted to postmitotic neurons (72). Its 
temporal and spatial expression parallels that of another neural cell 
adhesion molecule, Ng-CAM. There is some evidence suggesting that N
CAM180 and Ng-CAM may interact on the surface of the same cell (24,92). 

The two proteins together with myelin associated glycoprotein (MAG) 
may playa joint role at the onset of myelination (60,81). 

Myelin-Associated Glycoprotein (MAG) 

Several lines of evidence point to a possible cell adhesive function 
of MAG during myelination. MAG is present in myelin of both CNS and PNS 
and is an integral membrane glycoprotein like the known cell adhesion 
molecules studied so far (N-CAM, Ng-CAM, and Jl) (26). The importance of 
its function is underlined by the fact that, together with MBP, it is 
evolutionary the most highly conserved protein in myelin (62). 

Structure and Expression of MAG 

MAG is a glycoprotein of 100 kD apparent molecular weight and 
contains a high proportion of acidic (20%) and hydrophobic (23%) residues 
(77). The carbohydrate portion represents 30% of the glycoprotein and 
was estimated to consist of up to nine asparagine-linked chains (30). 
The carbohydrate chains are sulfated (61) and contain a high percentage 
of sialic acid (18% by weight of sugar residues). The isoelectric point 
of the protein is unusually low (3.0 to 4.5) as a result of the 
sialation, sulfation, and the high ratio of acidic to basic amino acids 
(77). 

The MAG protein consists of two forms (p67MAG and p72MAG) which vary 
in the size of their peptide portion, as first revealed by 
immunoprecipitation of in vitro translation products of mouse and rat 
brain RNA (30). Peptide mapping of the immunoprecipitated in vitro 
translation products indicated a great degree of similarity between the 
p67 and p72 polypeptides. Frail and Braun (30) first suggested that the 
synthesis of the two MAG species may be differentially regulated during 
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development. The larger form, p72MAG, appears first at the onset of 
myelination in brain, at 10 days after birth; its level reaches a peak 
during myelination and declines as myelination is completed. In 
contrast, the small MAG, p67MAG, is first detectable during the course of 
myelination and steadily accumulates to become the major MAG species in 
the mature animal. The message for the p67 form of MAG predominates in 
the PNS, in particular the sciatic nerve, both during myelination (7 days 
after birth) and after completion of myelin synthesis (12 days after 
birth) (33). 

It was recently determined independently by Salzer et al (84), as 
well as by our lab (M. Tropak, P. Johnson, M. Arquint, J. Roder, R. Dunn, 
submitted), that the two MAG polypeptide species arise from two 
differentially spliced messages originating from the same gene. The 
mRNAs differ only by the presence of a 45 bp insert near the 3' end of 
the coding sequence in the transcript specifying the smaller form of MAG, 
p67 (Fig. lA). The presence of an in-frame termination codon (TGA) 
within the insert causes termination of translation and produces the 
alternative form of MAG which is 44 amino acids shorter than the 
polypeptide specified by the MAG transcript lacking the insert (Fig. IB). 
Since the difference in size corresponds to 5 kD, the discovery of two 
alternately spliced mRNAs provides an elegant explanation for the origin 
of the two MAG polypeptide species of 67 and 72 kD molecular weight 
described previously (30). 

The differential splicing of MAG transcripts is developmentally 
regulated, resulting in the prevalence of the message encoding p72MAG 
during early myelination and the predominance of the message specific for 
p67MAG in adult brain (30, 56, Tropak et aI, submitted). This pattern of 
differential expression suggests strongly that the two forms of MAG play 
different roles. It is plausible that p72MAG is involved in some aspect 
of ensheathment, whereas p67MAG is associated with active myelination and 
the maintenance of the myelin sheath. The peptide segment exclusively 
found in the larger species, p72MAG, contains potential sites for 
phosphorylation by protein kinase G around residues 575-582 and 604-608 
and by tyrosine kinases at Tyr-620 (Fig. 2). This suggests that the 
function of the larger MAG species may be modulated to a greater extent 
by the action of protein kinases. Such an observation has been made for 
N-GAMI80 where the additional cytoplasmic insert appears to contribute to 
a higher phosphorylation state when compared to N-GAM140 (87). 

Evidence for a Role of MAG in Myelination 

Several lines of evidence point to a possible role of MAG in 
myelination or in the maintenance of the myelin sheath. 

1. Periaxonal localization. Together with GNP (2' ,3'-cyclic 
nucleotide 3'-phosphohydrolase), MAG is the only myelin protein found 
localized to the innermost myelin membrane surrounding the axolemma. 
This periaxonal localization has been demonstrated by subfractionation 
and biochemical characterization of myelin and myelin-related membranes 
(reviewed in 78) and by immunocytochemistry at the light microscopical 
(88) and electron microscopical level (93,94). Two controversial reports 
have challenged the accepted notion of the absence of MAG from compact 
myelin (96,28). This finding is in contradiction to the previous 
immunocytochemical studies and has not been confirmed by other 
laboratories (94). 

Recently, the absence of MAG from compact myelin and its precise 
localization to the innermost myelin membrane has been confirmed beyond 
doubt by Schachner and coworkers by electron microscopy, using polyclonal 
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*** TCCAGAGAGGTCTCTACCCCGGATTGTCACTGAGAGCCCCAGGAG 

ATCTCTGGAGCACCTGATAAGTATGAG~GTGAGAAGCGCCTGGGGTCCGAGAGGAGGCTG 
I I I I I I 
1700 1710 1730 1740 1750 

Figure lA Two alternately spliced MAG mRNA species differing by the 
presence of a 45 bp insert. Part of the sequence coding for the 
cytoplasmic domain of MAG is shown. The position of the 45 bp insert 
which is present in a differentially spliced MAG mRNA species, is shown. 
The translation termination codon within the insert (TGA) is indicated 
with an asterisk. 
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Figure lB MAG exists as two peptide species. The amino acid sequence 
of the cytoplasmic domains of the two MAG species p72MAG and p67MAG is 
shown. The splice junction is indicated at which the two polypeptide 
sequences diverge due to a 45 bp insert in the cDNA coding for p67MAG. 
The identical extracellular domains of p67MAG and p72MAG are not 
represented to scale. 
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anti-MAG antibodies coupled to gold particles (60). MAG was observed to 
be present in all non-compacted leaflets of immature myelin, but was 
missing upon compaction. In mature myelin, MAG was found in all non
compacted areas, including the periaxonal membrane, paranodal loops, the 
outer mesaxon, and Schmidt-Lanterman incisures, in confirmation of the 
previous findings of Trapp and Quarles (93). 

The significance of the localization of MAG to the periaxonal region 
can be interpreted in several ways. It may reflect a role for MAG in 
establishing the initial contact between processes of the myelin-forming 
cell and the axon and/or in maintaining the established contact. Trapp 
and Quarles (93) have also proposed that MAG, with its highly negatively 
charged external domain projecting into the periaxonal space, helps 
maintain the constant distance of 12-14 nm between the axolemma and the 
myelin. The localization of MAG to other non-compacted regions 
furthermore suggests that it may prevent compaction of the cytoplasmic 
collar, the outer mesaxon, and the paranodal loops (93,94). It is 
conceivable that MAG interacts with cytoplasmic components of the 
myelinating cell. Alternatively, the bulky protein may simply be 
extruded from myelin during compaction and as a consequence appear 
exclusively in the non-compacted areas. 

2. Role in the maintenance of axon/glial cell contact. Evidence for 
a possible role of MAG in the maintenance of the contact between the 
membrane of the myelin-forming cell and the axon has come from the study 
of the neurological mouse mutant, quaking (95). This mutant is deficient 
in myelin assembly and contains immature myelin, characterized by a 
restricted number of wraps which remain uncompacted. When adjacent 
cross-sections of neurons of the L4 ventral root in the PNS were examined 
during myelination, it was found that areas characterized by a loss of 
the apposition of the Schwann cell membrane and the axon appeared to lack 
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40 kd 

35 kd 

22 kd 

gel purified HAG 

~-

r--__ --, ........ CNBr 

AMINO ACID SEQUENCE 

Cl 

C2 I Tyr-Ala Pro-X-Lys-Pro-(Thr)-Val-X-Gly-(Thr)-Val-Val-Ala-(Val) I 
C3 

C4 I (Pro or Gly).-(Serl-(Ser)-Ile-Ser-Ala-Phe-Glu-Gly I 

Figure 2 Gel purification and sequencing of CNBr fragments of MAG. 
MAG purified by electrophoresis and gel elution was cleaved with cyanogen 
bromide (CNBr) and the resulting peptide fragments (Cl, C2, C3, C4) were 
separated by gel electrophoresis and sequenced by automated Edman 
degradation. The amino acid sequence obtained from two of the four 
peptide fragments (C2, and C4) is shown. 
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Figure 3 Nucleotide sequence of the coding region for MAG. The 
sequence shown is a composite of clones MAG 1.2, MAG 6.2 and clone IB236. 
The sequence of MAG 1.2 spans from nucleotides -132 to 1062, and the 
sequence of MAG 6.2 from nuc1eotides -68 to 1716. The boxed-in area 
represents part of the published sequence of the random cDNA clone IB236 
(89), which overlaps with the isolated MAG clones between positions 921 
and 1716. The numbering of nucleotides starts at the putative translation 
start site. Amino acids are shown in the standard one-lettercode and 
numbered in the left-hand margin. The amino acid sequences corresponding 
to the sequenced CNBr peptides C2 and C4 are boxed-in. The putative 
signal peptide and transmembrane regions are underlined. Potential 
asparagine-linked glycosylation site is circled and the fibronectin 
recognition sequence Arg-Gly-Asp is underlined with dashes. 

MAG, 
cell 
MAG. 

as judged by immunocytochemistry. Other regions where the Schwann 
membrane remained in close contact with the axolemma did express 

The correlation between the lack of MAG and the absence of the 
constant 12-14 nm periaxonal space was confirmed by examination of many 
adjacent 1 um cross-sections. Furthermore, wherever MAG was missing from 
the periaxonal membrane, the adjacent cytoplasmic collar was absent due 
to the fusion of the innermost myelin leaflet, suggesting an inhibitory 
effect of MAG on compaction. 
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Consistent with its putative cell adhesion function, MAG has recently 
been reported to mediate the contact between neurons and 
olig9dendrocytes, as well as amongst oligodendrocytes (60). 

3. Time of expression. If MAG is important for the initial contact 
of the myelinating cell with the axon, its expression on the cell surface 
should precede that of other myelin proteins. Lazzarini and coworkers 
have reported that, in vitro, immunostaining for MAG can be detected 
several days before MBP is observed first in the cytoplasm of cultured 
rat oligodendrocytes (23). In vivo, the levels of the periaxonally 
located myelin proteins, MAG and CNP, were found to increase more rapidly 
than MBP during myelination in the rat optic nerve and the medulla, as 
determined by a sensitive radioimmunoassay (51). 

4. Shared epitope between neural cell adhesion molecules and MAG. 
MAG from several species, including human MAG, shares a highly 
immunogenic carbohydrate epitope with the known neural cell adhesion 
molecules N-CAM, Ll (or Ng-CAM), and Jl (63,55,85). The hypothesis that 
the presence of this epitope is a distinctive feature of a family of cell 
adhesion molecules was proposed by Schachner and co-workers and tested 
using anti-carbohydrate epitope antibodies to isolate novel proteins. 

MEMBRANE 

EXTRACELLULAR SPACE CYTOPLASM 

Figure 4 Potential three-dimensional structure of MAG. The 
transmembrane protein MAG is shown with its amino terminus (N) projecting 
into the extracellular space and the carboxyl end (C) located within the 
cytoplasm. The immunoglobulin-like homology units are represented as 
disulphide-linked domains. The homology units with the least homology 
(domains I and II) are shown as dotted circles. The positions of the 
fibronectin-like tripeptide sequence RGD, of the asparagine-linked 
carbohydrate chains (arrows), and of potential phosphorylation sites (P) 
are indicated. 

NCAM 

MAG 

Figure 5 Homology between the three major repeated domains in MAG 
(domains III, IV and V) and the neural cell adhesion molecule (N-CAM). 
Line 1 shows the third of the five internal repeats of N-CAM (70) and the 
residue numbers shown are according to Hemperly et al (40). Lines 2, 3, 
and 4 contain the contiguous amino acid sequence of MAG between amino 
acids 246 and 513, aligned to show maximum internal homology (domains 
III, IV, and V). Amino acid positions are indicated in the left and 
right margins. Amino acid identities are boxed. 
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Their hypothesis was supported by the fact that one of the proteins 
isolated, Jl, was subsequently found to mediate astrocyte/neuron 
interactions (55). The finding of a cell adhesive property for the Jl 
glycoprotein suggests the possibility that MAG may be involved in cell
cell interactions in the nervous system. 

5. Role of MAG in disease. The human demyelinating diseases in the 
GNS include multiple sclerosis, progressive multifocal 
leukoencephalopathy, and subacute sclerosing panencephalitis. The 
peripheral neuropathies are a heterogenous group of disorders which may 
be characterized by primary or secondary demyelination in the PNS, 
resulting in motor and sensory dysfunction, (reviewed in 91). Despite 
the fact that experimental demyelination can be induced by immunization 
with whole myelin or certain myelin antigens such as myelin basic protein 
(MBP) , proteolipid protein (PLP) , cerebrosides, and the P2 protein of the 
PNS (reviewed in 9), no autoantigen specific for demyelinating diseases 
such as multiple sclerosis has yet been found (50). 

MAG is the only known myelin protein which was identified as an 
autoantigen in demyelinating peripheral neuropathies (8). Twenty percent 
of peripheral neuropathies are characterized by a plasma cell dyscrasia 
resulting in the production of high levels of a single monoclonal 
antibody directed to the previously described immunogenic carbohydrate 
epitope on MAG (58,8,31) in 60-70% of patients (37,68). Other 
autoantigens recognized by monoclonal antibodies associated with 
peripheral neuropathies have been reported and include unidentified 
gangliosides of GNS and PNS myelin (68). Since the carbohydrate epitope 
on MAG is also present on two small glycoproteins and two sphingolipids 
of the PNS (47), the possibility cannot be excluded that these antigens, 
rather than MAG, are originally responsible for the development of the 
disease. 

The MAG-reactive IgM paraprotein isolated from patients is clearly 
capable of inducing peripheral demyelination upon intraneural injection 
into cats (38). A contrasting report by Bosch et al (7), who observed no 
significant demyelination upon injection of serum from three 
polyneuropathy patients into sciatic nerves of rats, can be explained by 
the known lack of cross-reaction of the human carbohydrate-specific 
monoclonal antibodies with rat MAG (59). However, it is not certain if 
the disease is actually caused by the MAG-reactive IgM or if the presence 
of the monoclonal antibody is a secondary effect of previous injury to 
the myelin sheath. In some patients, the neuropathy appears before the 
development of gammopathy (21), suggesting that the accumulation of 
monoclonal IgM may be a secondary event. Biopsy material from several 
patients with peripheral neuropathy was shown to contain IgM deposits on 
the outer mesaxon of the myelin sheaths and antibody damage was indicated 
by the widening of outside myelin lamellae (64). However, since no 
strict correlation was found between the level of IgM deposits and the 
severity of the disease, the IgM antibody may not be directly involved in 
the disease process (65). It has been suggested by R. Quarles (78) that 
the MAG-reactive IgM antibodies, although not the actual cause of the 
neuropathy, may influence the clinical course of the disease by 
preventing remyelination. 

Several independent studies of multiple sclerosis (MS) patients 
(48,34,52) have shown that MAG is significantly decreased relative to 
other myelin proteins in the region surrounding demyelinated plaques. 
Thus, in brains of six MS patients the quantitative reduction of MAG, 
detected by radioimmunoassay, was greater than that of MBP or GNP in the 
normal appearing white matter, as well as the periplaque and plaque 
regions (52). However, since similar observations were made in patients 
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with peripheral multifocal leukoencephalopathy (49), the early loss of 
MAG may merely be an indicator of the death of oligodendrocytes induced 
by the disease. A humoral immune reaction to MAG seems unlikely in MS 
since most studies have failed to detect anti-MAG antibodies in the 
cerebrospinal fluid (CSF) of MS patients (29,67). On the other hand, 
Johnson et al (53) have reported recently that 30% of MS patients studied 
(9 out of 30) exhibited a cell-mediated immune response to MAG, compared 
to 9.8% (8 out of 81) responding to MBP in vitro. Although the level of 
the cell-mediated response to MAG exhibited by lymphocytes from 
individual patients was lower than to MBP, the number of patients 
reacting to MAG was significantly higher than controls. The 
significance, if any, of this finding with respect to the disease process 
in MS is not yet clear. The sum of the evidence accumulated up to date 
does not support a direct role for MAG in the development of MS. 

Cloning and Sequencing of cDNAs Coding for MAG 

The unique properties of MAG suggested that it might play an 
important role during the process of myelination. No data were available 
on the sequence or structure of MAG, due to the low abundance of the 
protein in myelin «1% in CNS and <0.1% in PNS) and because of blockage 
of its amino terminus (77). To provide a basis for future studies of the 
function of MAG, we set out to obtain reliable sequence information by 
cloning the cDNA coding for MAG. We used two MAG peptide-specific 
monoclonal antibodies, GenSl and GenS3, to screen a library of adult rat 
brain cDNA cloned in the expression vector Agt-ll (102). This vector 
permits the expression of any cloned insert in the form of a B
galactosidase fusion protein and the detection of the correct hybrid 
protein with the help of specific antibodies. Seventeen different clones 
were isolated from a screen of 106 recombinants with the pooled 
monoclonal antibodies. 

Several criteria were applied to distinguish between the genuine MAG 
clones and those detected by spurious antibody reactions. The genuine 
monoclonal antibody-reactive MAG clones should contain part of the same 
DNA sequence, and are therefore expected to cross-hybridize in Southern 
blots. Two main cross-hybridizing groups and several clones that failed 
to cross-hybridize with any other recombinant were observed (Table 1). 
The seven cross-hybridizing clones showed the pattern of expression 
predicted for MAG-specific clones, since they were expressed in brain but 
not liver and were present at high abundance during the time of peak 
myelination in brain. Two of the seven brain-specific clones (1.2 and 
6.2) were further shown to be myelin-specific by demonstrating that the 
level of hybridizing message was greatly diminished in the brain of the 
hypomyelinating mouse mutant 1imgy when compared to its normal 
littermates. Although the primary genetic defect in this mutant has been 
mapped to the gene coding for proteolipid protein (19), the expression of 
the MAG gene is known to be greatly reduced in 1imgy brain, as 
demonstrated by in vitro translation and immunoprecipitation of 
translation products with MAG-specific antibodies (32). Furthermore, 
clones 1.2 and 6.2 were the only recombinants out of the 17 clones 
originally isolated with the monoclonal antibodies that gave a positive 
immune reaction in a second-stage screen with two different MAG-specific 
polyclonal antibodies. 

The critical piece of evidence for the identification of the cDNAs 
was obtained by the determination of the amino-terminal amino acid 
sequences of two MAG peptides, C2 and C4, derived from gel-purified MAG 
by cyanogen bromide cleavage. Confirmation that the peptides originated 
from MAG was provided by demonstrating that they reacted with anti-MAG 
polyclonal antisera and that one of these peptides (C2) also reacted with 
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Table 1 CHARACTERIZATION OF ANTIBODY-REACTIVE GT -11 CLONES 

Clones'!! 2 5 6 4.3 5.1 5.2 l.3 3.1 3.2 3.3 6.1 l.2 6.2 

Antibody: reaction 

moAb GenSl + + + + + + + + + + + + + 
moAb GenS3 ++ + + + + + + + + + 
antiserum R3B10 - - + + 
antiserum RL + + 

Cross-hy:bridization 

group 1 + + + + + 
group 2 + + 

mRNA eXI1ression 

in brain + + + + + + + + 
in liver + 
myelin-specificb + + 

mRNA size (kb) 0.5 3.5 3.5 3.5 3.5 3.5 2.5 2.5 
3.0 3.0 

aThe inserts of thirteen out of seventeen cDNA clones reactive with 
monoclonal antibodies GenSl and GenS3 were purified for Southern and 
Northern analysis. 
bAs determined from the abundance of the specific transcript in the brain 
of the hypomyelinating mutant ~. 

an anti-MAG monoclonal antibody. Phenylthiohydantoin derivatives of 
amino acids were identified at 13 of the first 15 cycles of Edman 
degradation of peptide C2 and 9 of 9 cycles for peptide C4 (Fig. 3). 
These sequences exactly matched the amino acid sequence deduced from the 
DNA sequence of clones 1.2 and 6.2 at all assigned positions (Fig. 2). 
Taken together, these data unambiguously demonstrate the correct identity 
of the cDNA clones MAG 1.2 and MAG 6.2. 

Features of the Deduced MAG Amino Acid Sequence 

A search of the DNA sequence databank Genbank revealed that the MAG 
clones 1.2 and 6.2 overlapped with part of an unidentified brain
specific cDNA clone, designated 1B236 (89). Since the amino acid 
sequence of MAG was previously not known, the identity of clone lB236 
remained undetermined until we reported a sequence overlap between clone 
1B236 and the proven MAG cDNA clones 1.2 and 6.2 (2). 

The DNA sequence of MAG 6.2, which represents 91% of the total coding 
sequence of MAG, combined with part of the sequence of the random clone 
1B236, resulted in the complete open reading frame for MAG (Fig. 2). The 
single open reading frame codes for 626 amino acids with a calculated 
molecular weight of 69 274, which matches size estimates obtained from 
the electrophoretic mobility of in vitro translated, non-glycosylated MAG 
polypeptides in polyacrylamide gels (30). The MAG coding sequence shown 
in Fig. 2 was precisely confirmed by Salzer et a1 (84) and Lai et al (56) 
several months after our original publication. 
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A hydrophobicity profile of the translated open reading frame reveals 
two areas of strong hydrophobicity, a stretch of 17 residues at the 
extreme amino terminus and a hydrophobic region between residues 517 and 
536 (Fig. 2). The amino terminal hydrophobic region probably represents 
the leader sequence, which is required during translation of the mRNA 
coding for many integral membrane proteins and secreted proteins (83) to 
ensure the correct insertion of the nascent peptide into the endoplasmic 
reticulum. The second hydrophobic stretch encoded by the cDNA most 
likely represents the transmembrane domain and is characterized by the 
presence of mostly small uncharged residues capable of forming an alpha 
helix. A group of basic amino acids (Arg-Arg-Lys-Lys) lies at the 
junction of the transmembrane segment and the putative cytoplasmic domain 
between positions 537 and 540, as is commonly observed in many integral 
membrane proteins. These residues are thought to interact with the 
charged phospholipid head groups and represent a "halt transfer" signal, 
operative during the translational insertion of nascent polypeptides into 
the membrane of the endoplasmic reticulum (83). The membrane spanning 
region contains a single cysteine residue which may serve as a site for 
fatty acid attachment as described for the heavy (a) chains of some human 
MHC antigens (54). At present, there are, however, no experimental data 
available to support this possibility. 

The MAG coding region is divided into a putative 499 amino acids long 
extracellular domain and a 90 amino acids long cytoplasmic domain (Fig. 
4). Consensus sequences for eight N-linked glycosylation sites (Asn-X
Ser/Thr) are present in the extracytoplasmic domain, in confirmation of 
the approximate number of oligosaccharide chains estimated to be present 
in the MAG protein (30). 

A fibronectin-like tripeptide sequence Arg-Gly-Glu (RGD) is found 
approximately 100 amino acids from the amino terminal end of MAG, at 
residues 118-120 (Fig. 2). This tripeptide has been shown to playa 
crucial role in the interaction of the extracellular matrix proteins 
fibronectin (71,100), vitronectin (76), and osteopontin (69) with their 
respective cell surface receptors. The amino terminal disposition of the 
RGD sequence in MAG would allow for a potential interaction of the 
extracellular domain of the glycoprotein with a cell surface receptor in 
the closely apposed axonal membrane. However, the presence of the RGD 
sequence in a protein may not always be indicative of a function. 
Therefore, the possibility that the fibronectin-like sequence of MAG may 
play a role in the interaction between the glial cell and the axon will 
require experimental confirmation. 

MAG is a Member of the Immunoglobulin Supergene Family 

The most striking feature of the extracellular domain of MAG is the 
presence of up to five tandemly repeated units of sequence homology 
(Figure 4). Domains III and IV, between residues 246 and 331 and 332 and 
416, respectively, share the highest internal homology, consisting of 45% 
identical amino acids or 74% combined identical and conserved residues 
(Fig. 5). In contrast, the internal homology in domains I, II, and V is 
mostly restricted to the amino terminal half of each unit. 

The homology units are approximately 90 amino acids in length, 
contain two invariant cysteines (Fig. 5), and share significant homology 
(20-25%) with the variable and constant domains of immunoglobulins (Table 
2). Immunoglobulin domains were shown by x-ray crystallography to 
consist of two B-pleated sheets, held together by the disulphide-linked 
conserved cysteines to form a structure called the antibody fold (1). 
The two B-pleated sheets are formed by seven antiparallel B strands in 
the constant domain and by nine B strands in the variable domain (42,74). 
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Analysis of the secondary structure characteristics of the MAG homology 
units using Pepplot (35), a computer program based on the method of Chou 
and Fasman (14), indicates that the amino acids surrounding the two 
cysteines have the potential to form B-p1eated sheets. The presence of 
intrachain disu1phide bonds in MAG has been suggested by Gu1cher et a1 
(36), based on the preliminary observation that the mobility of unreduced 
MAG in polyacrylamide gels is slightly greater than that of reduced MAG. 
It is, therefore, likely that the MAG repeat units form immunoglobulin
like domains that are held together by disu1phide bonds (Fig. 4). 

The predicted number of B pleated strands indicates that the MAG 
homology units are more closely related to constant immunoglobulin 
domains, as judged by secondary structure characteristics. On the other 
hand, the pattern of conserved amino acids, exhibited especially by 
domains III and IV, shows characteristics of the sequence of variable 
domains. The most striking variable-like sequence conservation is 
represented by the amino acid stretch E-D-(X)-G-X-Y-X-(C), found on the 
amino terminal side of the second cysteine of domains III and IV, at 
positions 299-305 and 385-392 (Fig. 5). 

Most potential sites for N-glycosylation are situated on the carboxy 
terminal side of the second cysteine of each MAG homology unit, placing 
the oligosaccharide chains between adjacent domains (Fig. 4). Exceptions 
are two N-g1ycosy1ation sites which lie in the center of the fifth 
homology domain. The sequence stretch separating units I aad II is 
larger than the average distance between the other homology domains and 
contains the fibronectin-1ike sequence RGD in its center. 

The internal homology domains in MAG are related to five tandem 
homology units found in the extracellular domain of the neural cell 
adhesion molecule (N-CAM (40,70) (Fig. 6). There is a maximum degree of 
homology of 30% between the third domain of N-CAM and the third domain of 
MAG (Fig. 5). The relatedness of MAG and a known cell adhesion molecule 
in the nervous system provides further evidence for a cell-adhesive role 
of MAG during myelination. As in MAG, the homology units of N-CAM 
display sequence characteristics similar to variable domains and 
secondary structure characteristics typical of constant domains of 
immunoglobulins. Furthermore, similar to MAG, the first of the five 
tandem homology units lies close to the amino terminus of N-CAM (70,5). 
Most importantly, the first two, and possibly the third, amino terminal 
domains of N-CAM have been shown to mediate the homophilic binding 
between two cell adhesion molecules (16). By analogy with N-CAM, the 
possibility is strong that the homology units of MAG may mediate the 
recognition and specific binding of a putative receptor on the axonal 
membrane, resulting in myelin/axon adhesion. 

Many proteins with a role in recognition in the immune system have 
been found to contain at least one immunoglobulin-like homology unit and 
have, therefore, been classified as members of the immunoglobulin 
supergene family (45). After N-CAM, MAG is the second protein of the 
nervous system shown to belong to this family of recognition molecules 
(Table 2). This supergene family includes eight multigene families and 
several single-gene representatives. The multigene group consists of the 
families of light (k and A) and heavy chain immunoglobulin genes, of 
the a, B, and Y chain genes of the T cell receptor and of the class I and 
class II genes of the major histocompatibility complex (MHC). Single 
gene members include accessory molecules to the T cell receptor involved 
in class I (CDS) and class II (CD4) MHC restriction, as well as in ion 
channel formation (T3g, T3E), the poly-Ig receptor, and B2 microglobulin 
(associated with class I MHC molecules) and the surface markers Thy-1 and 
Ox-2, present on both lymphocytes and neurons (42,45). 
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A common feature of the genes specifying all members of the 
immunoglobulin supergene family, except N-CAM, is the fact that the 
coding information for each homology unit is contained within a single 
exon (42,70). Sutcliffe and collaborators have just published the exon
intron structure of the IB236 gene (56), which we had shown previously to 
be identical to MAG (2). The entire extracellular domain including the 
transmembrane region of the glycoprotein is encoded by a total of five 
exons (exons 5-9). The exon boundaries of the MAG gene lie within ten 
residues or less of the approximate borders of the homology domains at 
positions 28, 147, 246, 332, and 417. It is, therefore, clear that, in 
contrast to the N-CAM gene where each unit is represented by two exons 
(70), the homology domains of MAG are encoded in their entirety by single 
exons. This gene structure lends support to the view that the presence 
of the immunoglobulin homology domain in many diverse proteins can be 
attributed to the repeated duplication during evolution of a common 
ancestral gene unit which may have encoded a primordial cell surface 
receptor (42). 

Phosphorylation of MAG 

The cytoplasmic domain of MAG contains several potential 
phosphorylation sites. The sequence at the carboxyl terminus of MAG 
surrounding tyrosine-620 is strongly homologous with the major site of 
autophosphorylation (tyrosine-1137) at the carboxyl terminus of the 
epidermal growth factor (EGF) receptor (22) (Fig. 7). In this region, 7 
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Figure 6 Homology between MAG and N-CAM. The amino acid sequence of 
MAG (vertical axis) was compared to that of N-CAM (horizontal axis) (40) 
using the Sequence Analysis Package designed by the University of 
Wisconsin Genetics Computer Group (UWGCG). Homology between the MAG and 
the N-CAM amino acid sequence (across a window of 30 amino acids at a 
stringency of 32.0 according to the Staden protein comparison matrix) is 
indicated as dots. The three major domains of MAG (domains III, IV, and 
V) that are homologous to the N-CAM tandem repeat units (of which four 
are shown) are indicated as patterned boxes. The membrane-spanning 
domains are represented as black boxes and the amino (N) and carboxyl (C) 
termini of the proteins are shown. The map position of amino acid 
residues is indicated. 
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of 12 residues of the MAG sequence (between residues of 614-625) are 
identical to the EGF receptor sequence, if a two-residue gap is included. 
There is evidence that autophosphory1ation of tyrosine-lI37 regulates the 
function of the EGF receptor by stimulating its intrinsic kinase 
activity. It is unclear at present what relevance, if any, this sequence 
homology has to the function of MAG, since its cytoplasmic portion lacks 
a tyrosine kinase-related domain (46). In addition, there are several 
potential serine and threonine phophory1ation sites in the cytoplasmic 
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Figure 7 Homology between the cytoplasmic domains of MAG and of the 
receptors for EGF (EGF-R) insulin (INS-R) and fibronectin (integrin band 
3). The carboxyl terminal MAG residues 614-625, including a two-residue 
gap after tyr-620 are shown in the standard letter code. The major 
autophosphory1ation site in the EGF receptor (tyr-1137) is marked with a 
filled-in circle. Homologies between MAG and the EGF receptor are boxed 
in. Cytoplasmic segments of INS-R and integrin band 3, with less 
extensive homology to the EGF-R than MAG, are shown for comparison. 

domain of MAG (Fig. 2), as indicated by consensus sequences for the 
calcium calmodulin-dependent or cAMP-dependent protein kinases at 
residues 537-543 (R-R-K-K-N-V-I) and for protein kinase C at residues 
575-582 (K-R-L-G-~-E-R-R) and 604-608 (K-R-P-I-K). 

We have shown in preliminary experiments that purified MAG is an 
excellent substrate for in vitro phosphorylation both by the src and the 
fQ2 tyrosine kinases. It is not clear at present if the phosphorylated 
site is identical with the tyrosine-620 within the EGF receptor-like 
sequence. The possibility that tyr-620 may be the major site of in vitro 
phosphorylation in MAG was, however, suggested indirectly by the finding 
that the phosphorylation of MAG was almost completely inhibited by the 
addition of a 16-residue synthetic MAG peptide, containing residues 609 
to 624, to the tyrosine kinase reaction. However, since not all proteins 
that are phosphorylated in vitro by tyrosine kinases are in vivo 
substrates (46), the relevance of this observation to the in vivo 
situation needs to be studied further. 
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Phosphorylation in the cytoplasmic domain of MAG might have various 
effects. It might induce a conformational change which, upon 
transmission to the extracellular domain, may influence the putative 
binding interactions of MAG. Such an effect has been observed for growth 
factor receptors, as well as the B-adrenergic receptor, where 
phosphorylation of serines or threonines in the cytoplasmic domain 
reduces the binding affinity for ligands (86). However, contrary to MAG, 
these receptors either contain more than one subunit or, as has been 
shown for the EGF receptor, dimerize upon ligand binding. 

Alternatively, phosphorylation might affect the interaction of MAG 
with the cytoskeleton. Preliminary immunocytochemical evidence indeed 
suggests that MAG may interact with the cytoskeletal protein spectrin, as 
indicated by the co-localization of MAG and spectrin in the non
compacted areas of myelin (J. Griffin, unpublished observation). Further 
evidence that MAG may interact with the cytoskeleton comes from the 
observation of homology between a region in the center of the cytoplasmic 
domain of MAG (residues 550-573) and the carboxyl terminal sequence of 
the band 3 component of the fibronectin receptor integrin (90,84). Since 
the small intracellular domain of the band 3 protein is known to interact 
with actin, probably through the intermediary of spectrin, the homologous 
sequence in MAG may represent the site of interaction of the glycoprotein 
with spectrin. 

Possible Functional Implications of the Structure of MAG 

The contact between the axon and the myelin membrane may be mediated 
by the large external domain of MAG, which is thought to project from the 
innermost myelin leaflet into the periaxonal space (78) and may contact a 
specific receptor on the axonal membrane. The immunoglobulin-like tandem 
repeat units of MAG may be important in the binding between the 
glycoprotein and its putative receptor. This possibility is strongly 
suggested by analogy with the neural cell adhesion molecule N-CAM, where 
several similar repeat units form part of the homophilic binding domain 
of the molecule (16). 

MAG may be involved in the initial recognition ofaxons by the 
myelinating cell, as well as during the process of myelination. It is 
plausible that during active myelination the short-lived association of 
individual MAG molecules with specific MAG receptors on the axon supports 
the continued circumnavigation of the innermost myelin leaflet around the 
axon. The continued movement of the inner lip requires that the 
interaction between MAG and its putative receptor, as well as the contact 
between adjacent myelin leaflets, be of low affinity and, therefore, 
reversible. This would permit the sliding of compact myelin lamellae 
past each other while new membrane material is added. 

After completion of myelin synthesis, MAG continues to be expressed 
in the adult nervous system. This underlines the importance of its 
function, not only during myelin synthesis but also in the maintenance of 
the myelin sheath. 

Mapping of the MAG Locus 

In a collaborative effort, Uta Francke and coworkers used the clone 
MAG 1.2 in Southern blot analyses of rodent x human and hamster x mouse 
somatic cell hybrids to assign the human locus for MAG to chromosome 19 
(HSA19) and the mouse locus to chromosome 7 (MMU7) (6). The location of 
the MAG gene was mapped more precisely on the human chromosome by showing 
that a hybrid that expresses human glucose phosphate isomerase (mapped to 
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human 19cen--<q13) but contains no microscopically undetectable 
chromosome 19, was positive for the MAG gene. The region containing the 
locus for glucose phosphate isomerase (GPI) is conserved in evolution 
between the human chromosome 19 and the mouse chromosome 7 (57) and 
includes other homologous loci, such as peptidase D (PEPD and Pep-4), 
luteinizing hormone B subunit (LHB), and transforming growth factor B. 
One neurological mutant, quiverin~ (gy), is part of this linkage group 
(Fig. 8) and is flanked by Qpl and Pep-4 at a distance of about 1 cM 
(20). Ouiverin~ are known to suffer from auditory impairment (43,44) and 
exhibit varying levels of paralysis which may be due to a defect in 
myelination. The chromosomal mapping data of Uta Francke and co-workers 
suggested that the defect in quivering could involve the MAG gene. 

To test this hypothesis, the quiverin~ mutant was analyzed for a 
possible defect in the structure or the expression of the MAG gene. 
Southern analysis of the MAG gene in the quivering mutant indicated the 
absence of a gross deletion or DNA rearrangement. Furthermore, the 
abundance and the size of both the MAG transcript and of the MAG protein 
were normal in the quivering mutant (6). These results suggest that if 
the MAG gene is affected in the quivering mutant, the defect is due to an 
undetected small deletion or point mutation. Such a mutation may impair 
the function of one or both forms of the MAG gene. It is conceivable 
that no large structural disruption in the MAG gene was observed because 
a major alteration would result in a lethal mutation, and would, 
therefore, not be present amongst the panel of viable neurological 
mutants. Alternatively, the MAG gene may not be identical with the gy 
locus, despite the close map location of the two loci. Resolution of 
this issue will require a more detailed analysis of the MAG gene isolated 
from the quivering mutant. 

Table 2 PROTEIN HOMOLOGIES OF MAG 

Identity MAG Region Gaps 
% (residue) 

N-CAM (93 - -> l82)a 30.5 246 - -> 327 1 
HLA class II, DRa (119 - -> 190)b 28.7 246 --> 326 3 
HLA class II, SBa (104 --> l42)c 45.9 254 - -> 290 1 
IgA heavy chain C region (140 --> 199)d 22 254 - -> 312 2 
T-cell receptor a, V region (28 --> 73)e 30 247 - -> 297 1 
BOLFl protein of EBV (25 --> 106)f 47.5 246 - -> 327 1 

A search of the National Biomedical Research Foundation (NBRF) protein 
data base with the amino acid sequence of MAG indicated homology between 
the third domain of MAG and several members of the immunoglobulin gene 
family. These include (a) chicken N-CAM (40); (b) HLA class II 
histocompatibility antigen, DRa chain precursor (18); (c) HLA class II 
histocompatibility antigen, SBa chain precursor (3); (d) Iga-l chain, 
constant region (75); and (e) T-cell receptor a chain precursor, V region 
(101). The hypothetical BOLFI protein of unknown function from Epstein 
Barr virus (4) is included (f) due to its high homology across the entire 
third MAG homology domain and the presence of two invariant cysteine 
residues, at a distance of 45 amino acids. The numbers in parentheses 
represent the region of highest MAG homology within each protein. 

77 



7 

qv __ 

Figure 8 Chromosomal location of the murine quivering (qv) locus. 
The region of mouse chromosome 7 (35% of the total chromosome) 
containing the loci for quivering (gy), glucose phosphate isomerase 
(&21) and peptidase (~) is shown. The mag and gy loci are closely 
linked. 

SUMMARY 

The isolation and sequencing of two specific cDNAs from a rat brain 
cDNA library has allowed the deduction of the complete amino acid 
sequence of myelin-associated glycoprotein. The primary structure of MAG 
has revealed a striking structural relationship with the known neural 
cell adhesion molecule N-CAM and other members of the immunoglobulin 
supergene family, lending support to the hypothesis of a role of MAG in 
cell/cell interactions . The s equence characteristics exhibited by the 
immunoglobulin-like tandem repeat units found in the extracellular domain 
of MAG suggest that the units may be folded into domains consisting of 
two B-pleated sheets, held together by a disulphide bond. 

Two developmentally regulated species of MAG are found in the nervous 
system . An early form (p72MAG) is produced at the onset and during 
myelination, whereas a shortened form of MAG (p67MAG), differing in the 
cytoplasmic domain, predominates in the adult animal. The two MAG 
species arise from the same gene by alternate splicing of the mRNA. The 
difference in the cytoplasmic domains of the two MAG polypeptides 
suggests that the function of MAG in mature myelin may be modulated 
through an altered interaction with the cytoskeleton of other cytoplasmic 
components, such as protein kinases . The amino acid sequence, as well as 
preliminary in vitro phosphorylation experiments, indicate that MAG may 
be a substrate for one or more protein kinases. However, the importance 
of phosphorylation to the function of MAG remains to be established. 
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The gene coding for MAG is a single-copy gene and was mapped to 
chromosome 19 in the human and to chromosome 7 in the mouse, in the 
vicinity of the locus for the neurological mutation quivering. Recent 
experiments, however, suggest that the MAG gene may not be identical with 
the .QY locus. 

The structural information obtained from the cloned MAG-specific 
cDNAs has provided a new direction to the study of the function of the 
glycoprotein in myelination. It is hoped that with the availability of 
the amino acid sequence and the cDNA for MAG, our understanding of 
myelination can be advanced significantly in the near future. 
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INTRODUCTION 

Myelin proteolipid protein (PLP) is one of the most abundant proteins 
in myelin of the central nervous system (CNS), and together with myelin 
basic protein (MBP), constitutes 80% of the myelin membrane proteins of 
the CNS. It is called "proteolipid" because of its unusual property to 
dissolve in organic solvents (5). There is another less abundant 
proteolipid, DM20, which shows immunological cross-reactivity with the 
major proteolipid protein (13). Most investigators have obtained 
molecular weights of 24,000-26,000 for PLP by SDS-PAGE, and approximately 
5,000 less than PLP for DM20 (13). Lipids are covalently attached to PLP 
via an O-ester linkage (28). Because amino acid and nucleotide sequences 
of PLP are remarkably well conserved among mouse, rat, cow, and human 
(4,6,8,9,14,16,20,21,25) and because severe dysmyelination is observed in 
the animals whose PLP-synthesis are affected (7), PLP is thought to play 
a crucial role in myelination in the CNS; probably by promoting the 
apposition of extracellular surfaces of the myelin lamellae. 

Recently molecular genetics of PLP has made a great advance and many 
interesting aspects on synthesis and function of PLP have been reported. 
In this chapter, we focus on this recent advance in PLP-molecular 
genetics and the characterization of the X-linked dysmyelinating ~ 
mutant mouse, whose PLP synthesis is affected. 

GENE ORGANIZATION OF PLP 

Structure of PLP-mRNA 

Rat (16), bovine (20), mouse (8), and human (25) PLP cDNA have been 
cloned and the nucleotide sequences were determined. The coding and the 
5'-untranslated region were highly conserved among species at the amino 
acid and nucleotide level. 

Northern blot analysis of rat brain RNA using labelled PLP cDNA as a 
probe indicated that the rat PLP-mRNAs occur as two abundant families of 
approximately 3.2 and 1.6 kilobase, and a less abundant family of 
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approximately 2.4 kilobase in length (16). It has been shown that 3.2 
and 1.6 kilobase, and probably 2.4 kilobase PLP-mRNAs were produced by 
alternate usage of the polyadenylation sites (16) (see Fig. 3). Relative 
abundance of the three PLP-mRNAs seems to differ among species; i.e., 
mouse has much lower level of 1.6 kb and higher level of 2.4 kb RNA 
(3,6,8,16,21), whereas human apparently contains only the longest 2.8 kb 
RNA (25). The nucleotide sequences around the polyadenylation sites and 
possible polyadenylation signals of 1.6 kb-PLP-mRNA from the three 
species aligned in Fig. 1 show high degree of homology among them, 
although there are some mismatching as shown in the figure. These 
changes might account for the decreased efficiency of the 
polyadenylation, however, the reason for this still remains to be 
elucidated. No homologous sequence was found which corresponds to the 
polyadenylation site for 2.4 kb RNA in human (25) . 

. . . . . 
rat AAATATATTCTCTTTGATGCACAAAA 
mouse: AAATAcATTCTCTTTGATGCACAAAA 
human: AAATATATTCTCTTTGgTGtACAAAA 

Figure 1 Alignment of the nucleotide sequences surrounding rat, 
mouse, and human PLP-mRNA (1600 bases) polyadenylation sites. Putative 
polyadenylation signals are underlined. Poly(A) addition occurred at 
either one of the dotted bases. Small letters show the bases mis
matching with the rat PLP-mRNA sequence. 

Structure of DM-20-mRNA 

DM20 is also a proteolipid found in the normal CNS and it has been 
shown to have a high degree of structural similarity with PLP (13). 
Morello et al (17) and Hudson et al (8) suggested that DM20-mRNA was 
produced by alternative splicing of the PLP-mRNA precursor and that a 
part of the PLP-mRNA was deleted to form DM20-mRNA. Nave et al proved 
this hypothesis to be true by directly cloning and sequencing the mouse 
DM20 cDNA (22). They showed that 105 nucleotides were deleted from PLP
mRNA to form the DM20-mRNA, which correspond to the deletion of 35-amino 
acid residues (116-150) at the amino acid level. An oligonucleotide 
complementary to the junction of the deleted region 
(5'-TGCCCACAAACGTTGCGCTC-3') was synthesized, 5'end-labelled by 32p and 
used as a probe for Northern transfer analysis of total brain RNA from 
normal mouse, fractionated on 1.5% formaldehyde agarose gel. After 
autoradiography, bands showing the same mobility as the PLP-mRNA were 
detected (9). Therefore, mouse DM20-mRNA is also present as three 
families of RNA, probably formed by the alternate usage of the same 
polyadenylation sites as the PLP-mRNA. 

The PLP Gene Structure 

The genes for the mouse (9,14) and human (4) PLP have been isolated 
and both· of them were shown to consist of seven exons (Fig. 2). The 
exon-intron junctions of PLP are completely conserved between mouse and 
human. Exon 1 contains the 5' untranslated region of PLP-mRNA, 
translation initiation codon "ATG" , and the 5'-G of the triplet for 
glycine, the N-terminus of mature PLP (Fig. 3). Homology between mouse 
and human PLP untranslated region (94%) and their upstream of the major 
cap site for at least 100 bases (89%) is remarkably high. This suggests 
some very strong functional constraints on these regions that limit the 
variation allowed in these sequences (14). An interesting aspect of the 
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Figure 2 Restriction of the mouse PLP gene. Open squares represent 
exons (I to VII). PLP genes were cloned in two clones in our laboratory 
(9), however, they did not overlap with each other. The uncloned region 
is shown by a dotted line. The distance between the BamHi site within 
the first exon and the EcoRI site just down stream of the dotted line 
were estimated from the result of Macklin et al (14). BamHI(B) , 
EcoRI(E) , HindIII(H) , and PstI(P) sites are indicated. 

exon usage is that four of the five hydrophobic domains are encoded in 
individual exons (4). Southern transfer analysis revealed that a single 
gene encode for PLP and DM20 (3,16). The 3' end of the deleted portion 
in DM20-mRNA corresponds to the junction point of exons 3 and 4 of PLp· 
mRNA, while the 5' end of the deletion starts in the middle of exon 3 
(9,22). A sequence "AGG/GTAAC" was found in exon 3 (underlined in Fig. 
3) where the deletion apparently begins. It is homologous to the 
consensus 5' splice junction sequence "(G or A)AG/GTRAG", where R 
represents purine and "/" shows the splicing site. Therefore, alternate 
usage of the splice donor sites is involved in formation of PLP and DM20-
mRNA. All the polyadenylation sites are present in exon 7 (Fig. 3, Exon 
7). 

Transcription Initiation Sites 

Transcription of the rat (14,16), mouse (9,14,16), human (14), and 
baboon (14) PLP gene was shown to start from mUltiple sites, by several 
methods involving primer extension analysis (9,16), Sl nuclease 
protection (14), T4 polymerase primer extension (9), and RNase mapping 
(9). The exact position of the initiation sites are indicated in Fig. 3, 
although the position of the most frequently used sites of mouse PLP gene 
detected by the following two methods were inconsistent with each other; 
primer extension analysis predicted a "G" residue at position +7, while 
T4 DNA polymerase primer extension predicted a "G" residue at +16 (9). 
There were no common sequences found upstream of each initiation site. A 
possible "TATA" and "GAAT" box were found at position -26 and -10, 
respectively, although we cannot find the "TATA" box corresponding to the 
"GAAT" box. The unique feature of the sequence of the 5'-flanking region 
of the PLP gene is that it has four tandemly repeated eleven-base-pair 
sequences (indicated as a box in Fig. 3). A homology search against 
GenBank revealed that the repeated sequence shared high degree of 
homology (9/11) with a herpes simplex virus repeated sequence (DR2), 
which is believed to be involved in the cleavage and packaging reactions 
of the virus (2,30) (Fig. 4). At present, however, the function of this 
sequence is not known. 

The upstream sequence of the transcription initiating site, including 
the promoter sequence, is well known to play an important role in the 
regulation of gene expression. Recently, the nucleotide sequence of the 
5'-flanking region of the mouse MBP transcription have been mapped (Miura 
et aI, manuscript in preparation). PLP and MBP are expressed 
specifically in the oligodendrocyte in the central nervous system and the 
developmental changes in their expression are also quite similar. When 
the nucleotide sequences of the 5'-flanking regions of both genes were 
compared, four homologous regions were found, as shown in Fig. 5 (9). 
The distance between each box and the transcription initiation site of 
the PLP gene were approximately the same as the distance between the 
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Exon 1 and S· -Flanking Region 

cagctggttc tatctgcatt cttctaaaac caaagctttt ga.agaaatta ttttaaatga ctttttttct tccccattqt gtttccaqtg ccaqgaagag 
aaaqaatgct ttttttqctt acagaggaaa qqaaagqttc catggtcaag qgcaacgagc agtgagagtt 99gtgc9Qt9 tgtttggtaq tatagtaaqt 
agqcttttga ttcagacccc cttctcatea 99gctactat ttcacat9ac tthcatgct caqacccaqq tatgacaeat ttaaatggae ccaaggatca 
tttgggagga ttcaaqaacc cctccattta atttacaccc ctaattcaca cttcctgatt tatttaaage aaaatqaaat tetagagaag ctttagqggg 
gaaaagagag agaaagaaaa aaaacaattg ggaqtgaaaa ggcataaaga gaagatggag cccttaaaga agggaqtate ccaaaggagij fgqqqacaaq 

.1 n8c. 
jg99a99agaa 9$99&99&99 <l!9agqag9ag 99¥acgagc ctgtctcttt aagggggttq gctgtcaatc ag~ T'l'TCA GGAGAAGAGG 
ACAAAGAT~C T?GAGAGAA AAAGTAAAGG ACAGAAGAAC GAGAqcGAG AGACCAGGAT CC'l'TCCAGCl' GAl;CAAAGtc AGCCGCAAAA CAGACTAGCC 

MetG 
AACAGGCTAC AATTGGAGTC AGAGTGCCAA AGACATGGgt gagtttcaaa aactccagca tcaaagatgc aggcacaCjCJa gttcaaettt ggggctttgg 

Exon 2 

cacactctgt gcttggtaac atgggctgct tggcccagca gtctagtgtg agtggatgag ttaectcgta tqcgctacct gactttctcc ttettcttcc 

lyLeuL euGluCysCy sAlaArgCys LeuYalGlyA laProPheAl aSerLeuYal AlaThrGlyL euCysPhePh eGlyValAla LeuPheCysG 
ccagGC'l'TGT TAGAGTGTTG TGCTAGATGT C'l'GGTAGGGG CCCCCTTTGC TTCCC'l'CG'l'G GCCACTGGAT 'tG'l"G'rrTCTT 'f'GGAGTGGCA CTG'l'TC'l'G't'G 

lyCysGlyHl sGluAlaLeu ThrGlyThrG luLysLeuIl eGluThrTyr PheSerLysA snTyrGlnAs pTyrGluTyr LeuIleAsnV a 
GATCTGGACA TGMGCTCTC ACTGGTACAG AAAAGCTAAT TGAGACCTAT T'TCTCCAAAA ACTACCAGCA CTATGAGTAT CTCA'1"1'AATG Tgtaagtacg 
tctcaccact cagcta 

Exon 3 

lIleR isAlaPheGI nTyrValIle TyrGlyThrA laSerPhePh ePheLeuTyr 
tgctctctga ataaggttat ctggattttc tgtctgtcca tgcagGATTC ATGC'l"'l"l'CCA GTATGTCATC 'l'ATGGAACT'G CC'rCT'l'TCl"l' CTTCC'lTl'AT 

GlyAlaLeuL euLeuAlaCl uGlyPheTyr ThrThrGlyA laValArgGI nIlePheGly AspTyrLysT hrThrIleCy sGlyLysGly LeuSerAlaT 
GGGGCCCTCC TGC'l"GCCl'GA GGGCTTCTAC ACCACCGGCG C'l'GTCAGGCA GATCTTTGGC GACTACAAGA CCACCATCT'G CGGCAAGGGC CTCAGCGCA! 

hrValThrGI yGlyGlnLys GlyArgGlyS erArgGlyGl nHisGlnAla HisSerLeuG luArgValCy sH1sCysLeu GlyLysTrpL euGlyHisPr 
CGGTAACAGG GGGCCAGAAG GGGAGGGG'l'T CCAGAGGCCA ACATCAAGCT CATTCTTTGG AGCGGCTGTG TCAT'l'GTTTG GGAAAATGGC TAGGACATCC 

/DMiO 
oAspLys 
CGACAAGgtg atcatcctca ggattttgtg gcaataataa ggggtggggg acaattggga gtgagtctgt agcctgatcc ccacccaagg ttgggtcctc 

Exon 4 

PheValGlyI leThrTyrAI aLeuThrYal ValTrpLeuL euValPheAI aCysSerAla 
ttgatgctga tttttaacca ctccatgtca attgttttag T'I'TGTGGGCA TCACCTATGC CC'rGACTCT'l' GTATGGCTCC 'l'GGTG'l"1'TGC CTGCTCGGCT 

ValProYalT yrIleTyrPh eAsnThrTrp ThrThrCysG InSerIleAl aPheProSer LysThrSerA laSerIleGl ySerLeuCys AlaAspAlaA 
GTACCTGTGT ACATT'l'ACTT CAATACCTGG ACCACC'l'GTC AGTCTATTGC CTTCCC'l'AGC AAGACCTCTG CCAGTATAGG CAGTCTCTGC GCTGATGCCA 

rgMerTyrG 
GAATGTATGg tgagttgaat gtggga 

Exon 5 
lyvalLeuPr oTrpAsnAla PheProGlyL 

qgcctcta gccthtgaa gtttadctg qctgctttta tgtatctta® GTGTl'CTCCC At'GGAATGCT TTCCCTGGCA 

ysVa.ICysGI ySerAsnLeu LeuSerIleC ysLysThrAI aGlu 
AGGT"l'TGTGG C'l'CCAACC'I"l' CTGTCCATCr GCAAAACAGC TGAGgtaagt gaatgagaag agtgcttttt aaaaaataga ttggctagac atggagg 

Exon 6 

PheGI nMerThrPhe HisLeuPhel leAlaAlaPh eYalGlyAla 
ttgtgcttgc ttttctgttc taagaaataa ttctctetca tacatettct tgcagTTCCA AATGACCTTC CACCTGTTTA 'l"l'GCTGCGTT 'l'GTCGGTGCT 

AlaAlaThrL euYalSerLe u 
GCGGCCACAC TAGTTTCCCT Ggtaagttat tttaagataa tattagaaaa gaagtggtcc a9ggatagca tta9gccqaa agactagcag agagactcct 

Exon 7 

Le uThrPheMet IleAlaAlaT hrTyrAsnPh eAlavalLeu LysLeuMetG lyArgGlyTh rLysPhe*"'* 
cttaccttct tttctctgtt ccctacagCT CACCTTCATG ATTGCTGCCA C'rrACAAcrt' CGCCGTccrr AAACTCJI,'l'GG GCCCAGGCAC CAAGTTCTGA 
GCfCCCATAG AAAcrcCCCT Tl'GTCTAATA GCAAGGCTC'l' AACCACACAG CCTACAGTGT TGTGTTM'AA CTCTGCCTTT GCCACTGATT GGCCCTC'l"TC 
'M'AC'I"l'GATG AGTATAACAA GAAAGGAGAG TCTTGCAGTG ATTAATCTCT C'rC'l'CTCGAC TCTCCC'TC'rl' AGTACCTC'1"I' '1"1'AGTCA'lTl' TGCTCCACAG 
CAGGCTCCTG CTAGAAATGG GGGATGCCTG AGAAGGTGAC TCCCCAGCl'G CAAGTCGCAG AGGAGTGAAA GC'I'CTAATTG ATTTTGCAAG CATCTCcrGA 
AGACCAGGAT GTGC'rrCCT"l' CTCAAACGGC AC'TTCCAACT CAGGAGAGCA GAACGCAAAG GTTCTCAGGT AGAGAGCAGA AA'l'G'TCCCTG GTCTTCTTGC 
CATCAGTAGG A~TTC'rCTT'l"G ATGCACAAAA CCAAGAACTC ACTCTTACCT TCCTGTTTCC ACTGAAGACA GAAGAAAATA AAAAGAATGC 
TAGCAGAGCA A'1'ATAGCATT TGCCCAAATC TGCCTCCTGC AGC"l"GGGAGA AGGGTCTCAA AGCAAGGATC T'l'TCCcccrr AGAAAGAGAG CTCTGACGCC 
AGTGGCAATG GACTA'I"l'TAA GCCCTAACTC AGCCAACC'l"1' CCTACGGCAA 'l"'l'AGGGAGCA CAGTGCC'I'GT ATAGACAAAG CGGGGCGGAG GGGGGGGGCA 
TCATC'rCTCC rrATAGCTCA TTAGGAAGAG AAACAGTCTT GTCAGGATCA 'l"CTCACTCCC TTCTCCTTGA TAACAGCTAC CATGACAACC TTCTGGT"M'C 
CAAGGAGCTG AGAATAGAAA GGAACTAGCT TA'l"T'fGAAAT AAGACTGTGA CCTAAGGAGC ATCAG'1"1'GGT GGATGCTAAA GG'tGTAA'I"l'T GAAATGGCCT 
TCGCGTAAAT GCAAGA'1'ACT TAACTCTT"l"G GATAGCATGT GT'l'CTTCCCC CACCccrA'1'C CGCTACTTCT GGCCCCTGGC CTCTGGCATA ATATCTTCAC 
AATGGTCCTT T'l'T'rI'CCTGG GGTTT'l'ATCC A'1"1'CACTCAT AGCAGCTGAT TAGACGATCT TGATTAGT'1'T CATATTrCCC AA'l"l'G'I"l'TA'I' CTC'l'TG'l"l'TG 
:;AGTTGTATC AGAAAGACCT GGAGGATGAT TC'rM'GAGCA TAG'l"l'CTTTT TGAAAACAAG AAAGAGAAAC TGCGCAGA.U GaTCACAAA AATATT'I'GAA 
ATTCTACGGT CCCATGAAAT TA'l"l'GGGAAT 'l'CCCCCAAGT AGTC'l'ACCAT TTG1'AGAACT ACGCT'l'GATA AAT'l"l'GAACC 'lCAAT'I'TGAA TAAT'l"GGTCT 
:;GTATT'l"TCT 'l"TTCT~TGACAGATG AT'l"'M'AC'I"l'G CTAATA'l"'l'AT CTCAGCAT'l'T TGATAATTTA GGCTTACCAT AGAAGTTACT GTCTCTTGGT 
ATATATAGGT CACATAATAG ATTCTGCCAG CTGT'l'AGCTG TTCAGTTCAT AAGCTrcCAT AGAGC'l'C'I'GG AGCCGCAGAG AGGACAGGCA GAA'M"l'GAAA 
CCTAAAGAAC TCCCAGATTT CAGGCTTATC CTGTA'I"l'TGT TAACTTTGGG TGAAAGAAAG AAAGAAAGAA AGAAAGAAAG AAAGAAAGAA AGAAAGAAAG 
MAGAAAGAA AAACAAAAGG AAGGAAGGAA GGAACGAAGA AACAAAGAAA GAAAGAAAGA AAGAAAGAAA GAA.AGAAAGA AAGAAAGAAA GAAAGAGAAA 
AAAAAAGCCC C'I'GATCGAAT TTCC1'GGAGG AAAACTTA'M' GTAGCTGT'I'T CATTGTAGAT TTG'TGCTGTC ATTCCCCAU. CTGCTTTCTG CTGTGTTGAA 
,t"GACATATAA CAATT'l'ACAA GAJ\GACAC'1"1' GACACTTCTT CTTGGGCCM TATATAAGGT AAACAAGCAG GATGCACAAG AGTCAGGAGA GCTAAAAGGA 
CATGTAAGAA ACCAATCAAG ATCAAGGAAG GTGAAATAAT CTATATCT"M' TATTl'TGTT'l' TGGT'M'AATA TAACAGATAA CCAACCA'n'C CCT'l'AAAAAA 
TCTCACATGC ACACACACAC ACACACACAC ACACACC'I'AC AAAGAGAG'M' AATCAACTGC AAGTGTTTCC TTCA'l"l"'l'CTG ATACAGAATT TTGATTTTAA 
CAACATAAAG GATAC'T'lTl'A GAAAC'T'lTl'A GAAACTCATC TTACAAAATG TATM'TATAA AATTAAAGAA AATAAAATTA AGAATGT1'CT Caatcaaaca 
tcgtgtcctt tgaqtgaatt gttctatttg acctcaataa caggtactta attatagtta gctcgag --

-473 
-373 
-273 
-173 

-73 

.28 
.128 

.166 

Figure 3 Nucleotide sequence of the mouse PLP gene. The nucleotide 
sequence of the exons and their flanking regions are shown. Bold capital 
letters represent the nucleotide sequences in exons and small letters 
show the sequences of introns and 5'-flanking region. The four tandemly
repeated sequences are surrounded by boxes. The transcription initiation 
sites determined by primer extension analysis are shown by closed 
circles. The most frequently used initiation site mapped by the T4 DNA 
polymerase primer extension method (shown by an open circle) did not 
coincide with the result obtained by regular primer extension (+7). 
Numbers indicate the relative position from the most upstream 
transcription initiation site. 

A putative slice site of DM20-mRNA is underlined in exon 3, 
and the "G" residue mutated in i.iJlll2y is enclosed in a circle. 

Putative three polyadenylation signals of PLP-mRNA are 
indicated by double lines. 
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corresponding homologous box and the initiation site of the MBP gene. 
One of them was homologous to the repeated sequence found upstream of the 
PLP gene. However, the overall homology was quite small in the region we 
compared the DNA sequence (715 bp and 572 bp from upstream the MBP and 
PLP transcription initiation sites, respectively), although it is 
possible that the element determining the tissue specificity does not lie 
in this region. 

SYNTHESIS OF PLP 

Location of PLP and MBP-mRNA Within an Oligodendrocyte in Culture by In 
Situ RNA Hybridization 

As mentioned above, PLP is synthesized exclusively in 
oligodendrocytes and its synthesis concomitantly increase when myelin is 
actively formed. Since recent development of culture techniques has 
enabled us to analyze the oligodendrocyte that expresses phenotypic 
characteristics of myelin lamella formation and myelin-specific proteins 
(11,19), expression of the PLP and MBP-mRNA within an oligodendrocyte was 
analyzed. When the oligodendrocyte is immature, both mRNAs are located 

1: GTGGGGACAAG 
2: GGGAGGAGAAG 
3: GGGAGGAGGAG 
4: AGGAGGAGGGA 

Consensus: (GGGAGGAG~AG) 
•••••••• 

DR2: GGGAGGAGCGG 
Figure 4 Homology between the ll-base-pair repeate in the upstream 
region of the mouse PLP gene and the DR2 sequence of herpes simplex virus 
genome. 

Nucleotide sequence of each repeated box (1 to 4) and the 
consensus sequence of the four are given together with the nucleotide 
sequence of the DR2 box. 

throughout the oligodendrocyte cell bodies. But when the cells 
differentiate, PLP mRNA is located only in the cell body of the cultured 
oligodendrocyte, whereas MBP mRNA is present over the length of the 
slender processes as well as in the cell body (Fig. 6). Though PLP is 
present in all parts of the cell in primary culture as is the case with 
MBP, PLP-mRNA is located exclusively in the cell body (Shiota C, Miura M, 
and Mikoshiba K: submitted ). 
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-468 -262 
PLP: iAATGCTT~~T=T~C~A~A~G~A~A~C~C~C~Cr-

,.. . ,.. ,.. ,.. ... 
MBP: iAATGCTTTr-4TTCAAGOACCCC~ 

-488 -293 

-151 -63 
1AACAATTGGG~~A~G~G~G~G~A~G~G~At-

iAACAATOGGGA~AAGGGAGGA~ 
191 -49 

Figure 5 Nucleotide sequences homologous between the 5'-flanking 
regions of the PLP and HBP genes. 

The nucleotide sequences of the 5'-flanking regions of the 
PLP and HBP genes were aligned, and the homologous sequences were 
searched. An open circle indicates a deletion in the sequence. The 
numbers indicate the relative position from the transcription initiation 
site. In the case of PLP, the most upstream starting point was chosen as 
+1. 
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Figure 6 Localization of PLP and HBP-mRNAs in differentiated 
oligodendrocytes in culture. Autoradiograms after in situ RNA 
hybridization with [34S]-labelled PLP cDNA probe (A) or with HBP cDNA 
probe. 



Electron microscopic iuaunohistochemical study demonstrated that the 
location of PLP is restricted to the rough endoplasmic reticulum, the 
Golgi apparatus and apparent Golgi vesicles (25). It is clear that PLP 
is synthesized in the rough endoplasmic reticulum in the perikaryon and 
transported to the myelin sheath. On the other hand, KBP-mRNA itself 
seems to be transported to the myelin sheath, where KBP is synthesized in 
free ribosomes (29, Shiota et aI, submitted). 

Figure 7 Developmental profile of PLP-mRNA (A-C) and KBP-mRNA (D-F) 
on the parasagittal section of the mouse brain detected by in situ 
hybridization technic. A and D: the 6th postnatal day. B and: the 12th 
postnatal day. C and F: the 30th postnatal day. 
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Quantitative Comparison of the Intensity of Gene Expression of PLP and 
MBP During Development In Vivo 

Several reports on quantitation of PLP or MBP-mRNA extracted from 
whole mouse brain using PLP and MBP cDNA probes have been published 
(3,6,8,16,24,27). However, blot analysis gives us the average value of 
the parts of the tissue examined. In situ hybridization has made it 
possible to visualize the gene expression even at the cellular level at 
any region of the brain. We observed great differences in the intensity 
of expression of the mRNAs from region to region and also in the timing 
of the appearance of the mRNAs (Fig. 7). Both PLP and MBP-mRNAs were 
detected first in the pons and the medulla oblongata, then in the 
cerebellum and later in the cerebrum. It is now clear that the myelin
specific gene expression proceeds generally in the caudo-cranial 
direction at the mRNA level (12,16,29). 

After examination of the sections by in situ hybridization, we found 
that the pattern of the PLP gene expression reflects the number of 
labelled cells in the region examined. The number of actively 
myelinating cells which are positive for the mRNA deposition peaks at 12 
to 18 days after birth in the cerebellum and the posterior region of the 
brain stem, and probably after 30 days in the anterior part of the 
cerebrum. On the 30th postnatal day, the number of PLP mRNA-positive 
cells is decreased in the pons, the medulla oblongata and the brain stem. 

At the early stages of myelination of each oligodendrocyte, MBP-mRNA 
was detected in the cell body as was the case for PLP-mRNA. In these 
stages, therefore, it is possible to count the number of cells expressing 
MBP gene. Additionally, rather small number of labelled cells at the 
early developmental stages enabled us to compare the number of MBP-mRNA
positive cells on the 3rd and 6th postnatal days (compare Fig. 6 A and 
D). In agreement with the results of the in vitro study, these results 
indicate that expression of MBP gene precedes that of PLP gene in vivo. 

EXPRESSION OF THE PLP GENE IN JIMPY MUTANT MOUSE 

PLP Production is Severely Affected in the Jimpy Mutant Mouse 

The X-linked recessive mutant mouse, iimox, is characterized by 
abnormal myelin formation in the central, but not in the peripheral, 
nervous system and is considered to be an animal model for human 
Pelizaeus-Merzbacher disease (7). Many histological and biochemical 
studies have revealed a drastic decrease in all of the myelin components 
in the mutant brain (7). This is apparently caused by the severe 
degeneration of the oligodendrocyte which forms myelin in the CNS. The 
abnormality was shown in studies of chimeric mice (1) to be intrinsic to 
the oligodendrocyte itself. Recently, it has been shown by chromosomal 
mapping that the structural gene for PLP lies near the iimox locus 
(3,31). This prompted us and other investigators to study the PLP by 
immunizing rabbits with a synthetic peptide (corresponding to residues 
110-127) conjugated with bovine serum albumin, and PLP as well as MBP 
production in mice brains was studied immunohistochemically. As shown in 
Fig. 8 MBP production in iimox brain was much less than that in wild type 
control, showing the extent of oligodendrocyte degeneration in iimox. 
However, synthesis of PLP in iimox seemed to be more severely affected 
and PLP was almost undetectable in the iimox brain. 

PLP-mRNA in Jimpy Brain 

Cloning of the PLP cDNA enabled us to study PLP expression in iimox 
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Figure 8 Immunohistochemical staining of normal and iimnY mice 
brains. Sagittal sections of cerebella from normal (A and C) and iimnY 
(B and D) mice were prepared and were stained immunohistochemically using 
antibodies against MBP (A and B) or PLP (C and D). 

brain at the nucleotide level. PLP-mRNA was detectable in ~ although 
its level was greatly reduced (3,6,8,17,18,21) and this contrasted with 
the observation at the protein level. No mutation was detected by 
Southern blot analysis, however, evidence indicating abnormality in the 
iimnY PLP-mRNA had been accumulated (6,17), and finally, 74 bp deletion 
in the iimnY PLP was detected by Nave et al (21). This deleted sequence 
was identical to that of the fifth ex on of the PLP-mRNA, and thus the 
fifth exon of the PLP gene was not utilized in iimnY (18). 

Nature of the Jimpy Mutation 

In order to understand the mechanism underlying the aberrant splicing 
in iimPx PLP-mRNA, cloning of the iimPY PLP gene was performed. An A to 
G conversion at the conserved "AG" residues of the 3'-splice site was 
found (15,23), which apparently resulted in the fifth exon deletion of 
the PLP-mRNA (Fig. 3). Protein encoded by this mRNA would have an 
altered C-terminal structure owing to the reading frame shift (21). The 
iimPx type PLP has not been detected yet, however, its mutated C-terminal 
is expected to be extraordinary rich in cysteine residues (8/36). When 
we synthesized an oligopeptide according to its sequence, we found that 
the peptide in aqueous solution soon formed aggregates and became 
insoluble, even in the presence of 1 mM dithiothreitol (unpublished 
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observation}. Since a characteristic feature of the ~ brain is the 
degeneration of oligodendrocytes, it must be determined whether this 
unusual PLP exerts toxic effect on the cells or the absence of the normal 
PLP is fatal. 

PROSPECTS 

PLP is specifically synthesized in the oligodendrocytes in the CNS 
and its regulation was shown to occur at the transcriptional level. At 
present elements determining the tissue restricted expression of PLP have 
not been characterized. Kost cells in the nervous system do not divide 
after its final differentiation and this limits use of regular in vitro 
transfection promoter assay. However, recent development in the 
techniques for producing transgenic mice should be helpful in determining 
the cis-acting elements for tissue-restricted expression of PLP. 
Transgenic mice synthesizing PLP in a tissue-restricted manner from the 
introduced gene, are also useful in analyzing the cause of the early 
death of the oligodendrocytes in~. If the ~ phenotype was cured 
by the trans-gene, it can be assumed that PLP is indispensable for mature 
oligodendrocytes and its absence is fatal to the cells. In this case, we 
can have hope for developing gene therapy for human Pelizaeus-Kerzbacher 
disease. 
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Considerable recent experimentation has demonstrated the presence of 
numerous types of ionic channels in the cell membranes of all classes of 
glial cells. Some of these ionic channels are largely voltage
insensitive, others show prominent voltage-sensitivity and still other 
channels are activated by pharmacological agents. As a whole these 
channels appear to play prominent roles in the activities of glial cells, 
such as potassium ion regulation or possibly in the intercellular 
transfer of substances to axons. What has become increasingly clear is 
that the distribution of some of these channels in both axons and in glia 
is interdependent. Abnormal neuronal electrophysiological function 
occurs as a result of demyelination, and neurons themselves appear to 
influence the electrophysiological properties of glial cells. 
Furthermore, in demyelination and remyelination the electrical properties 
of neurons and glia are altered in ways that contribute extensively to 
the pathophysiology and clinical symptomatology of these processes. This 
brief review will attempt to summarize some of the information available 
concerning the ionic channels of glia. 

General Description of Ionic Channels 

With the advent of newer types of electrophysiological recording 
particularly patch clamp recording (51) it has been possible to dissect 
out the individual elements contributing to the action potential and 
other active properties of various cell types. It is now believed that 
this electrical behavior is due to the opening and closing of independent 
ion channels within the cell membrane (31). The channel itself is 
thought to be a transmembrane protein which is glycosylated on its 
external surface. Within the protein is an aqueous pore through which 
ions pass when they are permitted to do so by a voltage-sensitive gate. 
Some restriction on the nature of the ions entering the pore is made by a 
selectivity filter which permits entry to the pore on the basis of the 
charge and size of the ion. This filter would, for example, exclude 
large divalent cations like calcium from entering a sodium channel. 
Whether or not an ion will move through a channel and thereby produce a 
small current depends both on the type of ion and the driving force. The 
driving force is related both to the relative concentrations of the ions 
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inside and outside the cell as well as the transmembrane potential. The 
large number of different types of ion channel permit a vide range of 
control on the excitability of cells (31). 

Voltage-dependent Channels of Astrocytes 

Until relatively recently it was believed that astrocytes were an 
inexcitable cell type and had only very modest numbers of channels 
(·conductances·) (30,62). Surprisingly, both type 1 and type 2 
astrocytes have a large number of voltage-sensitive channels including 
sodium and chloride channels as well as at least two types of calcium 
channel (in the case of type 2 astrocytes) and three types of channels 
for potassium ions (4,5,6,7,13,48,56,60,70). Although the currents 
generated by sodium channels differ in some ways from those in neurons 
(5) in most respects they are quite similar. For example, sodium current 
can be abolished by tetrodotoxin although neuronal sodium channels are 
more sensitive to this agent, and the shape of the voltage-dependence of 
activation of sodium currents are similar although not identical (5). As 
in neurons, type 2 astrocytes can be induced to fire action potentials by 
depolarizing stimuli (4). These stimuli, however, are about ten times 
larger than those required to produce action potentials in neurons. This 
difference in stimulus is probably accounted for by the much lower 
density of sodium channels in type 2-astrocytes and therefore a 
proportionately greater amount of glial membrane and correspondingly 
greater number of sodium channels must be activated in order to achieve a 
sufficient depolarization for regenerative spike activity. 

Calcium channels have been demonstrated in type 2 astrocytes and like 
neurons several types of calcium channels have been observed (4). In 
particular, T (transient) and L (long-lasting) channels have ben isolated 
in different individual astrocytes. These two currents differ in the 
duration that the channel will stay open in response to a stimulus 
although both permit the entry of calcium. The behavior of these 
different calcium channels is however, very similar to their behavior in 
neurons (4). When potassium channels are blocked these calcium channels 
are capable of supporting calcium-dependent action potentials both 
spontaneously generated and following depolarizing current pulses (48). 

At least three distinct types of potassium channel are present on the 
membranes of type I and type 2 astrocytes (4,5,56,60,70). These three 
correspond to the delayed rectifier current (IK)' as well as the 
transient outward current (IA) and a calcium-dependent potassium current 
(IKCa). Voltage-dependent chloride channels have also been observed by a 
number of workers (4,5,56). 

One may ask Why astrocytes would possess this wide array of ion 
channels and What could be the physiological requirement for spiking 
astrocytes. Shrager and colleagues (69) have suggested that astrocytes 
as well as Schwann cells may produce ionic channels Which are eventually 
incorporated into the neuronal membrane at the nodes of Ranvier. This 
theory has some support in that the kinetics and pharmacological 
sensitivity of astrocytic and axonal sodium and potassium channels are 
similar, however at present, there is no direct evidence for this 
proposal (82). 

The observation of regenerative activity in astrocytes could be 
physiologically irrelevant in itself and may reflect only the presence of 
calcium and sodium channels in a cell with a relatively high resistance. 
In order to observe calcium-dependent action potentials MacVicar (48) 
applied barium and tetraethylammonium ions in order to block potassium 
channels; a comparable block of outward potassium current may be unlikely 
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to arise in the intact animal. Although not necessarily producing 
regenerative activity the entry of calcium ions may permit the outgrowth 
of astrocytic processes. The morphological differentiation of astrocytes 
by cyclic adenosine monophosphate (c-AKP) can be blocked by the use of 
cadmium and cobalt, both of which block calcium channels (49). KacVicar 
(49) has proposed that calcium entry may produce changes in the shape of 
the protein, actin, a calcium-sensitive contractile element in 
astrocytes. Actin contractility could then alter cell shape and produce 
the resulting morphological differentiation. Calcium ions have also been 
implicated in growth cone formation in neurons (1). 

The observation of action potential production in astrocytes where 
potassium channels were not blocked by pharmacological agents is more 
puzzling (4). It must be remembered however that the stimulating 
currents used to produce action potentials were very high, much higher 
than those necessary to produce spiking in neurons so it may be 
questionable whether astrocyte action potentials are ever present in an 
intact animal. Although the possibility exists that astrocytes have some 
form of neurotransmitter release, synaptic vesicles have not been 
identified within these cells. 

The most accepted hypothesis for the function of potassium channels 
in astrocytes as well as other glial cells is that these channels are 
involved in the transfer of extracellular potassium away from actively 
firing neurons to more distant regions (47,57,58,73,74). To elaborate on 
this function further it should be recalled that in both neurons and 
glial cells the resting membrane potential is determined by the unequal 
concentration of potassium ions between the inside and outside of the 
cell. In neurons, resting membrane potentials are not very sensitive to 
small changes in potassium ion concentration. In contrast, glial cells 
are very sensitive to changes in potassium concentration and will alter 
their membrane potential in a manner which closely follows the ratio of 
the transmembrane potassium concentration as given by the Nernst relation 
(57). This occurs because glial cells in general have a high 
permeability to potassium and a low permeability to other ions. In the 
Kuller cell of the retina, a specialized astrocyte-like glial cell, the 
permeability for potassium ions is about 500 times greater than for 
sodium ions (54). 

The astrocyte interior, as in most cells, has a high potassium 
concentration (on the order of 150 oK) compared to the cell exterior (the 
order of 5 oK), elevated extracellular potassium will decrease the 
transmembrane concentration difference and decrease the transmembrane 
voltage thus depolarizing the glial cell. Depolarization opens ionic 
channels, including potassium channels and consequently potassium ions 
will flow out of glial cells down their electrochemical gradient into the 
extracellular space. If extracellular potassium is raised, less 
potassium will flow out of the cell as the driving force for potassium 
movement out of the cell is less. Under the hypothetical condition where 
an astrocyte could be held at a membrane potential of 0 millivolts by 
applying positive charge into the cell, a rise in extracellular potassium 
to around 150 oK would not be accompanied by any movement of potassium 
ions even if the potassium channels were open. This is because there 
would not be any driving force, this force being generated under normal 
conditions both by the concentration difference in potassium ions on 
either side of the cell membrane and by the fact that the cell interior 
has a slight negative charge with respect to the cell exterior. 

The question of how high a concentration of external potassium is 
achieved during extensive repetitive nerve activity is not precisely 
known however estimates have placed this value at between 10 and 20 oK 
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(57,74,75) in the dorsal horn of frog spinal cord (but see 80). This 
release of potassium from active neurons and its accumulation in the 
periaxonal regions serves as a trigger for glial cells to increase their 
metabolism in a number of ways (57). Some of these metabolic effects 
serve to buffer extracellular potassium concentration. General 
mechanisms of potassium buffering might include: 1) a diffusion of 
extracellular potassium through the extracellular space, 2) a passive re
uptake of potassium by neurons, 3) an active re-uptake of potassium by 
neurons and glia, 4) a passive uptake of potassium by glia accompanied by 
water and a counter ion to maintain electroneutrality, and 5) a 'spatial 
buffering' of potassium by glial cells (54). Although the relative 
importance of each of these mechanisms is unknown, considerable recent 
attention has been directed to the importance of spatial buffering as 
originally conceived by Orkand and colleagues (57). 

In no part of the nervous system has spatial buffering been more well 
studied than in the retina (15,52,53,54,57,58). The cells of Muller are 
the major type of glial cells in the vertebrate retina and are similar to 
other types of astrocyte. The Muller cell lies across the full width of 
retina with its cell body positioned over the level of the inner nuclear 
layer and two thick radial processes extending toward the limiting 
membrane on the inner and outer sides of the retina. Thus, one of these 
processes, a so-called distal process is in intimate association with the 
inner segments of photoreceptors. As even small changes in the external 
potassium concentration can produce significant effects on the resting 
membrane potentials of photoreceptors and adjacent cells and consequently 
on their function it is important that potassium ions be buffered. The 
Muller cell appears to be central to this process. The elevated external 
potassium ion concentrations present around photoreceptors will also 
depolarize nearby Muller cells. As mentioned previously, this 
depolarization will open potassium channels and potassium ions will flow 
out of the cell down their concentration gradient. If these potassium 
channels were located in the photoreceptor region they would compound the 
problem of the elevated potassium concentration as they too would dump 
even more potassium into the oversupplied area. In fact, the majority of 
potassium channels are located some distance away at the end feet of the 
Muller cell at the opposite end of the cell (52,53). In response to 
depolarization by elevated potassium the Muller cell will release 
potassium to the extracellular space in a region quite distant from the 
source of elevated potassium. Effectively this will shunt or siphon 
potassium away from an area of high concentration, around the 
photoreceptor region in this case, to an area where the potassium ions 
will not alter important processes (54). 

In an exciting extension of this line of reasoning Newman (53) has 
evidence that a similar regulatory mechanism may apply to pericapillary 
astrocytes in vertebrate brain. In the salamander brain the endfeet of 
some astrocytes are closely applied to the blood vessel endothelium. The 
end feet of these astrocytes appear to have many more potassium channels 
than elsewhere in these cells. As in the retina, astrocyte 
depolarization produced by elevated potassium concentrations will lead to 
an efflux of potassium from the astrocyte. As many of these channels are 
located in the perivascular endfeet, most of the potassium flux will be 
siphoned off into the bloodstream. 

Voltage-dependent Channels of Schwann Cells 

Like astrocytes, Schwann cells have a fairly wide range of voltage
dependent ion channels including sodium channels (17), potassium channels 
(17) and several non-selective channels (27). These latter channels 
include a calcium-dependent cation channel which is not selective between 
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monovalent cations like sodium and potassium (27) and an anion channel 
which may permit the movement of cell metabolites through its pore (27). 

It must be noted that there is considerable species variability in 
the density of voltage-dependent ion channels in Schwann cells. Rat 
Schwann cells have only a few sodium channels as inferred from a low 
number of saxitoxin binding sites (17,27,82). Rabbit Schwann cells have 
a much higher sodium channel density and have been extensively used for 
patch-clamp experiments (17,18,27). These Schwann cell sodium channels 
have substantially similar properties as do neuronal sodium channels 
(17,18,69). This gave rise to the speculation mentioned earlier for 
astrocytes that glial cells produce neuronal ion channels for 
assimilation into the axolemmal membrane (69). Chiu (17) has extended 
these studies on Schwann cell sodium channels by examining their ionic 
properties following a mild enzymatic digestion designed not to disrupt 
Schwann cell-neuron contact. Patch-clamp recordings made of such axon
associated Schwann cells showed that sodium current was only detected in 
those Schwann cells which were apposed to unmyelinated nerve fibers. No 
sodium current was observed in Schwann cells associated with myelinated 
axons (17). These results were interpreted as reflecting either an 
effect ofaxons on the membrane properties of the Schwann cell or a 
consequence of the extensive myelin layering which Schwann cells produce 
upon myelinated axons. Under the latter conditions the myelin spirals 
would electrically insulate the Schwann cell body and 'hide' the ionic 
channels present there (17). The alternate interpretation, however, also 
derives support from immunocytochemical studies which suggest that 
unmyelinated and myelinated Schwann cells differ in some of their surface 
and internal proteins (38). 

More recently, Chiu (18) has studied the changes in the ion channel 
distribution in Schwann cells following nerve transection. In brief, the 
sodium and potassium currents of Schwann cells associated with myelinated 
nerve increase following transection; these currents are unaltered in 
Schwann cells associated with transected unmyelinated nerve. These 
results are consistent with both the above mentioned hypotheses; that is 
following transection myelinating Schwann cells could lose their myelin 
insulating layer and 'expose' their ionic currents. Alternatively, non
myelinating and myelinating Schwann cells could be sufficiently different 
in their properties so as to respond differently to nerve transection. 

Potassium channels in Schwann cells appear to comprise a delayed 
rectifier potassium current (IK) which is similar to its counterpart in 
axons both in its kinetics and in its sensitivity to 4-aminopyridine 
(17). As in neurons the main function of this channel may be to 
repolarize the cell following sodium-dependent depolarizations. Although 
calcium channels do not appear to have been observed in Schwann cells 
Chiu (17) has described a slowly activating inward current which appears 
with large depolarizations and shows little inactivation over 200-500 
milliseconds. Although such currents could be due to calcium other ions 
could produce a similar response. 

Voltage-dependent Channels of Oligodendrocytes 

In contrast to astrocytes and Schwann cells, oligodendrocytes appear 
to possess only a modest number of ionic channels and show no evidence of 
having sodium or calcium channels. The predominant ion channel and the 
only potassium channel type observed in several voltage-clamp studies was 
an inward rectifier conductance (IIR) (see 51) (4,39,44,). In a study of 
voltage-gated potassium currents in cultured ovine oligodendrocytes 
conductances are observed. An inward rectifier current, a transient 
outward current and a non-inactivating outward current (71). The inward 
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rectifier current may result from two different types of inward rectifier 
channels .differing only in the impedance of the channel (4). These 
inward rectifying potassium channels are open at the resting membrane 
potential of the oligodendrocyte and consequently will permit the 
internal buffering of potassium ions present in the extracellular fluid 
(3,24,26). As described in more detail elsewhere in this volume (51) 
this channel allows movement of potassium into the oligodendrocyte but 
restricts outward movement of this ion. This potassium buffering may 
function in conjunction with the spatial buffering mechanism described 
above for astrocytes. Like astrocytes, oligodendrocytes also have 
chloride channels (4). 

In addition to passive internal buffering and spatial buffering, 
glial cells are believed to actively accumulate potassium, usually 
through an energy-dependent transport process such as the sodium
potassium pump or potassium-chloride co-transport (3,26). An additional 
.echanism has been hypothesized for potassium accumulation by 
oligodendrocytes and possibly other glial cells involving the passive 
movement of potassium and chloride ions through voltage-dependent 
channels (39). This passive uptake mechanism has its basis in the 
demonstration that the oligodendrocyte has both potassium as well as 
chloride channels (4,39). With oligodendrocyte depolarization both of 
these channel types will open. A net influx of chloride will occur due 
to the higher concentration of this ion in the extracellular space. 
Kettenmann (39) maintains that this chloride movement will be accompanied 
by net potassium movement into the cell to maintain the electroneutrality 
of ionic influx. As mentioned above the oligodendrocyte has numerous 
inward rectifier channels open at around rest potential to produce this 
potassium ion influx. 

Evidence obtained by Kettenmann and colleagues (39,44) supports the 
above view. In the presence of raised extracellular potassium 
oligodendrocytes will accumulate potassium and chloride as demonstrated 
by ion sensitive electrodes and this effect is not blocked by agents 
which inhibit active re-uptake mechanisms (39,80). A comparable pathway 
is believed to exist in astrocytes and this pathway can be interrupted by 
potassium channel blockers (3,26). The oligodendrocytes are not as 
extensively coupled as are astrocytes (42) and do not possess the same 
anatomical relationships to blood vessels and other obvious sites for 
potassium ion disposal. It may be then that the spatial buffering 
ability of astrocytes is greater than oligodendrocytes (39). 

The potassium channels of oligodendrocytes probably serve other 
important functions beside potassium buffering. Soliven and colleagues 
(71,72) have studied single channel currents in cultured oligodendrocytes 
using patch clamp recording methods. They have observed that both 
forskolin, a stimulator of adenylate cyclase and protein kinase C 
activators alter the amplitude and kinetics of several types of potassium 
channel. Hore specifically, forskolin appeared to decrease both the 
probability that two different types of potassium channel would open as 
well as reduce the time the channels remained open. These observations 
are of interest in that these same pharmacological agents are involved in 
the initiation of myelin metabolism and therefore the signal to myelinate 
may involve phosphorylation of ion channels (72). 

Summary of Voltage-dependent Channels of Glial Cells 

It should be evident from this brief review that all types of glial 
cells have a wide range of voltage-dependent ion channels within the cell 
membrane. In both astrocytes, oligodendrocytes and perhaps Schwann cells 
potassium and chloride channels are present to control the concentration 
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of extracellular potassium. This occurs both by spatial buffering of 
potassium from regions of high extracellular potassium to regions of low 
concentration and inward rectifier potassium channels which permit the 
entry of potassium into the cell but restrict its exit (51). In 
addition, active, as well as passive intracellular accumulation of 
potassium occurs. The passive accumulation being aided by concurrent 
chloride flux through voltage-dependent potassium and chloride channels. 

Glial cells have other channel types and these may be responsible for 
process outgrowth, such as the calcium channels of astrocytes. Ionic 
current may be modified by myelination, such as with the disappearance of 
Schwann cell sodium current when Schwann cells are associated with 
myelinated axons. Lastly, currents may be modified by intracellular 
signals, such as for myelination in oligodendrocytes and presumably other 
important signalling functions are mediated by ion cbannels. 

Receptor Mediated Channels of Glial Cells 

As distinct from electrically excitable channels many ionic channels 
are largely electrically inexcitable but can respond to neurotransmitter 
substances. Their basic structure may be similar to voltage-dependent 
channels but instead of a voltage-sensitive sensor they may have a 
transmitter receptor coupled directly to a gate for ion movement. In 
some cases it appears that a second messenger is involved to control the 
ionic channel which may be remote from the receptor site (31). 

These transmitter mediated ion channels have been well studied in 
neurons (31,55) however it was believed until recently that glial cells 
were insensitive to the action of neurotransmitters. Occasionally, when 
glial cells were seen to depolarize following the application of these 
substances it was thought that this depolarization was secondary to the 
rise in extracellular potassium as a result of neuronal discharges 
triggered by the neurotransmitter (32,73). This view has now been shown 
to be incorrect and furthermore all types of glial cells have been 
demonstrated to possess neurotransmitter activated channels. In addition 
to having such channels, glia are well recognized to have re-uptake 
mechanisms for many neurotransmitters released by neurons or during 
metabolic activity (29). Numerous types of neurotransmitter receptors 
have been identified on the surface of astrocytes and other glial cells 
including receptors for adrenergic agents (29,36) histamine (35), 
dopamine (33), serotonin (33,34), substance P (78), angiotensin II (61), 
benzodiazepines (29), neuropeptides (29, as well as other agents 
(12,13,25,29,40,41,43,76). In many cases these neurotransmitter 
receptors are not linked to ion channels but presumably mediate their 
effect through intracellular second messengers such as c-AKP, cyclic 
guanosine monophosphate (c-GKP), or inositol phosphates. 
Neurotransmitters such as acetylcholine, bradykinin and others have also 
been shown to depolarize glioma cell lines (28,65). 

Receptor Mediated Channels of Astrocvtes 

Astrocytes respond to a variety of neurotransmitter substances with 
cell depolarization. These neurotransmitters include aspartate (40), 
glutamate, gamma-amino-butyric acid (GABA) (40) and other agents 
(33,34,35,36,43). In contrast, these cells are insensitive to taurine 
and glycine (40). The GABA mediated depolarization of astrocytes is 
produced by opening chloride channels, an effect virtually identical to 
the neuronal GABAA receptor response. This chloride channel opening 
permits the efflux of chloride ions from the astrocyte, thus depolarizing 
the membrane. These astrocyte GABA receptors share other features with 
neuronal GABA receptors such as tbeir temperature sensitivity, their 
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ability to be blocked by the GABA receptor antagonists bicuculline and 
picrotoxin and their stimulation by muscimol (43). This suggests that 
these GABA receptors must be a similar if not identical molecule. The 
biological significance of these receptor mediated channels is obscure 
however. Since it is believed that glial cells do not produce 
neurotransmitters themselves these receptor mediated effects may exert 
some fine control over the spatial buffering properties or other 
functions of astrocytes. 

Astrocytes also possess binding sites for serotonin on their surface 
as demonstrated radioautographically (34) and application of this agent 
produces a hyperpolarization in cultured astrocytes which can be 
abolished by the serotonin antagonist ketanserin (33). Dopamine will 
also hyperpolarize astrocytes, an effect which is abolished by the 
antagonists cis-flupenthixol and domperidone (33). Electrophysiological 
responses to adrenergic stimulation of astrocytes has also been observed 
(36). 

Perhaps the most exciting recent development in the pharmacology of 
astrocytes in the observation that phorbol esters will induce 
oscillations of the resistance of these cells (50). Astrocytes in 
kainate treated hippocampal slices are activated by phorbol esters to 
produce a rhythmic oscillations of membrane potential of about 5-10 mV in 
height and 1 Hz in frequency. Inactive phorbol esters do not evoke such 
depolarizations and rarely untreated astrocytes also demonstrate such 
behavior. These changes in membrane potential may be produced by changes 
in the potassium permeability although the exact mechanism is unknown. 

Receptor Mediated Channels of Schwann Cells 

An extensive literature exists on the neurotransmitter sensitivity of 
Schwann cells, much contributed by Villegas and coworkers (79). These 
authors have studied the neuronal glial interactions between the nerve 
fiber and surrounding Schwann cells of the giant squid axon. In this 
species, Schwann cell membrane potential can be modified by changes in 
cyclic adenosine monophosphate (c-AMP) levels produced by nicotinic 
cholinergic receptors and octopamine receptors (79). Neuropeptide 
substances can also produce membrane potential changes but these appear 
to be independent of c-AMP. Some of the neuropeptides producing these 
de- and hyperpolarizing responses on Schwann cells include Vasoactive 
intestinal polypeptide (VIP), substance P and somatostatin (6). Little 
information is available however about the neurotransmitter sensitivity 
of mammalian Schwann cells. This probably derives from technical 
difficulties arising from the recording of such cells with micropipettes. 

Receptor Mediated Channels of Oligodendrocytes 

Cultured mouse oligodendrocytes have been demonstrated to respond to 
glutamate and GABA with depolarization (7). This does not occur with 
every oligodendrocyte and only about one-third will respond. 
Depolarization is also seen with the GABA agonist muscimol and GABA 
antagonists such as bicuculline will block this response. However, as 
for astrocytes the physiological significance of these depolarizations 
are unclear (7). Other transmitter substances such as aspartate, 
glycine, adrenaline, nor-adrenaline, acetylcholine, bradykinin or 5-
hydroxytryptamine do not affect these cells (7). 

Summary of Receptor Mediated Channels of Glial Cells 

Glial cells have neurotransmitter receptors on their surface and can 
respond to the application of some of these agents by a change in 
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potential. Both mammalian astrocytes and oligodendroglia can respond to 
GABA and glutamate and in addition astrocytes can also respond to 
aspartate and nor-adrenaline as well as other agents. Little information 
is available about the transmitter sensitivity of mammalian Schwann cells 
however squid Schwann cells respond to acetylcholine, octopamine as well 
as many neuropeptides. When detailed information is available about 
these ion channels, as is the case for the astrocyte GABA receptor 
channels, they appear to resemble neuronal GABA receptors. The function 
of these channels is enigmatic but it has been suggested that there could 
be regional variability in the transmitter sensitivity of glial cells 
depending on the area of the neuraxis from which they come (25). 

Volta~e-insensitive Ion Channels of Glial Cells 

Mention should be made of a variety of voltage-insensitive ion 
channels which are responsible for solute movement by passive diffusion. 
These channels presumably lack the voltage or receptor-activated gate 
which controls the entrance or egress of ions across the transmembrane 
pore. Thus the channels permit flow of ions of the appropriate size or 
charge but without the specific control of the gating system of the 
channel. Although it might be imagined that glial cells would possess 
many such channels, in fact, it is not clear whether glial cells have 
appreciable numbers of these channels. Although their membrane 
impedances are quite low when studied in slice preparations or in the 
intact animal (50), when studied with patch clamp recording their 
resistance is significantly higher (71). 

Ion flux in glial cells is maintained to a great degree by carrier 
mediated ion transport systems such as the sodium-potassium pump, 
potassium and chloride co-transport, sodium-hydrogen exchange add other 
mechanisms (39,80). These metabolic pumps are not mediated by ionic 
channels per se and the net flow of ions occurs through regions of 
membrane different from the previously mentioned channels. It should be 
emphasized however that these metabolic ion pumps are very important in 
many glial cell functions particularly those concerned with potassium 
concentration and cell volume regulation (57,58,74,80). 

Gap Junctions 

A notable feature of glial cells is the presence of cell coupling 
through gap junctions. These intercellular connections allow small water 
soluble molecules to pass directly between cells as well as electrical 
activity to spread to coupled cells. Thus sugars, amino acids, vitamins 
and other small molecules can traverse the junction and supply adjacent 
cells. Coupling has been observed in cultured oligodendrocytes and 
astrocytes from rats and mice (42) as well as from other species (42,57). 
Coupling can also occur between cell types. such as between 
oligodendrocytes, astrocytes and fibroblasts or between Schwann cells and 
dorsal root ganglion neurons (42). In many cas(~s cell coupling has been 
observed between cells which were not immediately adjacent and sometimes 
could be as far as 300 microns from one another (42). These gap 
junctions probably serve to improve the spatial buffering of potassium 
concentration by glial cells. Additionally. they may serve as a form of 
cell-cell communication. 

Influence of Glial Cells on the Ionic Properties of Neurons 

Of critical importance in demyelination and remyelination is the 
interdependence of nerve and glial cell. Glial cells have prominent 
effects on the ionic properties of neurons. Conversely. neurons have 
been shown to exert some effects on the ion channels of glial cells. 
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The most striking effect of glial cells on neuronal ion channels is 
the channel redistribution Which occurs following demyelination of nerve 
fiber axons. Early work on saltatory conduction in myelinated nerve 
fibers demonstrated that under normal conditions excitation is confined 
to the nodes of Ranvier (37,77). This conclusion has been supported by 
more recent evidence showing potassium channels to be located largely in 
the internodal region While sodium channels are present largely within 
the nodal membrane (2,9,10,19,20,21,45,46,64,66,67,81,82). This has been 
based on labelled saxitoxin binding studies (68), osmotic shock studies 
of the nodes of Ranvier under voltage clamp, anatomical and 
immunocytochemical evidence (16). Following demyelination secondary to 
diphtheria toxin or crush Bostock, Sears and colleagues have shown that 
the internodal membrane can become excitable and conduct impulses 
(8,9,10,11). Host ventral roots exposed to diphtheria toxin will show 
slowed saltatory conduction and in sites of inward current flow 
corresponding to the nodes of Ranvier the time required for current flow 
will be increased (8). This accounts for the slowed conduction 
velocities of these demyelinated fibers. In a few fibers, however, the 
normal step-wise pattern of impulse generation was lost and the axonal 
sodium current appeared to progressively increase in latency along the 
course off the fiber corresponding to a 'continuous' type of conduction 
like that seen in non-myelinated fiber (8,9,10,23). 

Probably in most axons the density of sodium channels in the 
internodal axon is too small to permit the development of sufficient 
sodium current to cause continuous conduction to occur immediately 
following the loss of the myelin sheath (82). After several days have 
elapsed following a demyelinating lesion such as a crush injury 
significant numbers of sodium channels can appear in areas corresponding 
to the internodal regions and provide the basis for the observed 
continuous conduction. It is not clear, however, Whether tbese 
internodal channels are produced de novo or are channels Which have 
migrated into the internodal membrane (23). The regulation of the 
distribution of these sodium channels may be under the control of Schwann 
or other glial cells although at present there is no direct proof for 
this. In the mouse strain dyjdy an abnormal nerve fiber ion channel 
distribution is found concurrently with abnormal myelination, however 
this does not prove that glial cells directly regulate axonal ion 
channels (63). 

This glial-neuronal interaction could behave in a manner Which has 
been compared to the interaction between nerve and muscle at the 
neuromuscular junction (82). At the neuromuscular junction the 
presynaptic nerve fiber is associated with post-synaptic acetylcholine 
receptors within the junction itself. Following the loss of the 
presynaptic fiber, acetylcholine receptors are found outside the junction 
just as internodal sodium channels are found outside the node of Ranvier 
following demyelination. 

It should be noted that the electrophysiological features of 
demyelination have been well studied including some of the clinical 
consequences. The interested reader is referred to a number of recent 
articles on this subject (11,14,45,46,59,60,63,67,81,82). 

Influence of Neurons on the Ionic Properties of Glial Cells 

There is only very limited information about the influence of neurons 
on the ionic channels of glia and this data is derived from studies of 
the effect of myelinated or unmyelinated axons on the ion currents in 
Schwann cells (17,18). As mentioned above it has been reported that 
sodium currents in Schwann cells are only detectable if they are 
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associated with nonmyelinated nerve fibers. Additionally, when 
myelinated fibers are transected Schwann cells which were associated with 
those fibers will demonstrate potassium and sodium current. The time 
course of appearance of sodium and potassium current seemed to follow the 
extent of myelin loss. Schwann cells which were not associated with 
myelinated nerve showed some decline in the amplitude of their sodium and 
potassium dependent currents. These results were interpreted as implying 
that the regulation of sodium and potassium current is dependent on some 
interaction with degenerating myelin and axons. Axonal degeneration was 
believed to lead to a loss of Schwann cell sodium current whereas 
products of myelin degradation were suggested to produce the appearance 
of this current (18). 

CONCIlJSION 

From this brief review it should be evident that glial cells are not 
the inexcitable, unresponsive cells which they were formerly believed to 
be. As a group they possess a wide variety of voltage-dependent and 
receptor activated ion channels. Undoubtedly the list of channels they 
contain will continue to grow as further research is done in this area. 
At this point in time it is perhaps more useful to think of the 
similarities between neurons and glia rather than their differences, 
coming as they do from common neuroepithelial precursor cells. Sadly, 
our knowledge of the functions of many of these channels is limited 
however as has been reviewed here it seems likely that at least some are 
related to the modulation of axon-glial relations which occur in 
demyelination and remyelination. 
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The elaboration of the electrophysiological properties of glial cells 
has recently proliferated through the use of the patch clamp technique. 
Measurements of macroscopic currents using the whole-cell mode and of 
single channel currents have shown that astrocytes and oligodendrocytes 
possess a variety of ion channels which selectively regulate ionic flow 
through the cellular membrane. At present however, physiological roles 
for these channels largely remain to be determined. Most of the studies 
undertaken to date have employed cultured cells from embryonic rat or 
mouse brain. The work to be described in this chapter considers 
oligodendrocytes obtained from adult bovine brains and studied for 
periods up to several months after the initial culture preparation. 

The bulk isolation and culture preparation of bovine oligodendrocytes 
were performed following the methods previously described (1,2) and cover 
slips with essentially pure oligodendrocyte (95-98% purity) could be 
utilized for electrophysiological experiments. Culture medium was 
composed of 5% horse serum, 5 mgjml glucose and 20 ugjml gentamicin in 
Eagle's minimum essential medium. Immunofluorescence microscopic 
identification of oligodendrocytes was performed using monoclonal 
antibody directed against galactocerebroside, a cell type-specific marker 
for oligodendrocyte, and fluorescein-conjugated goat anti-mouse 
immunoglobulin (2,3). Galactocerebroside-positive oligodendrocytes 
constituted better than 95% of total cell population during the whole 
cell culture period for up to 6 months. The bovine oligodendrocytes are 
characteristically round in appearance with diameters close to 10 urn and 
appear individually or in clusters; in most cells multipolar processes 
are clearly defined (Fig. 1). 

In these experiments the cell-attached patch clamp configuration has 
been used to isolate small patches of cellular membrane and determine the 
kinetic properties of the single channels resident in the patch (4). 
Fortuitously, many of the patches appear to contain only a single active 
channel which is convenient for the analysis of the open and closed times 
for the channel. Furthermore, the amplitudes of the currents are 
reproducible from experiment to experiment which suggests that only one 
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species of channel is present in the patches. An important consideration 
in the use of the cell-attached configuration is that intracellular 
factors which may regulate channel function are supposedly intact in the 
experiments; this point is relevant to the channel properties studied 
presently. One significant disadvantage to the use of the cell-attached 
method, however, is the general inability to use pharmacological 
maneuvers which could be useful in the characterization of ion channels. 

Figure I Galactocerebroside immunostaining of bovine 
oligodendrocytes in culture grown for 2 months. A: Fluorescence 
microscopy. B: Phase contrast microscopy. 

In these experiments the bathing solution consisted of the following 
(in mK): NaCl 140, KCl 5, CaC12 0.2, and HEPES 10. The pipettes were 
fire-polished and had resistances between 5-8 K were filled with the 
following (in mK): KCl 140, NaCl 5, CaC12 0.2, and HEPES 5. In all 
cases the solutions were filtered with 0.22 um Killipore filters. 
Following initial contact between the pipette and the cell, gentle 
suction was applied and resulted in the formation of giga-oha seals in 
about one-third of the attempts; older cells in particular often resisted 
a tight-seal contact. In the majority of experiments channel activation 
was observed after seal formation with the pipette potential held at zero 
(Fig. 2). Increasing the driving force with the application of 
hyperpolarizing steps (i.e. increasing the magnitude of the pipette 
potential) increased the amplitude of the single channel currents as 
shown in Figure 2. Similar records to those shown in Fig. 2 have been 
obtained in other experiments. 

A current-voltage plot for the channel in Fig. 2 is shown in Fig. 3; 
the slope of the graph is a measure of the conductance of the channel and 
was found to be 30 pS. The zero-current potential from the plot was 
-54 mV which is close to the expected resting potential in 
oligodendrocytes (5,6). This channel is primarily selective for ~ since 
with similar concentrations of ~ across the membrane the reversal 
potential would correspond to the resting level. Since the concentration 
of Cl is presumably low inside the cell a reversal potential for this ion 
would be hyperpolarizing to the resting level which is far from the 
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Figure 2 Records of inward current using the cell-attached 
configuration. Channel openings are indicated by upward deflections from 
the baseline. The pipette potential was held at the following values: 
(A) 0 mV; (B) 20 mV; (C) 40 mV; (D) 60 mV; (E) 80 mV. All data were 
filtered at 2 kHz. 
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Figure 3 Current-voltage relation for the channel shown in Fig. 2. 
The channel conductance was 30 pS and the extrapolated reversal potential 
was -54 rnV. 
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measured value. Several experiments were undertaken in which 70 mM KCl 
in the pipette was replaced with 70 mM NaCl so the pipette contained 
equal concentrations of KCl and NaCl; the measured reversal potentials 
were consistent with a K+ selective pore. A contribution of inward Na+ 
or Ca2+ to the observed currents is also unlikely from considerations of 
the expected and measured values for the zero-current potential; previous 
studies have found no evidence for such channels in oligodendrocytes 
(7,8) . 

An interesting aspect of the K+ behavior is the lack of inactivation 
with time; sustained channel openings could be recorded for periods in 
excess of ten minutes. In contrast, outward current does not flow 
through this channel. When large negative pipette potentials were 
applied (i.e. Vp ~ -130 mV) no distinct channel activity was elicited. 
An inward rectifying K+ channel has recently been described in cultured 
oligodendrocytes from optic nerves (9); the properties of this channel 
would seem to be qualitatively similar to the inward rectifier current in 
the bovine cells. 

It is clear from the records shown in Fig. 2 that the open times of 
the K+ channel are strongly modulated by the membrane potential. As the 
membrane is hyperpolarized to a greater extent the channel exhibits very 
rapid bursts of openings (flickers) from a mainly closed state. Most of 
the transitions were easily resolvable with low-pass filtering at 2 kHz. 
Histograms for the open and closed time distributions from the records of 
the cell shown previously are presented in Fig. 4 (pipette potential of 
+80 mV) and Fig. 5 (pipette potential of +40 mV). The open time 
histograms were well fit with a single exponential whereas the closed 
time distributions required two-component exponential fits The 
contributions to the two-components in the closed time distributions are 
clear from the records shown in Fig. 6 where a continuous record over 400 
ms is shown with the pipette potential held at +80 mV. The longer 
component is associated with the prolonged periods between channel bursts 
and the shorter component is a consequence of the'rapid closures evinced 
during the bursts. A number of channels exhibit two-component 
exponential fits for the closed time distributions which could reflect 
two closed states for the system with one of these states isomerizing to 
an open level. 
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Figure 4 Open (A) and closed (B) time distributions for the channel 
shown in Fig. 2. The time constant from the open time distribution was 
2.5 ms and the pipette potential was +80 mV. Approximately 200 events 
were included in the distributions. 
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Figure 5 Open (A) and closed (B) time distributions with the pipette 
potential held at +40 mV. The time constant from the open time 
distribution was 12.5 ms. 
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Figure 6 Contiguous traces of channel openings for a pipette voltage 
of +80 mV showing the channel opening bursts and prolonged closed times. 
The data were filtered at 2 kHz. 
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Withdrawal of the patch pipette from the cellular membrane results in 
an excised patch with the inner membrane surface in apposition to the 
bathing solution (inside-out patch clamp configuration). In these 
experiments this procedure would be expected to yield inward currents 
(with the pipette potential at zero) since a high concentration of ~ is 
contained in the pipette. If the channel was selective for ~ then a 
pipette potential of -85 mV should be close to the zero-current potential 
whereas in the cell-attached mode the comparable zero-current potential 
was approximately equal to the cell resting potential. In fact after the 
formation of a seal in the inside-out mode channel activity was absent in 
about one-half of the patches. Large values of positive and negative 
pipette potentials failed to elicit channel openings in these cases. 

Several factors could account for the absence of channel openings 
observed after excision in some experiments. Intra-cellular components 
may modulate channel kinetics and the loss of such entities could cause 
channel inactivation. Hany precedents for loss of channel activity after 
excision of the patch from the cellular membrane have been documented. 
For example Trube and Hescheler found that an inward rectifying ~ 
channel in heart cell membrane was inactivated when the patch was 
withdrawn from the cell (10). In this case the intra-cellular factor was 
suggested to be ATP; restoration of channel openings was found after 
application of 4 mH ATP to the bathing medium in the inside-out patch 
clamp mode. 

Other factors which could be involved are the concentrations of 
calcium and potassium. The calcium concentration inside the cell is 
buffered to a low value; after the inside-out mode has been formed 
however the inside of the cellular membrane is bathed in 0.2 mH calcium. 
A substantial change in ~ concentrations is also evident for the two 
modes of patch clamp recording. With the cell-attached mode the internal 
K+ is very high whereas after excision the inside of the cellular 
membrane is bathed in 5 mH~. Pharmacological methods can be used to 
determine if changes in the concentrations of these ions are involved in 
the altered channel activity. The calcium in the bath can be buffered, 
using EGTA. to values which are comparable to intra-cellular levels and 
the ~ concentration in the bath can be increased to 140 mHo Preliminary 
experiments have not been successful in restoring channel activity using 
either of these pharmacological maneuvers. Another possibility is the 
formation of a membrane vesicle at the pipette tip when the pipette is 
withdrawn from the cell to form an inside-out configuration (11); 
previous studies on oligodendrocytes have noted that such vesicles were 
not uncommon (6). In some instances the vesicle can be removed by rapid 
movement of the patch through the solution-air interfacc. This procedure 
was not successful in restoring channel activity in these experiments 
even though the seal resistance was not materially affected by the 
procedure. 

The properties of the ~ channel which have been determined in this 
work are relevant to a physiological function of oligodendrocytes to take 
up K+ which is released from active neurons (12,13). The channel passes 
inward ~ current only, no outward current could be observed even for a 
large driving force for outward cationic current. The channel studied 
presently is available to pass inward current at the normal cell resting 
potential. The characteristics of the ~ channel in the adult bovine 
oligodendrocytes are similar to an inward rectifier ~ channel in 
neonatal rat oligodendrocytes as described by Barres et a1 (9). These 
authors also suggest that the large degree of inward rectification 
observed in their study is a consequence of magnesium binding to intra
cellular sites. 
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The dramatic modulation in the channel open times in the bovine 
oligodendrocytes has not been observed in other studies on rat 
oligodendrocytes. As the magnitude of the hyperpolarization was 
increased the channel open times decreased significantly to a point where 
only rapid flickers of openings were recorded. This property of the 
inward rectifier ~ channel in the bovine cells may also be involved in 
the regulation of the concentration of K+ across the cellular membrane. 
In adult bovine oligodendrocytes (and also in rat oligodendrocytes) K+ 
channels can be detected which primarily pass outward current (outward K+ 
current can be observed in these cells using the inside-out mode with 
high K+ in the bath; large depolarizing steps are required for activation 
however). The requirement of large depolarizations to open channels 
which pass K+ in an outward direction may also serve a regulatory role 
for oligodendrocytes. Further patch clamp studies will obviously be 
useful in the elucidation of the physiological function of the ion 
channels in oligodendrocytes. 
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Many theories have been proposed to explain the pathogenesis of 
multiple sclerosis. From epidemiologic studies the occurrence of disease 
can be associated with genetic and environmental factors (reviewed by 1). 
Some of the environmental factors include infectious agents (37). Thus 
far, many agents including a whole host of viruses have been implicated, 
however, none have been shown definitively to be the causative agent (2-
4, 12, 19, 21, 25, 29, 31, 41, 44). In addition, immunologic factors may 
play an important role in the pathogenesis (30). Along this premise some 
investigators have been using immunosuppressive regimes to modify the 
course of the disease (reviewed by 10). These studies have suggested 
modest improvement in some of the patients. Several models have been put 
forth to delineate the role of virus and immune responses in reproducing 
the observed pathologic features of multiple sclerosis. 

One of these is experimental allergic encephalomyelitis (EAE) (32). 
This is an autoimmune disease of the central nervous system (CNS). 
Several eNS proteins have been determined to be encephalitogenic. It is 
when these proteins (derived usually from myelin) are injected into a 
suitable animal host with adjuvant an immune response ensues that cross
reacts with brain components. This disease is characterized by a 
perivascular mononuclear infiltrate that leads to demyelination. The 
disease is immunopathologically mediated. Many of the features of EAE 
can be transferred from animal to animal with the use of sensitized T 
lymphocytes. As yet the disease cannot be passively transferred with 
antibodies from EAE animals or animals immunized with myelin components. 
The relapsing and remitting form of chronic EAE has a lesion distribution 
and clinical course that can closely approximate multiple sclerosis (43). 

Another model for multiple sclerosis is Theiler's murine 
encephalomyelitis virus (TMEV) infection of mice. Here, there are both 
genetic and virologic contributions to the demyelinating disease. This 
model was first championed by Lipton and colleagues in the 1970's as a 
system to study virus induced demyelination (22-24). They described a 
biphasic disease in Swiss outbred and later in SJL mice using the Daniels 
(DA) strain of TMEV. The early disease was an acute phase that resembled 
poliomyelitis where infection of neurons was prevalent and these cells 
went on to die. In the early phase mice became paralyzed and depending 
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on the dose of the virus and strain of mouse would go on to die or would 
become persistently infected. In the SJL mouse strain the mice developed 
more of the chronic disease with less of the acute disease. This chronic 
late disease was characterized by a perivascular mononuclear cellular 
infiltrate and demyelination (8). Chronically infected mice have a 
spastic gait and difficulty righting themselves. 

Various genetic components influence the production of clinical 
disease and demyelination. Both the susceptibility to disease and extent 
of demyelination have been correlated to H-2 and non H-2 regions in the 
mouse genome. In mice with the H-2S alleles susceptibility correlated 
with the D region but not the K or I-A (5-7, 33). In addition, non H-2S 
contributions of a region encoding for the constant portion of the B
chain of the T cell receptor on mouse chromosome 6 can also contribute to 
disease production (27). Virus titers in the CNS from resistant and 
susceptible mouse strains correlating to the extent demyelination have 
been controversial. There is mounting evidence that delayed type 
hypersensitivity reactions which are class II restricted are involved in 
the demyelinating disease (Miller, 1978). Treatment of infected mice 
with anti-IA and L3T4 sera has been reported to influence the pattern of 
disease (13, 33, 42). 

We have been combining the two aspects of viruses and autoimmune 
disease; i.e., exploring ways viruses could induce immune reactivities to 
"self". One hypothesis is that viruses in some way could trigger or 
initiate autoimmune attack on myelin components leading to demyelination. 
Along this line there is strong suggestive evidence that infections may 
precede relapses (37). Our initial studies were to define if viruses 
could have cross-reacting determinants with host cells. In raising 
monoclonal antibodies to measles virus it was noted that the monoclonal 
antibodies from the various fusions could be divided into three groups. 
First, and the largest group, contained monoclonal antibodies which were 
viral specific. These monoclonal antibodies reacted only with viral 
proteins by immunofluorescent staining, immunoprecipitation, or Western 
blot analysis. The second group of monoclonal antibodies was found to 
react with just self components and not viral proteins. These antibodies 
probably arose due to self reactive B cells present in the spleens of 
these mice. The last group of monoclonal antibodies which contained the 
smallest number of monoclonal antibodies, reacted with both viral 
proteins and host cell determinants. These monoclonal antibodies 
comprised approximately 1-3% of our total antibodies depending on the 
fusion. 

One of these monoclonal antibodies was further investigated to 
characterize its specificity (16). It was first analyzed by 
immunofluorescent staining. HeLa cells infected with measles virus and 
mock infected cells were subjected to examination. The monoclonal 
antibody derived from mice immunized with measles virus was incubated 
with measles virus infected HeLa cells and immunofluorescent antibody 
procedure conducted. The pattern of staining was one of a cytoplasmic 
reaction. The monoclonal antibody bound to prominent cytoplasmic viral 
inclusions. This type of staining pattern was one typical of the 
distribution of measles virus phosphoprotein or nucleocapsid protein. 
When the monoclonal antibody was incubated with mock infected cells the 
staining pattern was one of a network-like appearance. In cells that 
were undergoing mitosis the pattern was markedly different, the 
uninfected cells had a speckled appearance. This type of staining was 
very characteristic of intermediate filament proteins, particularly 
vimentin or cytokeratin. Similar patterns of reactivity were found when 
this monoclonal antibody was tested in BRK and mouse L929 cells. Knowing 
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this, a preparation enriched for intermediate filament proteins was 
prepared from uninfected HeLa cells and this preparation was used to 
adsorb with the monoclonal antibody preparation. The adsorption 
procedure removed the reactivity to infected cells. Thus, an 
intermediate filament preparation contained a common determinant with a 
viral protein. 

To further define the viral and host proteins the monoclonal antibody 
reacted with biochemical methods were employed. Western blotting 
experiments were initially performed. First, an intermediate filament 
rich protein preparation from uninfected HeLa cells was prepared and the 
proteins separated by SDS-PAGE. The proteins were then transferred to 
nitrocellulose strips and strips incubated with the monoclonal antibody. 
The monoclonal antibody was found to react with a 52-54,000 molecular 
weight protein. With the use of other monoclonal antibodies to 
cytokeratin and vimentin, the cellular protein was identified as one of 
the cytokeratin proteins. Similarly, cytosols from infected HeLa cells 
were prepared in which the intermediate filaments proteins were depleted 
and these preparations were electrophoresed on SDS-polyacrylamide gels 
and proteins transferred to nitrocellulose paper. The monoclonal 
antibody which reacted with cytokeratin from uninfected cells was also 
found to bind to a 70,000 molecular weight viral protein, that co
migrated with measles virus phosphoprotein. Next, purified measles virus 
was electrophoreses and Western blot analysis performed. Again the 
monoclonal antibody reacted with the measles virus phosphoprotein that 
was incorporated into virions and not just present in infected cells. 
Therefore, a monoclonal antibody had the ability to define an epitope on 
a viral protein as well as a host cell component. 

In like manner, additional monoclonal antibodies were studied: one 
against a herpes virus protein and another to vaccinia virus 
hemagglutinin (9, 16). The monoclonal antibody that reacted with a 
herpes virus protein was found to also bind with an intermediate filament 
protein. The vaccinia virus hemagglutinin monoclonal antibody bound to 
vimentin. Thus, additional viruses were shown to have common 
determinants with self proteins. 

Further, Sairenji et al described a murine monoclonal antibody that 
recognized a filamentous structure in Epstein-Barr virus-producing 
lymphoblastoid cell lines (35). By immunofluorescent staining, the 
monoclonal antibody appeared to react with vimentin or a closely 
associated intermediate filament protein. The expression of this antigen 
was induced by superinfection with Epstein-Barr virus or treatment with 
tumor promoting agents, and its appearance may be similar to the 
induction of stress proteins (36). Along this line Sheshberadaran and 
Norrby described monoclonal antibodies against measles virus fusion 
protein that also reacted with cellular stress proteins. This was 
demonstrated by immunoprecipitation and immunofluorescent staining of 
infected and uninfected cells. This host stress protein was induced by 
infection of cells with paramyxoviruses, heat shock of uninfected HeLa 
cells, and treatment of various cell lines with 2-deoxyglucose, 
tunicamycin, L-canavanine. Other monoclonal antibodies have been 
identified to have similar reactivities in many viral systems. Recently, 
Srinivasappa et al reported that roughly 3-4% of all antiviral monoclonal 
antibodies reacted with host cells components (39). 

As described, many of the monoclonal 
intracellular determinants or filaments. 
that viruses are intracellular parasites 
sites within the infected cell (11). By 

antibodies cross-react with 
This probably reflects the fact 

and assemble at very discrete 
having common sites or 
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determinants with cellular proteins these viral proteins could be 
transported to similar areas as the intermediate filament proteins. Many 
viruses assemble and mature in association with intermediate filament 
proteins. 

In producing monoclonal antibodies to another paramyxovirus, Goswami 
et al found that an antibody against the Simian virus 5HN glycoprotein 
bound to an antigen found in Purkinje cells of the adult rat brain (18). 
The monoclonal antibody had the ability to prevent infectivity. In 
addition, this monoclonal antibody could bind to white matter. 

Tardieu et al have found a common determinant between reovirus types 
1 and 3 and lymphocytes. The monoclonal antibody reacted with the Lyt 
2,3 subset of murine lymphocytes (40). In addition, this monoclonal 
antibody had the ability to initiate complement dependent lysis of Lyt 
2,3 positive lymphocytes (40). 

From these data investigators have found cross-reacting determinants 
between viral determinants and host eNS and immune tissues. Using 
antibodies to define common determinants is very useful however it is 
very difficult to determine the actual epitope; i.e., the sequence 
involved in the cross-reaction. Thus, experiments defining common amino 
acids were instigated. These are described below. 

A protein capable of inducing an autoimmune disease of the eNS was 
chosen since the encephalitogenic disease inducing determinants for a 
wide variety of species is known (20, 26, 38). This is myelin basic 
protein. It has been sequenced and has been widely studied. Using 
computer assisted analysis known viral protein sequences were compared to 
the encephalitogenic sites described for myelin basic protein (14). The 
original analysis revealed several sequence similarities between various 
animal viruses proteins and myelin basic protein. One of the best common 
sequence in tandem was between the myelin basic protein encephalogenic 
site for the rabbit and hepatitis virus B polymerase. This was: 

myelin basic protein 
hepatitis virus 

T THY G S L P Q K 
I G C Y G S L P Q E 

These peptides were synthesized. Studies looking for the production of 
autoantibody, cellular reactivity and disease production were undertaken. 

Seven rabbits were immunized with the hepatitis virus peptide (HVP) 
and antibody monitored for the presence of antibody to HVP and myelin 
basic protein. Five of the seven animals made detectable antibody as 
measured by ELISA to whole myelin basic protein. Competitive inhibition 
experiments with increasing amounts of HVP blocked the binding of HBP 
antibodies to myelin basic protein in a dose dependent manner. As 
expected all seven rabbits made antibodies that reacted with HVP. 

To test for cellular reactivity in rabbits, eight animals were 
immunized once with HVP and peripheral blood mononuclear cells were 
obtained. These mononuclear cells were then cultured in the presence of 
HVP or myelin basic protein. The peripheral blood mononuclear cells from 
all eight rabbits proliferated when cultured with HVP peptide. 
Peripheral blood mononuclear cells from half of the rabbits proliferated 
in the presence of myelin basic protein. Thus, 4/8 animals immunized 
with HVP reacted with myelin basic protein. 

Histologic evaluation was performed in 11 rabbits immunized with HVP. 
Brain and cervical spinal cords of four animals had scattered lesions 
that consisted of perivascular mononuclear and meningeal infiltrates 
characteristic of experimental allergic encephalomyelitis. None of the 
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rabbits immunized with the HVP developed clinical signs of experimental 
allergic encephalomyelitis. Similarly, one out of four animals injected 
with the encephalogenic peptide from myelin basic protein developed 
clinical signs and three of the four had histologic lesions of 
perivascular infiltrates in brain and spinal cord, thus, viral infection 
has the potential to trigger the production of autoantibodies and 
mononuclear cells that cross-react with self by a mechanism termed 
"molecular mimicry". The tissue injury from the viral initiated 
autoallergic event could take place in the absence of infectious virus. 

Recently a monoclonal antibody against TMEV has been described to 
react with galactocerebroside (17). This virus has the ability to cause 
a chronic demyelinating disease in mice. The cross-reacting monoclonal 
antibody neutralizes the virus and binds to oligodendrocytes in newborn 
mouse CNS cultures. The presence of such an antibody could contribute to 
the observed demyelinating pattern of disease. 

Similarly, a peptide (L G R P NED S S S S S S S C) from the 
immediate-early region of human cytomegalovirus was analyzed by computer 
(17). It was found that the first five amino acids of this peptide had 
sequence similarity to the B-chain of the human MHC HLA-DR protein. The 
common amino acids were located in a region that was conserved between 
the human and mouse histocompatibility antigens on the B chain. The 
shared regions from the immediate-early region of human cytomegalovirus 
and HLA-DR had similar hydrophobicity and predicted B-turn potential. 
This data suggested that the determinant would be on the surface of the 
protein. The IE-2 viral peptide induced antibodies that recognized the 
human DR B-chain by western blot analysis. This suggests a mechanism to 
explain how human cytomegalovirus infection contributes to graft 
rejection and immunosuppression. 

It is easy to speculate that in those instances where autoimmunity 
occurs, viral determinants reflect host cell determinants which have the 
capacity to induce disease, such as the encephalitogenic epitopes of 
myelin basic protein. Actual disease induction would not occur if the 
common site did not involve a disease inducing region. Immune responses 
involving non-disease inducing determinants may invoke autoantibody but 
actual autoimmune disease would not result. Another scenario pertains to 
those autoimmune afflictions that are of a chronic or relapsing and 
remitting nature. Here, viruses with the ability to persist may 
continually or cyclically express viral antigens. Even though the 
expression of the viral genome and therefore replication may be 
restricted, translation of the protein having the determinant in common 
with that of the host could continue. The resulting antigen, properly 
presented, may then evoke a smoldering immune response leading to chronic 
and progressive autoimmune disease. 
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MUltiple sclerosis (MS) has been recognized as a distinct clinical 
entity for over 100 years, but its etiology remains elusive. In all 
likelihood, a viral infection during childhood or adolescence triggers an 
autoimmune response to oligodendrocytes and/or myelin in susceptible 
individuals (1). Patients with MS are now being treated with 
cyclophosphamide (2,3), cyclosporine (4), azathioprine (5), whole body 
radiation (6,7), or plasmapheresis (8), on the assumption that MS is an 
autoimmune disease. These therapies have potentially serious 
hematologic, gastrointestinal, infectious, or neoplastic side effects 
(9). Immunosuppressive therapy, even if effective in stabilizing 
multiple sclerosis, is less than ideal because of the above mentioned 
side effects. Establishment of the etiology of MS may allow for more 
earlier, more specific, and less toxic treatment. In this paper we will 
review the epidemiologic evidence for a viral etiology of MS, the current 
state of candidate viruses, viral associated human demyelinating diseases 
other than MS, and the animal models of viral-induced demyelination. 

EPIDEMIOLOGY OF MULTIPLE SCLEROSIS 

The epidemiology of MS has been extensively studied in the hope of 
establishing its etiology. MS begins primarily, although not 
exclusively, in young adulthood. Risk rises steeply from early 
adolescence, reaches a peak about age 30, and declines to near zero by 
age 60 (10). This same unimodal age-specific onset curve is present in 
various ethnic groups (11) and in areas of high and low prevalence (12). 
Women are 1.4 times more likely to develop MS than men (13). Ethnic 
groups demonstrate a range of susceptibilities from the Anglo-Saxons, who 
are susceptible, to the Japanese, who are resistant. Multiple sclerosis 
is more common in temperate rather than tropical regions (30 to 80 per 
100,000 versus 4 to 6 per 100,000) (12). This observation holds for both 
the Old and New Worlds as well as the northern and southern hemispheres 
(14). The risk of developing MS within one ethnic group varies by a 
factor of 10 to 20 based on latitude (12). There is an age-specific 
component to the effect of factors encountered at various latitudes. 
Migration from a high to low incidence region prior to age 15 reduces an 
individual's risk of contracting MS (15,16). Migration from a low to 

129 



high incidence region prior to age 15 increases an individual's risk of 
contracting MS (12). 

The risk of developing MS is in part due to the inheritance of 
specific histocompatibility (HLA) antigens. In Caucasians, the presence 
of the HLA A3 or B7 antigens increases an individual's risk of developing 
MS by two to three fold (17,18), while the presence of DR2 increases risk 
by four to five fold (19,20). An examination of the HLA of family 
members of patients with MS did not detect a single HLA haplotype which 
differed among affected and non-affected individuals (21). HLA provides 
a marker of susceptibility in Caucasians. There is, however, no 
consistent relationship between MS and HLA in other races (12). 

A current hypothesis is that MS arises as a consequence of an 
abnormal immune response to a virus which occurs at a critical age in a 
susceptible individual. Rubella, measles and typhoid vaccinations 
occurred at a later age in MS patients compared to controls (21). 
Individuals who are at higher risk to develop MS because of their MHC 
haplotype were more likely to have measles or mumps at a later age than 
controls (24). MS may arise as a result of a susceptible individual 
contracting a common childhood infection at a point when there is a 
regulatory abnormality of immune system, which permits the development of 
autoimmunity against myelin and/or oligodendrocytes. 

The increased incidence of MS in family members compared to the 
general population provides further evidence for the etiologic role of an 
environmental factor. MS is 6 to 8 times more frequent in siblings and 2 
to 4 times more common in parents than unrelated controls (12). 
Monozygotic twins demonstrate a 50 percent concordance. The clinical 
signs of MS frequently develop in the same year, rather than at the same 
age, in siblings (23). This suggests MS may develop following a common 
triggering agent in susceptible individuals. Siblings discordant for MS 
have been shown to have fewer and less severe viral illnesses as children 
(24). Taken together, the increased rate of MS in family members suggest 
a common exposure to an environmental pathogen (25). 

Further evidence for an environmental factor in the etiology of MS is 
provided by Kurtzke's studies of the epidemiology of Ms in the Faroe 
Islands. Prior to World War II, Faroe Islanders were not afflicted with 
MS. In contrast, MS is common in the British, who are of the same 
genetic stock and live at the same latitude (26). During World War II, 
the Faroe Islands were occupied by British soldiers. Subsequently, MS 
was diagnosed in native Faroe Islanders. A detailed examination of 
individuals who contracted MS revealed they had closer contact to the 
British forces than those who did not. Since World War II, MS has become 
endemic in native Faroe Islanders. MS appears to occur in a small 
percentage of individuals six to twelve years after the exposure to a 
presumably infectious agent (27). 

VIRAL-INDUCED HUMAN DEMYELINATING DISEASES 

A. Multiple Sclerosis 

Intensive efforts have been made to isolate a virus from the brains 
of patients with MS. While a variety of viruses. have been isolated, 
including rabies, herpes simplex, scrapie, parainfluenza I, measles, 
chimpanzee cytomegalovirus, simian viruses I and V, coronaviruses, MS
associated (Carp) agent, and the bone marrow (Mitchell) agent, all 
probably represent contaminants or adventitious, rather than causal 
agents (28). A variety of viruses have been identified in the brain of 
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MS patients by other techniques. Both measles (29) and herpes simplex 
type 1 (30) were found to in situ hybridization. Coronavirus-like 
particles were detected by electron microscopy (31). It remains unclear 
if the presence of these viruses is causal or coincidental in the 
etiology of MS. Attempts to produce MS in primates by intracerebral 
injection of brain tissue from patients with MS have proven unsuccessful 
(32). 

Antibodies to a variety of viruses have been found in the serum and 
cerebrospinal fluid (CSF) of patients with MS. Adams and Imagawa (32) 
found elevated levels of measles antibodies in the serum of MS patients 
compared to controls. Most subsequent studies have confirmed this 
observation (33). Increased levels of measles antibodies, however, are 
not found in every patient, and th absolute titer of measles antibodies 
is low (12). Antibodies against a variety of other viruses have been 
found in the cerebrospinal fluid (CSF) of patients with MS, but no virus 
has been detected universally (34,35). There is no consistent 
relationship between viral antibodies and the presence of oligoclonal 
bands in the CSF (36). The significance of viral antibodies in the serum 
or CSF of MS patients has recently bee reinterpreted. Elevated antibody 
titers to measles virus envelope, hemolysin, and hemagglutinin, antigens, 
Epstein-Barr virus capsid and nuclear antigen, and rubella hemagglutinin 
antigen were found in serum samples of patients with MS and rheumatoid 
arthritis compared to age and sex matched controls (37). The presence of 
elevated viral antibody titers may be a marker of abnormal immune 
regulation rather than being indicative of a specific etiologic agent. 

The human lymphotropic virus type I (HTLV-I) was recently implicated 
as the etiologic agent of MS after antibodies to HTLV-I were identified 
in the CSF of MS patients from Sweden, and Key West, Florida (38). 
HTLV-I nucleotide sequences were also found in cells from the CSF by in 
situ hybridization under low stringency conditions from these patients 
(38). A second group reported detecting antibodies to HTLV-I proteins in 
one quarter of Japanese patients with MS (39). In spite of these 
promising early reports, HTLV-I does not appear to play an etiologic role 
in MS. In subsequent studies, HTLV-I was not detected by enzyme-linked 
immunosorbent assay (ELISA) or in situ hybridization techniques nor 
directly isolated from cultured lymphocytes, peripheral blood monocytes 
or brain tissues of patients with MS (40-43). Antibodies to HTLV-I, II, 
or III (human immuno-deficiency virus or HIV) do not occur more commonly 
in patients with MS compared to those with optic neuritis or other 
neurologic diseases (45). Finally, while HTLV-I is found in Japanese 
patients with MS, it was not statistically more common among patients 
with MS compared to those with other neurologic diseases and normal 
controls (44). At present, the weight of evidence is against HTLV-I 
being the "MS agent". . 

B. Tropical Spastic Paraparesis 

HTLV-I was recently identified as the etiologic agent of tropical 
spastic paraparesis (TSP). HTLV-I associated TSP produces a slowly 
progressive, symmetrical, predominantly upper motor neuron disorder, 
characterized clinically by spastic paraparesis. It is associated with 
minimal sensory or autonomic dysfunction (49). Japanese (46) and 
Caribbean (50) patients with TSP have elevated serum antibodies to HTLV-I 
compared to controls. High levels of antibodies to HTLV-I are present in 
the CSF of patients with TSP (47) and these antibodies are synthesized 
intrathecally (48). Pathologic examination of the spinal cord reveals 
intense chronic meningomyelitis with demyelination; patchy collections of 
lymphocytes, plasma cells and macrophages are distributed in both grey 
and white matter. Demyelination is present predominantly in the 
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pyramidal and dorsal medial columns. In chronic cases, spongiform 
changes develop in the white matter (51,52). TSP is diagnosed in the 
appropriate clinical setting by presence of antibodies against HTLV-I. 
Computerized tomography, magnetic resonance imaging, and/or myelogram, 
are normal. It has not been determined if demyelination is due to the 
direct effect of HTLV-I on oligodendrocytes and/or myelin, or if it is 
immune-mediated. Tentative evidence for the later mechanism is provided 
by the observation that some patients with TSP improved during 
immunosuppressive treatment with prednisone and subsequently deteriorated 
when prednisone was withdrawn (46). The identification of HTLV-I as the 
agent of TSP represents a major breakthrough and significantly enlarges 
the domain of human viral-induced demyelinating diseases. 

c. Acquired Immunodeficiency Syndrome (AIDS) 

While HIV (HTLV-III) has not been shown to be MS agent, it has been 
found to produce a variety of neurologic conditions, including vacuolar 
myelopathy, subacute encephalopathy, aseptic meningitis, sensory 
polyneuropathy and dysimmune motor polyneuropathy. CNS demyelination is 
a major feature of the first two syndromes. Vacuolar myelopathy is 
characterized clinically by paraparesis, ataxia and incontinence (53,54). 
Pathologic examination reveals demyelination, predominantly in the 
lateral and posterior columns of the thoracic spinal cord. Vacuolar 
myelopathy is found in up to 20 percent of patients with the acquired 
immunodeficiency syndrome (AIDS). Demyelination appears to result from 
interfering with the normal metabolism of oligodendrocytes (55). The 
subacute encephalopathy of AIDS is characterized clinically by impaired 
memory and concentration with psychomotor slowing (55a). The course is 
progressive and may be accompanied by motor or behavioral changes. On 
pathologic examination abnormalities are present in the white matter and 
in subcortical structures. They consist of white matter pallor, 
microglial nodules, and infiltrations of lymphocytes, macrophages and 
multinucleated giant cells (56,56a). The earliest pathologic feature of 
the subacute encephalopathy of AIDS is the white matter pallor and 
vacuolation (56). HIV has demonstrated in monocytes and multinucleated 
cells in the regions of demyelination, but not, so far, in 
oligodendrocytes (56). The mechanism of demyelination in subacute 
encephalopathy is, as yet, unknown. Subacute encephalopathy is a 
significant source of morbidity and mortality in AIDS. Establishment of 
the mechanism of demyelination is an important goal in the effort to 
design more effective therapies of AIDS. 

D. Progressive Multifocal Leukoencephalopathy 

Progressive multifocal leukoencephalopathy (PML) is a demyelinating 
disease due to human papovaviruses, the JC virus (JCV) (56,57) and the 
SV-40-like agent (58). PML occurs primarily in individuals with diseases 
which impair the immune system, such as leukemia, lymphoma, or AIDS 
(54,59-61). PML is seen in approximately 2% of patients with AIDS (62). 
If the present exponential increase in AIDS cases continues, PML will 
become as prevalent as Huntington's disease or myasthenia gravis by 1991 
(62). 

The clinical sign and symptoms of PML relate to the multifocal nature 
of the disease. PML is usually progressive and unrelenting, leading to 
death within six months of onset in immuno-incompetent individuals. PML 
may run a more protracted course in immuno-competent patients and, on 
rare occasion, may spontaneously resolve (63). Infection precedes 
without producing a fever or a pleocytosis in the CSF. PML can be 
diagnosed in the proper clinical setting with a characteristic appearance 
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on CT scan: Multiple hypodense, nonenhancing lesions present in the 
white matter. These lesions do not respect vascular borders nor been 
demonstrated to be effective in the treatment of PML. 

Pathologic examination of the brain of patients with PML reveals 
multifocal regions of demyelination, which become confluent as the 
disease progresses. Basophilic, enlarged oligodendrocytes, and bizarre, 
enlarged astrocytes with irregularly lobulated, hyperchromatic nuclei, 
are seen by light microscopy in conjunction with the demyelination (65). 
Large numbers of papovavirus particles, single or in crystalline arrays, 
can be visualized in the nuclei of oligodendrocytes by electron 
microscopy (66). Virus particles are not present in astrocytes or 
neurons. JCV nucleotide sequences are found in oligodendrocytes, 
occasionally in astrocytes, but not in vascular endothelial cells as 
detected by in situ hybridization techniques (67). PML probably arises 
as the result of reactivation of JCV in immunologically compromised 
patients (68). JCV virus is acquired subclinically during childhood 
(65). JCV virus can be recovered from spleen and bone marrow cells as 
well as mononuclear cells in the CSF. PML may occur as a result of JCV 
entering the perivascular space of the brain from tissues in which it has 
been dormant. Clinical signs develop when oligodendrocytes are infected 
(69) . 

The molecular basis of JCV-induced demyelination has recently been 
elucidated through application of the powerful techniques of modern 
molecular biology. Early attempts at identifying thee mechanism of 
demyelination were hampered by the restricted host range of JCV infection 
of oligodendrocytes (70). This barrier was overcome by creating 
transgenic mice containing the JCV early region (71). Transgenic mice 
which inherit the JCV early region develop "shaking", one phenotype seen 
in mice with defects in myelin synthesis. The JCV early region codes for 
the T-antigen. Expression of the T-antigen correlates with the severity 
of "shaking". The presence of the T-antigen in oligodendrocytes results 
in a decrease in the transcription, compared to the translation, of the 
major structural proteins of CNS myelin (72). The T-antigen shares a 
C-terminal subsequence with myelin basic protein (MBP). This sequence 
functions as a phosphate acceptor site in the latter. The T-antigen 
sequence appears to competitively inhibit the protein kinase 
phosphorylation of the Pro-Arg-Thr-Pro-Pro sequence of MBP (74). This 
blocks the production of myelin and arrests the maturation of 
oligodendrocytes. The T-antigen has been detected in the nuclei of 
oligodendrocytes of patients with PML by use of the immunoperoxidase 
staining technique (73). The T-antigen has not been demonstrated in 
oligodendrocytes of patients with MS (75). In conjunction with the rise 
in the number of cases of AIDS, PML promises to become an increasingly 
important clinical disease. 

ANIMAL MODELS OF VIRAL-INDUCED DEMYELINATION 

A variety of viruses which cause demyelination in animals have been 
studied as models of MS. These models have provided many insights into 
mechanisms of viral-induced demyelination. Martin and Nathanson (76) 
observed that these systems share the following characteristics: One, 
the diseases are biphasic with a stage of acute encephalitis followed by 
a stage of chronic demyelination. Two, virus persists in the white 
matter. Three, the lesions are multifocal, and are located primarily in 
the spinal cord. Recently, some of the models have been modified so that 
they more closely resemble MS. 
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A. JHM Strain of Mouse Hepatitis Virus 

JHM virus (JHMV), the neurotropic strain of mouse hepatitis virus 
(MHV), is a coronavirus which produces an acute, diffuse 
encephalomyelitis with patchy demyelination in mice and rats (77,78,88). 
Lesions develop in the white matter five to seven days after 
intracerebral inoculation. Inflammation and necrotic lesions are present 
in gray and white matter. The degree of demyelination is dependent on 
the age and strain of the animal dose of virus and route of infection 
(79-82). Demyelination is due to the lytic effect of JHMV on 
oligodendrocytes (79). Demyelination occurs in conjunction with the 
presence of JHMV as demonstrated by fluorescent microscopy or 
immunoperoxidase techniques. JHMV can be visualized in oligodendrocytes 
by electron microscopy. There is no temporal or anatomic association 
with the occurrence of demyelination and thee presence of inflammatory 
cells; demyelination occurs even in the absence of perivascular 
inflammation aft treatment with cyclophosphamide (79). Animals which 
survive the acute encephalitis remain persistently infected and develop 
subclinical chronic recurrent demyelination (83,84). The study of viral
induced demyelination has been facilitated by the identification of 
temperature sensitive and antibody selected mutants of JHMV which cause 
chronic demyelination with minimal encephalitis (85-87) and a clinically 
relapsing disease in association with the recurrence of demyelination 
(89). 

The immune system may play a role in the development of demyelination 
following JHMV infection of rats. Demyelination can be transferred from 
infected to naive rats by adoptive transfer of the lymphocytes, following 
in vitro stimulation with myelin basic protein (90). JHMV may cause 
demyelination by altering the regulation of cell mediated immunity in the 
brain. JHMV induces class II proteins on astrocytes (91), cells which do 
not ordinarily express class II (92). This may result in 
oligodendrocytes and/or myelin proteins becoming targets of the immune 
system, resulting in demyelination. JHMV remains a useful model for 
studying mechanisms of virus-induced demyelination. 

B. Canine Distemper Virus 

Canine distemper virus (CDV) is a paamyxovirus related to measles 
which produces either acute or chronic demyelinating disease in dogs, 
based on the strain of the virus (93-95). Demyelination is a result of a 
lytic infection of oligodendrocytes; myelin breakdown occurs in the 
absence of inflammatory cells. Demyelination occurs anatomically and 
temporally separate from inflammatory infiltrates. Mononuclear cells are 
present in the brain but occur around blood vessels, and represent a 
secondary response to demyelination. CDV is a useful model of PML 
because in both diseases demyelination is due to the oligodendrocidal 
effects of the virus. 

C. Semliki Forest Virus 

Semliki Forest Virus (SFC) is a non-human pathogenic alphavirus which 
was discovered in mosquitoes of the Semliki Forest of Uganda. SFV 
produces multifocal demyelination in the CNS when inoculated 
intracerebrally in mice (96). SFV-infected mice provide a very useful 
model to study the physiology of demyelination (97,98). SFV-induced 
demyelination is immune-mediated (99). Demyelination occurs in 
conjunction with inflammatory infiltrates. It does not occur in immuno
incompetent (100) or immunosuppressed mice, in spite of higher titer of 
virus in the brain tissue compared to control mice (101). Reconstitution 
of SFV-infected immuno-incompetent mice with normal spleen cells leads to 
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demyelination (101). SFV is an excellent model of immune-mediated 
demyelination. 

D. Herpes Simplex Virus 

Herpes simplex virus type 1 (HSV-l) is a DNA virus which produces, on 
occasion, meningitis and encephalitis in man. HSV-l has recently been 
found to produce demyelination in mice. Following oral-facial 
inoculation, HSV-l induces lesions characterized by demyelination in 
association with an inflammatory mononuclear cell infiltrate in the 
brainstem adjacent to the trigeminal nerve root entry zone (102,103). 
Demyelination is immune-mediated; demyelination is prevented by 
immunosuppression with cyclophosphamide prior to infection (104). The 
extent of demyelination following infection with HSV-l is under genetic 
control (105); certain strains of mice develop multifocal demyelination 
throughout the brain independent of the presence of virus. Demyelination 
in these latter strains is probably on an autoimmune basis. HSV-l 
induced demyelination in mice is an important new model of MS. 

E. Visna 

Visna is a retrovirus which produces pneumonia and/or a chronic 
progressive, although occasionally relapsing-remitting, myelopathy in 
sheep (106). Visna persists at low levels for years, in part by evolving 
into antigenically distinct forms over time (107). Pathologically, 
demyelination occurs in two phases (108). During the initial phase, 
demyelination occurs in regions of inflammatory infiltrates with 
relatively little tissue necrosis. During the latter phase, 
demyelination occurs in conjunction with necrosis, of both gray and white 
matter. Immunosuppression inhibits early but not late demyelination 
(109). Visna may provide an excellent model for TSP and may be very 
useful as a means to test new therapies. 

F. Theiler's Murine Encephalomyelitis Virus 

Wild-type Theiler's murine encephalomyelitis virus (TMEV) usually 
produces an asymptomatic enteric infection in mice, and only rarely 
encephalomyelitis. One strain of TMEV, DA, has been isolated which 
reliably produces a biphasic neurologic disease in Swiss mice (110). 
Mice strains vary in their degree of susceptibility to TMEV (118,119). 
Nine to 20 days following intracerebral inoculation with the DA strain of 
TMEV, 80 percent of mice develop encephalomyelitis. Between one and five 
months post-infection, survivors develop a mild gait disturbance in 
conjunction with the occurrence of demyelination in areas of intense 
mononuclear inflammation in the spinal cord leptomeninges and white 
matter. During the acute phase, TMEV can be found in neurons and glial 
cells. During the late phase, TMEV is present only in glial cells 
(111,112). Immunosuppression prevents demyelination, although results in 
increased neuronal necrosis with a concomitant increase in mortality 
(113). Timing of the initiation of immunosuppression is critical in 
preventing demyelination (114). Immunosuppression initiated at the time 
of infection prevents early demyelination. Immunosuppression begun later 
is ineffective. MBP appears in the CSF and serum during chronic TMEV 
infection. The level of MBP parallels the clinical severity of 
demyelination (115). MBP appears to be a marker of demyelination rather 
than a target of attack by the immune system. Treatment with myelin 
components cannot prevent demyelination in TMEV (116) as is observed in 
experimental allergic encephalomyelitis, or even perhaps, in MS (117). 

Demyelination occurs during TMEV infection as a result of a delayed 
type hypersensitivity (DTH) response against persistently infected 
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Table I Animal Models of Viral-Induced Demyelination 

Virus Host Possible Mechanism 

Theiler's Mouse Immunopathological in a 
persistent infection 

Semliki Forest Mouse Immunopathological 

Mouse Oligodendrocidal in a 
persistent infection 

Rat Immunopathological 

Herpes Simplex Mouse Immunopathological 

Canine Distemper Dog Oligodendrocidal 

Visna Sheep Oligodendrocidal +/or 
immunopathologic 

Table 2 Possible Mechanisms of Virus-Induced Demyelination (124) 

Direct viral effects 

Viral infection of oligodendrocytes or Schwann cells 
causing demyelination through cell lysis or an alteration 
of cell metabolism 

Myelin membrane destruction by the virus or viral products 

Virus-induced immune-mediated reactions 

Antibody and/or cell-mediated reactions to viral antigens 
on cell membrane 

Sensitization of host to myelin antigens 

Breakdown or myelin by infection with introduction 
into the circulation 

Incorporation of myelin antigens into the virus 
envelope 

Modification of antigenicity of myelin membranes 

Cross-reacting antigens between virus and myelin proteins 

Bystander demyelination 

Viral disruption of regulatory mechanisms of the immune system 
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oligodendrocytes (120). The development of demyelination correlates with 
the establishment of high levels of DTH against TMEV antigens (121). It 
does not appear to be due to an autoimmune response against CNS antigens. 
Examination of the fine specificity of class II restricted T cell 
responses reveals that the DTH is against viral antigens. Mice 
chronically infested with TMEV do not mount a DTH response against mouse 
spinal cord homogenate, myelin basic protein, or proteolipid protein 
(122). While demyelination during TMEV is not due to autoimmunity, 
procedures which increase inflammation, such as opening the blood brain 
barrier, lead to increased demyelination (123). TMEV provides an 
excellent system for studying viral-induced immune-mediated 
demyelination. 

MECHANISMS OF VIRAL-INDUCED DEMYELINATION 

Viral infections can induce demyelination through a variety of 
mechanisms (124). We have previously discussed new demyelination may 
result from lysis (JHMV) , or interference with the normal metabolism 
(PML) of oligodendrocytes and immune-mediated destruction of virus 
infected oligodendrocytes (TMEV, SFV). Demyelination has recently been 
shown to arise as a consequence of molecular mimicry, where antibodies
synthesized against a viral protein inadvertently cross-react with a host 
protein. Experimental allergic encephalomyelitis (EAE) can be elicited 
by inoculation of MBP in Freund's adjuvant. MBP and the polymerase 
protein of hepatitis B are homologous for six amino acids. Inoculation 
of those six amino acids in Freund's adjuvant results in pathologic 
lesions which resemble EAE (125). Finally, demyelination may result as a 
consequence of a virus infection disrupting the normal regulatory 
mechanisms of the immune system which prevents autoimmunity. Chronic JHM 
infection in rats induces Class II antigens on glial cells, which may 
allow astrocytes to function as antigen-presenting cells and process an 
oligodendrocyte and/or myelin protein, such as MBP into an auto-antigen. 
Demyelination could result if a normal host protein becomes a target of 
the immune system. MS does not appear to arise as a consequence of the 
direct effect of a viral infection on oligodendrocytes and/or myelin. 
Instead, MS probably occurs as a result of either a virus-induced immune
mediated reaction or through alteration of the regulatory mechanisms of 
the immune system. Further studies into the pathogenesis of MS will be 
greatly aided by the availability of animal models of both mechanisms. 
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The recent explosion in the understanding of retrovirus biology and 
the recognition of viral neurotropism have shed new light on diseases of 
the nervous system of animals and man. In this chapter the biology of 
retroviruses and some diseases of the nervous sytem caused by 
retroviruses will be reviewed. Evidence that a novel human retrovirus 
might cause multiple sclerosis (MS) will also be considered. 

Retroviruses 

Retroviruses are enveloped RNA viruses (8). The name "retrovirus" 
derives from the fact that the RNA genome replicates through a DNA 
intermediate, which is synthesized by an RNA dependent DNA polymerase 
(reverse transcriptase). The virus genome codes for three principal 
classes of protein, in addition to those involved in gene regulation. 
The major proteins are the gag proteins which are the major structural 
proteins of the neucleocapsid, the pol protein which is the reverse 
transcriptase and the env proteins which are the envelope proteins (5). 

Lentiviruses constitute a subfamily of retroviruses and derive their 
name from the slow time course of the diseases they cause in animals and 
man (8). 

Visna is the prototypic lentivirus and the first one recognized to 
cause disease of the nervous system (18). In 1933, twenty Karakul rams 
were imported to Iceland from Halle, Germany as breeding stock. Within 6 
years there were outbreaks of progressive pulmonary disease known as 
maedi (Icelandic for dyspnoea), and a neurological disorder, visna, in 
two of the farms which had received the Karakul rams. By the 1940's the 
disease had reached epidemic proportions and posed a serious threat to 
Icelandic sheep husbandry. The disease was eradicated by systematic 
slaughter of sheep in endemic areas. 

Visna was first recognized in southwestern Iceland in flocks in which 
maedi had been recognized. A common agent was suspected to cause both 
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conditions long before this observation was confirmed (8). 

Visna had many clinical parallels to MS (18) (Table I). The disease 
occurred in only a few sheep in a given flock and never in sheep under 2 
years of age. The clinical picture of visna was dominated by a subacute 
or chronic myelopathy. Early manifestations included hindlimb weakness 
and ataxia. The animals became less efficient at grazing and lost 
weight; the name visna derived from the Icelandic word for wasting. 
Relapses and remissions were occasionally observed. Although the 
hindlimbs became paralyzed over months to years, affected sheep 
maintained alertness and sphincteric control. 

Although demyelination occurred, the pathology of this condition bore 
greater resemblance to allergic or postinfectious encephalomyelitis than 
to MS (4, 15, 29). In the central nervous system, sharply demarcated 
white matter plaques, typical of MS, were not seen. Microscopically, the 
principal features included meningeal and subependymal mononuclear cell 
infiltrates and microglial proliferation. The lesions were predominantly 
periventricular but could extend throughout the brain. Necrosis of 
confluent inflammatory lesions was a common feature. Severity of 
pathological lesions was not always associated with the duration of 
clinical disease. 

It was Bjorn Sigurdson who recognized the infectious nature of the 
disease, and who demonstrated transmissibility by cell-free filtrates 
(27-29). He also recognized the long incubation period and the slow 
evolution of the clinical disease. It was his work with visna that led 
to the seminal concept of "slow virus infections". 

The details of the virology of visna virus, its evolutionary 
relationship to other retroviruses, and other important aspects of its 
pathobiology have been reviewed recently (8). 

Tropical Spastic Paraparesis (TSP) 

A myelopathy occurring in tropical climates has been recognized for 
many years. In Colombia, the earliest case was described in 1952 (23). 
The clinical features are similar to the chronic idiopathic myelopathy 
that is commonly recognized in northern climates (19). The principal 
findings are those of a cervicothoracic myelopathy, with spasticity, 
weakness, hyperreflexia, pain, sphincteric disturbances, impotence, 
slight involvement of the dorsal columns and occasional involvement of 
the peripheral nervous system, (chiefly reduction in the ankle jerks and 
decrease in vibration sense). 

TSP is the most common endemic paraplegia in the tropics. The 
prevalence appears to be approximately 1:1000 within endemic areas. 
Blacks are most frequently affected but no race is spared. Females 
appear to be affected more commonly than males (24). 

Spinal fluid analysis reveals mild pleocytosis, a moderate increase 
in total protein and a relative increase in IgG. Pathologically, 
demyelination is confined to pyramidal tracts and dorsal columns with 
occasional involvement of the spinocerebellar and spinothalamic tracts. 
Optic atrophy and involvement of the eighth cranial nerve occasionally 
occur. The cerebrum and cerebellum are minimally involved. Perivascular 
mononuclear cell infiltrates, microglial and astrocytic gliosis and 
spongiform changes in myelin have been described. These latter changes 
are quite similar to the vacuolar myelopathy in AIDS (vide infra) (24). 

The etiology is still uncertain. Genetic predisposition, exposure to 
toxins, such as cyanates, and infectious agents, including the spirochete 
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Table I Similarities of KS and VISNA 

KS VISNA 

Predominantly myelopathic syndrome + + 

Relapsing-remitting course + + 

Age dependence + + 

Genetically determined resistance + + 

CSF - P leocytos is + + 

increased IgG + + 

Oligoclonal bands + + 

Table II 

VISNA TSP HAM AIDS MS 

DEMOGRAPHIC FEATURES 

Female predominance + + + 

Age dependent onset + + 

Genetic resistance + + 

CLINICAL INVOLVEMENT 

Myelopathy + + + + + 

Encephalopathy + + 

Peripheral neuropathy + + 

CSF FINDINGS 

Increased IgG + + + + 

Oligoclonal bands + + + 

Pleocytosis + + ± 

P,~THOLOGY 

Demyelination + + + + + 

Vacuolar change + + + 

VIRAL DEMONSTRATION 

Isolation + + + + 
Transmission + + 
Retroviral seroreactivity + + + + 

HTLV p19 

II 

SER ARG SER ALA SER PRO 

SER ARG SER GLY SER PRO 

161 166 

Myelin Basic Protein 

FIGURE 1 Homology of HTLV p19 with Myelin Bas ic Prate in 
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toxins, such as cyanates, and infectious agents, including the spirochete 
which causes yaws, have been incriminated and these etiologic 
possibilities have been reviewed recently (24). Some cases appear to be 
associated with HTLV-l exposure. This was first reported by Gessain et 
al in 60% of patients from Martinique (6, 30). HTLV-l seropositivity has 
been reported in greater proportions of patients in more recent 
observations from Colombia, Jamaica, Trinidad and Tobago and the 
Seychelles (24, 25). Although reports of myelopathy and adult T-cell 
leukemia in endemic populations appear to be relatively common, only 
rarely do both diseases manifest in the same patient. There has been one 
report of an individual with TSP in whom acute T-cell leukemia developed 
(2). The disease has not yet been transmitted to primates. 

HTLV-l Associated Myelopathy (HAM) 

A disorder similar to TSP has been described in Japan (17). The 
clinical features are again those of a progressive cervicothoracic 
myelopathy. Sensory changes and CSF pleocytosis appear to be more 
prominent than in TSP. Another major difference is the appearance of 
mononuclear cells with large multilobular nuclei in the spinal fluid. 
This has not yet been reported in patients with TSP from Colombia and the 
Seychelles (25). 

Serological studies have revealed antibody to HTLV-l in virtually all 
affected patients (17). This virus is endemic to the area of Japan in 
which most of the reported cases have been collected. The virus has been 
isolated from one patient with this myelopathy but transmission 
experiments have not yet been reported (24). Some have suggested that 
TSP and HAM are essentially the same disease (30). Further clinical, 
serological and imaging studies will likely resolve this issue (10). 

Neurological Complications in Aids 

It was the lymphotropism of human immunodeficiency virus I (HIV-l) 
that first drew attention to this virus in 1981 (reviewed 5). A wide 
spectrum of neurological disorders has now been recognized to be mediated 
directly by this virus (1). 

The first complication identified was a progressive myelopathy. This 
observation was consolidated by Petito et al in 1985 (21). The clinical 
features were predominantly myelopathic in nature but dementia was 
reported in 70% of the patients. Pathological evidence of myelopathy was 
found in 20/89 consecutive AIDS autopsies. The pathology was a vacuolar 
myelopathy, chiefly affecting the dorsal and lateral columns. 
Morphologic similarity to the myelopathy of vitamin B12 deficiency has 
been suggested. The vacuolation is not accompanied by the intense 
demyelination recognized in the myelopathies that attend visna or TSP. 
Although HIV can be isolated from the brain and spinal fluid of such 
patients, the pathogenesis is unknown. 

The encephalopathy associated with HIV infection appears to be an 
important part of the spectrum of neurological problems directly caused 
by HIV. Dementia is an occasional presenting feature of AIDS (1). In 
many cases, infection is attended by other opportunistic pathogens, 
especially by herpes viruses, but it is likely that HIV directly alters 
brain function. HIV gene expression appears to be concentrated in cells 
of microglial and endothelial cell origin (32). Occasionally neurons and 
astrocytes are involved. White matter changes exceed those in gray 
matter. 
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It has been shown recently that the virus glycoprotein (GP 120) binds 
to a CD4 epitope present largely in gray matter. This suggests, at least 
theoretically, an interesting means by which the virus might gain access 
to the nervous system (20). 

The Role of a Retrovirus in the Cause of Multiple Sclerosis 

The theory that a virus might participate in the pathogenesis of MS 
has been popular for several years, but concrete evidence for this 
suspicion has been lacking. Evidence has derived largely from 
epidemiological studies working at the limit of their power. Studies of 
the occurrence of MS in migrant populations have suggested that it might 
be an acquired disease, as migrants from high to low risk areas carry 
their higher risk only if migration occurs after the age of 15. This 
suggests that exposure to an agent in early adolescence might be 
critical. Rare epidemics, such as that which occurred in the Faroe 
islands after World War II, have suggested that the MS agent might be 
transmissible. However, direct attempts to isolate a virus, to show a 
unique antibody, or to demonstrate virus gene products in brain have 
failed to show findings unique to MS patients. The repeated failure to 
corroborate various reports of virus isolation has engendered a healthy 
skepticism among followers of this literature. 

The report of antibody to the p24 protein of HTLV-I was naturally met 
with cautious enthusiasm. Koprowski and his colleagues demonstrated 
antibody to HTLV-I in 7 of 17 MS patients from Key West, Florida (12). 
The mean antibody titer of 35 Swedish MS patients to the p24 protein was 
significantly higher in the spinal fluid and serum of these patients than 
in those of normal individuals and patients with other neurological 
diseases. Three patients with other neurological disorders also had 
significantly reactive antibody titers. Competition assays with purified 
Virions appeared to show that the antibodies were specific to HTLV 
viruses although HTLV-I, II and III all inhibited binding in some cases. 
In some patients, the antibody titers fluctuated over time. The authors 
also demonstrated that an HTLV-I genomic sequence (the probe used was a 
3' HTLV-I riboprove specific for long terminal repeat sequences) could be 
demonstrated in 1/10 000 leukocytes derived from interleukin 2 expanded 
lymphocytes from 4 of 8 MS spinal fluid samples. The hybridization 
stringency conditions, however, were low. 

The authors were cautious in the interpretation of their studies. 
They did not incriminate HTLV-I directly, but rather suggested that this 
antibody might represent a cross reactive antibody, perhaps reacting with 
a novel human retrovirus. A Japanese group has also found antibody in 
low titer to this virus in 25% of Japanese patients with clinically 
definite MS (16). The antibody was directed largely to the plS, 19 and 
25 proteins which are all products of the GAG gene. Other investigators 
have been unable to demonstrate seroreactivity to HTLV-I using standard 
commercial or cell based ELISA technology, in approximately 400 patients 
from Canada, France, USA, Sweden, Germany, Japan, and the United Kingdom 
(3, 7, 9, 11, 14, 22). 

Some criticism of the negative studies has been raised. The 
principal objection has been that not enough of the p24 antigen was 
available in the immunoassays to detect a weakly cross reactive antibody 
(13). We have identified an antibody that is weakly reactive to HTLV-I 
preparations by immunoblot technique, (although antibody cannot be shown 
by conventional ELISA), in a small proportion of patients with MS and 
occasionally in those with other neurological diseases. Although much of 
the reactivity appears to be directed to higher molecular weight proteins 

149 



(probably unrelated to the virus), in occasional patients antibody 
appears to have reacted to proteins of 19 or 24 kilodalton molecular 
weight (31). 

What might this antibody represent? 

1. Molecular mimicry. Perhaps the p24 reactive antibody is simply a 
cross reactive antibody. In patients with MS, autoantibodies to a 
variety of eNS antigens can be demonstrated. We have compared the amino 
acid sequence of HTLV-I to the sequence of several brain proteins to 
which MS patients occasionally make antibodies. We found an interesting 
homology between myelin basic protein and the p19 of HTLV (Figure 1) 
(31). This potential cross reactivity is under study. 

2. Simple cross reactivity. Some of the bands that we have 
demonstrated can be blocked or competed by incubation with a lysate 
derived from an uninfected cell line similar to the T-cell lines from 
which HTLV-I is commonly prepared. Precedent for this observation exists 
and others have demonstrated false seropositivity of patients to HIV by 
immunoblot analysis due to cross reactivity with a similar molecular 
weight cellular protein (26). 

3. Nonspecificc activation of the immune system. It is well 
recognized that MS patients appear to generate slightly higher antibody 
titers to a variety of viruses. The reason for this is unknown. One 
might speculate that MS susceptibility genes are linked to a variety of 
immune response genes relevant to those which are targeted against 
viruses. 

4. The antibody might react with a novel human retrovirus. This is 
a realistic possibility. A retrovirus was first incriminated as the 
cause of AIDS by the demonstration that 30% of patients with AIDS had 
antibody reactive in immunofluorescence assays to cells infected with 
HTLV-I. Only later was the closely related retrovirus HTLV-III (or HIV
I) identified (5). 

Strate~y for Identification of a Novel Human Retrovirus 

1. Serological. Although the serological data which have been 
collected to date have been conflicting, further studies might resolve 
this. Many investigators are now studying p24 reactivity with different 
p24 preparations, different virus isolates and different MS populations. 

2. Virus isolation. The first human retrovirus was identified in 
1981 by Poiesz and Gallo after years of development of viral isolation 
techniques (5). It should be remembered that in many retroviral 
infections, virus gene expression is incomplete and that latency can be 
broken only by the addition of the appropriate stimulus or by cultivation 
of latently infected cells with permissive cell lines. As our 
understanding of retroviral culture techniques improves, we will be in a 
better position to isolate the putative MS agent or to gauge the 
significance of the negative isolation attempts which have been reported 
to date (11). 

3. Hibrydization studies. The earliest attempts to look for HTLV-I 
genes in MS leukocyte lines or in MS brains have been negative (9) or 
unconvincing (12). This kind of technology might be more revealing when 
some of the more neurotropic retroviruses are sequenced. Probes derived 
from such strains would then be used to survey MS tissues or leukocyte 
lines derived from MS patients. 
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CONCLUSION 

The features of diseases suspected or established to be caused by 
retroviruses are summarized in Table II as is the evidence that supports 
such an etiology. The incrimination of retroviruses as the cause of MS 
would have a drastic impact on MS research. The focus of clinical trials 
would suddenly shift. New strategies of MS prevention would emerge. 
Work that examines this important question should proceed with the utmost 
enthusiasm. 
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Although demyelination may be observed in a wide variety of 
pathological conditions affecting both the peripheral and central nervous 
systems (PNS and CNS), it is the major feature of multiple sclerosis 
(MS), a disease affecting the human CNS. 

The characteristics of this disease including its epidemiology, 
genetics, clinical, and pathological features have been reviewed 
elsewhere (8). The understanding of the etiology and pathogenesis of the 
disease is of utmost importance, as it is unlikely that any significant 
advancements in the treatment or prevention of this illness will occur 
without it. Despite considerable work hy numerous investigators, the 
cause of MS remains unknown. 

A number of theories have been proposed, based on available 
information, which attempt to explain the development of the disease. 
Among them, two have achieved prominence. One theory suggests that MS 
represents a disorder of the immune system, resulting in immune 
dysregulation and the development of an autoimmune disease. The other 
theory invokes an infectious agent as playing a causative role. 
Experimental evidence is available which would support both of these 
theories (24, 25) but has not as yet defined the fundamental immune 
defect(s) or infectious agent(s) involved. It is entirely possible that 
these two theories are not mutually exclusive and that both may be 
operational. In a genetically susceptible population (9), MS may result 
from defective immune regulation but be triggered by infectious agent(s). 

Infectious Agents and Multiple Sclerosis 

Classically, the evidence offered in support of infectious agents 
playing a role in MS comes from studies of epidemiology, serology, and 
virology (26, 27). Additional indirect support comes from the 
recognition that a number of viruses are capable of inducing chronic 
neurological disease in man. Such diseases include subacute sclerosing 
panencephalitis (SSPE), progressive multifocal leuco-encephalitis (PML) , 
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and progressive congenital rubella. Critical evaluation of these 
results, however, reveals that they are largely circumstantial in nature 
or as in the case of viral isolation studies, suffer from a lack of 
reproducibility. The reasons for the latter are not entirely clear but 
may reflect a lack of sensitivity on the part of the methodology to 
identify infectious agents, the inability to identify infectious agents 
which may playa role only during the early phases of the disease, 
involvement of a number of different infectious agents which could 
potentially trigger the disease, or the possibility that infectious 
agents do not play a role and that there is some other explanation for 
the epidemiology and serologic results. 

We are interested in examining the possibility that a number of 
different viruses may playa role in MS by acting as "triggers" to a 
potentially defective immune system. Furthermore, we are interested in 
defining mechanisms by which viruses can induce central nervous system 
demyelination. One approach to this problem involves the use of 
experimental animal models of virus induced CNS demyelination. 

Experimental Animal Models of Virus Induced CNS Demyelination 

Theoretically, viruses could induce CNS demyelination by a number of 
different mechanisms (Table 1). The existence of some of these 
mechanisms has been confirmed in experimental animal models and are 
discussed in greater detail by Dr. L. Weiner, elsewhere in this 
monograph. 

Various animal models and viruses have been studied in an effort to 
identify a model system which reproduces all of the features of multiple 
sclerosis in man. The various models and their relevance to MS has been 
the subject of review (7). Although none of the model systems reproduce 
all aspects of the human disease, much information has been gained on 
various mechanisms of CNS demyelination induced by a number of viruses 
including Theiler murine encephalomyelitis virus, JHM virus, Visna, and 
canine distemper virus, among others. 

Herpes Simplex Virus 

Herpes simplex virus (HSV) has also been studied as an experimental 
animal model of CNS demyelination (7). 

HSV, a member of the family Herpesviridae, is a complex virus 
consisting of a double stranded DNA core and surrounded by a capsid of 
162 capsomeres (Figure 1). Together they form the nucleocapsid which is 
approximately 100 nm in diameter. This in turn is surrounded by an 
envelope giving a final diameter of 150-200 nm (figure 2). The 
epidemiology, virology, and clinical characteristics of this virus have 
been extensively reviewed (11). 

HSV infection may have relevance to MS for a number of reasons. It 
is ubiquitous in man; with neutralizing antibodies present in >50% of the 
population by age 5 and 80% by adult life (28). Furthermore, the virus 
has a predilection for establishing a latent infection of the nervous 
system. It is present in ganglia of the peripheral nervous system (PNS) 
of up to 40-60% of random autopsies in which co-cultivation techniques 
are employed (34) and up to 80% if more sensitive complementation 
techniques (3) are used. Recently, HSV complementary nucleic acid 
sequences have also been reported to be present in the central nervous 
system (CNS) of some controls and patients with MS (10). 
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Table 1 
Demyelination 

Possible Mechanisms Mediating Virus Induced CNS 

A. Viral Infection of Glial Cells 
- Acute Infection 
- Latent Infection 
- Chronic or Slow Infection 

B. Interaction of Viral and Immune Systems 
- Humoral and/or cellular response to viral antigens 
- "Bystander effect" 
- Post-infectious encephalomyelitis 
- Immune response to neoantigens 

C. Demyelination Without Glial Cell Infection 
- Molecular mimicry 

Direct effect of virus on components of the immune 
system resulting in altered immune function 

D. Combined Cytotoxic Effect of Virus on Glial Cells 
and Immune Mediated Response 

Envelope 

Nucleocapsid: 

Nucleus; :=~~==fj~~~~~ 
Capsid -

Figure 1 Herpes simplex virus. The double stranded DNA core (100 
million daltons) is surrounded by an icosahedral capsid of 162 capsomers. 
The capsomers in cross section appear to be hexagonal or pentagonal (at 
the vertices). The capsid is assembled in the nucleus with maturation 
occuring as the nucleocapsid acquires an envelope at the nuclear 
membrane. Intact virions that have been recently released from cells 
contain envelopes that form a tight sheath around the capsid but in older 
preparations, the envelope often becomes large, irregular, and separates 
from the capsid. 
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Figure 2 
negatively 
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EM photomicrograph of Herpes simplex viruses . In this 
stained preparation, the naked nucleocapsid is identifiable. 

HSV I IN TR IGEM INAL GANGLIA AND CENTRAL NERVIOUS SYSTEM 
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Figure 3 Male Balblc mice, 8-10 weeks of age, were lip inoculated 
with HSV 1 laboratory strain 2. Groups of 10-20 mice were sacrificed 
each day in serial fashion. The trigeminal ganglia and brains were 
removed, sectioned and either tissue fragments or homogenates were 
incubated with indicator cells (CVI cells). Cultures were considered 
positive for infectious virus if a typical spreading cytopathic effect 
was observed. Two phases of infection occur in the peripheral and two in 
the central nervous systems. 
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A Murine Model of HSV I Infection of the Nervous System 

HSV I infection in experimental animals has allowed the study of a 
number of biological phenomena including the spread of virus to the 
nervous system, the development of CNS demyelination, the development of 
viral latency, and interactions between virus and the host immune system 
(1). This chapter will focus on the first two. 

A variety of factors can influence the nature of the model system 
which is obtained. The route of administration of virus (intra-cerebral, 
intravenous, intraperitoneal), the strain and size of the viral inoculum, 
and the age and strain of experimental animals will significantly alter 
the outcome. In this system, adult mice (8-10 weeks of age) are 
peripherally (lip) inoculated with HSV 1, laboratory strain 2. This 
route was chosen to more closely approximate the route of infection in 
man and the strain of virus chosen to produce low mortality and high 
latency rates. Following lip inoculation, virus can be detected in the 
nervous system of mice using either tissue homogenates or co-cultivation 
techniques (6, 14). Two phases of infection occur in the PNS and two 
phases in the CNS (Figure 3). In the PNS, infectious virus can be 
isolated from the trigeminal ganglia (TG) up to twenty days after 
infection (acute infection) while latent virus can be observed for 
prolonged periods (up to ten months in our studies). In the CNS, 
infectious virus can be isolated from different areas of the brain for up 
to ten days post-infection (acute infection). Thereafter, virus can not 
be isolated using either homogenate or co-cultivation techniques but 
complementary viral nucleic acid sequences can be identified in the brain 
using hybridization techniques (chronic infection) (22,4,29). These 
studies indicate that basic differences exist between the interaction of 
virus and cells of the peripheral and central nervous systems. 

Spread of virus from the site of inoculation to the peripheral 
ganglia is likely by retrograde intra-axonal transport (30,2,12) but cell 
to cell spread by fibroblasts and schwann cells may also contribute 
(13,21). Hematogenous routes have generally not been found to be of 
primary importance in viral spread with HSV (6,13) and these results have 
been confirmed in this model (Kastrukoff, unpublished). Viral spread to 
the CNS likely represents an extension of the process in the PNS. Knotts 
et al (18) concluded from their studies in mice, that HSV 1 spreads from 
the peripheral ganglia to the CNS along nerve fibers and tracts by cell 
to cell extension and our studies are in agreement with these 
observations (Kastrukoff, unpublished). Additional studies were 
performed to determine if cerebrospinal fluid (CSF) could act as a route 
of viral spread in the CNS but no evidence was found which would support 
this possibility. 

Following the peripheral inoculation of HSV 1 in mice, demyelinating 
lesions are observed at the trigeminal root entry zone (TREZ) of the CNS 
(Figure 4). In both Swiss and Balblc mice, early demyelination can be 
observed 5-8 days post infection (pi) and are associated with an 
inflammatory cell infil trate including myelin laden macrophages (33,19). 
Somewhat later, naked axons are observed and this may be followed by 
remyelination (19,32). The mechanisms mediating the development of this 
viral induced CNS demyelination remain unclear. Townsend and Baringer 
observed a reduction in demyelination using nude mice or immuno
suppression with cyclophosphamide (33,31). They interpreted these 
results as implicating a role for the host immune system in the 
development of the lesions. In contrast, Kristenson et al (20) performed 
similar experiments with cyclophosphamide but observed increased 
demyelination. They interpreted their results as indicating an increased 
spread of virus from the periphery and in support of a direct cytocidal 
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Figure 4 Maie Balb/cByJ mice, 8-10 weeks of age, were lip inoculated 
with HSV 1 laboratory strain 2. Mice were sacrificed on Day 6 pi by 
in-vivo perfusion with 80% methanol, 10% acetic acid, and 10% 
formaldehyde. eNS tissue was dehydrated in alcohol and toluol, embedded 
in paraffin, and serial six-micron-thick coronal sections were obtained. 
(A) A focal area of demyelination on the eNS side of the trigeminal root 
entry zone is observed (Luxol fast blue-cresyl fast violet stain, x 100) 
(B) The demyelination is associated with a mononuclear cell infiltrate 
(Hematoxylin-Eosin stain, x 200) (e) The demyelinating lesions are 
associated with a relative preservation ofaxons (Luxol fast blue-Holmes 
silver nitrate stain, x 200). 
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effect of virus on oligodendrocytes. The differences in results likely 
reflect differences in experimental methodology and most likely both 
mechanisms playa role in the development of these lesions. Confirmation 
of this hypothesis, however will require further study. 

HSV 1 Induced Multifocal Demyelination of the CNS in Mice 

Although HSV 1 induced demyelination of the CNS is of interest and 
relevant to MS, it can be criticized because of its unifocal and 
uniphasic nature; features unlike the human disease (7). We began to 
investigate the possibility that both a multifocal and multiphasic 
disease model might exist. In an earlier study, viral involvement of the 
CNS following lip inoculation with HSV 1 was found to vary depending on 
the murine strain examined (15). Furthermore, the extent of viral 
involvement of the CNS appeared to correlate with the degree of 
mortality. The latter developing mainly from Day 9 to 12 pi and 
resulting from viral encephalitis. 

It was reasoned that since mortality might reflect the extent of CNS 
involvement by virus, it might also reflect differences in the 
pathological appearance of the CNS. Studies were undertaken examining 
mortality following lip inoculation with HSV 1 in a number of inbred, 
congenic, and Fl hybrid strains of mice (16). The results of these 
studies, outlined in Table 2, indicate that a continuum of resistance 
exists among the different strains examined. Among the inbred strains, 
C57BL/10J is most resistant while PL/J is most susceptible. 

Inbred strains of mice were further categorized into resistant, 
moderately resistant, and susceptible groups (16). Representative stains 
from each group were then selected and examined histologically (17). A 
resistant stain (C57BL/6) was found to have focal mononuclear cell 
infiltrates at TREZ associated with little if any demyelination (Figure 
5). This was not associated with any other lesions in the brain. A 

Figure 5 Male C57BL/6J mice (resistant strain) 8-10 weeks of age, 
were lip inoculated with HSV 1 laboratory strain 2 and sacrificed in 
serial fashion every 3 days pi. Mononuclear cell infiltrates are 
observed on the CNS side of the trigeminal root entry zone associated 
with minimal demyelination. (Hematoxylin-Eosin stain; x 200). 
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Figure 6 Male A/J mice (susceptible strain) 8-10 weeks of age, were 
lip inoculated with HSV 1 laboratory strain 2 and sacrificed in serial 
fashion every 3 days pi. (A) Multiple areas of demyelination are 
present in the cerebellum, 12 days pi (Luxol fast blue-cresyl fast 
vinlet; x 40) (B) Mononuclear cell infiltrates (often perivascular in 
location) are associated with the demyelinating lesions (Hematoxylin
Eosin stain, x 200) (C) The lesions are associated with relative 
preservation ofaxons (Luxol fast blue-Holmes silver nitrate stain, x 
400) (D) Similar lesions are observed in the cerebral white matter, 15 
days pi (Luxol fast blue-cresyl fast violet, x 100). 
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moderately resistant strain (Balb/cByJ) was found to have a mononuclear 
cell infiltrate at TREZ (Figure 4). This was associated with 
demyelination and relative preservation ofaxons in the area but was not 
associated with a mononuclear cell infiltrate and relative preservation 
ofaxons were found not only at TREZ but throughout the brain (Figure 6). 
The histological appearance of the CNS therefore appears to correlate 
with mortality. It is possible that the genetics determining natural 
resistance to mortality (16) may also apply to the pathological 
appearance but will require examination of additional inbred strains of 
mice to confirm. Strain PL/J (a susceptible strain) has recently been 
examined histologically and found to exhibit multifocal demyelinating 
lesions in the brain as well. This would suggest that the observations 
made in strain A/J are not restricted to one strain alone but are part of 
a more general phenomena. 

Although, lesions appearing at the TREZ in all strains examined 
develop at about Day 6 pi, lesions in other parts of the brain in strains 
A/J and PL/J appear to develop sequentially. In the latter two strains, 
lesions first appear to developing the cerebellum on Day 12 pi while in 
the cerebral hemispheres, on Day 15 pi. The sequential appearance of 
these lesions is reminiscent of the viral spread through the CNS (15) and 
is not consistent with a post-infectious encephalomyelitis. Furthermore, 
since the only variable in these studies is murine strain, the results 
suggest that host factors. likely genetically determined, play an 
important role in determining the pathological appearance of the CNS. 

Electron microscopy studies were performed to further characterize 
the nature of the multifocal demyelinating lesions in A/J mice. 
Cerebellar lesions, developing of Day 12 pi, consisted of abnormally 
myelinated or demyelinated fibers but with relative preservation ofaxons 
(Figure 7). A mononuclear cell infiltrate, abnormally myelinated or 
demyelinated axons, loosening of the interstitial space, and thinly 
myelinated axons suggesting the possibility of remyelination were 
characteristic of a number of lesions examined. The mononuclear cell 
infiltrate consisted primarily of macrophages although occasional 
lymphocytes were also observed (Figure 8). In some cases, macrophages 
were found to extend cytoplasmic processes around abnormally myelinated 
axons. Careful examination of both neurons and oligodendrocytes however 
failed to reveal any evidence of virus (Figure 9). The absence of virus 
distinguishes the multifocal lesions from the unifocal lesions previously 
described. In the latter case, virus could be observed in neurons, 
astrocyte, and oligodendrocytes (18,32). These results suggest that the 
mechanisms involved in the development of multifocal lesions are 
different from those mediating the development of unifocal lesions. 

Since virus was not observed in the EM studies of the multifocal 
lesions, viral titration studies were performed to further examine the 
presence of virus in the CNS (17). The results of the titrations in all 
three murine strains examined are given in Figure 10. The results 
confirm the sequential spread of virus through the CNS. In the resistant 
strain (C57BL/6) , virus could only be isolated from the trigeminal 
ganglia and pons. The presence of virus correlates with the appearance 
of TREZ lesions. A similar correlation is observed for the moderately 
resistant (Balb/cByJ) and susceptible (A/J) strains. The development of 
multifocal lesions in the cerebellum and cerebral hemispheres of A/J mice 
however, occurs at a time when infectious virus could not be isolated 
from the CNS. These results are consistent with those from the EM 
studies and suggest that mechanisms other than a direct effect of virus 
may playa role in the development of these lesions. It must be 
remembered that infectious virus could be isolated from the cerebellum 
and cerebral hemispheres of A/J mice during the acute stage of the 
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infection and it is possible that multifocal demyelination represents a 
late effect of direct damage by the virus. Against this would be the 
titration studies in Balb/cByJ mice, where infectious virus could also be 
identified in the cerebellum and cerebral hemispheres during the acute 
stage but where multifocal demyelination is not observed. It is possible 
that the development of the multifocal lesions is immune mediated but 
"triggered" by the acute infection of the eNS in genetically susceptible 
strains of mice . 

As it can be argued that both EM and viral titration studies may not 
be sensitive enough to detect low levels of virus, PAP studies to detect 
viral antigen and in-situ hybridization studies with viral probes are 
currently in progress. 

Variable Resistance to HSV 1 Among Oligodendrocytes Derived 
From Different Strains of Mice 

Although the mechanisms mediating the development of both unifocal 
and multifocal demyelinating lesions in the eNS remain unclear, emphasis 
has been placed on the immune system and the direct cytocidal effect of 

Figure 7 EM photomicrographs of demyelinating lesions in the 
cerebellum of A/J mice, 12 days post-infection. Mice were perfused in
vivo with 1.5% paraformaldehyde and 2% gluteraldehyde in PBS. eNS tissue 
was fixed in 3.1% gluteraldehyde at 4 degrees e for 24 hours, sectioned 
on a vibrotome, post-fixed, stained with 1% osmium tetroxide for 60 
minutes and dehydrated in alcohol. Sections were embedded in Epon, 
sectioned and examined with a Phillips 300 electron microscope. (A) 
Both demyelinating and demyelinated axons are observed in the cerebellar 
lesions but with relative preservation ofaxons x 1350 (B) In addition 
to the demyelinating axons, a mononuclear cell infiltrate, loosening of 
the interstitial space, and occasionally thinly remyelination, are 
features of the lesions x 1350. 
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Figure 8 EM photomicrographs of demyelinating lesions in the 
cerebellum of A/J mice, 12 days post-infection. (A) The mononuclear 
cell infiltrate in the lesions consisted primarily of macrophages but 
with occasional lymphocytes interspersed x 1600 (B) Macrophages laden 
with myelin debris are observed to extend cytoplasmic processes around 
demyelinating axons x 2350. 

Figure 9 EM photomicrographs of cerebellum of A/J mice, 12 days pi. 
(A) Neurons in close proximity to the demyelinating lesions show no 
evidence of viral infection x 950 (B) Oligodendrocytes in the 
demyelinating lesions also show no evidence of viral infection x 1350 
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Figure 10 Viral titrations in the trigeminal ganglia and central 
nervous system of three strains of mice. Following lip inoculation with 
HSV 1, groups of 5 mice from each strain were sacrificed daily for 10 
days. The trigeminal ganglia were removed and the brain sectioned. 
Homogenates were obtained by freeze-thawing of tissue 3 times followed by 
grinding in a Ten Broeck homogenizer. Serial dilutions of tissue 
homogenates were plaque-assayed. 

virus . This concept is supported by the studies of Lopez on tne genetics 
of natural resistance to mortality (23). The results of his study were 
interpreted as indicating an important role for the immune system while 
no differences in resistance were observed at the level of structural 
cells (fibroblasts). Recently Collier et al (5) presented results which 
suggested that differences in resistance to HSV 1 might also exist at the 
level of non-neural structural cells. Using primary oligodendrocyte (00) 
cultures derived from different strains of mice (Figure 11), we have 
examined the possibility that differences in resistance to HSV 1 might 
also exist at this level and contribute to the pathological appearance 
observed among the different strains of mice ' (17). 00 cultures were 
examined using TCID50 , immunofluorescence, and EM techniques. Results of 
the TCID50 studies (Figure 12) indicate that differences in resistance to 
HSV 1 exist among 00 derived from different inbreed, congenic, and Fl 
hybrid strains of mice. Higher titers of virus are required to infect 
cells derived from A/J and PL/J strains. It is of interest that results 
of these in-vitro studies do correlate to a great extent with in-vivo 
studies of mortality (Table 2). Differences between these two sets of 
data likely reflect other factors contributing to the final outcome. 
Results of immunofluorescence studies are given in Table 3. Cultures 
infected with HSV 1 were stained with anti-HSV 1 monoclonal to 
glycoprotein-C in serial fashion and the time at which 50% of the cells 
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Figure 11 Primary murine oligodendrocyte (OD) cultures derived from 
different stains of mice. CNS tissue from mice 10-12 weeks of age were 
dissected into 3 mm pieces, incubated in 0.25% trypsin plus 20 mg/ml 
DNAse. Digested tissue was passed through a 150 urn nylon mesh filter and 
centrifuged at 1500 rpm for 10 minutes. Tissue was then rewashed and 
suspended in Percoll-Hanks media. This was centrifuged at 15,000 rpm at 
4 degrees for 30 minutes. The OD layer was removed, washed repeatedly, 
and the cells were plated on polylysine-coated Aclar coverslips. (A) 
Phase contrast photomicrograph of cultures 14 days after being 
established x 400. The same culture in (A) was doubly stained with anti
galactocerebroside (B) and anti-glial fibrillary acidic protein (C). 
Cultures are 95-98% pure anti-Gal-C positive oligodendrocytes. 
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were positive were recorded. Differences in resistance could again be 
identified among the aD derived from different strains. aD from C57BL/6 
became positive at 30 hours while cells from Balb/cByJ at 21 hours, and 
those from A/J mice at 15 hours. Overall, the results of the IF studies 
in-vitro were similar to mortality studies in-vivo (Table 2). In EM 
studies, aD cultures were infected with HSV 1, fixed at various times 
post infection, and examined. At 24 hours, major differences in the 
appearance of OD derived from the three inbred strains of mice were 
observed (Figure 13). In A/J derived cultures, virus was observed in 
both the cytoplasm and nuclei of virtually all cells examined. In 
Balb/cByJ cultures, less virus was identified in the cytoplasm as 
compared to A/J cultures and none in the nuclei. In C57BL/6 cultures, 
few cells were found to be infected by virus. 

Table 2 Resistance to mortality of inbred strains, Fl hybrids, a 
congenic strains lip inoculated with HSV 1 

Inbred Strains H-2 LD50 (HSVl)l Strain Effect Coefficient 
and S.E. (Sample 1)2 

>109 . 59 <-2.333 
>109 . 59 <-2.333 
>109 . 59 <-2.333 

108 . 77 -2.33 ± .42 
108 . 12 -1.36 ± .39 

C57BL/lOJ b 
C57BL/6J b 
DBA/lJ q 
LP/J b 
CBA/J k 

107 . 80 - .89 ± .38 
107 . 06 .20 ± .38 
106 . 96 .35 ± .38 
106 . 85 .51 ± .38 

Balb/cByJ d 
SWR/J q 
AKR/J k 
DBA/2J d 

106 . 52 l.00 ± .39 
106 . 06 l. 69 ± .42 

A/J a 
PL/J u 
C3H/HeJ k NR NR 

Fl Hybrids 

109 . 59 <-2.333 
109 . 59 <-2.33 3 
109 . 59 <-2.33 3 
109 . 59 <-2.333 

B6AFl/J bxa 
B6D2Fl/J bxd 
(C57BL/6xCBA/J)Fl bxk 
(C57BL/6xLP/J)Fl bxb 

Congenic Strains 

>109 . 59 <-2.33 3 
>109 . 59 <-2.333 
>109 . 59 <-2.33 3 
>109. 59 <-2.33 3 
>106 . 59 .84 ± .39 

BlO.A/SgSnJ a-b 
B6.C-JH2d/ByJ d-b 
BlO.D2/nSnJ d-b 
BlO.BR/SgSnJ k-b 
A.BY/SnJ b-a 
C3H.SW/SnJ b-k NR NR 

Spearman - Karber estimate 1 
2 

3 

Strain effect coefficient from logistic regression analysis of 
mortality 

NR 

166 

All mice survived at all dilutions. Coefficient less than smallest 
estimated coefficient; no SE available. 
Dose response pattern could not be adequately summarized by LD50 or 
logistic.model. 
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Figure 12 Determination of TC1D50 for primary oligodendrocyte 
cultures derived from different strains of mice. Poly-lysine coated 
Aclar coverslips with 00 (5 x 103 cells) were placed in a 24 well Linbro 
flat-bottomed plate. Media was removed and replaced by tenfold dilutions 
of virus, eight wells/dilution. Cultures were maintained at 37 degrees 
for 90 minutes, then washed repeatedly and resuspended in media . Titers 
were calculated in terms of 50% tissue culture infective dose by the 
method of Spearman-Karber. 

The results of these preliminary studies indicate that resistance to 
HSV 1 can also exist at the level of neural structural cells . At this 
time it remains unclear if differences at this level contribute to the 
different pathological appearances observed in the CNS of the different 
inbred strains of mice. However, the pattern of results observed in
vitro does appear to correlate with both the in-vivo mortality results 
and CNS pathological appearance to a great extent and merits further 
evaluation. 

SUMMARY 

The etiology and pathogenesis of multiple sclerosis remains unclear 
although available evidence would indicate that a genetic predisposition, 
an "abnormal" immune system, and environmental factors (possibly 
infectious in origin) may playa role. Experimental animal models offer 
one approach to the study of how viruses might induce central nervous 
system (CNS) demyelination . 

Herpes simplex virus type 1 (HSV 1) is a ubiquitous infection in man 
and capable of inducing latent infection of the nervous system. 
Following peripheral inoculation (lip) in mice, virus will spread to the 
trigeminal ganglia, likely by retro-grade intra-axonal transport; and 
then to the CNS. Two phases of infection (acute and latent/chronic) can 
be identified in both the peripheral and central nervous systems. 
Approximately six days after inoculation, demyelinating lesions can be 
observed at the trigeminal root entry zone (TREZ) of the CNS. The 
mechanisms mediating the development of these lesions are unclear but 
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Figure 13 EM photomicrographs of HSV 1 infected oligodendrocytes 
derived from three stains of mice. Cultures were infected at an MOl of 5 
for 60 minutes at 37 degrees. Incubation was continued at 37 degrees, 
and at appropriate intervals the coverslips were removed, washed, and 
fixed in 3% glutaraldehyde in PBS. They were post-fixed in 1% osmium 
tetroxide for 60 minutes and dehydrated in alcohol. Cells were 
infiltrated with EM Bed 812 over 36 hours, sectioned on an ultra 
microtome, and examined with a Phillips 300 electron microscope. 
(A) Oligodendrocytes derived from A/J mice contain numerous virions in 
both the cytoplasm and nucleus at 24 hours post-infection x 9500 (B) 
Oligodendrocytes derived from Balb/cByJ mice are found to have virions in 
the cytoplasm (generally fewer than in A/J) but none in the nucleus (24 
hours post-infection, x 9500) (G) Oligodendrocytes derived from 
G57BL/6J mice are generally not infected at 24 hours post-infection 
although less than 5% of cells did show occasional virions in the 
cytoplasm x 9500. 
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Table 3 Resistance of Primary Oligodendrocyte Cultures Derived From 
Inbred, Fl Hybrids, and Congenic Strains of Mice to HSVI as Determined by 
Appearance of Membrane Glycoprotein (gCl) 

Group Strain Appearance of gCl + Cells (SO%)(HRS)1,2 

Inbred CS7BL/lOJ 42 
CS7BL/6J 30 
DBA1/J 39 

LP/J 33 
CBA/J 36 
Balb/cByJ 21 
SWR/J 27 
AKR/J 21 
DBA2/J 27 

A/J 15 
PL/J 15 

Fl Hybrids (C57BL/6xLP/J)Fl 39 
B6D2Fl/J 33 
(CS7BL.6xCBA/J)Fl 42 
B6AFl/J 33 

Congenic BlO.A/SgSnJ 39 
A.BY/SnJ 36 
B6.C-H-2/ByJ 42 
BlO.D2/nSnJ 30 
BlO.BR/SgSnJ 39 

1. All cultures were infected at a MOl of 108 PFU/ml. 
2. Cultures were stained with anti-gCl every 3 hours. 

probably involve both the immune system and a direct cytocidal effect of 
virus. 

Although this is an interesting model of demyelination and relevant 
to MS, it can be criticized for its unifocal and uniphasic nature; 
features unlike the human disease. Studies are being performed to 
identify a multifocal and multiphasic disease model. Various inbred, 
congenic, and Fl hybrid strains of mice have been categorized on the 
basis of resistance to mortality following lip inoculation with HSV 1. 
As mortality likely reflects CNS involvement by virus, it was reasoned 
that the pathological appearance of the CNS might also correlate with 
mortality. Representative strains from each group: resistant 
(CS7BL/6J), moderately resistant (Balb/cByJ), and susceptible (A/J) were 
examined histologically. The appearance of the CNS was variable and 
strain dependent. In the susceptible strain, not only were demyelinating 
lesions observed at TREZ but also in the cerebellum and cerebral 
hemispheres. These lesions appeared sequentially and were characterized 
by demyelination, relative preservation of axons, and a mononuclear cell 
infiltrate. EM studies confirmed the characteristics of the multifocal 
lesions observed by light microscopy but failed to identify the presence 
of virus; a characteristic feature of the unifocal lesions observed at 
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the TREZ. The appearance of the multifocal lesions in the cerebellum and 
cerebral hemispheres, at a time when infectious virus could not be 
isolated from the CNS, was confirmed by viral titration studies. These 
studies have been interpreted as indicating that multifocal demyelinating 
lesions in the CNS are likely immune mediated but "triggered" by an acute 
HSV 1 infection of the CNS in genetically susceptible mice. 

Although the host immune system and a direct cytocidal effect of 
virus likely represent the major mechanisms involved in mediating the 
development of HSV 1 induced CNS demyelination, differences in resistance 
to virus at the level of the oligodendrocyte (OD) may also contribute. 
Preliminary studies were performed using primary cultures of OD derived 
from different strains of mice. Immunofluorescence, TCID50, and EM 
studies indicate that differences in resistance to HSV 1 do exist at this 
level and correlate with in-vivo mortality results and pathological 
appearances of the CNS. 

These studies have identified a multifocal model of HSV 1 induced CNS 
demyelination and additional mechanisms which may play a role in their 
development. Further studies with this model are likely to increase our 
understanding of how viruses can induce CNS demyelination and possibly 
our understanding of MS. 
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Opinions have changed many times during the past several decades as 
to whether experimental allergic encephalomyelitis (EAE) is a good model 
of mUltiple sclerosis (MS) or not. It is not likely today that 
everyone's thoughts are synchronized, indeed probably quite likely that 
each of us has retained our first or last impression based on thoughts of 
several or many years ago. Since the situation has changed rapidly in 
the last few years, I welcome this opportunity to try to bring everyone 
up to speed. I hope that I can convince most of you that EAE is a good, 
perhaps even a perfect, model of MS (Fig. 1) - but we must be careful in 
defining just which form of EAE we are talking about. 

It is somewhat ironic that EAE was originally thought to be one 
disease, specifically only monophasic and demyelinating, even though each 
of those early investigators described several histology and clinical 
patterns of EAE following the use of whole central nervous system (eNS) 
tissues for sensitization. However, they had little or no control over 
the production of these patterns and did not know that this apparently 
single model, eventually identified as "EAE" , contained a mixture of 
reactions that we have come to recognize as just that, a mixture largely 
related to different antigens. The irony is compounded by the fact that 
one of those antigens, myelin basic protein (BP), is so dominant that the 
effects of the others can hardly be recognized without it. Having spent 
decades studying the dominant one, I have to admit that it is probably 
not sufficient to explain the whole mixture of reactions . but I also 
have to report that studying the others in isolation did not, in 
retrospect could not, lead very far beyond the observation in tissue 
cultures of demyelinating or myelination-inhibiting antibodies. 

The birth of the idea that EAE and MS might be related goes back over 
50 years to the time when Rivers et al (38, 39) showed that sensitization 
of monkeys to whole CNS tissues could produce an inflammatory and 
demyelinating reaction confined to the eNS. Although confirmed within 
the next decade (21), the original experimental model was very 
cumbersome, requiring months of repeated injections, and it was not until 
the development of Freund's adjuvants that the technique for producing 
EAE became very simple, requiring only a single injection and a few weeks 
for the response to occur. From those first experiments in the last half 
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Figure 1 Fluctuations over the past 40 years in the belief that EAE 
is a good (EAE = MS) or a not-so-good (EAE = MS) model for MS. 

Figure 2 Subclinical healed lesions of EAE showing perivascular 
demyelination and foamy macrophages in monkey 84255 whose CD4+ 
lymphocytes decreased markedly 20 days after sensitization to BP but who 
never showed any clinical signs and was sacrificed 57 days later . Data 
courtesy of 1M Rose and S Hruby. A, LFB -Holmes stain for myelin and 
axons, x 32; B, Hand E, x 130. 
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Figure 3 Correlation of clinical signs and circulating CD4+ 
lymphocytes in monkey 86213 developing EAE and responding to treatment 
with a monoclonal antibody to CD4 antigen. Data courtesy of 1M Rose and 
S Hruby. 

of the 1940's (1, 12, 22, 27, 28, 31, 35, 36) the model has become 
increasingly popular and subjected to extensive biochemical, 
immunological, genetic, phyiological, histopathological and 
electronmicroscopic analyses. The pace has increased so rapidly in the 
last few years that I have had trouble keeping up even with the results 
being generated by my own associates! 

As shown in Figure 1, as recently as the last half of the 1970's I 
believed that EAE was important only to study for itself, that it was not 
likely to provide any meaningful leads for the study of MS. What is it 
that has caused me to change my mind beginning in the early 1980's and 
increasing to the point that I would now suggest that EAE may even be a 
perfect model of MS? 

This new evidence consists of five major elements: 1) the 
development of a 2-cell model of chronic relapsing demyelinating EAE in 
guinea pigs (5, 16, 19, 20) and rats (33, 34); 2) the development of a 
relapsing model of EAE in non-human primates by the simple device of 
inadequately prolonged treatment of acute attacks (10, 45, 47); 3) the 
definition of different regions of BP as being encephalitogenic for 
different species and strains of animals (3); 4) the discovery of 
"homologous" decapeptides (4, 7, 8, 26, 48) in many micro-organisms that 
may be biochemically similar enough to "mimic" corresponding sequences in 
myelin proteins and to evoke immunological cross-reactions with myelin, 

175 



Figure 4 Serial MRI's at 17, 22, 25 and 46 days after sensitization 
of the monkey shown in Fig. 3 . Data courtesy of TL Richards. Note the 
drop in lymphocytes (Fig. 3) and the first MRI-visible lesion (Fig 4B), 
both occurring 3 days before the appearance of clinical signs (Fig. 3). 
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thereby inducing EAE not only Ln animals (23, 24) but also in humans, 
where it appears as either acute disseminated encephalomyelitis (DEM) or 
its peripheral equivalent, the Guillain-Barre-Strohl (GBS) syndrome (4, 
7, 8, 26); and 5) the recognition that increasing age of infection with 
certain common world-wide infections (specifically measles, mumps and 
rubella) increases the risk that the individual will develop 
demyelinating diseases, especially MS, years to decades later (18). 

The last factor may also account not only for the geographic 
distribution of MS but also for the development of MS in migrants (32). 
The combination of the last two factors in the human makes possible the 
extrapolation of the first three factors from animals to humans and the 
recognition of the virtual identity of one particular form of EAE and MS 
(4, 8). The combination of all five elements makes a very real 
possibility of the prediction that MS is already being prevented and that 
1987 is the last year that we will see unmodified MS. Within the next 
decade we should have clear-cut evidence that MS is disappearing. 

Let me consider each of these five elements in detail: 

1) The 2-cell model of chronic relapsing demyelinating EAE is based 
on the observation in strain 13 guinea pigs that passive transfer of 
suboptimal numbers of BP-sensitized lymph node cells creates a state of 
partial resistance to subsequent active challenge (sensitization) to 
produce EAE (19). Such guinea pigs are actually completely resistant to 
challenge with BP (in Freund's complete adjuvants) and half of them are 
equally completely resistant to challenge with whole CNS (also in 
adjuvants). The other half of the guinea pigs, however, develop chronic 
remitting-relapsing or progressive neurologic signs lasting weeks to 
months (19) and show extensive demyelination at autopsy (5). This 
demyelination correlates well with the presence of demyelinating 
(myelination-inhibiting) antibodies in their sera (16). These antibodies 
and the demyelination result from the presence of non-encephalitogenic 
components of myelin in the whole CNS challenge (20) but no disease 
occurs unless the BP-sensitized T cells are also present. 
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In Lewis rats comparable antibodies have been identified as being 
directed against a minor glycoprotein in GNS myelin (33, 34) but the 
clinical sequence has not yet been converted to the chronic patterns seen 
in the guinea pigs. In addition, however, antibodies to 
galactocerebroside have been shown to produce necrosis in vivo when 
superimposed on the inflammation induced by the passive transfer of BP
sensitized T lymphocytes (33). Whether necrosis and demyelination are 
merely quantitatively different so that each can be produced by 
appropriately different concentrations of these antibodies remains to be 
proven but we have shown that synthetic galactocerebroside, free of any 
possible natural contaminant, can evoke demyelinating antibodies, not 
necrosis, detectable in tissue culture (25). In any event, these results 
already show that there is a spectrum of inflammation-demyelination
necrosis that can be produced at will by appropriate combinations of 
specific T and B cells. 

Since two antigens and two immunologic effector systems are involved 
in these new guinea pig and rat models, it is easy to see that two cells, 
specifically but differently sensitized T and B cells, are involved in 
these species. In rabbits and monkeys, however, the necessity for two 
cells is not so clear since demyelinating EAE can be produced by 
sensitization only to BP or BP fragments (30, 47). Since we have not 
seen EAE develop in monkeys in the absence of anti-BP antibodies (42), we 
suspect that two cells, T and B cells, are still involved but that the 
two antigens may be different epitopes (antigenic determinants) on BP 
itself. The possibility of some minor contaminant of BP has not been 
completely ruled out, however. Whether humans require two antigens, such 
as BP and non-BP myelin components, or only one with two epitopes, such 
as BP, remains to be seen but it seems likely that both T and B cells are 
involved in MS as well as in demylinating EAE. 

Even without this proof of two cells being involved, the monkey model 
has been very useful in providing many direct comparisons between EAE and 
MS, most recently in the areas of lymphocyte subsets (40-43) and magnetic 
resonance imaging or MRI (37, 50). In some cases changes in circulating 
lymphocytes have occurred without any clinically apparent EAE ever 
developing but with subclinical healed histologic lesions detectable at 
post mortem examination (Fig 2). In other cases the correlation of 
lymphocyte changes and MRI has shown the actual onset to be days ahead of 
what we could detect clinically (Figs. 3 and 4). As in MS, the EAE is 
simply still subclinical, apparent by MRI or fluorescence-activated cell
sorting (FAGS) early in the course, just as we had observed when 
recording evoked potentials or analyzing cerebrospinal fluid (6, 11). 
The newest observations of Richards et al (37) concern proton nuclear 
magnetic resonance spectroscopy (a technique which uses similar equipment 
as MRI), which shows the development (Fig. 5) and resolution of lipids in 
vivo within the acute EAE lesion in monkeys. 

2) The treatment of EAE in two strains of monkeys has become 
remarkably successful with BP and an antibiotic in M. mulatta and either 
BP and steroid (9, 44, 46) or anti-GD4 monoclonal antibodies (40) in M. 
fascicularis. While we were looking for the shortest effective 
treatment, we found that inadequately prolonged treatment of EAE 
resulted in the reappearance of clinical and histological signs of EAE in 
about half of the monkeys (10, 47). Such a relapsing course has many 
similarities with MS, not only clinically but also histologically, since 
less hyperacute necrotizing EAE and more chronic demyelinating EAE become 
obvious. Since one of the treatments in monkeys includes steroids, 
another analogy with MS is apparent with either endogenous or exogenous 
steroids helping MS patients to improve or go into remission. 
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3) The definition of encephalitogenic sequences in BP has progressed 
far beyond the initial belief that there might be only a single 
encephalitogenic determinant on a single encephalitogenic molecule. 
While BP remains the dominant encephalitogenic molecule, with many 
different regions being specifically encephalitogenic for each species 
and even for each strain so far studied (3), at least one other molecule, 
proteolipid protein (PLP) , has been shown to have some encephalitogenic 
activity (17). Extrapolation to humans has so far been impossible, 
largely because of the inability to develop a strategy that would permit 
identification in BP or PLP of the encephalitogenic determinant(s) for 
humans. From the answers available in different strains and species of 
animals it appears likely that humans will resemble non-inbred rabbits 
and monkeys in being susceptible to several different epitopes in BP (and 
probably also PLP) that can evoke specifically sensitized T cells. From 
quantitative comparisons it does not seem likely that other myelin 
antigens will be found to have encephalitogenic activity, but at least 
two other myelin antigens are already known to be responsible for 
demyelinating or necrotizing antibodies (25, 33, 34). Possibly others 
(probably including lipids and carbohydrates as well as other proteins) 
will be found to have similar effects. Just as with BP and PLP (4, 8, 
48), it seems likely that homologies with decapeptides or other epitopic 
structures with sufficient molecular mimicry will be found in many micro
organisms to evoke these B cells and their antibodies which augment the 
inflammatory effects of the encephalitogenic T cells. 

4) "Homologous" decapeptides (4, 8, 26), analogous sequences (48) or 
molecular "mimicry" (23, 24) are concepts that may explain immunologic 
cross-reactions between exogenous infecting micro-organisms and 
endogenous targets in a wide variety of disease, specifically MS in the 
CNS (8) and the GBS syndrome in the peripheral nervous system (7). The 
most relevant that so far have appeared relate measles C and 
nucleocapsid proteins to myelin BP as follows: 

Measles nucleocapsid: (142)SRFGHFENKE ....... (429) LPRLGGKEDR 
Myelin BP: (lll)LSRFSHGAEGQ ...... (153)IFKLGGRDSR 
Measles C: (l)MSKTEHNASQ 

The number of the first aminoacid in each decapeptide is in parentheses 
and the single letter code is used for each aminoacid. The identical 
ones are indicated by underlining, but many of the others are similar 
enough to give total scores that are far beyond chance occurrence (26). 

Computer searches turn up a surprisingly large number of 
biochemically similar decapeptides (4, 7, 8, 26), so many that one can 
only wonder why auto-immune diseases are not much more common than 
already known or suspected. Probably most of these biochemical 
similarities are not really similar enough to be immunologically 
acceptable as cross-reacting epitopes. Also, probably most are only 
minor potential epitopes consisting of continuous sequences of amino 
acids buried in the depths of the protein molecule and revealed only 
after the protein is degraded by macrophages. Thus, they may be 
destroyed and be completely non-antigenic or they may evoke relatively 
few T or B cells. Since they appear to have no relation to 
neutralization, hemagglutination or other classical techniques for 
classifying sub-strains of micro-organisms, they have up to now been 
generally ignored. I hope that this neglect changes with the recognition 
of the disease-inducing potential of at least some of them (4, 7, 8, 23, 
24,26,48). 
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Figure 6 Year of birth and year of onset of MS in patients 
presenting to neurologists for the first time in Seattle in 1986-1987. 
For comparison with Figs. 7-9 the dates of introduction of certain 
vaccines are indicated as follows: Ml = killed measles, M2 = live 
measles, Mu = live mumps, R = live rubella and MMR - live triple vaccine. 
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Figure 7 A similar survey as in Fig. 6, if conducted in 1996-1997, 
should show a similar distribution of new cases of MS if nothing has been 
introduced to prevent MS. 
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Figure 8 The same theoretical survey as in Fig. 7 but, by contrast 
with Fig. 7, if the increasingly effective vaccines against measles, 
mumps and rubella (c.f., Fig. 9) have prevented MS, then those cases 
shown climbing the "wall of resistance" to MS should not exist. 
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Figure 9 The progressive elimination of measles, mumps and rubella 
infections in the state of Washington during the decade 1964-1974. The 
converse of this curve is shown in Fig. 8 as the steeply inclined "wall 
of resistance" to developing MS. 
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5) The importance of age has been long recognized in determining 
susceptibility to EAE in animals (51) and to acute DEM in humans (2, 13, 
14, 49) but only recently to playa role in determining susceptibility to 
MS (18). The observations of Compston et al (18) concerning single 
infections have been extended to combinations of two or three infections 
and the same relationship demonstrated (8). There is an exponentially 
linear relationship between the average age of infection with measles, 
mumps and rubella and susceptibility to demyelinating diseases, 
especially MS. The neutral age is about 5 to 7 years, with progressively 
younger children increasingly resistant and progressively older children 
increasingly susceptible. 

Since children in the tropics are regularly infected with measles 
before 1 year of age (IS, 29), it seems likely that both the low 
incidence of MS in the tropics and the resistance to MS of migrants from 
the tropics may be directly related to this early age of infection with 
such world-wide agents. Such an explanation seems much more likely than 
any based on a single cause of MS, since how would persons become 
resistant if the organism was not present in their environment? Also, 
such common infections as measles, mumps and rubella would seem more 
likely to have been introduced into the Faeroes by relatively small 
numbers of otherwise healthy British soldiers in World War II than the 
relatively rare MS-specific virus which has been postulated to explain 
the mini-epidemic of MS occurring in the Faeroes a few years later (32). 

In conclusion then, even if all the above is true, so what? Well, 
for starters I suggest that there will be an important by-product of the 
routine immunizing of young children against measles, mumps and rubella 
(MMR). Since these children are less than 5 years old, it seems likely 
that they will be also immunized specifically against MS or at least made 
non-specifically resistant to MS. How soon will this effect be noticed? 
If the present suggestion had not been made, such a disappearance in the 
youngest candidates for developing MS would be so gradual that it would 
probably not be noticed for a decade or two after it had begun and then 
only because neurologists began to realize that they had not seen a case 
of MS in a 20-year-old person - and a decade later, no case of MS in a 
30-year-old person. 

With this in mind I asked my Neurology friends in the Seattle area to 
provide a survey of all cases of MS seen by them for the first time in 
1986-1987. As you may have guessed, there are no new cases yet in 
persons born after the introduction of the triple live MMR vaccine in 
1971 (Fig. 6), but then MS is not very common in l6-year-old persons. 
However, within the next decade, if similar surveys are continued (Figs. 
7 and 8), the lack of such cases should become increasingly apparent and 
by 1997 it should be so obvious that everyone would recognize that no 
new cases had developed in persons born since 1971 and very few persons 
immunized in the period 1964-1974 as the effects of the improving 
vaccines became increasingly detectable (Fig. 9), as though there is a 
rising "wall of resistance" to MS through which it is difficult for MMR
immunized persons to pass (Fig. 8). 

I hope we all live long enough to see this prediction come to pass. 

SUMMARY 

The convergence of five independent lines of research strongly 
suggests that EAE is a good, perhaps even a perfect, model of MS. If so, 
the elimination of MS appears to be a real possibility that should become 
obvious within the next decade. 
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The capacity of the immune system to recognize antigens, to 
distinguish self from non-self, and to generate an effective yet 
controlled response against a specific target is dependent on a series of 
ordered interactions between the cellular and soluble components which 
comprise the immune system. Immunoregulatory mechanisms refer to those 
components and properties of the immune system which contribute to the 
initiation, magnitude, and termination of the immune response. 
Derangements in the above mechanisms have been speculated to contribute 
to the development of autoimmune disease. In this presentation we will 
review studies which (A) implicate involvement of immunopathogenic 
mechanisms in MS; (B) describe some of the specific immunoregulatory 
mechanisms which may be relevant to the disease process multiple 
sclerosis (MS), and present data directly indicating perturbed 
immunoregulatory mechanisms in MS; (C) postulate about specific 
properties of the central nervous system (CNS) which may contribute to a 
state of immune reactivity devcloping within the CNS; and (D) indicate 
potential therapeutic means to effect immunoregulatory function. 

Immunopathogenic Mechanisms in MS 

The postulate that immune mechanisms are involved in the MS disease 
process is derived from pathologic observations and from direct in vitro 
studies of the immune status of MS patients. The pathologic process in 
MS is confined to the CNS, raising the need to define the mechanisms 
whereby an autoimmune disease can be restricted to this anatomic 
substrate. The hallmark lesions are multifocal areas of demyelination 
with relative or total preservation of axons. The active MS lesions are 
characterized by an inflammatory infiltrate comprised of T cells and 
macrophages. Immunohistochemical studies indicate that both major T cell 
subsets, CD4+ and CDS+, are present in and around MS lesions (17,40,90). 
Several groups have found that CDS+ cells are the predominant cell 
(17,40), whereas Traugott et al found mainly CD4+ cells extending into 
the adjacent white matter (90). This inflammatory response provides a 
major basis for implicating immune-mediated events contributing to MS. 
Expression of major histocompatibility complex (MHC) antigens on glial 
and endothelial cells in the region of MS lesions are now reported (91). 
Whether the cellular infiltrate found within the CNS of MS patients has 
been recruited as a result of immune sensitization to a specific 
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endogenous (myelin, oligodendrocyte) or exogenous (viral) antigen remains 
to be established. Hafler et al found no evidence of myelin basic 
protein (MBP) or proteolipid protein (PLP) antigen-specific T cells 
amongst T cells cloned from MS plaque regions (36). In contrast, MBP 
reactive cells could be derived from CNS tissue of cases of acute 
disseminated encephalomyelitis (ADEM). T cells sensitized against MBP 
can be derived from both MS and control donors' cerebrospinal fluid (CSF) 
(18). Whether these cells are directed against the same or different MBP 
epitopes is unknown as yet. The demonstration that "normal" individuals 
have autoreactive T cells, indicates that regulatory mechanisms likely 
exist to prevent these autoreactive clones from inducing autoimmune 
disease. 

Both Band T cells appear to demonstrate ongoing reactivity in MS. A 
disease hallmark of MS is intrathecal production of Ig, which when 
subjected to electrophoresis is found to be "oligoclonal". The 
oligoclonal band patterns of IgG eluted from different CNS lesions of 
individual MS cases seem to be rather constant according to Walsh et al 
(94), although Mattson et al (57) report variability. To date the Ig has 
not been shown to be directed against specific antigen. The levels of Ig 
secretion in the CSF do not appear to correlate with changes in disease 
activity; the number of bands tends to increase over time (58). The 
basis for this Ig production is unknown with speculation including the 
presence within the CNS of B cell activators which could be products 
released by lymphocytes, glial cells, or disrupted myelin; the effects of 
persistent virus; or failure of normally existing regulatory mechanisms 
to actively shut off the response. The high intrathecal antibody levels 
found in cases of subacute sclerosing panencephalitis (SSPE) provide an 
example of heightened antibody response as a consequence of inefficient 
clearing of antigen. 

Evaluation of results of in vitro studies of the immune status of MS 
patients must take into account the clinical status of the patients. A 
wide range of such studies indicate activation of the immune system, 
particularly at times of clinical disease activity. In our experience, 
mononuclear cells (MNCs) derived from patients with progressive MS and 
stimulated in vitro with the polyclonal T-cell dependent activator, 
pokeweed mitogen (pwm) , secrete increased levels of IgG secretion 
seemingly reflect altered T cell regulatory effects. Heightened T cell 
activation in patients with active clinical disease is evidenced by 
detection of an increased proportion of T cells bearing specific cell 
surface proteins referred to as activation antigens as they are expressed 
only by T cells which have progressed to the GIB stage of the cell cycle 
(31,37). Further evidence of T cell activation in such patients was 
provided by Noronha et al (68), who demonstrated that the RNA/DNA content 
of MS-T cells from CSF were increased, indicating entry into the cell 
cycle. Thus, although one has yet to demonstrate that the observed T and 
B cell reactivity is induced by a specific antigen, the evidence does 
suggest that MS is characterized by a state of heightened immune 
reactivity. The role of immunoregulatory mechanisms in contributing to 
these findings will be discussed. 

Immunoregulatory Mechanisms relevant to MS 

i) Immunogenetic factor~. The magnitude of the immune response that 
individuals generate after exposure to specific antigens is greatly 
determined by genetic factors. Classic studies of inbred animal strains 
indicated that the gene loci contributing to the magnitude of immune 
response are located within a chromosomal region termed the major 
histocompatibility complex (MHC) which in man is located on the short arm 
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of chromosome 6 (HLA-locus), and on chromosome 17 in mice (h-2 locus). 
The organization of the MHC locus in humans, as well as mice, has been 
studied in great detail, and the contribution of specific gene products 
within this region to immune reactivity defined (Reviewed in 30,54). The 
different gene loci of the MHC region and their products have been 
divided into two major classes, class I and II. Class I-MHC antigens 
(HLA-A,B,C in man and H-2K,D in mouse) are expressed on all cells of the 
lymphoid system as well as on virtually all nucleated cells of the body 
(see section on MHC antigens on neural cells) and were initially thought 
to be the major antigens recognized by the immune system of tissue 
allograft recipients. Subsequently, class I-MHC antigens were 
demonstrated to be the favored restriction element for CD8+-cytotoxic T 
cells. Class II-MHC antigens (HLA-DR,DQ,DP in man, and H-2IA,IE in 
mouse) are expressed only on certain lymphoid cells - ie. on macrophages, 
B cells, and activated but not resting T cells. Bone-marrow derived 
cells, such as dendritic cells and Langerhans' cells in the skin also 
express these antigens and at high density (84). Under certain 
conditions endothelial cells and glial cells may also express class II 
MHC antigens. The class II MHC antigens are the restriction element for 
CD4+-T cells. Class II MHC antigens are critical elements involved in 
cell-cell interactions within the lymphoid system during the generation 
of an immune response. 

The high degree of polymorphism which characterizes the MHC system 
contributes greatly to individual variability in the magnitude of 
reactivity to a specific antigen. Classic studies with simple synthetic 
antigens indicate that actual non-response to an antigen can be a 
function of class II MHC phenotype determinants. As shown in studies of 
mouse T cell reactivity to specific MBP fragments, the degree of 
reactivity is dependent on specific epitopes encoded by either IA or Ie 
region MHC genes (100). In MS populations, the genetic predisposition to 
disease is well illustrated by the relatively high, although not absolute 
concordance rate for disease between identical twins (27). Results from 
most epidemiologic studies of MS populations indicate that specific MHC
II antigens, particularly HLA-DR2, are over-represented, indicating that 
the disease is occurring in a population with characteristic genetically
determined immune response traits which likely greatly influence their 
immune capability or repertoire. Jacobsen et al demonstrated that class 
II MHC-dependent CD4+ cell cytotoxic responses to measles-infected cells 
were impaired in MS patients bearing the DR2 phenotype (45). Ongoing 
studies in MS include sequencing the MHC-II gene regions to look for 
nucleotide sequences characteristic of affected individuals, as well as 
transfection experiments evaluating how specific MHC class II antigen 
products influence immune reactivity (12). Note that studies of the 
classic animal "autoimmune" disorders experimental allergic 
encephalomyelitis (EAE) and experimental myasthenia gravis indicate that 
non-MHC genes also contribute to the magnitude of immune reactivity to 
the specific antigens and to overall levels of susceptibility to disease. 

Genetic factors also determine the capacity of individual T cells to 
recognize specific antigens, presented to them by accessory cells. 
Antigen recognition by T cells occurs via a specific site on the T cell 
surface termed the T cell receptor (TcR) (Reviewed in 51). The TcR is 
comprised of two polypeptide chains (alpha, beta) each of which contains 
a variable and constant region. The structural similarities which exist 
between the TcR, the Ig molecule and MHC antigens as well as neural cell 
adhesion molecules, suggest these all were originally descended from a 
common ancestral gene giving rise to the term, Ig supergene family. The 
polymorphism within each gene region encoding for the TcR and the various 
combinations of rearrangements of individual TcR component genes during 
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the process of forming the complete gene, result in T cells with 
indifferent repertoires with regard to antigen recognition. Thus T cells 
bearing specific TcR gene rearrangement patterns will respond to specific 
antigens. Recognition of antigen by T cells also requires the presence 
of MHC antigens, a feature which distinguishes these cells from B cells 
which recognize antigen without MHC requirement. 

The precise contribution of the above genetic factors in determining 
susceptibility to MS requires further definition. 

ii) 1mmunoregulato[y Mechanisms and MS. a) T cell mediators of 
immune regulation. Within the T cell population, there are cell subsets 
possessing the functional properties of either (a) inducing or amplifying 
an immune response, or (b) suppressing the response. The involvement of 
inducer/amplifier T cells (T helper cells) in generation of cytotoxic T 
cell responses and T-cell dependent B cell responses are well 
established, particularly by studies of cloned T helper cell lines (76). 
In humans, the T helper cells are contained within the CD4+ cell 
population, and more precisely within the CD4+ - CDW29+ (4B4+) population 
(63). The T helper (CD4+)cells mediate their effects via secretion of 
soluble factors, termed lymphokines. Defined lymphokines include those 
required for maintaining T cell proliferation (IL-2), for recruiting and 
effecting a delayed type hypersensitivity response, and for inducing B 
cell activation and maturation (Reviewed in 69). To date, no claims of 
excess T helper activity are reported to occur in MS. 

Suppressor T cells have been defined as those which can down regulate 
the immune response, using non-cytotoxic mechanisms (61). The mechanism 
whereby T suppressor (TS) cells are activated and mediate their effects 
are not entirely defined. Generation of antigen-specific TS cloned cell 
lines has not been as reproducible as the generation of TCTL and T helper 
lines, perhaps because of requirement for different growth factors (29). 
A consensus is emerging, however, regarding the existence of specific 
cell circuits which result in generation of suppressor cells. 
Mohaghepour et al (62) demonstrated that generation of antigen-specific 
TS clones requires an initial MHC-11 restricted interaction between a T 
helper cell and an antigen-presenting cell. A soluble factor released by 
this TS cell, (termed a TSI cell) directly activates a TS effector cell 
(TS2) which exerts its action in a non-cytotoxic class I MHC-restricted 
manner. Thus, this model implies that TS cell generation occurs via 
interaction of an intermediary inducer cell and not via direct 
interaction with antigen, in contrast to T helper cells which promote T 
and B cell effector responses. 

The identification of the cell types and soluble factors involved in 
the postulated human suppressor network continues to advance. Putative T 
suppressor/inducer cells are contained within the CD4+ cell subset and 
are defined by the presence of the epitope CD45R recognized by mAbs 2h4+ 
and Leu18 (24,26). The suppressor/inducer (CD45R) and helper cell 
(CDW29+) CD4+ populations are mutually exclusive. Precursors of 
suppressor effector cells are defined by the presence of the CD8 protein 
and the absence of the CD28 epitope which is recognized by the mAb 9.3 
(98). Leu 15+ antibody is reported to selectively detect CD8+ suppressor 
rather than cytotoxic T cells. Fox et al have recently demonstrated that 
the cellular mediators of the suppressor network (CD45R+ - CD4+ and CD28-
;CD8+ cells) may have requirements for cell proliferation distinct from 
cell types which augment or effect T cell responses (29). They have 
identified an 8 Kd T suppressor cell growth factor released by pokeweed 
mitogen-stimulated CD4+ cells that induces 1L-2 receptor expression only 
on the suppressor network cells. Conversely, the cells in the suppressor 
cascade are not activated by binding of anti-CD3 mAb, which does induce 
1L-2 receptors on helper and cytotoxic cells. 
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The above emerging data on TS circuits in humans appears to 
reasonably parallel the suppressor cell cascade observed in murine 
systems in which generation of T suppressor factor secreting hybridomas 
have allowed partial characterization of soluble mediators included in 
the suppressor network (21,66,85,92). In the murine system, studies of 
simple antigens (e.g. GAT) have provided insight regarding soluble 
factors mediating interaction between T cell subsets. Sorensen and 
Pierce (85) have identified two suppressor factors, termed TSF! and T~F2' 
TSFI is produced by an antigen-specific TS inducer cell (Lyt 1 2-, IJ , 
Qa 1+) and is composed of a single polypeptide chain bearing determinants 
encoded by the I-J region of the HHC, and which can bind antigen. TSFl
mediated suppression is not HHC restricted. TSF2 is produced by the TS 
effector cell (Lyt 2+1-, IJ+, Qa 1+) and is composed of two polypeptide 
chains, one bearing I-J determinants and the other capable of binding 
antigen. TSF2-mediated suppression is MHC-restricted. Generation of 
TXF2 requires subimmunogenic dosages of antigen and TSFI' The nature 
of the antigen receptor on the TSF molecules remain to be defined. as 
does the gene loci encoding for these factors. Exposure of naive 
spleen cells to TSFI or TSF2 in the absence of antigen, can result 
in generation of idiotype-specific TS cells - ie. these TS cells release 
factors which bind antigen-specific idiotypes. The factors are comprised 
of 2 polypeptide chains, one bearing I-J and the other id-binding 
activity. The factors are restricted by HHC and IgH genes. TSF2 
interacts with T helper cells and blocks the latters' effect on B cells 
(92). The TSFs may act not only directly on T cells, but also via 
accessory cells (66). Hapten-specific TSF may bind antigen on 
macrophages and induce the macrophages to secrete non-specific 
immunosuppressive factors. 

Although the above cited data have begun to define specific soluble 
factors involved in the suppressor network, the field is further 
complicated by description of a wide array of soluble factors mainly 
isolated from cell lines maintained in vitro, which are capable of 
suppressing immune reactivity but whose in-vivo biologic role is less 
clear. A partial list of such factors is present in Table 1 below. 

Table 1 

T-SUPPRESSOR LYMPHOKINES - soluble factors (glycoproteins, polypeptides) 
produced by T cells and which inhibit cell proliferation 

Soluble Factor Reference 

- IFN- (99) 
lymp~otoxin (32) 

- soluble immune suppressor supernatants 
(SISS) - B, T (33) 

- suppressor activating factor (SAF) (52) 
- soluble immune response suppressor (SIRS) (82) 
- suppressor induction factor (SIF) (46) 
- B-cell growth inhibitory factor CBIF) (48) 
- inhibitor of DNA synthesis (IDS) (67) 
- T-leukemia-derived suppressor lymphokine (TLSL) (81) 

b) Suppressor cell mechanisms in MS. The approach to evaluating 
suppressor cell activity in MS has been to devise in-vitro assays which 
demonstrate functional suppressor cell activity and then attempt to 
determine the cellular basis for the observed functional effects. As 
previously mentioned, the failure as yet to identify a putative specific 
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antigen in MS, has required that studies of suppressor cell function be 
conducted using either non-specific cell activators - e.g. mitogens or 
non-CNS antigens, particularly MHC antigens, either in allo-activating 
(mixed lymphocyte reaction (MLR) or auto-activating (autologous MLR) 
systems. Functional suppressor assays might be considered in two 
categories; either resting or non-activated suppressor cell assays, or 
activated suppressor cell assays. 

Resting suppressor cell assays: In these assays, a putative 
suppressor cell, usually a T cell, is either added without prior 
manipulation to immune cells which are being induced to respond to a 
mitogen or antigen, or depleted from an immune cell population which is 
about to be induced to respond. Suppressor function is calculated based 
on the extent of the dampening or enhancement of the observed responses, 
as compared to a control culture without regulatory cells. The 
suppressor properties of CD8+-cells were initially defined in such 
systems, particularly in assays in which the mitogen, pokeweed, was used 
to induced IgG secretion. 

Data from early studies using T-cell dependent polyclonal B cell 
stimulation (ie. pokeweed mitogen (pwm) stimulation) indicated that in 
normal young individuals, levels of IgG secretion by MNCs depended 
predominantly on T cell influences (49,79). The normal population could 
be divided into those who were "high" and "low" responders to pwm (41). 
Radiation of T cells resulted in augmented IgG levels, implicating the 
presence of a specific radiation-sensitive suppressor T cell. By use of 
cross-over experimental paradigms between T cells (i.e. rosette with 
sheep red blood cells) (E+) and B cells (E-), one could further 
demonstrate that T cells determined the levels of observed IgG secretion. 
With the availability of CD8+ mAbs, this cell subset was shown to mediate 
the suppressor function. However, the levels of pwm-induced IgG 
secretion by MNCs did not correlate with the absolute number of CD8+-T 
cells within the MNC population. We demonstrated that high and low 
levels of pwm-induced IgG secretion by MNCs were, however, correlated 
with the functional suppressor activity of the CD8+ cell subset. Our 
experimental paradigm involved adding a constant number of CD8+ T cells 
obtained from either high or low IgG secretors to a standard pool of CD4+ 
T helper cells + B cells to which pwm was added (2). IgG levels were 
higher in cultures containing CD8+ cells from high secretors compared to 
levels in cultures containing cells from low secretors. Our data in 
chronic progressive MS indicated that these patients were as a group high 
secretors, and this finding could not be accounted for by a depletion of 
the CD8+-T cell subset (11). We did find that adding increasing numbers 
of CD8+ cells from MS patients did result in suppression, indicating both 
that the suppressor defect is not an absolute one in MS and that CD8+ 
cell numbers are an important factor. In this latter regard, reduction 
in the proportion of CD8+ cells within the overall MNC population is 
variably observed in patients with active MS (22,73,77). Our data favor 
the postulate that high IgG secretion in the MS population reflects a 
fundamental derangement in the CDS+-T suppressor function mediating cell 
population or in the circuitry of cells involved in inducing the final 
suppressor effector function. More detailed studies of IgG secretion in 
MS as a function of clinical disease are presented in the chapter by 
Oger. 

The definition of the cell circuits involved in the suppressor 
pathway, as described in a previous section, have permitted more detailed 
analysis of this regulatory function in MS patients. The studies of Rose 
et al (51) and Hafler et al (65) have implicated a numerical reduction of 
the CD4+-CD45R+ suppressor/inducer subset in patients with active MS. 
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One notes that a reduction in T cell subsets as defined by mAbs can 
reflect either an actual deletion of the putative cell subset or deletion 
of the epitope recognized by the mAb from the cell surface. If the 
former were the correct explanation, one would expect an overall 
reduction in CD4+ cells in MS and an increase in the proportion of CD4 + 
CDW29+ cells. Taken together with the putative reduction in CDS+-T cells 
reported by some in MS, one would have expected a prominent reduction in 
total T cell number in MS. To date the data is incomplete in resolving 
these issues. One need further note that activation of CD4+-CD45R cells 
with mitogens results in reduced expression of the CD45R antigen (53,55); 
heightened T cell activation is a feature of active MS (31,37). One 
anticipates even more precise definition of cell subsets involved in the 
immune regulatory circuits, with use of new panels and combinations of 
mAbs and increasingly sophisticated cell analysis techniques, such as the 
multiparameter techniques described by Kastrukoff et al (47). 

"Activated" suppressor cell assays: The activated suppressor cell 
assays as applied to MS have involved either (a) preactivation of MNCs or 
T cells with mitogenic lectins (ConA) or mitogenic mAbs (OKT3) and 
assessing these cells' effects on a subsequent immune response, or (b) 
use of an AMLR to generate a putative suppressor population which is then 
again added to a subsequent immune response. In our initial studies, we 
preactivated MNCs, isolated from peripheral blood of MS patients and 
controls, in vitro with ConA for 48-96 hours then treated these cells 
with mitomycin C to prevent further proliferations, and assessed their 
suppressor influences on a second cell population, namely either 
autologous or allogeneic MNCs which were themselves stimulated with ConA. 
In this assay system we found that patients with active disease, either 
early in the relapse phase or in progressive phase of the disease had 
reduced suppressor levels compared to controls (3). More recent serial 
studies of patients with progressive disease conducted over periods of > 
1 year indicated that the suppressor defect is a persistent one (11). 
Patients with relapsing-remitting disease were found to have more 
variable levels of suppressor function, with levels suggestively 
increased during the several weeks following an acute relapse (recovery 
phase) (3). Patients with clinically stable disease were found to have 
suppressor levels which did not differ statistically from controls, 
although individual low values were observed (4). One suggest that 
further studies correlating suppressor values with magnetic resonance 
imaging-defined disease relapses will determine how well this in-vitro 
assay correlates with disease activity. Suggestive data indicating such 
correlations have been presented by Oger et al (70). 

We have attempted to define some of the cellular factors accounting 
for this activated suppressor cell defect in MS by expanding our studies 
of patients with progressive disease - i.e. the group in which we find 
the most consistent functional suppressor defect. To establish the 
principal cell mediator of mitogen activated suppressor activity, we 
attempted to prepare isolated T cells or subsets thereof. activate these 
cells, and measure their suppressor capabilities. Activation of T cells 
or subsets with either ConA or anti-CD3 mAb (OKT3) requires the presence 
of accessory cells, supplied either as non-T cells (E-) or as enriched 
macrophage populations. We found that suppressor activity was contained 
within the T cell (E+) population and predominantly within the CDS+ 
population (5). 

The properties of the CDS+ population which are associated with 
reduced suppressor function mediating capability continue to be studied. 
FACS analysis of the CDS+ population indicate a wide variability in 
fluorescence intensity and by inference CDS+ antigen density on CDS+-T 

193 



cells. Whether CD8+ cells bearing different antigen densities comprise 
different functional cell subtypes remains problematic. High density 
CD8+ cells have been reported to be mediators of cytotoxicity (89). The 
function of low CD8 density cells remains unclear, particularly with 
regard as to whether all these cells are truly T cells or whether some 
are best classified as NK cells. CD3-, CD8+ bearing the NK marker COlI 
(Leu 15) are now well recognized. Some of these latter cells do bear the 
C02 (sheep red blood cell receptor) T cell marker, making the definition 
of a T cell based on surface phenotype markers rather arbitrary. 

The precise role of the CD8 antigen in mediating either suppressor 
function or the other function attributes to CD8+ cells, namely MHC-class 
I restricted cytotoxicity is not totally established. By reducing CD8 
antigen density on MNCs derived from normal individuals by means of 
modulating the antigen from the cell surface using OKT8 mAb, we did find 
that their activated suppressor mediating function was reduced (6). 
Reder et al (74) and Thompson et al (88) reported that CD8 antigen 
density was reduced in MS patients with progressive disease; Hirsch et al 
(42) did not find this in relapsing patients. Reder et al (74) found no 
such decrease in stable MS patients. The factors contributing to the 
reduced antigen density are not defined, but could include soluble 
factors such as macrophage-derived products, particularly prostaglandins, 
other lymphokines, and perhaps neurotransmitters and neurohormones. 
Using 3 different restriction enzymes and Southern blot analysis, we 
found no polymorphism in the CD8 gene in MS patients, including those 
with low suppressor function (75). 

To address whether all CD8+ functions were perturbed in MS, we 
compared progressive MS patients and controls with regard to class I 
allo-antigen directed cytotoxic function (7). We sensitized MNCs from 
test donors in vitro with HLA-bearing Epstein-Barr virus (EBV) 
transformed B cells and after 5 days assessed the capacity of these 
sensitized cells to lyse the same EBV cells in chromium release assays. 
We found no difference between MS patients and controls, suggesting that 
the suppressor defect was a selective one. The cell targets we used in 
our assays were not susceptible NK cell targets. As yet, we have not 
noted significant differences between MS patients and controls with 
respect to relative proportions of CD8+ suppressor (LeuI5+) and cytotoxic 
(9.3+) cell subsets present within the systemic MNC population. 

To further characterize the mediators of activated suppressor 
function, we generated IL-2 dependent CD8+ T-cell lines by isolating 
these cells from peripheral blood MNCs using a panning technique, 
inducing proliferation with anti-CD3 mAb (OKT3) and maintaining the cells 
in the presence of IL-2 (ie. MLA cell line supernatant) and autologous 
feeder cells (radiated MNCs) (8). The proliferative rate of these cells, 
as evaluated by 3H- t hymidine uptake after 2 weeks in culture was 
dependent on the presence of IL-2 in the media. In studies conducted on 
CDB+ cells maintained in culture for 14 days, then given fresh anti-CD3 
mAb and feeders for a subsequent 2 days, followed by treatment with 
mitomycin, we found that progressive MS patient-derived CD8+ cells 
mediated lower levels of suppressor activity than did control donor
derived cells. These data suggest that the reduced suppressor function 
observed in MS patients could not be attributed to transient effects of 
factors exogenous to the T cells, such as serum factors, antibodies, 
proteolytic enzymes, immune complexes, or monokines. Whether such 
exogenous factors can induce long acting effects on COB cells cannot be 
excluded. We continued to find defective suppressor function mediated by 
MS CD8+ cells up to 4 weeks of cultures (last time point examined). 
These CDB+ cell lines mediated significant levels of cytotoxicity, 
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comparable to those mediated by control donors' cells. Further studies 
using cloned CD8+ cell lines should help delineate whether quantitative 
differences in CD8+ cell subsets or intrinsic cellular properties account 
for the observed findings. In CD8+-cell line studies, similar to those 
described above, conducted on patients with stable MS, we found that 
suppressor cell activity in these patients were significantly greater 
than those observed in progressive patients, although suggestively lower 
than control values (4). 

The above studies have been conducted using systemic blood-derived 
cells. An important issue regarding the immunopathogenic mechanisms 
which may be operative in MS, is whether the T-cell accumulation in the 
CNS represents a recruitment of a selective sUbpopulation of T cells to 
this tissue compartment. Hafler et al showed by labelling systemic T 
cells with mAb, that these cells could be detected in the CSF within 
several days (38). One postulate suggests that during active disease 
there is a shift of specific subsets of T cells from the peripheral 
circulation into the CNS. The studies of Cashman et al (17) indicate a 
reduction rather than over-representation of CD8+ T cells in the CSF. 
Data from studies of EAE indicate that most of the T cells recruited to 
the CNS in this disease are non-antigen specific, and thus do not set a 
precedent for selective recruitment of a given subset to the brain. 
Selective subset recruitment does, however, occur in some viral 
infections, particularly lymphocytic choriomeningitis (LCM) virus 
infection in animals (10). 

Studies of CSF T cells face the technical problem of retrieving 
sufficient cell numbers from the CSF to permit most functional in vitro 
assays without prior expansion of the cells in vitro. This need to 
expand the T cell population in vitro warrants caution in interpreting 
results regarding a selective accumulation of particular ccells in the 
CSF since the apparent selectivity may reflect the in vitro growth 
properties of the cells rather than their in-vivo biologic properties. 
Data regarding the restricted heterogeneity of TcR gene rearrangement 
patterns found in studies of CSF T cells must be interpreted in this 
context (39,80). We have compared activated suppressor mediating 
capacities of T cell lines derived from blood and CSF of single donors, 
most of whom did not have inflammatory CNS diseases. Although we usually 
found rather comparable levels of suppression mediated by identical 
numbers of activated T cells, we occasionally noted discrepancies. Thus, 
we have not yet demonstrated a consistent difference in suppressor
mediating function in cells recruited to the CNS (CSF) compared to 
controls. 

Defective suppressor cell function in active MS has been reported 
when the autologous mixed lymphocyte reaction (AMLR) has been used to 
induce suppressor cells (20,34). The AMLR is an in vitro paradigm in 
which T cells respond to autologous non-T cells. This response results 
in generation of MHC-antigen specific helper and suppressor T cells and 
thus can be used as an in vitro model of immune regulation. Hafler et al 
(20) and Hirsch et al (43) have reported reduced AMLR responses in MS 
patients. In the former study, aberrant responses were found in "active" 
MS patients, mainly those with progressive disease, but not "stable" 
patients. In the latter studies, aberrant responses were found in 
"stable" patients. Reduced AMLR is also reported in other diseases of 
suspected autoimmune etiology such as SLE. The predominant proliferating 
cell in the AMLR is reported to be contained in the CD4+ population, and 
seemingly is the suppressor-inducer network. In this regard, Hafler et 
al (20) have observed a correlation between decreased AMLR-generated T 
cell suppressor activity in MS patients and reduced numbers of 
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circulating suppressor-inducer cells. In contrast, Birnbaum (13) 
observed heightened AMLR responses in the MS population, using systemic 
MNGs. He then further extended his observations to GSF-derived T cell 
cloned cell lines and again observed heightened frequency of autologous T 
cell reactivity in the MS population (14). 

The mechanisms accounting for the observed disease activity 
correlated alterations in immuno-regulatory circuits in MS remain 
unknown. Inconsistent reports exist of serum factors arising in MS which 
selectively recognize or alter function of specific T cell subsets. The 
wide array of soluble products released by activated lymphocytes and 
monocytes may themselves induce changes in immunoregulatory T cell 
numbers and function. An additional attractive hypothesis is that GNS
derived factors arising as a consequence of tissue injury, either 
neurotransmitters, neurochormones, or inflammatory mediators feed back on 
the immune system, thus creating a circuitry which could contribute to a 
self-perpetuating disease process. 

c) Lymphokine production and MS. The array of soluble factors 
produced by T cells (lymphokines) play an essential role in cell-cell 
interactions both within the immune system and for immune cell 
interaction with non-lymphoid tissues, including endothelial cells and 
glial cells. Some of these factors are produced by one T cell subset and 
act upon a second cell type within the immune system, such as B cell 
growth and differentiation factors produced by T cells; other factors 
fulfil criteria for autocrine factors in that the same cells produce and 
respond to the factor. The response of T cells to IL-2, the specific 
factor required for T cell growth, is such an example. Defraitis et al 
have reported that T cell clones from MS patients can become independent 
of IL-2 with regard to ability to survive and proliferate in vitro (25). 
This data has not, however, yet been confirmed. The number of identified 
lymphokines continue to expand, and specific abnormalities of their 
production and effects will continually be examined. 

d) Non-T cell immunoregulatory mechanisms. In addition to T cell 
regulatory circuits, one need consider how non-T cells contribute to 
overall regulation of immune reactivity. NK cells, whose lineage 
seemingly is distinct from T cells, were initially defined functionally 
by their ability to lyse specific cell targets without need for prior 
sensitization. NK cells, as defined phenotypically and morphologically, 
are now shown to function as immunoregulatory cells, particularly with 
regard to modulating antigen presentation by dendritic cells to T cells 
(1). NK function has variably been reported to be decreased or normal in 
MS; NK cell numbers as defined by monoclonal antibodies are usually 
reported as normal (44). NK cells are also a source of IFN- y , when 
administered to MS patients results in exacerbation of the disease (72). 
IFN- y production in MS by peripheral blood lymphocytes is normal or 
reduced compared to controls (93). 

B cells also contribute to mUltiple aspects of immune regulation. B 
cells are shown to be important antigen-presenting cells. B-cell 
depleted animals do not develop EAE (96), even though T-cells are 
essential for passive transfer of the disease. The presence of 
heightened levels of intra-blood brain barrier IgG in MS has led to 
studies to determine whether defects in B cell regulatory mechanisms 
exist. The classic B-cell feedback control mechanism is termed the 
idiotype-anti-idiotype network hypothesis, in which initial production of 
antibody (Ab) results in generation of a second series of antibodies 
(anti-idiotype (anti-id) antibodies) directed against unique determinants 
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on the variable regions of the initial (first order) antibody 
(idiotypes). Antibody to the second order Abs influencing the activity 
of the B cells bearing the Ig molecule recognized by the "anti-id" Abs. 
Anti-id Abs also can act back upon regulatory T cells. Whether a similar 
network of interacting T cells exist is an attractive postulate. To 
date, little evidence exists for the presence of common idiotypic 
antibodies mongst MS patients. 

The rule of accessory cells has received considerable attention in 
MS. Monocytes/macrophages are required as antigen-presenting cells for 
both Band T cells. With regard to the latter, MHC antigen are essential 
requirements. The role of accessory cells in MS takes on further 
importance in MS with the demonstration that glial cells can subserve 
this function (see later section). Monocytes from MS patients are 
reported to secrete excess levels of prostaglandins, specifically PGE2, 
which can suppress immune reactivity, as well a possibly modulate 
expression of surface antigens on T cells (26). 

CNS-Immune Cell Interactions 

As mentioned previously in this review, in postulating a role for 
immune mechanisms in mediating the lesions of MS, one needs to define 
those factors which lead to a CNS-specific disease. One hypothesis which 
forms the basis of considerable current research efforts in MS, is that 
the presence of a unique endogenous or exogenous antigen within the CNS 
initiates the sensitization and recruitment of effector T cells to the 
brain. One need also consider, however, that immunocytes could be 
recruited to the CNS in response to multiple antigens, including non
myelin antigens and that myelin is damaged as an innocent bystander. 
Whatever the mechanisms accounting for recruitment of immune cells to the 
CNS, one need consider how the unique properties of glial cells could 
contribute to promoting immune reactivity. In this regard the following 
possibilities must be considered: 

a) the influence of glial cells on immune cells; 
b) the influence of immune cells on glial cell function. 
Glial cells, both astrocytes and oligodendrocytes, have classically 

been considered as not expressing MHC antigens. However, under select in 
vitro conditions, both glial cell types can express class I and possibly 
class II MHC antigens, as determined by immunohistochemical methods. 
Interestingly, mouse and rat strains with the highest susceptibility to 
EAE are characterized by a hyperinducibility of class II MHC antigens 
(56) . 

Astrocytes have been demonstrated to be capable of acting as antigen
presenting cells in vitro (86). Cashman and Noronha demonstrated that 
sheep oligodendrocytes can serve as accessory cells to support activation 
of human T cells with ConA (18). Our recent data, derived from studies 
of dissociated human adult glial cell cultures, indicate that human 
astrocytes and oligodendrocytes can also serve accessory cell functions 
for T cell response to mitogen although, in these studies, a possible 
contribution of the microglial cell population cannot be totally excluded 
(19). Glial cells can also serve as stimulators in allogeneic mixed 
lymphocyte-astrocyte reactions, implying the functional presence of class 
II MHC antigens (9). Thus, in considering mechanisms whereby an immune 
response may be selective for CNS, one need consider these specific 
properties of the glial cells. Cerebral endothelial cells also can 
fulfil similar functions in contributing to immune reactivity, and these 
cells are likely to playa critical role in the process of lymphocyte 
trafficking to the CNS. 
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Glial cells also may contribute to immune reactivity within the CNS 
by production of soluble factors, initially considered to be unique to 
lymphoid cells, including IL-l, prostaglandins, and suppressor factors 
(28,87). Gurney et al demonstrated that the mRNA for neuroleukin, a 
potent inducer of Ig secretion by B cells, is contained within glial 
cells (35). This array of soluble factors likely influences the function 
of lymphocytes entering the CNS. One need also consider that lymphocyte 
products also influence glial reactivity. As mentioned" IFN-y induces 
expression of MHC antigens on glial cells. One can demonstrate that 
induction of MHC antigens on glial cells makes them su~ceptible targets 
of cytotoxic T cells (83). Specific lymphokines are described which 
induce glial cell proliferation and maturation (59). Given that MS is 
characterized by the presence of activated immune cells and extensive 
glial proliferation, one might anticipate that the glial-immune 
reactivity would occur at an increased level in this setting. 

Pharmacologic Therapy Affecting Regulatory Mechanisms 

Interest in immunoregulatory mechanisms in autoimmune disorders has 
been generated in the past partly by the opportunities which exist to 
pharmacologically manipulate these processes. Although, as mentioned, 
derangement ofimmunoregulatory mechanisms in MS show a correlation with 
disease activity, to date these correlations are insufficient to utilize 
the assays as predictive tests of pending alterations in clinical disease 
activity. Nor is the data in hand to establish whether the observed 
abnormalities are primary or secondary events in the disease course. 

The effects of mUltiple pharmacologic agents on regulatory immune 
functions have been evaluated in animal models and in some human studies. 
One can utilize a strategy of either ablating helper cell function or 
augmenting suppressor activity. Anti-helper cell antibody administration 
is effective in treatment of EAE (94), although no long term trials have 
yet been carried out in MS. 

Amongst agents under trial in MS, cyclosporin A (CsA) is shown to 
inhibit helper T cell activity and in particular IL-2 secretion, while 
sparing suppressor function. In our experience, CsA did not augment 
suppressor activity in progressive MS patients over a 6-12 month 
treatment period (11); Kerman et al have found such increases in patients 
followed for a longer duration (50). Azathioprine in humans exerts its 
influence initially by ablating B cell response; at higher dosage, the 
drug impairs suppressor function (71). T helper cells are the most 
resistant to the drug. Cyclophosphamide at low doses can ablate 
suppressor function, a property thought to explain why pre-treatment with 
low dosage of the drug can result in augmented disease severity in 
autoimmune models such as EAE (60). Total lymphoid irradiation, a 
therapy of suggestive benefit for treatment of progressive MS, may act at 
least partially by generation of "natural" suppressor cells (23). 

More selective regulatory cell directed therapy remains under active 
investigation in autoimmune disease. Neuropharmacologic agents can 
selectively augment suppressor function, particularly H2-agonists. The 
role of other neurotransmitters and neurohormones are under 
investigation, since a large number of these agents are shown to have 
receptors on lymphocytes and to influence some functional property of 
these cells. A further understanding of neural influences on lymphoid 
cells may thus provide not only insight into mechanisms of autoimmune 
neurologic diseases, but also upon potential avenues of therapy. 
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Since it was described by Jean Mari Charcot (5) Multiple Sclerosis 
(MS) has remained a disease of unknown etiology. Whatever theory is put 
forward to explain its etiology, will have to explain: its racial 
predilection for Caucasians of North European ascent, its sexual 
predominance for females over males with a ratio of 3/2, its affecting 
young rather than mature adults and the variability of its evolution 
where all degrees of severity are represented from the benign sub
clinical forms (as can be recognized in "clinically unaffected" twins) to 
the acute forms which can be rapidly fatal. 

None of the theories presently available to explain its etiology 
fulfills these criteria. It is nevertheless, clear that a case can be 
made for such etiological factors as: the genetic background of the 
individual, an infectious agent - either specific and uncommon, or 
aspecific and omnipresent, and some degree of dysregulation of the immune 
system. The immune theory of the pathogenesis of MS is attractive if one 
considers that changes in the immune system occur with age, that women 
are more susceptible to auto-immune disorders such as Lupus 
Erythematosus, that susceptibility to MS is linked to the major 
histocompatibility complex (M.H.C) and that the MHC itself not only is 
linked to the genetic background but also conditions the immune response, 
conditioning thus most responses to human pathogens. The fact that the 
immune system is involved in MS is shown by the inflammatory aspect that 
plaques have when they are active (49) and by the presence of 
immunoglobulin G found in excess in the plaques (65). In this regard it 
is worth mentioning that changes in the cerebrospinal fluid (CSF) seem to 
be a remote but not unfaithful picture of changes occurring in the brain 
parenchyma. 

In the first part of this chapter we will review the body of data 
generated from studies of Immunoglobulins in the CSF and in the brain of 
MS patients with emphasis on the generation of the non-sense antibody 
theory, in a second part we will summarize our experience of in vitro 
activation of IgG secretion by lymphocytes isolated from blood and how we 
envisage that the mere dysregulation of IgG secretion may be sufficient 
to explain most of what we will have presented in the first part. 
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Abnormalities of Immunoglobulins in CSF Serum and Brain of MS Patients 

It is Kabat (22) who originally demonstrated an increased level of 
IgG in the CSF of 50% of MS patients. What is characteristic of MS is an 
increased IgG level due to intrathecal production of immunoglobulins. 
This should be distinguished clinically from the increase in 
immunoglobulin that follows eruption of proteins in the CSF as a 
consequence of damage to the blood-brain barrier (BBB). In general it is 
the comparison of the levels of IgG with the level of albumin in the CSF 
which will permit to differentiate the increase of IgG due to intrathecal 
IgG secretion from that due to a ruptured BBB. When the BBB is leaking, 
albumin increases in the CSF. As the ratio of IgG to albumin is higher 
in serum than in CSF (.25 versus .12), when leakage of proteins from 
serum to CSF occurs, the albumin will increase and the IgG/a1bumin ratio 
will also increase. On a practical basis the mere increase of IgG in the 
CSF in the presence of normal albumin level is diagnostic of increased 
intrathecal IgG synthesis. If the CSF albumin is increased, indicating a 
damaged BBB, one has thus to use the IgG over albumin ratio or indexes. 
Tourtelotte (67) has proposed an empirical formula which takes into 
account the level of IgG and albumin measured both in CSF and serum. 
This formula has been most useful in permitting to follow up the effect 
of experimental therapeutics as well as helping in the diagnosis (64). 
Indexes have been reported by E. Schuller (58) and by H. Link (63). 

It has been held that local production of IgG does not fluctuate in 
any meaningful way with disease activity but this may have to be 
reconsidered in the face of the improved ability to recognize disease 
activity since magnetic resonance imaging (MRI) has been available (Paty, 
this book). Reduction of intrathecal IgG production following high dose 
steroids has been reported (64), short term cyclophosphamide (20) and 
long term Azathioprine (43). A possible correlation between IgG levels 
in the CSF and HLA types has been suggested by us (42, 30) and Link's 
group (61). We found that higher level of IgG were found in DR2+ than in 
DR3+ patients. 

Evidence that the IgGs present in the CSF are indeed produced locally 
has been deducted from studying the indexes mentioned above. Direct 
proof of this mechanism, however, has been brought by Tourtellotte and 
Parker (65) who compared albumin and IgG levels found in brains of MS 
patients with levels found controls' brain. They found that in MS 
brains, plaques contained twice as much IgG than white matter from 
controls. Confirmation has been obtained by the scandinavian groups (27, 
69). 

In MS, when CSF is electrophoresed, the IgG region appears non
homogeneous because of the presence of discrete bands. The original 
description of the phenomenon, later called oligoclona1 banding, was made 
by Lowenthal in 1964, was confirmed and extended by De1motte. Since 
then, large series have confirmed that oligoclonal bands are better seen 
using isoelectric focusing than agar gel electrophoresis (33). It is 
possible that oligoclonal bands have prognostic value in MS (36) but 
their diagnostic value is more striking. 

Using isoelectric focusing, these oligoclona1 bands in the CSF of MS 
have been recognized in 90 to 99% of MS patients (72, 66). Gonsette in 
1984 (14) described results of the electrophoresis of CSF in over 2000 
samples of CSF and Ebers (1984) over 1000 MS patients (9). Patyand 
ourselves have recently compared the value of CSF electrophoresis verses 
MRI as a diagnostic tool for MS and both seem to have the same accuracy 
(48). 
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The presence of oligoclonal bands in the CSF is not diagnostic of MS 
and it can be demonstrated in a variety of inflammatory neurologic 
conditions where specific chronic antigenic stimulation occurs. 
Oligoclonal bands are regularly seen in subacute sclerosis 
panencephalitis, neurosyphilis, rubella panencephalitis, herpes virus 
encephalitis; occasional bands can also be found in some patients with 
cerebral vascular disease as well as patients with glial tumors of the 
central nervous system if sensitive enough techniques are used. We have 
shown that if small number of peripheral blood lymphocytes are stimulated 
in vitro to produce IgG, those IgG also form oligoclonal bands when they 
are submitted to isoelectrofocusing (45). 

Immunoglobulins G are secreted by B lymphocytes. Immuno
histochemical techniques used by Simpson (59) and by Tavolato (62) 
confirmed the early results obtained by Tourtelotte and Parker (65) 
where, indeed, IgG were more abundant in plaques. There was, however, 
some controversy regarding the nature of the binding and it was not clear 
whether this binding was a mere absorbtion or a specific binding through 
an antigen-antibody reaction. Dubois-Dalcq (8) in 1975, Mussini in 1977 
(37) and Esiri in 1980 (11) showed without doubt that cells containing 
IgG were present within the plaques as well as around them and provided 
visual confirmation that brain and CSF IgG were in fact secreted by B 
lymphocytes infiltrating the brain. 

Two sets of experiments should be reported at this point as they are 
relevant to the interpretation of the oligoclonal banding phenomenon. 
The first is a series of experiments involving rabbits inoculated with 
basic protein, in which undoubtedly oligoclonal bands which were not 
antigen specific appeared following the disease (75). The second was 
generated by two groups and include reports by the Chicago group (32) and 
the Los Angeles group (34). Both groups eluted the immunoglobulins 
extracted from different plaques in the brain of MS patients and 
submitted them to isoelectro-focusing. The results show that, on the 
background of similar patterns from plaque to plaque, there appear to be 
specific bands for each of the plaques studied. Mattson, Roos and 
Arnason stressed that this indicated that different clones of lymphocytes 
had migrated at different times in different plaques. This notion was 
confirmed by Olsson in 1983 (47). On their side Mehta and Tourtelotte 
stressed the similarity of the oligoclonal bands pattern from plaque to 
plaque as well as their temporal stability. They interpreted this as the 
result of clonal selection by the antigen itself and the specificity of 
the individual's genetic code. Both interpretations are not incompatible 
and, in fact, both have contributed to this writer's patho-physiological 
hypothesis. 

Other evidences of dysregulation of immunoglobulin production in MS 
include the predominance of the IgG 1 subclass which has been found in 
th~ CSF of both MS patients and controls (68, 70). Goust and Salier (16, 
56) have analyzed the concentration of different IgG allotypes showed an 
increase of Glml homozygotes and a restriction of the expression of the 
IgG 3 allotype G3mll in MS. 

Much was expected of the studies of anti-idiotypic serum. The 
idiotype is the antigenic determinant of the IgG molecule which is 
associated with the antigen binding site. Raising antibodies 
specifically directed to the idiotype has been fairly powerful in 
Myasthenia Gravis to analyze the antibodies to the Acetylcholine Receptor 
(3). By raising such anti-idiotypic antisera against the immunoglobulins 
of the CSF of MS patients, many had expected to find cross reactivity 
between several patients and this could have indicated similarity in the 
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idiotype (and thus a similarity in the antigen). It could also help find 
good correlation between the course of the disease and the level of 
specific abiological finding idiotype. Such investigations have been 
done by Ebers 1982 (10), by Nagelkerken (38), and by Gerhard (13) but 
have not provided evidence for an antigenic specific of the 
immunoglobulins in MS. Immunoglobulin G are made of two types of light 
chain; the kappa (k) and lambda (1) normally in a 3 to 2 ratio. In 10 
CSF (out of 39 studied), Link and Laurenzi (28) have found only bands of 
the k type; in 29 others where there was both k and 1 bands 9 times was 
the number of k and 1 chain equal. This has since been confirmed and 
extended by Rudick et al in 1985 (55). Alterations of this k/l ratio 
could be construed as a sign that a dysregulation of the DNA synthesis 
occurs in MS and indicate a pseudo-neoplastic state of the B cells which 
would have become autonomous as was originally suggested by R. Roos (51). 
Similar observations have been made in animals with auto-immune disorders 
where many end up with lymphomas. It could also be secondary to 
permanent stimulation of lymphocyte. 

Finally, recent reports by Coyle et al have appeared that abnormal 
concentration of IgG and oligoclonal banding can be found in tears of MS 
patients (7). This would suggest that the disease is not limited to the 
central nervous system compartment but may be a much larger abnormality 
of B cells. This would concur with the conclusions of our studies of IgG 
secretion using peripheral blood lymphocytes. 

Antibody Specificity of the Immunoglobulin Found in CSF 

When the CSF of patients with subacute sclerosis panencephalitis is 
submitted to electrophoresis, oligoclonal bands also appear. SSPE is a 
persistent measles virus infection and the oligoclonal bands have been 
found to contain specific antibodies for the measles virus. This has 
originally been shown by Vandvik using absorption studies (68) and by 
studies of the specificity of immunoglobulins eluded from the brain. 
Unfortunately, the analogical reasoning that the bands would permit to 
recognize a specific antigen in MS did not hold to time (333), and 
extensive studies have in fact shown that in MS the anti-viral antibody 
response is directed against multiple neurotropic viruses (39, 57, 71, 
6). Antibodies which have been often found increased in serum and CSF 
include measles, varicella zoster, rubella, HSVl, CMV. Increased 
Epstein-Barr virus was found by Bray (4), and mycoplasma pneumonia by 
Maida (31). Interestingly, in Czechoslovakia where an orbivirus is more 
frequent than the measles virus, Libikova (26) found that antibodies 
against it increased more frequently than antibodies against the measles 
virus. To concur with this set of evidences various groups have been 
trying to absorb the oligoclonal bands from the CSF of MS patients using 
multiple different viruses, but none has yet succeeded. 

These experiments have been the basis for the so-called nonsense 
antibody theory which holds that the increased antibody levels found in 
the CSF and the serum of MS patients is not secondary to the presence of 
a pathogen agent but represents an heteroclitic reaction of memory cells 
which are dragged into secreting immunoglobulins by a phenomenon which is 
not antigen-specific. We think that such an aspecific phenomenon could 
also explain the appearance of anti-brain antibodies including antibodies 
to Myelin Basic protein (74), to oligodendrocytes (1, 60), to 
galactocerebroside and GMl gangliosides (54) and to other auto antigens 
as reviewed by O'Gorman and Oger (40). 

In Vitro Studies IgG Secretion in MS Following Lectin Stimulation 

Peripheral blood mononuclear cells (PBMNC) cultured in vitro in the 
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presence of pokeweed mitogen (PWM) are stimulated to divide and 
differentiate into immunoglobulin secreting cells and release Ig in the 
supernatant that can be measured. This assay has become a model of in 
vivo immune response and is an invaluable tool in as much as it assesses 
globally most of the mechanisms involved in B cell activation. The 
amount of IgG found in the supernatant is a function of 1) the ability of 
monocytes to process PWM, but also their ability to suppress B cell 
function, 2) the influences of T regulatory cells (T Helper/T Suppressor 
balance), and 3) the intrinsic ability of B cells to respond to T signals 
and to secrete IgG. Studies of B cell function in vitro in MS have been 
reported by Levitt (25), Kelly (24), Goust (15), Henricksson (19) and 
Hauser (18). Most of these have shown some degree of increased B cell 
function variably attributed to a T cell or a B cell function defect. 
Most of these studies have reported small groups of patients with limited 
clinical subgrouping. 

We think this is a major problem as we have found differences in B 
cell stimulation by PWM in vitro between clinical situations. When MS 
has become chronic progressive, IgG secretion is high. When relapsing 
remitting patients have a clinical attack, their IgG secretion is 
temporarily reduced at first but increases again as time passes. MRI has 
permitted us to clearly demonstrate that reduced IgG secretion follows 
the maximum extension of the lesions. We will review our results in 
these 3 clinical situations. 

Chronic Progressive MS 

In 1982 we extended the findings of Levitt and Goust to 23 untreated 
MS patients (41). We already noticed that these 5 "active" MS patients 
had the highest response to PWM. We expanded these studies in 1986 (44) 
to a group of 27 consecutive chronic progressive MS (CPMS) patients. 
Extremely strict selection criteria were used: to be included in the 
study, MS patients had to fulfill 4 criteria: 1) clinically definite MS 
(Poser's criteria), 2) definite MS by MRI (at least 3 white matter 
lesions plus one in a periventricular location as in ... ), 3) loss of at 
least one point on the Kurtzke scale over the preceding 6 months 
(Kurtzke) and, 4) age under 50 years. Twenty-seven CPMS patients were 
selected on these criteria and the results of the immune function tests 
were compared to those obtained in a group of 21 healthy controls of 
similar age. The techniques used included PWM stimulated IgG secretion 
in vitro (IgG Sec), Concanavalin A stimulated suppressor cell function 
(Con A S) and monoclonal antibody enumeration of PBMNC. 

Multiple sclerosis patients with chronic disorder were shown to have 
increased IgG Sec and reduced Con A S (see Table 1). In the same MS 
patients, lymphocyte subpopulations were also enumerated. The percentage 
of Leu 2a + cells was significantly lower than in the healthy controls: 
15.5% ± 1.3% for C-MS vs 19.6% ± 1.7% for healthy controls, the 
percentage of OKT8 + cells was only slightly reduced. There were no 
changes in the percentage of cells expressing the surface markers Leu 1, 
Leu 3, Leu 7, Leu 11. So far, we could not enumerate the Suppressor
Inducer subpopulation, which has recently been shown to be decreased by 
Rose (53) and by Hafler (17). We have since confirmed (submitted) the 
observation of Morimoto et al that IgG Sec levels - at least in controls 
- correlate with the number of T helper/inducers (T4+ 2H4+). 

It is not rare to notice that some MS patients with chronic disease 
seem to become clinically stable after a prolonged evolution. Such a 
clinical pattern has already been recognized in London Ontario (12). 
Some of their patients with MS proven at autopsy had no inflammatory 

209 



Table 1 Con A Sand IgG Sec in a Group of Progressive MS with Active 
Disease 

n 

IgG secretion 

Chronic MS 

Results 
mean ± SEM 

n 

Controls 

Results 
mean ± SEM 

p 

at 7 days (ng/ml) 27 2608 ± 278 21 1306 ± 310 <.01* 

Con A induced 
suppression (%) 21 8.8 ± 6.1 19 27.2 ± 3.8 <.02* 

* statistically different by student t test. 

Table 2 PWM Stimulated IgG Secretion (10 days) in Controls and 
2 groups of MS with chronic disease 

N Mean ± SEM Median 

Healthy Control 25 3694 ± 708 2152 

CP Active * 13 6472 ± 1296 (p<.025)* 5774 

CP Stable (burnt out)** 18 4368 ± 836 (n. 5.) 4155 

A11 CP MS 3 5250 ± 740 4950 

Table 3 Con A Suppression (%) at 3 Time Points in the Evolution 
of Large MRI Lesions in 6 Patients 

APP. 

Pts. with MRI Lesions 31.2 ± 6* 

Pts. with Stable MRI 45.4 ± 13 

* not different from stable MRI 
** p<.05 from stable MRI 
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-49 ± 22** 26.2 ± 6.6* 

24.3 ± 12.1 49 ± 10.1 



infiltrate in or around the plaques and had not had oligoclonal bands in 
their CSF de vivo. In table 2 we present results of IgG Sec in CPMS 
broken down in 2 groups: in the first group each patient had lost 1 
point on the Kurtzke scale over the preceding year (Burnt out or CP
Stable). The CP-Active group was statistically different from controls 
while the CP-Stable was not (46, 98,46 - see table 2). 

We conclude that MNC from progressive MS patients secrete large 
amounts of IgG in response to PWM and have reduced Suppressor function 
when compared to healthy controls. A possibility exists that the former 
is a mere consequence of the latter. The patients who become stable as 
the disease burns itself out cease to exhibit this increase of in vitro 
IgG Secretion. It is possible that this could parallel the absence of 
the OCB in CSF as it was reported by the group in London (Ontario). 

Relapsing Remitting MS 

Clinical attacks are the hallmark of mUltiple sclerosis and if immune 
factors are to play a role in the pathophysiology of the disease one 
would expect to find fluctuations of immune functions with disease 
activity. This relationship, however, can be difficult to identify 
since, in MS, a reduced performance can come not only from attacks, but 
also from other factors such as increased exercise, increased body 
temperature or even depression. 

Lesions that appear and disappear without clinical correlate 
sometimes recognized on double dose delayed contrast enhanced CT scan as 
large area of contrast leakage. We have shown more recently that MRI can 
permit one to follow their appearance and disappearance over a matter of 
a few months (see Paty this volume). We have thus followed prospectively 
with MRI and clinical examinations of the head a series of 15 relapsing 
remitting patients (monthly or twice monthly over a period of 6 months). 
Clinical attacks have been rare (n=4) but 10 patients showed distinct 
changes in their MRI. Six of them developed large (approximately 1 cm in 
diameter), round and isolated lesions, most often away from the ventricle 
wall and that could be seen on cuts encompassing I cm or more of 
thickness. The striking characteristic of these lesions was their 
timing: they appeared and disappeared over a matter of 3-6 weeks. There 
was no clinically correlated symptom even if most patients who developed 
such lesions would, at some close time point, develop some clinical signs 
(Willoughby et al in preparation). As these 15 patients were followed up 
immunologically, it became evident that fluctuations of immune function 
occurred with time and that the largest changes accompanied the 
appearance and disappearance of these lesions (46). 

We have analyzed the results of immune function studies with respect 
to their time relation with the appearance and disappearance of these 
large lesions (see Table 3 and Table 4). Data from the six patients who 
had a single lesion appearing and disappearing were pooled and analyzed 
at the 3 time points corresponding to a) first appearance CApp.), b) 
maximum size (Max.), and c) first measurement of a decreasing lesion 
(Decr.). Values obtained at these 3 time points were then compared to 
values which had been generated at a matched date from patients whose MRI 
showed no changes (see Table 3 and Table 4). 

IgG secretion in vitro varied in both MRI stable MS and in those who 
developed large lesions. However, there was an impressive reduction in 
the amount of IgG secreted when large MRI lesions appeared. Depending on 
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Table 4 IgG Secretion in Culture (ng/ml) Induced by PWM at 
7 and 10 Days and by SAC 

APP. MAX. %1 DECR. %1 

MS with Large MRI Lesions 
PWM 7 978±288 (5) 373±99 (5) 62 429±120 (5) 56 
PWM 10 2476±828 (4) 1146±719 (4) 54 929±483 (4)3 63 
SAC 10 5835±230l (4) 3290±1390 (4) 44 2096±1644 (4) 64 

MS with stable MRI 
PWM 7 1455±645 (5) 2379±1380 (5) NR2 897±29l (5) 38 
PWM 10 6333±3l75 (4) 7l09±3204 (4) NR 3796±8l8 (4) 40 
SAC 10 6368±2l5l (4) 7036±2404 (4) NR 7567±2236 (4) NR 

1 % reduction when compared to levels of IgG secretion found at the time 
of appearance of the lesion. 
2 NR:no reduction. 
() In bracket number of data point available for calculation. 

3 Different from MS with stable MRI, t~3.02, p<.Ol. 
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Table 5 

Table 6 

Group 

PWM Stimulated IgG Secretion in RR-MS During Remission. 
Patients were Separated in 2 Groups According to the 
Distance From the Last Relapse 

N Mean ± SEMI , 

Controls 31 4108 ± 648 

Recent Relapse 
« 3 weeks) 6 2691 ± 956 

Older Relapse 
12622 (3-10 weeks) 7 8742 ± 

1 
2 

PWM induced IgG Sec. at 10 days 
p<.Ol from controls and from recent relapses 

IgG Secretion in Stable MS Patients with RR Disease. 
Patients are Sub-Grouped According to the Results of 
Further Follow-Up 

Level of Response 

HR(>lOOO ng/ml) LR«lOOO ng/ml) 

Group 1 (Clinical Attack) 7 6 1 

Group 2 (No Clinical Attack) 13 6 7 



the mitogen used, there was a 44 to 62% reduction in the level of IgG 
secreted when results at time "Max." were compared to results obtained at 
time "App.". In the group with stable MRI there was no reduction in any 
of the assays at time "Max.", whereas in the group with large lesions all 
the assays were reduced by at least 40%. 

We have defined high response in the PWM stimulation assay on the 7th 
day as being greater than 1000 ng. A high responder (HR) secretes more 
than 1000 ng, a low responder (LR) secretes less than 1000 ng. Controls 
are relatively stable over time and generally remain HR or LR. Among the 
MRI stable patients 2/5 were HR and did not change to LR. To the 
contrary, 4/5 of the patients showing large MRI lesions were HR at some 
point during the 6 month study but 0/5 during the period of time when the 
large lesion was cycling. 

A large reduction in Con A inducible suppression also occurred during 
the progression of the MRI lesion. The maximum reduction of Con A S 
occurred at the time of maximal extent of the lesion. Con A suppression 
in the chronological controls (MRI stable MS) also showed some variation 
but not of the magnitude seen in the patients with large lesions (Table 
4). 

We have also measured IgG Sec in another group of patients at various 
time points after the onset of a clinical attack. We observed (Table 5) 
that, in some patients who had most recently experienced a clinical 
attack (ie. <3 weeks), IgG Sec was significantly lower than that in 
patients who had experienced a clinical attack over a longer period of 
time (ie. >3 weeks). These results based on clinical follow-up parallel 
the results generated in MRI assisted serial studies (46) and further 
confirm that attacks are followed by depressed in vitro IgG secretion. 

It is of interest that the level of secreted IgG varied directly with 
the time elapsed since the onset of the clinical relapse (correlation 
coefficient r-.77S). This is an indication that during attacks IgG Sec 
is low, but as time passes it progressively starts to increase again. 

So far the usefulness of measuring IgG Sec in terms of the prognosis 
of RR-MS is not clear. We looked prospectively at IgG Sec in a third 
group of clinically stable patients and analyzed their results 6 months 
later, subgrouping them according to the appearance of a further attack 
during this follow-up period (Table 6). 

Six out of 7 patients (86%) who later went on to develop further 
attacks were initially HR versus only 6/13 (46%) patients who remained 
clinically stable. These results suggest that RR-MS patients who are HR 
in the PWM assay are more likely to develop a clinical relapse than 
patients who are LR. 

CONCLUSIONS 

The level of reactivity of B lymphocytes isolated from the peripheral 
blood of MS patients changes with disease activity. When MS is 
progressive it is heightened - when attacks occur IgG secretion decreases 
from being high before the attack to being low at the maximum of the 
extent of the lesion. 

A possible interpretation is that increased IgG secretion is 
secondary to reduced suppressor cell function as reported by others (2, 
21) and we confirmed that both functions varied inversely in chronic 
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progressive MS (44). It is, however, striking that our serial studies 
with MRI revealed increased IgG secretion and suppressor cell function 
occurring at the maximum of the extent of the lesion as seen by MRI (46). 
We hypothesize that a substance, secreted in the large lesions recognized 
by MRI, leaks in the circulation and is a specific inhibitor of immune 
function - we also hypothesize that when this substance disappears the 
immune functions increase, again on a very progressive fashion and that, 
past a certain threshold this increased reactivity of blood lymphocytes 
results in a new lesion to appear in the brain - this could explain the 
self sustained activity of the disease. A genetically inherited tendency 
to "over-react" to down regulation could then be the basis for a loose 
inheritance. 
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STUDIES OF MYELIN BREAKDOWN IN VITRO 
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INTRODUCTION 

The present chapter describes that aspect of our studies that is 
concerned with the mechanism of myelin sheath damage in inflammatory 
demyelinating diseases such as multiple sclerosis (MS) and Guillain
Barre syndrome (GBS). Our work has been largely conducted in vitro, and 
most of it has been concerned with biochemical changes occurring in 
myelin under a variety of pathologically relevant challenges. Although 
not intended as a detailed review of the biochemistry of demyelination, 
the results we have obtained will be discussed with respect to related 
studies, the problems in interpreting these findings, and ways in which 
our results may relate to the pathogenesis of human disease. 
Inflammatory diseases can affect both central nervous system (CNS) and 
peripheral nervous system (PNS) myelin, and although most of the 
experiments described here involve the CNS, thee mechanism of PNS sheath 
breakdown may well have features in common. 

Myelin Structure 

The myelin sheath is a greatly elaborated plasma membrane which is 
wrapped around the axon in a spiral fashion to form a multilamellar 
structure consisting of closely apposed layers of plasma membranes. The 
myelin membranes originate from, and remain part of, the Schwann cell in 
the PNS, and the oligodendrocyte in the CNS. While the Schwann cell 
myelinates a single PNS axon, the oligodendrocyte can myelinate as many 
as forty eNS axons. The compact myelin forms a lipid-rich (greater than 
70% of dry weight) sheath around the axon. Some myelin components, such 
as myelin basic protein (BP), the myelin-associated glycoprotein (MAG), 
and galactocerebroside (Ge), are common to both the CNS and PNS. In 
higher vertebrates, the major structural proteins, proteolipid protein 
(PLP) , and Po are unique to the myelin of CNS and PNS respectively. An 
additional basic protein, P2' is found predominantly in PNS myelin. More 
detailed descriptions of myelin structure are available (1-3). 

Multiple Sclerosis 

Although there are several disorders that can be classified 
as inflammatory demyelinating diseases, our primary interest lies in MS. 
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MS is a complex disease, with varying severities and time courses, and 
has a similarly complex pathology. There have been many pathological 
studies of MS tissue, and a detailed review is outside the scope of this 
article. Extensive accounts of the pathology of MS are available 
elsewhere (4-6). The main pathological feature of MS is the presence of 
plaques, or areas of CNS demyelination. These plaques are generally 
centered around blood vessels, suggesting that the factors initiating 
demyelination enter the CNS from the bloodstream. In active plaques 
there is perivascular infiltration comprised predominantly of 
macrophages, lymphocytes, plasma cells and large mononuclear cells. 
Macrophages appear to playa major role in myelin damage, as macrophage 
processes can be found invading myelin sheaths, appearing to strip myelin 
from the axon. They also appear to playa role in clearance of debris, 
and macrophages containing myelin fragments are frequently observed. 
Axons, neuronal cell bodies, and other constituents of the CNS appear to 
be largely spared in MS. 

MS is of unknown etiology, although it is generally thought that 
autoimmune processes are involved. The apparently specific attack of the 
immune system on the CNS myelin sheath in MS is consistent with a 
specific myelin antigen acting as a target for the immune system or of a 
selective vulnerability of the sheath to a local insult, followed by 
scavenging by macrophages and activation of the immune system. It is 
still not clear whether the obvious signs of immune activity in the 
plaque region reflect a direct attack on the myelin sheath, or represent 
a secondary event following prior myelin damage caused by some other 
agent. An insult to the oligodendrocyte, such as viral infection, could 
cause destabilization of associated myelin sheaths. Although detailed 
pathological studies of MS tissue suggest intimate contact between 
macrophages and damaged myelin is more common, abnormal sheaths are also 
observed in the vicinity of macrophages that are apparently not in direct 
contact with them. This may mean that the myelin is damaged by 
macrophage secretion products, or that the macrophage is attracted to an 
already damaged myelin sheath. It is not known whether macrophages only 
attack damaged sheaths, or whether they are capable of initiating the 
damage themselves. 

Experimental Considerations 

Although demyelination is typically defined in pathological terms we 
have been interested in the sequence of biochemical events that underlie 
the loss of the myelin sheath, as an understanding of potential molecular 
mechanisms involved may help to understand the pathogenesis of 
demyelinating diseases. There have been many previous studies examining 
mechanisms of demyelination and a wide range of substrates have been 
employed. These range from whole animals, through tissue culture 
systems, to biochemical preparations such as isolated myelin, or purified 
proteins. Many of these models have been recently reviewed (7). It is 
obvious that the more complex a system is, the harder it is to derive 
unequivocal results, and the more simple it is the harder it becomes to 
extrapolate the results to the in vivo situation. Although this is a 
problem with many sorts of experiments, it seems to be particularly 
relevant to demyelination, where one is faced with the problem of 
distinguishing artefactual damage from that which may occur in vivo, 
where intact myelin represents a unique target for immune-mediated 
breakdown. Thus experiments using isolated preparations of myelin are 
fraught with complications of interpretation. Many biochemical 
experiments have used isolated myelin, and examined the effects of 
various challenges on protein and lipid composition, and membrane 
breakdown. The myelin must necessarily undergo a certain amount of 
physical trauma during isolation and thus any vulnerability demonstrated 
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during such experiments must be carefully interpreted. PNS myelin, for 
instance, is surrounded in vivo by a layer of Schwann cell cytoplasm, a 
Schwann cell plasma membrane, and a basal lamina, and it is difficult to 
experimentally maintain the same sorts of topographical considerations in 
isolated preparations. 

Despite the caveats of working with an isolated myelin preparation, 
it does enable us to study a chemically defined substrate, presumably 
including material similar to that attacked in demyelinating diseases. 
The majority of our studies have employed a preparation of myelinated 
axons from guinea pig CNS, and we have examined changes in myelin 
biochemistry under a variety of conditions. We have focused on the loss 
of BP from these preparations, using it as ann indicator of 
demyelination. BP is of interest for several reasons; it is a major 
component of CNS myelin, where it is thought to play a role in 
maintaining compaction. It is an extrinsic membrane protein located on 
the cytoplasmic side of the compacted myelin membrane. BP may be lost 
more easily than proteins such as PLP which are integral membrane 
proteins. BP is located throughout compact myelin, so that a significant 
loss would presumably reflect considerable disruption of the 
multilamellar structure. Extensive loss of BP has been demonstrated in 
the areas of MS plaques using both immunocytochemical and biochemical 
techniques (8,9). 

As macrophages are so prominent in MS lesions, we were particularly 
interested in how they might interact with myelin, and how macrophage 
enzymes may attack the myelin sheath. In order to further investigate 
the possible events involved in myelin breakdown in vivo we have employed 
a preparation of myelinated axons, usually prepared from guinea pig 
brainstem and suspended in isotonic saline, as a "target". Myelinated 
axons were used because they can be easily prepared at relatively high 
purity, avoiding the osmotic shock of conventional myelin preparations. 
Physical treatment of the myelin sheath during isolation can affect its 
susceptibility to exogenous proteases (10-12). The protein composltlon 
of the myelinated axon preparation is similar to that of more highly 
purified myelin, and although the myelinated axon does contain axolemmal 
constituents, the predominant component is myelin, and the two major 
proteins are PLP and BP (Figure 2). 

Effects of Ca 2+ on Myelinated Axons 

We have examined the effects on myelinated axons of incubation with 
cultured macrophage supernatants, and with agents such as complement and 
peroxide which may be released by macrophages adjacent to myelin 
sheathes. Macrophages normally playa major role in host defense, and 
secrete many agents, such as proteases, reactive oxidative intermediates 
and cytotoxic agents, when stimulated (13,14). They have a range of 
activation states, and for the majority of our studies we have used mouse 
peritoneal macrophages elicited by thioglycollate, an agent that induces 
a population of inflammatory macrophages with high levels of protease 
secretion. Conditioned media obtained from cultured thioglycollate
elicited macrophages contained considerable proteolytic activity when 
assayed by incubating with isolated preparations of bovine BP. This 
activity was maintained for at least four days in culture (Figure 1). 
Myelin proteins in this and subsequent experiments were separated by gel 
electrophoresis, stained with Coomassie blue and quantitated by 
densitometry. In our initial experiments with lyophilized bovine myelin 
isolated by the widely used procedure of Norton and Poduslo (15), the 
myelin was incubated with conditioned media from thioglycollate-elicited 
macrophages. We observed a significant loss of BP compared to 
unincubated control samples; however, when control samples were incubated 
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Figure 1 Degradation of Isolated BP by Macrophage Supernatants . 
Purified bovine BP was incubated with dialyzed and concentrated 
conditioned supernatants collected from thioglycollate-elicited 
peritoneal murine macrophages following the first or second period of two 
days in culture. Incubations were for 16 hours at 37 degrees C, in 25 mM 
Tris (pH 7.5), and 6 mM CaC12, with increasing volumes of supernatant. 
Lanes show: 1) unincubated control; 2) incubated in buffer alone; 
3-5) incubated with 1 1, 5 1 and 25 1 respectively of the first 48 
hour supernatant; 6-8) were incubated with similar volumes from the 
second period of 48 hours in culture. 

bp~ ......... ___ .............. _ 

1-2345678 abcdef 

Figure 2 Comparison of the Effects of Ca2+ on myelin and myelinated 
axons. Myelin (15) and myelinated axons (19) were prepared from guinea 
pig CNS. Frozen and thawed myelin and freshly prepared myelinated axons 
were incubated in 0 . 15 M saline, 20 mM HEPES (pH 7.4) and in the presence 
or absence of 2.5 mM CaC12 or MgC12. Incubations were for 2 hours at 
37 degrees C. Incubations were terminated by addition of buffered saline 
and centrifugation. SDS gels are of the pelleted material. Lanes (1-8) 
= myelinated axons. Lanes (a-f) = myelin.l Lanes are: (1-2, c-d) 
without Ca2+ ; (3-4, e-f) plus Ca2+; (5-6) plus Mg2+; (7-8) plus Ca2+ and 
MG2+ and (a-b), unincubated controls. 
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Figure 3 Comparison of Ca2+-Stimulated Release of Peptides from 
Myelin and Myelinated Axons. Incubations were carried out as for Figure 
2, but for varying lengths of time. Gel shows non-pelleted Coomassie 
Blue-staining material obtained after centrifugation of incubations. 
From left to right, lanes are molecular weiRht standards; supernatants 
from myelinated axons incubated - and + Ca2~ for 0, 30, 60 and 180 min 
(lanes 1-8) and myelin incubated under identical conditions (lanes 9-16). 

1 2 3 4 5 6 7 8 9 10 

Figure 4 Release of P2 from Bovine Myelin. Lyophilized bovine PNS 
myelin was resuspended at 4 mg protein/ml and incubated for 3 hours at 
37 degrees C under the following conditions: (1-5) 20 roM HEPES, pH 7.4, 
and Control (1, 2), 2.5 roM Ca2+, (3,5) and A23187 (4,5). (6-10) 20 roM 
HEPES, 0.15 M NaCl, and Control (6, 7) 2.5 roM Ca2+ (8,10) and A23187 
(9, 10). Samples were centrifuged, and pellets were electrophoresed. 
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in unconditioned media there was also a reduction in BP. Further 
examination of this effect led to the conclusion that the active factor 
was calcium, a normal constituent of our culture media. That the Ca2+
induced loss of BP may be due to activation of some endogenous Ca2+
dependent process is supported b~ reports that BP is susceptible to the 
action of a myelin-associated Ca +-activated neutral protease (11,16-18). 

What prevents the Ca2+-induced loss of BP from normal myelin in vivo? 
Perhaps structural constraints prevent Ca2+/salt access to the myelin. 
In order to examine this possibility, we compared the effects of Ca2+ on 
two different myelin preparations. One of these was isolated using the 
standard Norton and Podus10 procedure (15) and the other was a 
preparation of myelinated axons prepared by the method of De Vries and 
co-workers (19). These preparations differ primarily in the absence of 
an osmotic shock step in the De Vries technique, so that the morphology 
of the sheath is presumably somewhat closer to the in vivo state than 
that of the shocked myelin. Absence of osmotic shock means that the 
preparation comprises portions of intact myelinated axons rather than 
isolated myelin. In addition, the myelinated axons we used were freshly 
prepared while the preparation of purified myelin had been frozen. While 
myelinated axons and purified myelin have similar protein compositions 
(Figure 2), the loss of BP was considerably greater than from myelinated 
axons. The purified myelin lost a significant amount of BP when 
incubated with saline alone, but in the presence of Ca2+ there was an 
almost total loss of BP. In the case of myelinated axons, BP loss was 
negligible in the absence of Ca2+, and was only detectable (and then at 
lesser levels than in isolated myelin) when Ca2+ was present. These 
experiments support earlier descriptions of how structural disruption of 
the myelin sheath affects the ease with which BP is lost (10-12). This 
is relevant to experimental systems, as well as to studies in pathology, 
where local inflammation may cause sufficient disruption for these 
mechanisms to be operative. 

In order to compare material released from the myelinated axons with 
that remaining in the pellet, our incubations were terminated by washing 
out the Ca2+, and pel1eting the myelinated axons by centrifugation. Loss 
of BP from the insoluble pellet could be explained by proteolytic 
degradation (with generation of soluble fragments) as well as by 
dissociation of the intact BP from the myelin. This latter explanation 
is made more likely by the recent studies of Glynn et al (20,21) who 
suggested that a likely sequence of events is a dissociation of intact BP 
from the myelin membrane, which is promoted by Ca2+, and subsequent 
proteolysis by a myelin-associated protease. In their studies the myelin 
substrate was shocked and frozen and the release of intact BP was 
followed by the appearance of a distinct pattern of proteolytic breakdown 
fragments following longer incubations. We observed a similar pattern 
with the same substrate, but when we analyzed the pattern of release from 
our standard fresh myelinated axon preparations there was a much slower 
release of intact BP. The pattern of peptides apparently generated from 
BP was also different (Figure 3). 

Most of our incubations used isotonic saline, in order to resemble in 
vivo conditions. There have been reports of the dissociation of BP from 
myelin membranes in the presence of isotonic saline (20,22), perhaps 
because of ionic interference with the BP-lipid interactions that 
maintain the BP in the membrane. However, one of these studies (22) was 
in Krebs-Ringer bicarbonate, which contains physiological Ca2+ in 
addition to isotonic saline. Although subsequent studies of Glynn (20) 
and Smith (23) have shown that appropriate concentrations of sodium 
chloride alone are sufficient to dissociate some of the BP, these studies 
were performed on shocked, sometimes frozen, myelin, which would be 
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expected to have significantly greater susceptibility to BP loss than 
native myelin. In our incubations of myelinated axons, isotonic saline 
had little effect on BP content. 

Effects of Complement 

It was of interest to examine ways in which increased calcium access 
to compact myelin could occur pathologically, and whether this could 
promote loss of BP. One possibility could involve complement fixation. 
It has been shown that CNS myelin can fix complement via the classical 
pathway (24,25), leading to assembly of the pore-forming membrane attack 
complex (MAC), and that assembly of the terminal complex is needed for 
antibody-mediated demyelination of myelinated CNS culture systems (26). 
If the MAG were to be assembled on the myelin this could lead to an 
increased influx of Ca2+ down a concentration gradient and stimulate the 
Ca2+-dependent loss of BP. Using human or rabbit serum as a source of 
complement we were able to demonstrate a marked increase in the loss of 
BP, an effect that could be abolished by heating at 56 degrees C for 30 
minutes, conditions known to inactivate complement. As serum contains 
many proteases which could themselves degrade BP, it was possible that 
this increase was due to exogenous proteolysis by heat-inactivable 
proteases. In order to exclude this possibility, we used sera that were 
deficient in a specific complement component; human serum immunologically 
depleted of C5, and rabbit serum genetically lacking C6. When myelinated 
axons were incubated with these depleted sera, the increased loss of BP 
was not seen, but when the sera were specifically reconstituted with the 
appropriate purified complement component, the increase in BP loss was 
restored (Table 1). This appears to demonstrate that the presence of 
terminal complement components, and presumably the formation of MAC, was 
necessary for the increased BP loss to occur. Cammer et al found that 
complement was able to potentiate the action of plasmin on freshly 
isolated CNS myelin, and that an intact complement pathway was necessary 
(12). We do not know how this relates to our observations, but it is of 
interest that reference was made in their study to the ability of human 
serum alone to degrade fresh myelin. When we conducted a time course of 
the complement effect, it was seen that the majority of the changes 
occurred in the first 15 minutes, (Table 2) and that subsequently, loss 
of BP occurred at the same rate in both the presence add absence of 
complement (results not shown). This suggests that either the complement 
was inactivated, or that there was a fraction of the myelinated axons 
containing a finite pool of BP that was susceptible to complement
promoted removal. Once this had been released, the remaining BP would 
then be lost by similar, slower mechanisms that we see in myelinated 
axons not exposed to complement. One possible explanation would be that 
all the complement binds to the outermost lamellae of the myelinated axon 
fragments, leading to loss of BP from the myelin, and at the same time 
absorbing the complement. Electron micrographs show that our myelinated 
axon fragments are an average of 4-6 membrane pairs so that perhaps 25% 
of the BP would be lost, which is in agreement with our experimental 
data. 

We also attempted to examine the form in which BP is released 
following complement treatment, and to see how this compares with BP
derived pep tides released from myelinated axons incubated with Ca2+ 
alone. This has been difficult to analyze because the preparations of 
complement we use are essentially whole serum, so that even if BP were 
released intact, it would be exposed to serum proteases. We have 
attempted to examine the effect of increased Ca2+ in myelin by using the 
calcium ionophores, A23l87 and ionomycin, t~ mimic the effect of 
complement, but they appear to have less of an effect on BP release. In 
preliminary experiments, we observed a slight increase in BP loss when 
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Table 1 Effects of Complement on BP Loss from Myelinated Axons 

Condition 

Incubated 

Human Serum 
- C5 
+ C5 
+ HI 

Rabbit Serum 
- C6 
+ C6 
+ HI 

% Loss of BP 

9 
21 

44 
11 
33 
10 

61 
29 
69 
10 

Myelinated axons were incubated as for Figure 2. Incubations contained 
2.5 mM Ca2+ unless stated, and additional components as listed. Serum 
concentration was 25%, and was either: 1) normal; 2) lacking individual 
components (-C5, -C6); 3) serum from #2 reconstituted with the 
appropriate component (+C5, +C6). HI Heat inactivated. Results are 
the mean of duplicate determinations. 

Table 2 

Myelinated Axons 

Effect of Serum on Ca2+-Dependent BP Loss from 
Myelinated Axons 

Amount of BP 

Unincubated Incubated 

+ 0 1.09 ± 0.14 1.04 ± 0.12 

+ Ca 1.07 ± 0.14 1.08 ± 0.05 

+ Ca/Human Serum 1.08 ± 0.10 0.80 ± 0.07 

+ Ca/Rabbit Serum 1.00 ± 0.09 0.65 ± 0.09 

Myelinated axons were incubated as described for Figure 2 for 15 minutes 
at 37 degrees C. Incubations were centrifuged and aliquots of the 
pellets were electrophoresed. Units are relative amounts of BP 
quantitated by densitometry of SDS gels, and are the mean of 
quadruplicate determinations. 

226 



Table 3 

Ionomycin 

1 urn 
5 ,lAm 

25 !"m 

1 ,l),m 

5 ,urn 
25 J,A,m 

Effects of Ionophores on BP in Myelinated Axons 

% Loss of BP 

7.5 
33.9 

32.2 
40.3 
41.9 

34.5 
32.6 
30.6 

Myelinated axons were incubated as for Figure 2, for 1 hour, in the 
presence or absence of Ca2+ and various concentrations of ionophores. 
Numbers represent the % loss of BP compared to unincubated controls, 
quantitated by densitometry, and are the mean of duplicate 
determinations. 

Table 4 Effects of Peroxide on BP Loss from Myelinated Axons 

First Incubation Second Incubation % Loss of BP 

Control 80 

Ca2+/MO 78 

H202 ° 
Ca2+/MO 74 

Freshly prepared myelinated axons were pre-incubated in 25 mM Tris 
(pH 7.5),2.5 mM CaC12' 0.1 M NaCl, with or without 5,u.m H202 and 0.34 M 
CuS04, for 2.5 hours at 37 degrees C. Additional H202/Cu was added once 
during the incubation. The peroxide was washed out, and samples 
incubated for an additional 2.5 hours, in the presence of 2.5 mM Ca2+, 
with (MO) , or without conditioned medium from thioglycollate-elicited 
macrophages. Results are expressed as % loss of BP compared to 
unincubated controls, and are the mean of duplicate determinations. 
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myelinated axons were incubated with ionomycin, although the effect 
smaller than that of complement (Table 3). This may be due to the large 
pores formed by complement compared to the actions of the ionophores, 
which act as ion carriers. The holes formed by MACs are large enough to 
permit passage of BP (27) and it is possible that they can effect 
disruption of the myelin both by permitting Ca2+ influx and by providing 
a means for BP to be lost from the membrane. 

The amount of BP loss that occurs in the presence of complement is 
high (65% in 3 hours), and one would expect there to be some sort of 
corresponding disruption of myelin structure. In order to study this we 
have begun to examine ways of assessing overall damage to the myelin 
sheath. Electron microscopy shows that the relatively simple isolation 
procedure itself causes considerable structural damage and that it is 
difficult to detect additional damage that may be induced by complement. 
In collaboration with Dr. Dan Kirschner (Children's Hospital, Boston) we 
have been attempting to quantitate changes in myelin organization using 
X-ray diffraction. This technique provides a means to non-invasively 
measure the extent to which multilamellar myelin is preserved in our 
various preparations (28). The structural results can then be correlated 
with the biochemical changes. In our preliminary experiments, the degree 
of loss of ordered structure of the compact myelin detected by X-ray 
diffraction appears to be proportional to Ca2+-induced BP loss assessed 
by SDS electrophoresis, and the most disruption occurs when myelinated 
axons are incubated with active complement. This suggests that the loss 
of BP is associated with actual damage to the myelin sheath. It is 
perhaps to be expected that significant loss of a major protein would be 
reflected in a disruption of the overall structure of the myelin sheath. 
However, we cannot tell from these studies whether the loss of BP is the 
initial event following complement fixation, or if there are intermediate 
steps involving other myelin components, such as lipids that interact 
with BP. 

PNS Myelin 

There are similarities between inflammatory breakdown of myelin in 
the CNS and PNS. Demyelination appears to be effected by invading 
macrophages, and vesiculation of the myelin sheath occurs in the vicinity 
of these cells (4). The mechanism of myelin breakdown is unknown and it 
was of interest to examine whether the potential mechanisms of myelin 
breakdown that we had identified in the CNS were operative in the PNS. 
This seemed to be a possibility for two reasons. Exposure of peripheral 
nerves to Ca2+ ionophores causes PNS myelin damage (29,30), and in 
addition, isolated PNS myelin can fix complement, although unlike CNS 
myelin, it does so via the alternative pathway (31). 

It was not possible to use myelinated axons from the PNS for these 
experiments, due to the presence of substantial amounts of connective 
tissue, which made thee appropriate tissue disruption techniques 
impractical. In addition, although PNS myelin contains the same BP as 
CNS, it is present in lower amounts, and is probably not involved in 
membrane compaction (3,32). There is an additional basic protein, P2, 
present in PNS myelin. It is a significant component in most species 
except rodents, which have only trace amounts. Like BP, P2 is an 
extrinsic membrane protein, and a potent immunogen for experimental 
autoimmune disease (33). We have examined the susceptibility to Ca2+ 
dependent protein loss in various PNS preparations, including whole nerve 
and isolated myelin. We found that P2 is easily lost from isolated 
lyophilized bovine myelin in the presence of isotonic saline; a simple 
washing step is sufficient to remove the majority of the P2 (Figure 4). 
This is in agreement with a previous report (34). In further 
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experiments, we found that calcium ionophores had no additional effect, 
and that the P2 was released intact. In contrast, P2 is not lost from 
fresh bovine spinal roots incubated with saline. In fact, the isotonic 
saline seems to protect the nerve from P2 loss compared to incubation in 
water, where there is presumably osmotic shock damage. Incubation of PNS 
preparations that are resistant to saline-induced loss of P2 (e.g. fresh 
bovine spinal roots) with physiological levels of calcium, with or 
without ionophores, and under isotonic conditions, has little or no 
effect on myelin proteins. This is somewhat surprising considering the 
effects of such treatment on CNS myelin, and the rapid effects of calcium 
ionophores on PNS myelin morphology (29,30). Potential effects on lipids 
were not studied in the present experiments and it is possible that the 
effects of ionophores on whole nerve are due to activation of 
phospholipase (29). It will be of interest to test the ability of 
physiological treatments to mimic the effects that the myelin 
purification procedure has on the association of P2 with the myelin 
membrane. We have not examined the effects of exogenous proteases on PNS 
myelin, although there have been several previous studies on this 
subject. The major protein of PNS myelin, Po glycoprotein, is 
susceptible to proteolytic cleavage by neutral proteases known to be 
secreted by macrophages (35,36). Plasmin can also degrade PO, as well as 
BP, in bovine PNS, although P2 seems to be resistant (36). 

Macrophages and Myelin Breakdown 

As described earlier, macrophages appear to be central to 
inflammatory myelin breakdown, and macrophages containing myelin debris 
are evident in demyelinating disease. As it is unlikely that they could 
phagocytose a whole sheath, a certain amount of extracellular 
"predigestion" of a small portion of the myelin sheath must occur. This 
may happen independently of the macrophage, perhaps via mechanisms 
described above, or the macrophage itself may effect some of this damage. 
Myelin damage in MS brains has been observed in the presence of invading 
cells but prior to obvious phagocytosis. Previous studies have found 
that BP in lyophilized myelin is susceptible to proteolytic activity in 
cultured macrophage supernatants. This activity can be increased by 
incubation with plasminogen, suggesting that macrophage plasminogen 
activator is generating plasmin. In unlyophilized myelin, SP is 
relatively resistant to the activity of macrophage supernatants however, 
and significant breakdown is only seen in the presence of exogenous 
complement or phospholipase (12). Trotter and Smith examined the effects 
of secreted macrophage phospholipases on myelin vesicles and found that 
myelin lipids were also relatively resistant to degradation (38). The 
myelinated axon preparations that were used in our experiments also 
showed some resistance to degradation by macrophages; with the exception 
of peroxide preincubation or heat inactivation (see below), the loss of 
BP from myelinated axons incubated with macrophage supernatants was not 
greater than that observed when incubations were in Ca2+-containing media 
alone. This was the case even when the supernatants were from 
inflammatory macrophages, and concentrated several-fold. 

Another potential mechanism of myelin damage is via the release of 
reactive oxidative intermediates (ROI). Circulating monocytes, such as 
may be attracted to inflammatory lesions, and tissue macrophages 
activated by a-interferon, which might also be present in active lesions, 
generate large amounts of these damaging metabolites (13,14). Various 
oxidative reagents are used by macrophages to kill cells by damaging the 
plasma membrane through lipid peroxidation. As myelin is lipid-rich it 
may be susceptible to such an attack. These free radicals are very 
unstable, and cultured macrophage supernatants may not maintain 
sufficient levels to cause detectable myelin damage in experimental 
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incubations. Isolated BP is aggregated by incubation with excess 
hydrogen peroxide (39), and Konat et al have recently shown that 
incubation of lyophilized myelin with a ROI-generating system leads to a 
general aggregation of myelin proteins (40). We have employed a similar 
cupric ion-peroxide system (41) to examine the effects of ROIs on freshly 
isolated myelinated axons. In our initial studies we found that myelin 
proteins in the presence of ROIs were readily aggregated in our 
incubations, although PLP seemed to be more susceptible than BP. As it 
seemed likely that any respiratory burst in vivo would be accompanied by 
the release of protease(s), we studied the effects of incubation of 
myelinated axons with the peroxide system followed by incubation with 
cultured macrophage supernatants. Prior to these studies, we titered the 
ROI system against myelinated axons to find conditions that had a minimal 
effect on protein aggregation. Interestingly, this led to the use of 
peroxide concentrations of 5 m, considerably lower than those used in 
previous studies (39,40), but close to levels generated by cultured 
monocytes (42). These experiments led to two interesting results. First 
it was found that pre-incubation of myelinated axons with the ROI system 
caused an almost complete inhibition of the Ca2+-dependent loss of BP 
described earlier (Table 4). This could be due to a direct effect on any 
enzymes involved in the process; the inhibition of proteases by peroxide 
has recently been reported (43). Alternatively, the ROIs could affect 
myelin lipids and alter the ability of BP to dissociate from the myelin 
membrane. The other interesting finding is that the BP in the pretreated 
myelinated axons becomes susceptible to macrophage proteases (Table 4). 
This was of interest because we have seen similar effects when heat 
inactivating our preparations; that is, inactivation of endogenous Ca2+
dependent BP loss, and exposure of the BP to exogenous proteases. These 
are the only conditions that we have studied in which macrophage 
proteases have any affect on BP in myelinated axons, and may reflect an 
increase in accessibility of the BP. 

Mast Cells 

During the course of these studies, we became aware of the ability of 
certain basic pep tides to degranulate mast cells (44). As BP and related 
peptides are known to be released from myelin sheaths undergoing 
demyelination (45), and as mast cells occur in both the PNS and CNS where 
they are often adjacent to myelin (46,47), it seemed possible that 
degranulation of mast cells could be stimulated by basic myelin proteins. 
Although nervous system mast cells have not been as well characterized as 
other tissues, what is known suggests that they are of the serosal or 
connective tissue type, and for the mast cell studies described here we 
used serosal mast cells isolated from rat peritoneum. Initial studies 
did in fact demonstrate that purified BP, and also P2, were able to 
stimulate degranulation of mast cells. The degranulation was assayed by 
following the release of the granule enzyme, B-hexosaminidase. To ensure 
that the release of this enzyme was not in fact due to cell death, 
release of the cytosolic enzyme, lactate dehydrogenase (LOH) was also 
followed. Both BP and P2 were able to stimulate degranulation of mast 
cells with no effect on LOH release. On a molar basis they appeared as 
effect secretagogues as the standard agent, Compound 48/80, a synthetic 
polycation (48). Whether the ability of these myelin proteins to 
de granulate mast cells has any significance in the demyelinating process 
is not clear. It may be that the release of these proteins from a 
damaged myelin sheath could cause some degranulation which could then 
exacerbate local inflammatory reactions in ways discussed below. In 
addition to B-hexosaminidase, and other hydrolytic enzymes, mast cell 
granules contain vasoactive amines and a large amount of a neutral 
protease. On appropriate stimuli, mast cells can also synthesize and 
release chemoattractants such as leukotrienes. 

230 



To examine the potential of mast cell proteases to degrade myelin, 
purified rat serosal mast cells were degranulated with Compound 48/80 and 
the supernatant incubated with myelinated CNS axons. There was a 
significant loss of BP following a 2 hour incubation of freshly prepared 
guinea pig CNS myelinated axons with mast cell supernatants (Table 5). 
When the experiment was repeated using PNS myelin from bovine spinal 
roots, there was a similarly large loss of a major myelin protein, in 
this case Po (Table 5). Thus in both the CNS and PNS, mast cell 
proteases were able to degrade a significant amount of a structural 
myelin protein, to an extent that would be almost certain to cause 
disruption of the myelin sheath if it were to occur in vivo. The greater 
myelinolytic ability of mast cell proteases compared to macrophages may 
represent a different substrate specificity, or may just be a reflection 
of the extremely high neutral protease content of mast cell granules. 
Our mast cell studies have led us to hypothesize that mast cells may be 
involved in the initial stages of inflammatory demyelinating lesion. 
They are often situated around blood vessels, and on degranulation, can 
release vasoactive amines to open the blood-brain or blood-nerve barrier, 
synthesize and release chemoattractants to attract inflammatory cells, 
and might also secrete myelinolytic enzymes to expose myelin epitopes to 
sensitized cells. The role of mast cells in PNS demyelination is 
supported by our recent finding that the use of a mast-cell stabilizing 
drug can cause a significant reduction in the severity of symptoms in 
experimental allergic neuritis (49). 

Relevance of Model Studies to the Disease Process 

As discussed above, there are many considerations when extrapolating 
these experimental findings to in vivo conditions. At the very least 
these studies tell us about potential interactions that can occur in 
pathological states, and at best they can provide clear clues as to the 
pathogenesis of disease. It is not clear whether the changes that have 
been observed in this and related studies are sufficient to account for 
in vivo myelin damage by macrophages. Although numerous studies have 
shown that macrophages are involved at some stage of myelin breakdown, 
the high lipid content and multilamellar structure of myelin may 
initially confer a degree of resistance to attack by macrophages. 
Macrophages appear not to be as proficient in lipid degradation as they 
are in proteolysis, and in MS brains, macrophages are often seen to 
contain a large amount of accumulated lipid (4-6). Pathological evidence 
of myelin loss in inflammatory diseases in the absence of macrophages is 
rare, but it is not known whether macrophages are necessary for breakdown 
or whether initial myelin destabilization is followed too rapidly by 
macrophage migration to be detected as a separate event. Although 
oligodendroglial sparing has been reported in MS (4-6), it would seem 
that as myelin is an intracellular organelle, the macrophage would first 
have to penetrate the plasma membrane of the oligodendrocyte before it 
could gain access to the myelin. If this is the case, it would seem 
reasonable to assume that the oligodendrocyte would somehow be affected, 
and may then be less able to maintain the integrity of the myelin. 
Perhaps the oligodendrocyte could "jettison" a damaged sheath, and 
somehow seal and withdraw the appropriate supporting process. Another 
important consideration when interpreting these results is that in vitro 
conditions may not sufficiently reproduce the in vivo situation. 
Macrophages make a tight connection with their target (50) so that local 
concentrations of secretion products may reach much higher levels than 
can be obtained in vitro. In addition, the macrophage challenge to 
myelin in vivo may proceed over a considerable length of time. For the 
purposes of this concluding section, issues such as the initial event in 
demyelination, the attraction of inflammatory cells, and ways in which 
they might cross the blood-brain/nerve barrier are not addressed. We 
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will concentrate on how the various mechanisms of myelin damage that we 
have described might operate in vivo, in animal models or in human 
disease. An example of how these kinds of studies can lead to a 
practical result comes from the studies of Brosnan, Cammer and colleagues 
who applied their observation of macrophage-mediated BP loss from 
isolated myelin (37), to successfully treat EAE with protease inhibitors 
(52). In regard to the potential significance of our observations on the 
ability of complement to stimulate BP loss; complement may be able to 
enter the CNS from serum, following lesions in the blood-brain barrier. 
The presence of terminal complement complexes has been reported in CSF of 
MS patients (52). Macrophages can synthesize many of the components of 
the complement pathway (53,54), and may use these to attack myelin. 
Other pore-forming molecules, such as the perforans of cytolytic T-cells, 
could lead to destabilization, through a similar mechanism to complement. 
What is not clear is whether this potentially humorally regulated Ca2+ 
influx/destabilization of myelin can occur in anything other than 
somewhat structurally damaged myelin; i.e., does this mechanism playa 
role in a priori destabilization of myelin, or does it only occur once 
myelin breakdown has been initiated by other mechanisms? Although it is 
known that purified preparations of both PNS and CNS myelin can fix and 
activate C', it has not been shown that intact myelinated axons can do 
so. In the PNS, the basal lamina may prevent the sheath from C fixation. 
In experiments on intact CNS myelin sheaths in culture, it was shown that 
C' had no effect in the absence of myelin-specific antibodies (26). If 
this were true for the in vivo state, it may be that C'-mediated BP loss 
such as we have observed only occurs after primary damage to the 
oligodendrocyte-myelin unit and exposure of C' binding residues, or after 
the appearance of the appropriate antibody. It is not known to what 
extent the BP in MS CSF (45) is derived from the type of selective BP 
loss we and others have observed in vitro, and how much is derived from 
macrophage phagocytosis of myelin and release of breakdown products. 
Although we observed the potentially synergistic effect of reactive 
oxygen intermediates and macrophage proteases in CNS myelinated axons, it 
is of interest that superoxide dismutase, which acts to remove damaging 
superoxides, can be used to treat experimental allergic neuritis, a 
disease with known macrophage involvement (55). Experiments 
investigating the susceptibility of PNS myelin oxygen metabolites and 
proteases are in progress. 

We have also been examining the potential of in situ degranulation of 
mast cells to damage myelin. This has been difficult to unequivocally 
demonstrate at the level of the light microscope, and we are currently 
conducting ultrastructural studies in thee PNS of animals with EAN, and 
in preparations of de sheathed nerve. We have also co-cultured mast cells 
with cultures of myelinated dorsal root ganglia, and stimulated 
degranulation using Compound 48/80. In this latter system, we have been 
unable to demonstrate mast cell-mediated demyelination but this may be 
due to an unfocused release of mast cell proteases or to the presence of 
high levels of other potential protein substrates in the culture medium. 
In the peripheral nerve, mast cells tend to be located between myelinated 
axons so that degranulation products would be more concentrated in the 
area of the myelin sheath. Although intact PNS myelin is surrounded by a 
basal lamina, it is known that mast cell proteases can degrade basal 
lamina and collagen (56,57). We have been able to successfully treat EAN 
with mast-cell stabilizing drugs, suggesting that mast cells do playa 
role in disease development, (49). However, mast cells have a range of 
properties, and it is not yet clear whether their myelinolytic potential 
is as important to disease progression as their secretion of vasoactive 
amines and chemoattractants. It would seem that they are not present in 
sufficient numbers in vivo to have anything other than a minor role in 
the overall breakdown of myelin. 
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Table 5 Degradation of Myelin Proteins by Mast Cell Proteases 

CNS Myelinated Axons PNS Myelin 

Treatment % Loss of BP % Loss of Po 

Lysate 84 ± 1.4 85 ± 0.9 

Degranulation products 58 ± 1.6 72 ± 1.7 

Control incubation 4 ± 9.1 3 ± 2.6 

Substrates (guinea pig CNS or bovine PNS) were incubated in 10 mM HEPES 
(pH 7.4), 0.15 M NaCl, and 2 mM CaC12 for 3 hours at 37 degrees C. 
Incubations also contained mast cell lysate, degranulation products 
isolated from rat serosal mast cells, or Tyrodes buffer as control. 
Changes in myelin proteins were quantitated using electrophoresis and 
densitometry. The experiments are described in more detail elsewhere 
(48). 

SUMMARY 

We have conducted a series of in vitro studies on isolated 
preparations of myelin, to examine potential mechanisms of myelin 
breakdown in inflammatory demyelinating diseases. In the process of 
examining the effects of macrophages on myelin, we observed that 
incubation with physiological levels of calcium was dependent on the 
physical treatment of the myelin during isolation. Although the actual 
mechanism of the loss is not known, it may involve dissociation of intact 
BP from the myelin, and a subsequent degradation by a myelin-associated 
protease. Incubation of myelinated axons with active complement causes a 
significant increase in loss of BP. The effect is removed if complement 
is heat-inactivated, or if terminal complement components are missing. 
This suggests formation of membrane attack complexes on the myelin is 
necessary, and thus complement may act by increasing access of Ca2+ to 
compact myelin, and allowing BP to escape through membrane pores. 
Myelinated axons were generally resistant to the action of macrophage 
supernatants other than a loss of BP that could be explained by Ca2+ in 
the medium. Preincubation of myelinated axons with peroxide, however, 
prevented the Ca2+-promoted loss of BP, while making them susceptible to 
macrophage-mediated BP loss. Mast cell proteases were extremely active 
in proteolysis of both CNS and PNS myelin. These results are discussed 
in the context of their possible relevance to disease processes. 
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AUTOANTIBODIES TO MYELIN BASIC PROTEIN 

IN MULTIPLE SCLEROSIS 

INTRODUCTION 

K.G. Warren and I. Catz 
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Edmonton, Canada 

Multiple sclerosis (MS) was initially described in the nineteenth 
century in Europe and subsequently in North America. The diary and 
letters of Sir Augustus Frederick d'Este (1794-1848), the grandson of 
George III of England and a cousin of Queen Victoria, illustrate the 
earliest personal description of this disease. Over a period of 28 years 
he experienced recurring symptoms including blurring of vision, numbness 
of limbs, loss of balance, bladder and bowel disturbances, staggering 
gait and finally paralysis, all highly characteristic of the clinical 
course of MS (21). The Parisian physician Jean Martin Charcot (1825-
1893) and his colleague Vulpian are generally given the credit for 
bringing this unique disease to the attention of the medical community 
and separating it form the multitude of undifferentiated paralytic 
disorders of that era (16). Attempts to understand the etiology
pathogenesis of this disease must consider the following facts: 

(a) MS as a clinical-pathological entity has been known for close 
to 200 years and therefore its precipitating factor(s) must have 
been present for an equal period of time. 

(b) MS is an inflammatory-demyelinating disease with associated 
gliosis and relative neuronal-axonal sparing, which is restricted 
to the central nervous system (CNS) of human beings. 

(c) MS is characterized by clinical-pathological variability. 
This disease may be entirely benign causing only the mildest of 
neurological symptoms, it may follow a more classical course 
causing progressive disability over years to decades, or it may 
be extremely fulminant causing premature death within weeks to 
months from the onset. MS may be characterized by relapses and 
remissions of neurological dysfunction, stepwise progression of 
neurological disability, or insidious progression. From the 
clinical point of view this illness may strike only one 
neuroanatomical locus, such as the optic nerves or spinal cord, 
or it may affect multiple loci simultaneously or sequentially. 

(d) MS has epidemiological features which have been clarified during 
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the twentieth century. It is a disease of young adults with a mean 
age of 30±20 years. It affects females more than males with a ratio 
of approximately 3 to 2. MS is more common in temperate climates 
than in tropical areas. It is far more common in caucasians than in 
oriental races, suggesting that the former race is genetically 
predisposed and the latter is genetically resistant to this illness. 

The best overall idea to date regarding the etiology-pathogenesis of 
MS is that it is a virus or a virus-like precipitated autoimmune mediated 
demyelinating disease of the CNS. Consequently, during the last several 
years, we have been attempting to determine whether there are antibodies 
directed against myelin basic protein (MBP) , a potential autoantigen of 
the CNS. 

NEUROPATHOLOGICAL CHARACTERISTICS 

The first pathological descriptions of MS are generally attributed to 
Jean Cruveilhier (13) and to Sir Robert Carswell (6). The underlying 
inflammation associated with MS was well recognized by the time James W. 
Dawson presented his findings on "the histology of disseminated 
sclerosis" to the Pathological Society of Great Britain and Ireland in 
1915 (15) when "a paucity of immunoglobulin producing plasma cells 
relative to lymphocytes" was noted. 

During recent years there have been extensive research efforts to 
further understand the inflammatory characteristics of the CNS 
demyelination in MS patients. Tourtellotte has found the following 
inflammatory cell types statistically more frequent in the cerebrospinal 
fluid (CSF) of MS patients than in normal subjects; large lymphocytes 
(2.8 times), small lymphocytes (3.3 times), monocytes (2.5 times), plasma 
cells (8 times) and histocytes/macrophages (12 times). If individual MS 
plaques within a single patient are histologically examined, a large 
degree of variation of the inflammatory cell makeup may be observed. An 
enormous number of inflammatory cells may be observed in the Virshow
Robin space of a centrally located vein, while another plaque showing 
degenerating myelin may contain no inflammatory cells whatsoever. If 
these inflammatory cells are producing antibodies or lymphokines involved 
in the pathogenesis of demyelination, such factors may circulate by way 
of the CSF to distant sites within the CNS to produce plaques of tissue 
destruction quite remote from the cells they originated from. 
Immunoglobulins and complement accumulate in areas of active 
demyelination (28). Inflammatory cells including T and B lymphocytes, 
plasma cells and macrophages (33, 34, 37) ,immunoglobulin containing cells 
(19, 29, 29) as well as bound IgG may occur in plaques or plaque borders 
in MS patients, but autoantibodies to MBP or other myelin antigens within 
central nervous tissue have not been reported to date. 

HUMAN CENTRAL NERVOUS SYSTEM MYELIN 

Myelin of the CNS is a lipoprotein complex produced by the 
oligodendrocyte plasma membrane wrapping consecutively around neuronal 
axons. Chemically, myelin consists of 70% lipid and 30% protein. Major 
proteins within myelin include Folch-Lees proteolipid protein, high 
molecular weight Wolfgram protein, some myelin associated enzymes, 
glycoproteins and MBP. Because of its ability to induce experimental 
allergic encephalomyelitis (EAE) , MBP has been extensively studied. This 
protein is species specific. Human MBP contains 170 amino acids with a 
determined sequence (5) and a molecular weight of 18 300 daltons (3). It 
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is characterized by a high content of basic amino acids with only one 
tryptophan residue in position 116 near the center of the molecule. 
There is a relatively high proportion of proline with a rare triproline 
sequence in positions 99-101 which together with another proline nearby 
(in position 96) forms a hairpin-like turn in the molecule (4). The 
arginine residue in position 114, near this tripoline sequence may appear 
either unmethylated or mono or di-methylated or even phosphorylated, 
offering this molecule some degree of micro-heterogeneity. Because of 
their occurrence in normal myelin, the biological importance of these 
molecular features vis-a-vis MS is probably insignificant. If MS is an 
autoimmune disease directed against MBP, then this mechanism would be 
directed against MBP in situ within the myelin sheath. Once MBP is 
released into the CSF, its tertiary structure is likely to be altered, 
the molecule may be digested by enzymes and consequently some of its 
epitopes may be altered or even lost allowing MBP or fragments of it to 
coexist in free forms with unbound antibodies to other epitopes. 

In the 1880's Louis Pasteur recognized that encephalomyelitis could 
be induced in rabbits by inoculation with homogenates of spinal cord 
containing rabies virus. Subsequently in 1933, EAE, the experimental 
model of MS, was discovered by Rivers and coworkers (35). Myelin basic 
protein contains encephalitogenic determinants which produce both EAE and 
experimental optic neuritis (EON) in animals (46, 57, 59). Since the 
relapsing form of EAE has many clinical and pathological features in 
common with MS, interest in MBP has therefore intensified (58). 
Antibodies to MBP have been observed in primates with EAE (2). 
Circulating T-cells sensitized to MBP (11) as well as immune complexes 
containing MBP as their antigenic component (12, 14) have also been 
described in MS patients. 

DETECTION OF MYELIN BASIC PROTEIN AND ANTI-MYELIN BASIC PROTEIN 
ANTIBODIES IN CEREBROSPINAL FLUID 

CSF Hydrolysis 

In order to detect both free (F) and bound (B) fractions of MBP and 
anti-MBP, CSF was subjected to acid hydrolysis in order to dissociate 
possible preformed complexes containing these proteins. Results obtained 
prior to acid hydrolysis represent free (unbound) forms of MBP and anti
MBP, while values obtained subsequent to acid hydrolysis represent total 
(free and bound) quantities. Bound fractions can be calculated by 
subtracting free from corresponding total values. CSF acid hydrolysis 
was performed as follows: 300-500 ul of CSF were acidified to pH ~ 2.9-
3.2 with 2N acetic acid and incubated for 1 hour at room temperature, 
when theoretically preformed complexes were dissociated. This mixture 
was then neutralized to pH ~ 6.8-7.1 with 100-300 ul 2N borate buffered 
saline (BBS, pH ~ 11.2) and immediately used in the MBP and anti-MBP 
assay; assuming that at least some of the complexes remained dissociated, 
values obtained in this mixture were considered to be total fractions. 

Myelin Basic Protein Assay 

MBP was prepared from normal human brain (17). This antigen was used 
as standard, iodinating material and antigenic factor to produce suitable 
antibodies for radioimmunoassay (RIA). Anti-MBP antibodies were produced 
in young white New Zealand rabbits (54); iodination was performed by 
chloramine T method (23) and the specific activity of the final product 
was 40-60 uc/ug. 
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The MBP assay was performed as follows: 200 ul of MBP standard in 
0.2 ml Tris buffer (T3) or the same volume of control or unknown CSF were 
incubated for 2 hours at 37 degrees C with an appropriate amount of 
rabbit anti-MBP in the presence of 1% carrier serum and 100 ul of T3 
concentrated tenfold. Following a second 2 hour incubation at 37 
degrees C with MBP 1125 , a pretitered amount of a precipitating antibody 
(goat anti-human IgG) was used to separate the components. Each assay 
contained 3 internal CSF controls containing known amounts of 5, 10 and 
20 ug MBP/l. Intra-assay variability calculated as coefficient of 
variation (cv) using these controls was 6.1, 4.1 and 2.5 respectively, 
for 25 sets of duplicates; similarly calculated inter-assay variability 
(cv) of 1 set of duplicates over 25 different assays was 9.4, 5.2 and 3.3 
respectively. Nonspecific binding was 2-5%, indicating that the 
radioligand was not damaged by incubation at 37 degrees C. 

Anti-MBP Radioimmunoassay 

Anti-MBP was determined by a solid phase RIA. Final IgG 
concentration was adjusted to 0.010 gil in all samples before they were 
assayed. Immulon microtiter plates were coated with 1 ug/well of human 
MBP (17); Staphylococcus A protein iodinated with 1125 (23) was used as 
radiolabel. 

100-200 ul aliquots of diluted CSF (0.010 g IgG/l), before or after 
acid hydrolysis, were incubated for 2 hours at room temperature in MBP 
coated wells; after 5 washes, goat anti-human Ig was added to enhance the 
immune response, and incubation was continued for 1 hour at room 
temperature; after another 5 washes, the radiolabel was added (20-30,000 
cpm/well) and the plates were incubated for 2 more hours at room 
temperature, and finally after 5 more washes the plates were individually 
counted and results were expressed as percent bound of total 
radioactivity. Serum from a hyperimmunized rabbit with human MBP served 
as positive control; negative controls were also used in each assay. 
Intra-assay variability (cv) for 1 set of duplicates over 10 runs was 
6.2; blanks, performed to determine nonspecific binding to uncoated 
wells, were performed with each sample and subtracted from the matched 
counts in MBP coated wells. When samples with initially high IgG and 
anti-MBP values were serially diluted, anti-MBP paralleled IgG 
concentrations and recovery of anti-MBP varied between 81-105%. When 
increasing amounts of CSF from a sample with initially high anti-MBP were 
added to another CSF with undetectable antibody titer, anti-MBP recovery 
varied between 86-98%. Absorption of CSF with MBP prior to anti-MBP 
assay resulted in complete elimination of initially high antibody titers. 
Dilution factors were applied for calculations of MBP and anti-MBP after 
acid hydrolysis. 

Lack of a Relationship Between Cerebrospinal Fluid Myelin Basic Protein 
and Intrathecal IgG Parameters in Multiple Sclerosis 

Over 90% of patients with MS synthesized IgG within the blood-brain 
barrier (BBB) (41, 49). Kabat and colleagues (25) observed that 85% of 
MS patients had an abnormal CSF IgG/total protein ratio. Subsequently, 
59-90% of MS patients have been found to have an abnormal CSF IgG/albumin 
ratio (22,24,42,43). Link and Tibbling (27) found that 80% of patients 
with clinically definite MS have an elevated IgG index. Daily rate of 
intrathecal IgG synthesis has been estimated to be increased in 92% of 
patients with clinically definite MS (44). 

We measured levels of free CSF-MBP, CSF/serum albumin ratio, absolute 
level of CSF IgG and 3 estimates of intrathecal IgG synthesis in 4 
subgroups of clinically definite MS patients. The numbers and percentage 
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of patients with elevated test values in each of the clinical subgroups 
are shown in Table 1, and the mean and range of these parameters are 
illustrated in Figures 1-4. No correlation between levels of free CSF
MBP and the absolute CSF IgG, CSF IgG/albumin ratio (CSF IgG/alb), IgG 
index or daily rate of CSF IgG synthesis (IgG synth) was found in these 4 
clinical subgroups of MS patients. In 21 patients in remission, CSF MBP 
and CSF/serum albumin ratio were normal, while IgG levels were elevated 
in the majority of them (Fig 1, Table 1). CSF MBP and IgG values were 
significantly elevated in the majority of 22 patients with 
polysymptomatic exacerbations and 22 patients with monosymptomatic 
attacks (Figs 2 and 3, Table 1) and all mean values were higher in the 
group with polysymptomatic exacerbations. Forty-one patients with 
chronically progressing disease had modest elevations of free CSF MBP and 
CSF/serum albumin (Fig 4, Table 1). Their mean CSF IgG level was similar 
to that of patients with polysymptomatic exacerbations, while CSF 
IgG/alb, IgG index and IgG synth were highest in this clinical subgroup. 
In our laboratory, longitudinal case studies confirmed that unbound MBP 
titers in CSF do no correlate with parameters of intrathecal IgG 
synthesis. During the recovery phase from acute relapses when CSF MBP 
levels are returning towards normal, IgG parameters may be either 
increasing or decreasing in individual patients. This lack of 
correlation between CSF MBP titers and total intrathecal IgG synthesis 
suggests that there are multiple immune processes and disease activity is 
likely to correlate with specific subunits of the total intrathecally 
synthesized IgG. 

Table 1 Number (percentage) of multiple sclerosis patients 
exhibiting elevated values of CSF unbound myelin basic protein; CSF/serum 
albumin and four parameters indicative of intrathecal IgG synthesis. 
Reprinted with permission of the editor of Annals of Neurology 

PE ME 

TOTAL NUflBER 21 22 22 

CSF-MBP (5 )* 21 (96) 16 (73 ) 

:3 CSF/S alh (29) 11 (50 ) ( 41) 
>-

"" ~ CSF IgG 12 ( 57) 20 (91 ) 18 (82 ) 
-' .... 
5 

CSF I gG/a 1 b 14 ( 67) 29 ( 91) 18 (82) 

'" (81) (96) (91 ) :;: IgG Index 17 21 20 ::> 
z 

IgG Synth 10 (48) 22 ( 100) 20 (91) 

Myelin Basic Protein as an Indicator of Multiple Sclerosis 
Disease Activity 

CP 

41 

19 (46) 

16 (39 ) 

30 ( 73) 

35 (85) 

36 (88) 

3S (85 ) 

Although not specific for MS, elevated levels of CSF unbound MBP are 
a valuable indicator of disease activity. Cohen et al (9,10) found that 
free (unbound) CSF MBP is elevated in MS patients with monosymptomatic or 
polysymptomatic attacks. 

Similarly, Whitaker (55,56) detected PI fragment of MBP (residue 43-
48) in most patients with exacerbations of less than 2 weeks duration. 
We analyzed CSF for unbound MBP levels in a large cross sectional study 
of 325 MS patients divided into 78 with polysymptomatic exacerbations 
(PE), 43 with monosymptomati.c exacerbations (ME), 15 with initial attacks 
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Figure 1 Cerebrospinal fluid (CSF) myelin basic protein and matched 
values for the CSF/serum albumin ratio, and four CSF IgG parameters in 21 
MS patients in clinical remission. (Vertical bars = mean + 2S0 of the MS 
group; vertical dashed bars = mean± 2S0 of non-neurological disease 
group) . 
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Figure 2 Cerebrospinal fluid (CSF) myelin basic protein and matched 
values for the CSF/serum albumin ratio and four CSF IgG parameters in 22 
MS patients with polysymptomatic exacerbations. (Symbols as in Figure 1). 

causing internuclear ophthalmoplegia (INOP) and 68 with optic neuritis 
(ON) as their initial attack, 86 with chronically progressing disease 
(CP) and 35 patients in clinical remission (R), and 193 controls 
including 100 patients with non-neurological disease (NNO) , 53 with 
various neurological diseases (NO) and 40 with recent head trauma (HT) 
(Fig 5). Normal free CSF MBP levels in patients with NNO was 1.0 ± 1.0 
ug/l (mean ± 3S0). Patients with various ND exclusive of MS may have 
elevated MBP levels (3.4 ± 4.2). Highest levels in this group occurred 
in 2 patients with postinfectious encephalomyelitis and in 1 with vitamin 
Bl2 deficiency with neurological complications. All but 1 patient with 
HT had elevated levels (33 ± 30). All 78 patients with PE had elevated 
free CSF MBP levels (17 .4 ± 8.9); 40 of 43 patients with ME also had 
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elevated values (4.9 ± 2.7). Similarly 12 of 15 patients with INOP and 
63 of 68 with ON had elevated unbound CSF MBP (5.1 ± 1.8 and 5.2 ± 2.9). 
Only 47 of 87 patients with CP had unbound MBP levels above normal (3.1 ± 
1.8), while most patients in clinical remission (28 of 35) had normal CSF 
MBP levels. Each group of patients with active MS had significantly 
higher CSF MBP than MS patients in remission or the group of controls 
with NND. 

16 

15 o 30 r 30 130 

" " 028 2 .8 120 
c 

13 2 .6 110 ;; 026 IS ' .3 
0 

e'2 I!) 
12 ~ 024 I!) E • 2 2 • 100 

Q. 0" 
: 2 .2 ~ 90 u ~ 022 - ~ 11 :10 " ., 

<) 020 "- 1.0 S 2 .0 = 80 OJ Vl 

~ 1.8 ~ 70 0 . 18 <) 0.9 
II) 

08 16 . I I!) 6 0 
0 14 0 .7 1.4 !? 50 0 

6 0 . 12 i 0 .6 12 4 0 

010 Tr O.S 1.0 3 0 

008 O ' 08 20 

006 0 0 .3 0 .6. 0 10 0 

0 .0 4 02 $ ' 0 .4 0- 0 
po OOO" 

0 

:W_. T-. - 0 -- 0 .02 0 . 1 0 0.2 - 10 

x 6 1 59 0075 0 31 1 25 196 

2SD 23 2 ' 0.030 0 1. 037 127 

Figure 3 Cerebrospinal fluid (CSF) myelin basic protein and matched 
values for the CSF/serum albumin ratio and four IgG parameters in 22 MS 
patients with monosymptomatic exacerbations (open circles), optic 
neuritis (black squares) and acute internuclear ophthalmoplegia (open 
triangles). (Symbols as in Figure 1). 
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Figure 4 Cerebrospinal fluid (CSF) myelin basic protein and matched 
values for CSF/serum albumin ratio and four IgG parameters in 41 patients 
with progressing MS. (Symbols as in Figure 1), 
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Figure 5 Cerebrospinal fluid free myelin basic protein levels in 6 
groups of MS patients and 3 groups of controls. (NND ~ non-neurological 
disease; ND = neurological disease; HT = head trauma; PE = 
polysymptomatic exacerbations; ME ~ monos.ymptomatic exacerbations; INOP 
internuclear ophthalmoplegia; ON = optic neuritis; CP ~ progressing MS; R 
= remission; horizontal bar = mean of group; dashed line = 2SD's above 
mean of NND group; n ~ number of patients per group; x ~ mean). 

Diagnostic Value of Cerebrospinal Fluid Anti·Myelin Basic Protein in 
Multiple Sclerosis 

CSF anti-MBP titers are elevated in MS patients with active disease; 
this is relatively specific for MS, but anti-MBP may also be found in 
patients with subacute sclerosis panencephalitis (SSPE) and some patients 
with postinfectious encephalomyelitis. However, CSF anti-MBP was 
undetectable in a large group of control patients. In order to determine 
the diagnostic value of CSF anti-MBP we studied 146 MS patients and 112 
controls. All MS patients had clinically definite disease (39). This 
group consisted of 33 patients in clinical remission , 20 with clinically 
stable disease, 47 with progressing MS and 46 experiencing exacerbations. 
All patients in remission were asymptomatic at the time of the study, 
with no residual deficits. Patients judged to be stable had residual 
deficits but were not clinically deteriorating on a year-to-year basis, 
while those with progressing MS were becoming clinically worse on a 
monthly or yearly basis. All patients with exacerbations had experienced 
acute development of one or more neurological symptoms with associated 
signs, which persisted for a minimum of 24-48 hours and they were studied 
within 2 weeks from the onset of the attack. The control group of 112 
patients consisted of 44 with psychoneurosis, 32 who were having 
myelograms for degenerative disc disease and 36 with miscellaneous 
neurological disorders exclusive of MS. In 44 patients with 
psychoneurosis, the total anti-MBP was 1.5 ± 1 . 1 with corresponding free 
(F) and bound (B) values of 0.4 ± 0.3 and 1.2 ± 1.0 respectively, and a 
FIB ratio of 0.333 ± 0.21 (Table 2). These levels were considered 
normal, with none of these patients having elevated values. Similar 
results were observed in 32 patients with degenerative disc disease; 
their total anti-MBP level was 1.6 ± 0.6 with free and bound values of 
0 . 4 ± 0.3 and 1.1 ± 0 .4 respectively and a FIB ratio of 0 . 327 ± 0.25 . 
Again, there was no exception with elevated anti-MBP. Despite elevated 
levels of total intrathecal I gG synthesis , none of 33 MS patients in 
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Table 2 CSF anti-MBP in four clinical groups of multiple sclerosis 
patients and three groups of controls. Free and total anti-MBP were 
obtained before and after acid hydrolysis respectively. Bound anti-MBP 
levels were calculated by subtracting free from the matched total value. 
Free/bound antibody ratios are illustrated for each clinical subgroup. 
All results expressed as mean ±2SD. Student's t test versus patients 
with psychoneurosis. *p<O.OS **p<O.Ol ***p<O.OOl ****p<O.OOOl 
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Figure 6 Total (T), free (F) and bound (B) anti-myelin basic protein 
(anti-MBP) in a group of patients with psychoneurosis and 4 groups of MS 
patients. Numbers of patients in parentheses. 

remission had detectable CSF anti-MBP in either free or bound form. All 
20 patients with clinically stable disease had elevated levels of total 
CSF anti-MBP (8.5 ± 3.4); 5 of these 20 patients had increased free (1.0 
± 0.7) and all 20 had increased bound (7.7 ± 3.3) anti-MBP levels (Table 
3, Fig 6) and their F/B ratio remained normal (Fig 7). Highest total 
anti-MBP levels were detected in 47 patients with progressing MS. All of 
these patients had elevated total and bound values, only 62% of them (29 
of 47) having elevated free values (Table 2, Fig 6) and their F/B ratio 
(Fig 7) was at the upper limits of normal (0.490 ± 0.24). The 
characteristic feature of this group was higher levels of bound anti-MBP 
(17.0 ± 5.6) than of free antibody (7.6 ± 3.8) (Fig 6). The group of 46 
MS patients with exacerbations had significantly different results: in 
contrast with patients with progressing disease, all these 46 patients 
had elevated free anti-MBP (17.8 ± 7.5) while only 16 of 46 had elevated 
bound values (4.0 ± 2.3) (Fig 6). Consequently, the F/B anti-MBP ratio 
was dramatically elevated in this group (8.2 ± 4.6); all 46 patients had 
F/B ratios above 1.0 (Fig 7). Similar to these patients, previously 
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normal individuals experiencing first attacks of acute idiopathic optic 
neuritis also show increased levels of CSF anti-MBP with elevated F/B 
ratios. It is important that their CSF is obtained in the acute phase 
when CSF MBP is also elevated (Table 3). 

In conclusion, all patients with clinically active MS have elevated 
total CSF anti-MBP in either free or bound form. Patients whose disease 
is in remission have undetectable anti-MBP levels and patients with 
clinically stable disease with residual disability may have detectable 
antibody titers. Chronically progressing MS is usually associated with 
high levels of antibody in bound rather than in free form, resulting in a 
low or normal F/B ratio. In contrast, MS exacerbations are characterized 
by relatively high levels of free CSF anti-MBP resulting in a high F/B 
antibody ratio. It can be hypothesized that acute exacerbations of MS 
are associated with a "sudden pulse" of intrathecal anti-MBP synthesis 
within one or more sites of the eNS, whereas insidiously progressing 
disease is associated with "steady state" anti-MBP synthesis. 
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Figure 7 Cerebrospinal fluid free/bound anti-myelin basic protein 
(anti-MBP) ratio in a normal control (N) group and a clinical group of MS 
patients. (R = complete clinical remission; S = stable phase of 
disability; P = progressing neurological deterioration; E = 
exacerbation) . 

Figure 8 Correlation of myelin basic protein (MBP) and anti-MBP in 
MS exacerbations. (rF = correlation coefficient between free MBP and 
free anti-MBP; rB = correlation coefficient between bound MBP and bound 
anti-MBP) . 
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Table 3 CSF myelin basic protein (MBP) and anti-MBP in a group of 
patients with acute idiopathic optic neuritis as well as normal and 
multiple sclerosis controls. (n=nurnber of patients per group; #=nurnber 
of patients with elevated values per group). 

eSF MBP (SF Ant l-MBP I 
n Free t Bound Free BouM ! Free/ BouM ! 

• I • ~i ~I ~ ~ r-----
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Cerebrospinal Fluid Anti-Myelin Basic Protein Titers Correlate with 
Disease Activity 

CSF anti-MBP titers correlate with multiple sclerosis disease 
activity. In order to demonstrate this, CSF anti-MBP titers were 
compared with CSF MBP, a valuable nonspecific indicator of disease 
activity. The correlation coefficient between F anti-MBP and F MBP (rF) 
in the CSF of 80 MS patients with exacerbations was 0.95 (Fig 8). 
Without exception, relatively low levels of F anti-MBP were associated 
with similarly low levels of F MBP, and conversely, relatively high 
levels of F anti-MBP occurred with high levels of F MBP . Although bound 
fractions of MBP and anti-MBP were present in much lower levels in this 
group, there was also a high correlation (rB = 0.87) between them (Fig 
8). The correlation coefficient between B anti-MBP and B MBP (r) levels 
in 100 patients with progressing MS was 0 . 93 (Fig 9) . Again, low levels 
of bound antibody were associated with similarly low levels of B MBP 
while high levels of B anti-MBP occurred with high levels of B MBP. In 
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these patients, although F anti-MBP and F MBP were present in relatively 
low levels, there was a moderately high correlation (r F = 0.71) between 
them. These high correlation coefficients between CSF anti-MBP and CSF 
MBP in MS patients with active disease, and the fact that anti-MBP is 
undetectable in MS patients in remission are suggestive that these 
antibodies may be involved in the pathogenesis of MS. 

Longitudinal case studies also illustrated a high correlation between 
CSF MBP and anti-MBP. Figure 10 illustrates the levels of free and bound 
MBP and anti-MBP found in the CSF of a patient with the hyperacute form 
of MS (type A of McAlpine) (30). During a period of 35 weeks, this 
patient had 16 CSF analyses that showed persistently high levels of free 
MBP and anti-MBP and lower levels of bound fractions. The case of a 
typical patient with progressing MS (type D, McAlpine) (30) is 
illustrated in Figure 11. In contrast to the patient just described, 
this one shows persistently high values for bound anti-MBP and MBP and 
correspondingly low free levels. These results were consistent in 14 CSF 
analyses over a period of 80 weeks. A patient with relapsing-progressing 
MS (type C, McAlpine) (30) is illustrated in Figure 12. Twenty-two CSF 
analyses over a period of 118 weeks were studied in this chronically 
hospitalized MS patient. The initial lumbar puncture performed during a 
clinical relapse illustrates high levels of free MBP and anti-MBP with 
correspondingly low bound values. During subsequent months, after his 
return to a chronic care hospital, he had 6 additional CSF analyses 
(weeks 21-46) showing high levels of bound and correspondingly lower 
levels of free antibody and MBP which were associated with the 
progressing phase of his illness. Between weeks 52 and 68, this patient 
had 5 more CSF analyses because of a sudden increase of neurological 
symptoms. A reversal of the MBP and anti-MBP pattern occurred at this 
time; free levels of MBP and antibody became higher than did the 
corresponding bound fractions. Between weeks 70 and 118, when the 
patients disease again entered a progressing phase, the remaining 10 CSF 
analyses showed high levels of bound anti-MBP and MBP with 
correspondingly lower free values. Neurological exacerbations were 

248 

Figure 10 
McAlpine) . 

250 -fr .. Map 

- -- fr .. A"" I MOP 
_.- 8(M.1nd I,t8P 

.. ,. , eO\lt'1d Anll-MOP 

20 

200 

50 h/ .. '· .. :\· .... ...- ···'··"., .. ,. r 

." . • j " '\ ' " .I ' . ~ . ~ • 
.. /'\ ". / '\ ;' 1.0 .. '. .... . ~ .. • • , .• 

, I , I , , 

10 15 20 25 30 35 

l ime hvee1tsl 

Longitudinal case study of hyperacute MS (type A of 



associated with high FIB ratios, while conversely, progressing MS was 
associated with low FIB ratios. The changing pattern of free and bound 
MBP and anti-MBP in this patient remains biologically perplexing. For 
example with a sudden pulse of intrathecal anti-MBP synthesis a rise in 
the free anti-MBP level would be expected, but a drop in the 
corresponding bound fraction was not anticipated. 

In conclusion, CSF analyses are an important diagnostic tool in the 
assessment of patients with confirmed and suspected MS. Not only is 
there evidence of increased intrathecal IgG synthesis as indicated by 
elevated IgG index or daily CNS IgG synthesis and oligoclonal banding, 
but in addition autoantibodies to the myelin protein, MBP, can be 
detected in patients with active disease. The effect of putative MS 
therapies on these autoantibody titers can now be determined. 
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The Effect of Synthetic Corticosteroids on Titers of Cerebrospinal Fluid 
Anti-Myelin Basic Protein 

We have studied the effects of methylprednisolone (MP) therapy on CSF 
anti-MBP in MS patients with acute relapses and progressing disease. MS 
patients with acute relapses were treated with high-to-mega dosages of MP 
for 10 days (Table 4). Changes in CSF results after treatment were 
compared to a nontreated control group. The untreated controls showed no 
change in either free, bound or F/B anti-MBP levels. Highly significant 
reductions (p<O.OS to p<O.OOl) were observed in free and F/B anti-MBP 
levels when these patients were treated with 160 mg/day or higher (Table 
4, Fig 13, 14); mega doses were not required for this effect. In 
contrast to free anti-MBP in these patients the bound fractions showed a 
significant elevation. The combination of decreasing free and rising 
bound fractions contributed to a significant reduction of F/B ratios in 
patients treated with high-to-mega doses of MP (Fig 14). Longitudinal 
case studies of MS patients with exacerbations confirm results obtained 
in cross-sectional studies. Figure 16 illustrates two exacerbations of 
MS in a 28 year old female. In 1983 she had a prolonged severe 

Table 4 Effects of methylprednisolone (MP) on CSF parameters (mean 
± 2SD) in MS patients with exacerbations. (n-number of patients per 
group; Pre = data prior to commencing treatment (day 0); Post = data 
after 10 days of treatment). Student's t test p value: *p<O.OS ** 
p<O.Ol *** p<O.OOl. 
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Figure 13 MS exacerbations: Free (F) and bound (B) CSF anti-MBP 
levels pre (day 0) and post (day 10) treatment for each dosage group. 
(White area = pre-treatment values; student's t test p values: *,. 
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exacerbation during which she was given multiple types of steroid 
therapy. Initially, she was treated with 2 courses of steroid therapy. 
Initially, she was treated with 2 courses of ACTH (A) (60 units/day for 
10 days) and only modest reductions in F anti-MBP titers occurred. 
Similarly, the administration of 50 mg prednisone every 2 days for 12 
days also produced insignificant reduction of free antibody titers (B). 
Three months after the patient was into this severe exacerbation she was 
treated with a megadose of 2000 mg MP/day (C) and even then, after 10 
days there was only a modest anti-MBP reduction. Subsequently, the 
patient went into remission, but 6 months later she had another attack at 
the onset of this relapse, she was again treated with 2000 mg MP/day for 
10 days, which this time was associated with a precipitous fall in free 
anti-MBP (C). Similar to clinical observations, this study suggests that 
corticosteroid therapy should be administered as soon as possible after 
the onset of an acute relapse in order to obtain maximal beneficial 
effects. Figure 17 illustrates a study of a 29 year. old male MS patient 
with progressing disease and superimposed relapses. He had 19 CSF 
analyses over a period of 2 years. During periods of acute relapse, 
megadose of MP (A) administered early was associated with a significant 
fall of free anti-MBP and a rise of bound anti-MBP, while relapses 
treated with 80 mg MP/day (D), even though administered at the onset 
were not necessarily associated with reduction in free anti-MBP titers. 
This case also illustrates that administration of MP in either high (B) 
or mega (C) doses during the progressing phase of MS is not associated 
with reduction of anti-MBP titers. 
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Figure 17 Longitudinal case study (19 CSF analyses over 5 years) of a 
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The effects of various high-to-mega doses of MP on anti-MBP titers in 
MS patients with progressing disease are illustrated in Table 5 and 
Figure 15. Both free and bound anti-MBP titers were not significantly 
affected by any dosage of MP. This data illustrates that titers of free 
anti-MBP, the molecule potentially capable of causing demyelination, are 
more resistant to change under the influence of methylprednisolone in 
this group of patients. Figure 18 illustrates a 27 year old male 
hospital confined MS patient who had 23 CSF analyses over 3-1/2 years. 
This patient received low doses of 50 mg PR every 2 days with 
insignificant changes occurring in titers of both free and bound anti
MBP. 

Table 5 Effects of methylprednisolone (MP) on CSF parameters (mean 
± 2SD) of MS patients with progressing disease. (n=nurnber of patients 
per group; Pre = data prior to commencing treatment (day 0); Post = data 
after 10 days of treatment). Student's t test p value: *p<0.05 
**p<O.Ol ***p<O.OOl. 
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Figure 18 Longitudinal case study (23 CSF analyses over 30 months) of 
anti-MBP levels in a patient with progressing MS. Bound anti-MBP levels 
exceed free fractions. (0 = free anti-MBP; 0 bound anti-MBP. Course 
of treatment: A = Prednisone: 50 mg/2 days; B = Methylprednisolone: 
2000 mg/day). 
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SUMMARY 

Although MS is characterized by increased total intrathecal IgG 
synthesis, to date there has been no specific antibody associated with 
its pathogenesis. Initially, in 1948, increased intra-BBB IgG synthesis 
was observed by Kabat et al (25) and this was subsequently confirmed by 
other laboratories (27,43,44,49,51). Increased intrathecal IgG synthesis 
is commonly associated with chronic inflammatory diseases of the CNS such 
as MS, subacute sclerosing panencephalitis (SSPE), or neurosyphilis but 
does not occur in noninflammatory chronic diseases such as amyotrophic 
lateral sclerosis, Parkinson's disease or Alzheimer's disease for 
example. Theoretically, in MS, intra-BBB IgG synthesis should have a 
specific purpose, but information to date shows that specific CSF 
antibodies represent only 0.1% of total intrathecal IgG (45). It can 
safely be concluded that the specificity of the majority of IgG has not 
been identified. The kinetic relationship between anti-MBP and total 
intrathecal IgG has not been determined to date, but a positive 
correlation should not be anticipated since we have observed that as the 
titer of anti-MBP varies in one direction that of intrathecal IgG may 
vary in the same or opposite direction. 

Increased titers of antibodies to many viral and brain targets have 
been identified in the CSF IgG of MS patients. These are thought to be 
nonspecific and may be the result of polyclonal activation of B cells 
which are recruited to the CNS by the event or events that cause MS (45). 
Following the observation of increased titers of measles antibodies (1), 
antibodies to other viruses have been identified. For example, in the 
study of Norrby et al (31) 15% of the cases had antibodies to mumps, 19% 
to rubella and 11% to herpes simplex. Titers to other viruses have also 
been found to be elevated at times. About 50% of MS patients have a high 
titer to one virus, about 15% to 2 viruses and about 5% to 3 or more 
viruses (26,38,50). Unfortunately, viral antibodies have not been 
reliably detected in high titer in the majority of MS patients and they 
may be related to agents that commonly infect and/or invade the CNS and 
have no relevance for the pathogenesis of MS (47). 

CSF antibodies to non-viral antigens have also been detected in MS. 
Antibodies to myelin-associated glycoprotein (MAG) have been identified 
(48). There is no evidence of antibodies to galactocerebroside (36) 
while antibodies to ganglioside were found in 9 of 34 MS patients (18). 
Antibodies against oligodendrocytes have been identified in MS CSF but 
their titers are not significantly increased relative to controls (40). 
None of these specific antibodies appear to be strongly associated with 
disease activity. 

Autoantibodies directed against myelin basic protein mayor may not 
be involved in the pathogenesis of MS and consequently treatment attempts 
to lower or eliminate them from the intrathecal compartment mayor may 
not be of benefit to patients. Although there have been negative 
reports, antibodies to MBP are detectable in MS CSF (32) in greater titer 
(per milligram IgG) than in the serum and they seem to be synthesized 
within the intrathecal compartment (7). Consequently any treatment 
modality developed to lower these autoantibodies will probably have to 
cross the BBB. MS exacerbations are characterized by a high (above 
unity) free to bound anti-MBP ratio, while progressing MS is 
characterized by a low (below unity) free to bound anti-MBP ratio (52). 
This fact together with the common clinical observation that relapsing MS 
occurs in the early years while the progressing form develops many years 
later suggests that there are mUltiple mechanisms involved in MS 
pathogenesis. For example, MS exacerbations seem to be characterized by 
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a sudden pulse of anti-MBP with its subsequent elimination by unknown 
mechanisms allowing the patient to go into remission, whereas progressing 
MS is characterized by the chronic persistence of these autoantibodies in 
low titers. Separate treatment modalities designed to eliminate 
autoantibodies to MBP from these different phases of MS may be required. 
It has also been determined that titers of anti-MBP correlate with those 
of MBP in patients with active disease (53) suggesting that these 
autoantibodies are indeed involved in the pathogenesis of MS. However, 
it is also possible that their appearance in patients with active MS may 
simply be due to polyclonal B cell activation restricted to the active 
phases of the disease. Antibodies to MBP may also be detected in 
patients with SSPE (32,52). This, however, does not negate the fact that 
they may also be involved in the pathogenesis of MS since their 
appearance in patients with SSPE may be a consequence of the measles 
virus infection resulting in release of MBP into the systemic 
compartment, while in MS their development may be due to altered 
immunoregulation of normally covert autoantibodies. Furthermore, the MBP 
epitope(s) against which these antibodies are directed may be distinctly 
different in these two diseases. Chou et al (8) utilizing a solid phase 
radioimmunoassay measured antibodies to intact MBP as well as MBP 
fragments and found comparable levels of binding in the CSF of MS 
patients and controls. This is in distinct contrast to our large control 
population in which these autoantibodies have not been detected. It has 
to be borne in mind that the development of autoantibodies in MS patients 
may not be restricted to MBP since autoantibodies to MAG have also been 
detected (48). It is also possible that multiple autoantibodies develop 
against different epitopes on the human MBP molecule. It seems clear 
that the exact pathogenesis of demyelination in MS patients should be 
determined prior to attempts to develop a highly successful treatment 
modality. 
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The ability of magnetic resonance imaging (MRI) to delineate the 
localized areas of abnormality in multiple sclerosis (MS) has created a 
considerable amount of excitement in the MS community. The most 
immediate impact of MRI in the MS field is going to be on the accuracy of 
diagnosis. In addition, the ability to very precisely outline the areas 
of abnormality and to follow those areas over time is going to make a 
considerable impact on the follow up of the disease, the understanding of 
the evolution of the pathological process, and the adjudication of 
clinical trials. The clinical course in MS evolves over many years. The 
clinical course is also so complex that the neuropathologist has usually 
been unable to correlate the history of the patient to the pathology 
found at autopsy. It is in the area of clinical pathological correlation 
that MRI is going to have its major long term impact. Pathological 
correlation studies (1) are validating the sensitivity and specificity of 
the technique, and it is clear that MRI will eventually demonstrate the 
evolution of the pathological process. For example, systematic MRI 
studies are going to help us to answer the question of whether the 
clinical nature of MS, as a phasic disorder, reflects the actual 
evolution of pathology. At this point, there is reason to believe that 
the pathological process is one that continues uninterrupted, despite the 
only intermittent clinical symptoms in the majority of patients. 

The most specific and characteristic pathological change in MS is 
demyelination. Specific demyelination occurs when there is loss of 
myelin with preservation of axons. In addition to demyelination, we also 
know that, in acute lesions, though pathological experience is limited, 
inflammation is quite intense (2). This inflammation is marked by the 
presence of immunoglobulins, lymphocytes, and plasma cells. Macrophages 
are active in the process of damage to myelin. The presence of 
immunoglobulins is one of the characteristics of MS resulting in a 
pattern of proteins in the cerebrospinal fluid (CSF) of oligoclonal 
banding (OB) that is very useful in diagnosis. CSF OB is a necessary 
component to satisfy the diagnostic criteria for laboratory supported 
definite MS (LSDMS) (3). Though little is understood about the process, 
the very first event in the development of the acute MS lesions may be 
breakdown in the blood brain barrier (BBB) (4). In spite of the fact 
that the enhanced CT scan demonstrates BBB disruption, the CSF albumin is 
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usually not elevated. This lack of CSF albumin elevation indicates that 
the breakdown in the BBB is a localized phenomenon. Probably because of 
its exquisite sensitivity to changes in water content, MRI has the 
capability of being able to detect the acute areas of abnormality in MS. 
It may also be able to distinguish, in the future, between lesions that 
are primarily inflammatory as opposed to those that are primarily 
demyelinating and/or gliotic in nature. 

Gliosis develops in the later stages of lesion development in MS. 
The gliotic scar is produced by astrocytic proliferation which begins in 
the subacute phase of the lesion and then progresses to form the chronic 
contracted scar characteristic of the end stage lesion. It is not known 
exactly how much the process of gliosis contributes to the neurological 
deficit, but Fog (5) has proposed that the chronic evolving clinical 
deficit in MS may be at least partly be due to gliosis. If chronic 
progressive disability in MS is due to the development of gliosis and not 
to immunological factors, the concept of treatment with 
immunosuppressives in chronic progressive MS (CPMS) will require 
reVISIon. Newer strategies of therapy for CPMS should perhaps include 
use of inhibitors of astrocytic proliferation as well as the use of 
immunosuppressives and immunomodulators. We have compared the evolution 
of the process, as revealed by MRI, in relapsing and remitting and CPMS 
patients (see below). 

Brain Scanning. Positron Emission Tomography and CT Scanning in MS 

The first application of imaging to the study of MS was the use of 
radionuclide brain scanning. This technique has generally been very 
insensitive to MS lesions. In spite of that, there have been a number of 
reports of positive radionuclide brain scans in MS (6). Some of these 
positive scans were thought to indicate neoplastic disease. We now know 
that a positive brain scan in MS is only a marker for gross disruption in 
the BBB. Even though the ability to show MS lesions on the brain scan 
has been limited, the fact that MS lesions could be seen at all produced 
a considerable amount of interest in that perhaps the lesion of MS might 
be finally amenable to quantitative detection and follow up. The first 
abnormal radionuclide brain scan in MS was reported in 1954 (7). 

Positron emission tomography (PET) has also been found to be abnormal 
in some patients with MS (8). A reduction in grey matter oxygen 
utilization (fluorodeoxyglucose) has been thought to be due to the 
undercutting of grey matter by large demyelinated lesions. Some reports 
have suggested that reduction in oxygen utilization and cerebral blood 
flow are linked (9). However, as in brain scanning, the sensitivity of 
PET in MS is low. In spite of this, the use of sensitive markers for BBB 
disruption using PET may be useful in the future because, as noted above, 
disruption in the BBB may be a primary lesion in the MS pathology. 

A major advance in imaging lesions in MS occurred with the advent of 
computerized tomography (CT). Early studies suggested that 36% of 
patients had low density lesions in their periventricular white matter 
(10). Earliest studies did not report contrast enhancement, but 
subsequent studies, particularly using high volume delayed contrast (HVD) 
have shown that mUltiple enhancing lesions are not at all unusual (11). 
It is now accepted that multiple enhancing lesions in the white matter 
characteristic of MS can be used to satisfy the diagnostic criteria for 
dissemination of lesions in space. The enhancing CT lesions can resolve 
quickly and seem to be very susceptible to the effects of 
corticosteroids. This finding suggests that corticosteroids can help to 
heal a disrupted BBB, particularly when the steroids are administered 
intravenously (12). 
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In addition to focal low density and enhancing lesions, many patients 
with longstanding MS show ventricular enlargement and/or cortical atrophy 
on CT. The ventricular enlargement has been confirmed in several autopsy 
cases. There have also been numerous reports of biopsy and autopsy 
confirmation of CT lesions. Comparative studies using unenhanced, 
conventionally enhanced, and HVD enhanced CT scans have show that in 72% 
of MS cases more information could be derived from HVD CT than from 
ordinary single dose enhanced scans. In addition, the enhancing lesions 
seen on HVD CT are probably more likely to occur in acute relapsing 
patients than in chronic and/or stable ones. Unfortunately, CT is not 
sensitive enough to be helpful in the majority of patients for either 
diagnosis or follow up (13). Approximately 72% of patients in acute 
relapse may show mUltiple enhancing lesions, but the frequency of 
abnormality drops to 30 or 40% in patients during remission. CT has also 
shown that the pattern of lesions in MS can be quite varied. Ring 
enhancement, mass formation with edema, and multilobed lesions suggesting 
abscess have not been unusual findings. 

Multifocal enhancing lesions seen on CT are not, of course, specific 
for MS. Metastatic neoplasm, infarcts, abscess, primary brain tumors, 
and other inflammatory neurological diseases can all produce multi focal 
enhancement. Therefore, the multiple lesions seen on CT can be used only 
as an anatomical marker for dissemination in space. The pathological 
process that is going on at the site of the enhancing lesions has not yet 
been identified. 

When used in the follow up of patients, both CT and brain scanning 
can be used to study some of the characteristics of the disease process. 
Both of these techniques can identify disruption in the BBB. CT can also 
identify edema. 

MRI In MS 

MRI uses a strong magnetic field and radio frequencies to produce an 
image (14). The hydrogen atoms in the body will align themselves and 
spin like tops along a magnetic field, acting as tiny polar magnets. 
Radio frequencies, tuned to the resonance frequency of those atoms can 
cause them to spin at a different angle. The duration of the signal that 
emanates from the relaxation of that angle can be measured. Computer 
techniques can then detect not only the location of the source of the 
signal, but the quantity of atoms in question and some of the 
characteristics of the tissue surrounding the atoms. MRI measures mostly 
the water content and the molecular state of that water in tissues. 
Images can be constructed in many different ways. For MS studies the 
most commonly used image (spin echo) is one in which the lesions of MS 
stand out as high signal intensity areas (white) against a darker 
background. The darker background is made up of three contrasting areas; 
the grey matter being lighter in signal, the white matter being darker in 
signal, and the CSF showing as either black or white according to the 
radio frequency excitation parameters used. 

One exciting aspect of MRI is that the image slices can be produced 
in multiple planes (see figure 1), therefore allowing the construction of 
a three-dimensional model of not only brian substance but of the 
distribution of MS lesions. Subsequently, by adding careful serial 
scans, a fourth dimension, that is of time, can be added. 

Dia~nosis (see Table 1) 

The first report of the use of MRI in MS was by Young et al in 1981 
(15). Eight patients with clinically definite MS (CDMS) were studied. 
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Figure lA and B. These two views show typical MRI MS lesions. "A" 
shows several (white spots) lesions at a level above the ventricle in an 
axial view. "B" shows two of the same lesions seen in a coronal view at 
the level of the parietal lobe. 

Table 1 MRI IN DIAGNOSIS* 

Conditions f1 Cases f1 Cases XPositive Comments 
Studied Studied Positive 

CDKS 689 590 86% Standards of what is 
considered positive 

Suspected KS 533 317 59% on MRI vary 
considerably. 

ON 106 72 68% 

CPK 82 50 61% 

* Summary from the literature, for full reference list see reference 38. 

'rable 2 DIAGNOSIS OF MS COMPARING CT TO MRI* 

CT MRI 

Condition f1 Pts. II Pts. % Pos. # Pts. II Pts. % Pos 
Studied Studied Positive Studied Positive 

CDMS 313 162 52% 298 235 792: 

Suspected 
KS 272 63 23% 272 149 55% 

* Summary from the literature, for full reference list see reference 38. 
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All patients were found to have multiple focal areas of abnormality on 
inversion recovery (IR) scans. Additional patients were reported by the 
same laboratory in 1982 (16). 

It was evident from those early studies that MS lesions could not 
only be detected, but the sensitivity of MRI for detection of lesions was 
as high as 10 times greater than that of CT. This differential 
sensitivity was greatest in the brainstem. Subsequent reports have 
supported the concept that MRI is more sensitive than is CT in the 
detection of MS lesions (17). In addition, experience has shown that the 
spin echo (SE) technique is more sensitive than is IR (18). At this 
point, MRI cannot distinguish between acute and chronic lesions but with 
increasing experience this differentiation may become possible. In 
contrast, enhanced CT shows something that current MRI techniques cannot, 
that is, BBB disruption. Perhaps a combination of MRI and CT will 
identify not only most of the MS lesions but also distinguish BBB 
disruption as well. The use of paramagnetic contrast agents such as 
gadolinium will also provide an MRI marker for BBB disruption. 

One useful way of classifying the MR abnormalities seen in MS is that 
of Robertson and Li (18), which is as follows: 

1. MRI Strongly Suggestive of MS (SSMS) 
a) Four lesions present 
b) Three lesions present, one periventricular in location 

2. MRI Suggestive of MS 
a) Three lesions present 
b) Two lesions present, one periventricular in location 

3. MRI Possible MS 
a) Two lesions present 
b) One lesion present, periventricular in location 

4. One Lesion Only 

Typical MS lesions are of high intensity on SE, measuring greater 
than 3 mm in diameter, and are prominently white matter in location. 
Caution must be exercised in the use of this classification. Multiple 
periventricular white matter lesions are characteristic of MS, but only 
in the proper clinical context (19). At this point one cannot 
differentiate with absolute certainty between MS lesions, multiple 
infarcts and such non specific patterns as subcortical arteriosclerotic 
encephalopathy (Bingswanger's disease). These non-specific lesions 
increase in frequency above the age of 50 to 7-10% of the normal 
population. Recent studies have shown that large (>6mm) lesions, 
brainstem lesions, and lesions located near the body of bilateral 
ventricles are more specific for MS. It is the pattern of lesions that 
is highly suggestive of MS. It must be remembered that tissue 
characterization is not yet possible on MRI. Therefore, critical 
clinical judgement must be used in the interpretation of the MRI 
appearance. 

Our group at UBC has just completed a prospective study comparing 
HVD, CT, MRI, visual and somatosensory evoked potentials, and CSF 
analysis for OB in the evaluation of patients with suspected MS (20). 
MRI was the most sensitive technique for detecting asymptomatic lesions 
and demonstrating dissemination in space. In 200 cases of suspected MS; 
40% had "MRI SSMS" scans. Sixty seven percent of the "MRI SSMS" patients 
also had OB. Evoked potentials were less helpful than MRI in detecting 
asymptomatic dissemination in space. HVD CT scan was abnormal in only 
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38% of the 98 patients who had "MRI SSMS" scans (see Table 2). 

When looking at specific clinical groups, MRI and CSF analysis for DB 
were most helpful in chronic progressive myelopathy (CPM) and optic 
neuritis (ON). MRI was "definite" in 60% of 52 patients with CPM, and 
66% of 38 patients with ON. 

Follow up of these 200 suspected MS patients at one year has shown 
that 19 out of 200 (10%) had converted to CDMS by having a second 
clinical episode during the year. Of these 19 patients, 18 (95%) were 
predicted as having MS by having "MRI definite" scans during the study. 
Only long term clinical follow up will be able to establish the ability 
of any of these tests to accurately predict the diagnosis of CDMS. MRI 
scans have been done in identical twins that are non-concordant for MS 
(21,22). If asymptomatic disseminated MRI lesions means underlying MS in 
this context, the concordance rate in identical twins can possible be 
doubled by using MRI. 

MRI Assessment of Disease Activity 

It is with the use of serial MRI scans that more precise information 
is accumulating concerning the nature of the lesions. Johnson et al (23) 
and Li et al (24) both in 1984 reported that MRI lesions could diminish 
in size over time and that new lesions could appear asymptomatically. A 
series of systematic serial studies has now been undertaken at the 
University of British Columbia (25,26,27). The first serial study was of 
seven mostly relapsing CDMS patients who had monthly MRI scans, 
neurological evaluations, and immunological tests over a period of six 
months (25). There were five clinical relapses in three patients. Four 
of the patients were clinically stable throughout the study. It was 
found that very careful repositioning of patients was necessary in order 
to get reproducible and quantitative MRI data. 

There were many new asymptomatic MRI lesions seen to develop in five 
of these patients. In the patients with clinical relapses, there was no 
correlation between the location of the new MRI lesions and the clinical 
findings. Two of the new MRI lesions were quite large ones. One large 
new cerebral MRI lesion occurred just prior to a spinal cord clinical 
relapse. Immunological studies done in parallel with the scans showed 
that major changes in functional immunological studies (Con A generated 
suppressor cell activity, natural killer (NK) cell activity, and 
immunoglobulin secretion in vitro) paralleled the appearance of major new 
MRI lesions (28,29). There were no immunological correlations with 
clinical activity. There were no consistent correlations between 
lymphocyte phenotypic markers and either clinical or MRI evidence for 
disease activity. 

A second serial study (26) involved eight mildly affected relapsing 
and remitting (R&R) CDMS patients scanned every two weeks over six 
months. There were 12 new or enlarging MRI lesions seen in five 
patients, all of them asymptomatic. There were two clinical relapses 
both in the same patient. A third serial study has just been completed 
(27). This study was in a group of eight patients with chronic 
progressive (CP) MS. The same sort of MRI activity as seen in both the 
relapsing and CP patients, but the CP patients had twice the rate of 
appearance of new lesions as was seen in the R&R patients. There was no 
clinical correlation with new MRI lesions in any of the three studies. 

In summary, 24 patients have been studied systematically with serial 
MRI, clinical, and immunological observations (see Table 3). There were 
seven clinical relapses. In contrast there were 41 new MRI lesions and 
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Table 3 SERIAL MRI STUDIES* 

Summary of Findings in 24 Patients 

1. New MRI lesions appear at a much faster rate than do clinical 
relapses. 

la) The rate of development of new and increasing size lesions in 16 
relapsing patients was 5/patient/year. 

lb) The rate of development of new or increasing size lesions in 8 CP 
patients was 22/patient/year. 

lc) The clinical relapse rate was 0.6 relapses/patient/year. 

2. Many new MRI lesions reduce in size or disappear over time (40%). 

3. The time scale of the appearance of new lesions is gradual 
enlargement over 4-6 weeks and then decline in size over the next 
6-8 weeks. 

4. Immune function changes seem to parallel the evolution of large 
new MRI lesions, not clinical events or small MRI lesions. 

* Summary from UBC studies; references 25,26,27,28,29. 

Table 4 SUMMARY OF FINDINGS QUANTITATIVE MRI STUDIES 
~ITH CLINICAL CORRELATION* 

1) The "burden of disease" as estimated by MRI does not correlate 
well with clinical estimates of severity. 

R values range from 0.022 to 0.558. 

2) There are measurable changes in serial studies that show that the 
extent of the MS process gets greater over time (25% in 2 years). 

3) Comparison of MRI lesions in "clinically benign" patients with 
matched moderately severely disabled CP patients shows that in 
201 of the matched pairs the "burden of disease" is greatest in 
the benign cases. 

4) The major MRI difference between benign and disabled patients 
is the high degree of confluence of lesions in the CP patients 
and the high degree of "clinical expression" of MRI detected 
brainstem lesions in the CP patients. 

* Summary from UBC studies; references 30,31,32. 

Table 5 BIOPSY AND AUTOPSY CORRELATION STUDIES: CT AND MRI* 

Type of Lesion II Cases 

CT Low Densii:y 

CT Enhancing 9 

CT:Cord Enhancement 

MRI 8 

* Summary from the literature, for full reference list see reference 38. 
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43 significantly enlarging or reappearing MRI lesions (previously 
disappearing lesions that reappeared). Chronic progressive patients had 
about twice as many "active" lesions as did the relapsing patients, but 
they also had more new lesions as well. These studies show that the 
frequency of new MRI lesions is five to 10 times the frequency of 
clinical relapses. Based upon this striking phenomenon, we propose that 
for accurate assessment of disease activity in future studies, serial MRI 
scans will be necessary. Even though there is no information available 
to identify the actual pathological process that is going on in these 
"active" and new lesions, they must represent a very fundamental part of 
the acute KS process. Therefore, serial MRI studies will provide an 
objective method of detecting new areas of abnormality (whatever they may 
represent pathologically). This technique should decrease the amount of 
time that must be spent in order to detect significant changes over time. 
Even though expensive, this method of assessment should increase the 
objectivity, and decrease the amount of time and/or the numbers of 
patients that are necessary in order to reach statistical significance in 
clinical trials. 

These findings also show that disease activity in relapsing MS as 
detected by MRI is a much more continuously active process than had 
previously been thought. The fact that new lesions are coming and going 
asymptomatica11y shows that there is underlying smoldering activity that 
cannot be detected clinically. Exactly what the pathology of these new 
lesions is not apparent. They probably represent acute areas of 
breakdown in the BBB with inflammation and edema. Perhaps demyelination 
and remye1ination also playa role (29). 

Many of these newly detected lesions (40%) diminished in size or 
disappeared over time. The usual tempo of evolution of the new lesions 
was gradual enlargement over two to four weeks followed by a gradual 
decline in size over the next six to ten weeks. In addition, there were 
38 instances in which there was MRI evidence for some lesions to be 
enlarging while others were decreasing in size simultaneously. 

Ouantitation of Size of Lesions and Clinical Correlations (see Table 4) 

As noted above, it was felt early in our experience with MRI in MS 
that perhaps this technique could be used to measure the "disease burden" 
in individual patients. Such techniques have now been developed (30) 
using computer assisted methods of quantitation. These methods allow the 
computer to assist in the calculation and storage of the location, size, 
and intensity of lesions as well as quantitation of the total extent of 
disease. 

Our experience has shown poor correlation between extent of disease 
as measured by MRI and the severity of disease as determined by clinical 
scoring methods (30). Reproducibility studies of the quantitation system 
noted above have shown that a skilled and experienced technician can 
outline the MS lesion with a reproducibility error of about 6%. 
Different observers, even experienced ones, have different ways of 
outlining lesions. Therefore, the error between observers can be as high 
as 17-20%. For this reason it is important that a single observer be 
used for any particular study in order to minimize systematic 
quantitation errors. 

One very critical requirement in serial quantitation studies is that 
of patient repositioning. Very careful repositioning must be undertaken 
in order to minimize artifacts and errors. The current procedure at UBC 
is to reposition the patient based on two angles of external landmarks 
(the cantho meatal line and the nasion-tragal line). A midline sagittal 
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slice (pilot) is then obtained and the head position is checked by an 
internal angle (the angle between the superior surface of the cerebellum 
and the anterior sphenoid sinus). If this angle differs by more than two 
degrees from previous scans, the patients is repositioned and the pilot 
scan is repeated. Using the available system software, the slices for 
the follow up scan are then programmed so that the middle slice of a 
simultaneous 12 slice series is tangential to the top of the cerebellum. 
This method usually results in a follow up series of slices that match 
the original slices to within the 2-3 mm. 

These quantitative methods are now being used in clinical trials. 
Palmer et al (31) have found that there are significant increases to be 
measured by this method over two years. There was an average increase in 
"MS burden" in placebo treated patients of 25% over two years. In 
addition, the quantitative method has been used to examine and compare 
scans of patients with different manifestations of MS. Koopmans et al 
(32) has compared a matched group of benign (n=32) and progressive (n=32) 
MS patients. He has shown that in these pairs (matched for age, sex, and 
duration of disease), that 80% of the pairs showed a heavier "MS burden" 
in the progressive patient than in the benign patient. However, the 
total extent of disease overlapped considerably between the two groups. 
It is of interest that in 20% of cases there was a heavier "disease 
burden" in the benign patient than in the matched CP control. This 
latter finding shouldn't surprise anyone experienced in MS pathology. A 
single lesion in the spinal cord can cause severe motor disability, 
whereas large lesions in cerebral hemispheres can be totally 
asymptomatic. This lack of clinical correlation is one of the reasons 
for thinking that quantitative MRI may lend itself to more objectivity 
and accuracy in determining the "disease burden" and disease activity 
over time than do our standard clinical measurements. 

The problems posed by the findings in the serial studies for the 
quantitation method are very perplexing. If the acute lesions are coming 
and going over time the measure of "disease burden" will be subject to 
considerable variability. This variability will, therefore, produce 
difficulties in statistical evaluations. However, these variability 
problems are no greater than the ones posed by the spontaneously 
fluctuating nature of the clinical features of MS. 

Pathological Correlation Studies (see Table 5) 

As mentioned above, there have been a number of biopsy and autopsy 
confirmations of CT abnormalities in MS. MRI pathological correlation 
studies have shown (1,33) that MRI accurately measures the extent of 
demyelination (Figure 1). Lesions as small as 3 mm in diameter can be 
detected. Unfortunately, there is nothing at this point that can help to 
distinguish acute from chronic lesions. 

Preliminary data from a survey of demyelinated lesions in eight cases 
(1) has suggested that longer Tl and T2 values can be seen in the more 
heavily gliotic lesions. A protocol that involves immediate post mortem 
MRI scanning and then scanning of the fixed brain has shown that the 
extent of disease as detected by these two methods is very similar to 
that seen on pathological examination. Fixing the brain in formalin does 
not seem to interfere with the ability to visualize demyelinating lesions 
using SE sequences. IR sequences, however, do not demonstrate the 
lesions in fixed brain as well as in the unfixed state. In acute 
inflammatory experimental lesions, fixation destroys the ability to 
visualize the images by MRI (34,35). In the last few years there have 
been several attempts at producing experimental inflammatory 
demyelination in order to understand the contribution of the various 
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pathological changes to the MR signal. Pathological correlation studies 
in human MS can help understand chronic demyelination, but acute 
inflammatory lesions, being very unusual in end stage MS, must be 
investigated by experimental methods. 

Demyelination causes an increase in Tl and T2 relaxation times, and 
as noted above, pathological correlation studies have suggested that the 
more heavily gliotic lesion has longer relaxation times than does the 
ordinary demyelinating lesion. The MRI differentiation between white and 
grey matter is probably related to the relative water and lipid contents 
of the two tissues. White matter is high in lipid and low in water 
content. White matter also has shorter TI and T2 values than does normal 
grey matter. Grey matter, being higher in water content and lower in 
lipid than white matter, also has longer Tl and T2 values. 

The acute MS lesion probably involves disruption of the BBB and local 
edema. In addition, pathological studies of acute experimental 
demyelination have shown that there is an increased amount of 
immunoglobulin present. Our serial MRI studies would suggest that the 
primary and fundamental lesion in MS is an acute edematous and 
inflammatory one, probably resulting from local disruption of the BBB. 

When demyelination occurs, there is disruption of the heavily 
compacted lipid-rich myelin membrane with degradation into free lipid and 
long chain fatty acids. The eventual development of gliosis is probably 
associated with increasing free water content, but there also must be an 
increase in bound water. This means that the pathological evolution of 
MS lesions involves a sequence of events such as; breakdown of the BBB, 
extravasation of fluid and proteins, accumulation of inflammatory cells, 
disruption of myelin, dissolution and phagocytosis of myelin debris 
followed by astrocytic gliosis and subsequent loss ofaxons. 

Experimental Demyelination 

In trying to understand the contribution of various pathological 
factors to the MR image some investigators have isolated the various 
components to study their individual contributions. These studies have 
shown that Tl and T2 prolongation produced by edema is a consistent 
finding. There are, however, no specific findings that will help 
distinguish edema from other causes of increased signal. In addition, 
specific and isolated demyelination can be produced by toxic elements. 
It would be important to also study such specific demyelination, in the 
absence of inflammation and edema, to identify the exact MRI changes 
associated with specific demyelination. Isolated gliosis can be found in 
certain experiments of nature. Mesial temporal sclerosis is one 
particular such pathological change. Studies of this phenomenon in 
patients with epilepsy have shown that gliosis is indeed associated with 
increased Tl and T2 relaxation times, but the relative contribution of 
free water versus bound water is not known. 

Experimental models for MS have contributed a great deal toward the 
understanding of the immunology of the autoimmune process (36). In 
addition, experimental allergic encephalomyelitis (EAE) has now begun to 
provide information for the interpretation of the MRI appearances in 
acute demyelination (34,37). 

EAE can be produced in susceptible species and strains by 
sensitization to various myelin proteins including myelin basic protein 
(MBP). MBP makes up approximately 30% of the proteins of normal eNS 
myelin. Both acute, hyperacute, and chronic, relapsing and remitting, 
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courses of EAE are made possible by various manipulations of the 
experimental conditions and proper selection of the susceptible species 
and strain. Chronic relapsing EAE in guinea pigs has been shown to 
involve both acute inflammatory lesions in the initial stages and 
demyelination in the chronic stage. Primate EAE is not only both 
inflammatory and demyelinating, but can also be necrotic with 
interstitial hemorrhage. The early lesions in EAE are relatively small 
perivascular inflammatory ones that progressively coalesce into large 
irregularly shaped ones. Guinea pig EAE has been studied by Karlik and 
Noseworthy (37). They have found that the acute lesions of EAE, 
particularly those that are edematous, can be associated with 
prolongation of Tl and T2 values. They also found a very interesting 
phenomenon, that is, the presence of inflammatory cells in an otherwise 
edematous lesion can be associated with normalization of the Tl and T2 
values and therefore potentially, normalization of the MR image. Their 
work in the guinea pig spinal cord has pioneered attempts at 
interpretation of the MR image by providing knowledge of the specific 
tissue parameters involved in inflammatory demyelination. 

Stewart et al have produced EAE in primates (34,35). Her studies 
have demonstrated that: 

1. Acute EAE lesions can be seen before the onset of clinical signs. 
These MRI lesions are due to a progressive increase in Tl and T2 values 
in the lesion area. 

2. MRI is an accurate indicator of the gross extent of the lesions 
in this model. 

3. Contrary to previously held thoughts, the most longstanding 
lesions are the most hemorrhagic. 

4. The EAE lesions in primates vary considerably in their histologic 
components, and the MRI characteristics of those lesions also vary. 
Microscopically similar lesions seem to have the same MR characteristics. 

5. With progression of the disease process, the MRI characteristics 
change, mostly showing prolongation of Tl and T2 values over time. 

She has now developed a model for relapsing MRI visable primate EAE. 
She has one animal that has had bilateral asymptomatic MRI visable 
lesions that resolved spontaneously only to be followed by new lesions in 
different areas of the CNS. This particular animal is currently under 
observation. 

SUMMARY 

The most obvious impact of MRI in MS has been in accuracy of 
diagnosis. More recently MRI is providing a number of insights into the 
study of disease activity as follows: 

1. MRI can be used as a quantitative index of the extent of disease. 
2. Frequent carefully repositioned MRI scans can detect a degree of 

disease activity in otherwise stable MS that suggests that signs of 
clinical activity are truly the tip of the iceberg. 

3. Experimental and pathological correlation studies are beginning 
to show the way toward the use of MRI and NMR in tissue characterization. 

These new findings mean that frequent and carefully quantitative MRI 
scans are going to be a necessary component in future clinical 
investigations in MS, including clinical trials. 
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