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PREFACE

This book is based on the papers delivered at an International
Workshop on Multiple Sclerosis held in Erice, Italy from 29th August
to lst September 1983. The Meeting was organized with great
efficiency in the delightful setting of the Centro di Cultura
Scientifica Ettore Mahorana, by its Director, Antonino Zichichi,
and was directed by the Editors of the Proceedings and by Professor
C. Alvisi of the University of Bologna.

The emphasis was deliberately on the contributions of laboratory
science to the understanding of multiple sclerosis, its etiology,
pathogenesis, diagnosis and treatment. Where so much is unknown,
disagreement was expected and indeed welcome, and it is regrettable
that it was not possible to publish verbatim the often animated and
always interesting discussion.

Differing views on the relevance of experimental allergic
encephalomyelitis to multiple sclerosis were expressed by Dr.
Wisniewski, Professor Seitelberger and Professor Alvord, who graphi-
cally illustrated his changing beliefs over the years. Professor
Seitelberger laid much greater emphasis on remyelination in remission
in multiple sclerosis than had previously been the accepted view.

The disorder of both humoral and cellular immunity in multiple scler-
osis was discussed by Dr. Roos and Professor Link. Dr. Gilden
described how recombinative techniques might be applied to the detec-
tion of a virus in multiple sclerosis. The continued inability to
detect any antigen to match the oligoclonal IgG bands in the CSF in
multiple sclerosis patients was disappointing and there was an
increasing tendency to regard the bands as '"'monsense" antibodies.

Dr. Latov spoke of the myelin-associated glycoprotein that might be
the initial point of attack for the demyelinating process.

Professor Field reiterated challenging views on the laboratory
and clinical aspects of multiple sclerosis that have not found wide
acceptance.
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The difficulties of epidemiological studies were emphasized by
Professor Granieri and colleagues, with particular reference to
interesting findings of the unexpectedly high incidence in southern
Italy.

Diagnostic techniques with particular reference to the patho-
physiology of multiple sclerosis and also to its treatment were
discussed by Dr. Kolar and Dr. Schauf and the topic of evoked poten-
tials in this context was also reviewed.

Finally, Dr. Gonsette presented a most comprehensive account of
treatment of MS based on study of the immunological disorder. It was
possible to detect that a number of the authors he cited had tended
to confuse evidence of immunosuppression with evidence of clinical
benefit, and it was evident that much more precise methods of manipu-
lating the immunological system were required.

G. Scarlato and
W.B. Matthews
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PATHOGENESIS OF PERIVENOUS AND DEMYELINATING
ENCEPHALOMYELITIS AND ITS RELEVANCE FOR
MULTIPLE SCLEROSIS RESEARCH*

H. M. Wisniewski, H. Lassmann**, G. Schuller-Levis
P. D. Mehta and R. E. Madrid

NYS Institute for Basic Research in Developmental
Disabilities
Staten Island, NY 10314

INTRODUCTION

The inflammatory demyelinating plaque in the brain and spinal
cord is the hallmark of multiple sclerosis (MS) pathology (Charcot,
1868; Marburg, 1906; Dawson, 1915). The pathology consists of pri-
mary demyelination (Marburg, 1906) and chronic perivenous inflam-
mation, mainly located around larger veins and venules (Seitelberger,
1970). It was noted at the beginning of this century that plaques
show a high variability of structural changes, i.e., from extensive
cellular infiltration to few cells present, various degrees of axonal
and oligodendroglia loss, and various degrees of remyelination,
gliosis and connective tissue reaction. These observations lead to a
large number of different, sometimes even contradictory pathogenetic
theories of this disease (Dawson, 1915; Lassmann, 1983).

Experimental allergic encephalomyelitis (EAE), an autoimmune
disease of animals induced by challenge with central nervous system
(CNS) antigen, had been considered as an experimental model of MS
since the earliest descriptions by Rivers et al., (1933). Because
the goal of many of these experiments was to determine which com-
ponent of the brain was responsible for the demyelinating encephalo-
myelitis, there was a great need for a method which would shorten the
time and procedure required to induce the disease. This was achieved
when Freund and McDermott (1942) introduced a new technique of immu-
nization by emulsifying antigens in various adjuvants. Using this
technique (Kies and Alvord, 1959; Roboz and Henderson, 1959; Laatsch
et al., 1962) it was possible to demonstrate that the antigen respon-
sible for EAE was myelin basic protein (MBP). Introduction of
Freund's ajuvant (CFA) accelerated the search for finding the antigen
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responsible for EAE; however, it changed the clinical course and the
morphology of the disease. In contrast to the previous chronic, low
mortality demyelinating encephalomyelitis, EAE became an acute mono-
phasic disease. The monophasic nonprogressive course of EAE in
contrast to progressive and multiphasic course of multiple sclerosis
(MS) is one of the main reasons that many investigators do not con-
sider EAE as a model of MS. However, in recent years reproducible
small animal models of chronic EAE have become available (Stone and
Lerner, 1965; Wisniewski and Keith, 1977; Massanari, 1980; Lublin et
al., 1981; Brown et al., 1982). These small animal models cover the
full spectrum of MS pathology (Wisniewski et al., 1982; Lassmann,
1983) and allow the study of the pathogenesis of chronic inflammatory
demyelinating plaque formation. The present review will focus on new
data obtained from these models which may help us understand the
mechanisms leading to perivenous and demyelinating encephalomyelitis
in humans and animals.

Antigen Recognition in the CNS by Sensitized Lymphocytes

EAE is induced by peripheral sensitization with CNS antigens.
Evidence suggests that the disease is initiated by a cellular immune
reaction directed against MBP (Waksman and Morrisom, 1951; Kies et
al., 1960). However, it is not clear how the sensitized T cells,
present in the circulation of EAE animals cross the blood brain
barrier (BBB) and recognize an antigen(s) which is located in the
major dense lines of the myelin sheath. One of the possible mechan-
isms explaining this phenomenon is that there appears to be a low
rate of physiological exchange of lymphocytes between the CNS and the
circulation, which allows the entry of the sensitized T cells. The
presence of a small number of mononuclear cells (Oemichin, 1983) in
the CSF of normal individuals gives some support to this possibility.
However, comparing the large number of lymphocytes in the circulation
with the small number of hematogenous cells in the normal brain it
seems unlikely that sensitized T cells in EAE reach the brain as a
result of normal turnover of lymphocytes between the brain and the
blood. Another possibility is that sensitized T cells recognize the
antigen at the level of the endothelium of cerebral vessels. 1In a
recent study concerning experimental subacute sclerosing panence-
phalitis (SSPE) we have shown that virus antigen is present in the
cytoplasm and on the luminal surface of endothelial cells of cerebral
vessels in infected animals (Wisniewski et al., 1983a,b). This viral
antigen may be the target of the initial inflammatory reaction in
this disease. In EAE, recognition of the antigen at the level of the
endothelium of cerebral vessels is only possible if the following
requirements are fulfilled: 1) the presence of a soluble pool of MBP
in the extracellular space of the brain; 2) the transport of MBP
through the endothelial barrier of cerebral vessels; and 3) the
presentation of MBP together with histocompatibility antigens on the
luminal surface of cerebral vessels. Recently we have shown that MBP
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injected into the CSF of normal rats is transported through the
endothelial barrier of meningeal vessels, and is then bound to the
luminal surface of endothelial cells of meningeal veins (Vass et al.,
1983). Furthermore the presence of immune response associated (Ia)
antigen on the surface of cerebral endothelial cells has been docu-
mented in normal as well as EAE animals (Sobel, 1983). These results
indicate that MBP, when liberated in the CNS tissue may be trans-
ported through the BBB and presented on the luminal surface of cer-
ebral vessel endothelium. The question remains unsettled, whether
the release of MBP in normal animals is sufficient to allow recog-
nition of this antigen on the endothelial surface. The presence of
an MBP serum factor in normal and EAE animals has been described by
Paterson and Day (1979), which may originate from MBP turnover in the
CNS tissue. Furthermore it has to be considered, that minor trau-
matic events in the CNS tissue may liberate small amounts of MBP.
This could explain the high incidence of lesions in EAE and MS in
areas of the brain and cord with a high probability of minor mechanic
strain, like tearing and shearing forces (Oppenheimer, 1978;
Lassmann, 1983).

Factors Governing the Development of Acute and Chronic Disease

Clinico-pathological studies using various doses of antigens
suggest that the induction of a chronic type of EAE depends upon a
delicate balance between the antigen dose and the host response
(Lassmann and Wisniewski, 1979; Wisniewski and Madrid, 1983;
Lassmann, 1983). For example, sensitization of young guinea pigs
with 25 mg spinal cord tissue and 1 mg Mycobacterium tuberculosis
leads to severe and fatal acute EAE. Doubling the encephalitogenic
dose in the same animals reduces the acute mortality and leads to a
high incidence of chronic EAE. Further increase of the dose leads to
further reduction of mortality in acute EAE, but also decreases the
severity of chronic EAE. Challenging adult animals with a similar
dose of encephalitogen as necessary for the induction of chronic
relapsing EAE in juvenile animals results in high mortality during
acute EAE (Lassmann and Wisniewski, 1979). However, chronic pro-
gressive EAE may be induced in adult guinea pigs with a very high
dose of encephalitogen (Wisniewski and Madrid, 1983). Thus the
induction of chronic EAE may be due to suppression of acute EAE with
high doses of antigen, which however are not high enough to induce
full high zone tolerance.

Continuous Antigenic Stimulation - A Requirement for Chronic
Disease Activity

The factors responsible for the establishment of chronic pro-
gressive or recurrent disease in MS pathogenesis are unresolved.
Observations based on both humans and animals suggest the necessity
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of a peristent peripheral antigenic stimulation for development of
chronic inflammation and demyelination (Wisniewski et al., 1982).
These observations were confirmed by Tabira et al., (1983) who, after
removal of the inoculum by leg amputation, observed arrest of chronic
EAE. Exactly how a peripheral deposit of neuroantigen acts on the
maintenance of the disease process in chronic EAE is at present
unknown. It is possible that a balance between release and local
degradation of the neuroantigen is established through the action of
local factors at the site of injection. If at one point in time a
mitogenic dose of neuroantigen reaches the draining lymph nodes, then
proliferation of specific neuroantigen-sensitized cells would occur
and a clinical relapse would follow. A recent report describing the
induction of relapsing EAE in mice after five-six months of adoptive
transfer of syngeneic lymph node cells from MBP-sensitized animals
would appear to contradict the prerequisite of continuous or discon-
tinuous antigenic stimulation for the induction of chronic relapsing
EAE (Mokhtarian et al., 1983). The mechanism of induction of chronic
disease by adoptive transfer is as yet unclear.

In this regard, interesting observations have been made in
humans during the study of neurological complications after rabies
vaccination (Uchimura and Shiraki, 1957), and as a result of thera-
peutic trials with brain tissue (Seitelberger et al., 1967). In both
situations, an inflammatory demyelinating disease of the CNS, closely
resembling acute MS, was induced during the course of injectionms.
However, the disease dissipated weeks to months after the last in-
jection of brain tissue (Haruhara, 1958). There is also no evidence
that such pathological processes of the brain as inflammation, tumor,
trauma or stroke release autoantigens sufficient to develop peri-
venous or demyelinating encephalomyelitis. These observations
suggest that in humans autosensitization leading to demyelinating
disease does not occur. It is possible that in humans, like in
experimental animals, discontinuous or continuous peripheral anti-
genic stimulation may be necessary for maintenance of a chronic
inflammatory demyelinating disease.

The Humoral Immune Response in EAE and its Relation to
Disease Activity

One of the important findings in MS is the increased level of
IgG in CSF (Tourtellotte, 1972). Comparison of IgG to albumin ratios
in CSF and blood (CSF IgG index) indicates that IgG is synthesized
within the CNS in MS (Ganrot and Laurell, 1974; Olsson and
Pettersson, 1976). A number of investigators (Mehta et al., 1981;
Karcher et al., 1982) have shown that guinea pigs with acute and
relapsing EAE have increased concentrations of IgG in their CSF or in
neutral pH extracts of brain tissue. Employing the CSF IgG index,
some investigators (Glynn et al., 1982; Suckling et al., 1983) were
unable to determine whether IgG synthesis took place within the CNS
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of relapsing EAE animals. BBB damage which accompanies active demye-
linating lesions was probably a contributing factor in the difficulty
in determining whether IgG was synthesized within the CNS or entered
the brain as a result of BBB changes. In contrast, recent studies
(Karcher et al., 1983; Olsson et al., 1983) showed that animals which
were sacrificed after 125 days, and demonstrated mild clinical signs
and symptoms as well as few active lesions had evidence of intra-
thecal synthesis of IgG. Immunofluorescence and electron microscopic
studies (Grundke-Iqbal et al., 1980; Madrid et al., 1981) have shown
the presence of plasma cells within the parenchyma in relapsing EAE
animals supporting the notion that part of the IgG may be synthesized
within the CNS.

A number of investigators using electrophoresis or isoelectric
focusing demonstrated the presence of oligoclonal IgG bands in CSF
from 85 to 90% in patients with MS (Johnson et al., 1977; Laurenzi et
al., 1980; Lowenthal, 1979; Mattson et al., 1981; Mehta et al.,
1981). Evidence of bands in serum, CSF and CNS extracts in relapsing
EAE was also found (Mehta et al., 1981; Olsson et al., 1982; Karcher
et al., 1983; Glynn et al., 1982). Recent studies have shown that in
chronic relapsing EAE animals, the oligoclonal IgG band patterns were
identical in CSF and serum (Mehta et al., 1983). These results
suggest that the plasma cells present within and outside the CNS are
of the same type. In contrast, about 507 of MS sera did not show
oligoclonal bands and those which showed bands had patterns either
partially similar or completely different from those seen in matching
CSF (Mehta et al., 1982). The reason for the discrepancy at present
is not clear, however, it could be they are a response to (a) anti-
gen(s) present within the CNS or (b) they could be masked by poly-
clonal IgG. Thus, it seems that in MS, the CSF oligoclonal IgG
represents a response to antigen(s) present within the CNS, whereas
in serum the bands are probably masked by polyclonal IgG or presence
of immune complexes. The chronic EAE animals have peripheral de-
posits of CNS antigens. Therefore, the pattern of oligoclonal bands
in the brain extracts, CSF and serum is similar. In MS the location
of the antigens driving the disease are not known.

The specificity of the major oligoclonal IgG in MS is not known.
However, in most MS patients, evidence of the intrathecal IgG syn-
thesis to a number of viruses (Vartdal et al., 1980; Salmi et al.,
1983) as well as the presence of anti-brain antibodies in their CSF
(Ryberg, 1978) has been reported. It is possible that the major
oligoclonal IgG bands are not directed against any specific set of
antigens but represent a general activation of B-cell clones during
attacks of MS (Paterson and Whitacre, 1981). A similar situation may
exist in the sera of relapsing EAE animals, since a majority of
oligoclonal bands in sera of chronic relapsing EAE animals were not
directed against CNS antigens (Glynn et al., 1982). Although a
number of studies showed antibody to MBP in CSF and sera, and anti-
body to glycolipid and myelin in sera (Schwerer et al., 1983), it is
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not clear if the activity is associated with oligocldnal or poly-
clonal IgG.

In summary, increased IgG levels and oligoclonal bands are
present in both chronic EAE and MS. Moreover, they do not seem to
change during remissions and exacerbations in both MS and relapsing
EAE. In chronic-EAE the oligoclonal bands (in spite of the fact that
CNS antigens were used for sensitization) are not directed solely to
CNS antigens. Without the knowledge of the sensitizing antigen in
chronic EAE, analysis of oligoclonal brand and the levels of IgG, in
spite of existing deposits of these antigens, did not tell us that
the disease was initiated and driven by antigens of CNS origin. If
we cannot determine the antigens to which the animal is sensitized
using a powerful adjuvant, strong encephalitogenic antigens and
sensitive immunologic techniques, the possibility of determining the
driving antigens for the initial attack and relapse in MS using the
same techniques, in our opinion is hopeless. Data from animal
studies have shown that of many CSF oligoclonal bands, only a few can
be absorbed with CNS antigens (Glynn et al., 1982). It is not clear
whether these non-CNS antibodies play any role in the pathogenesis of
tissue damage. THeoretically all anti-brain antibodies (see mech-
anism of tissue damage) and antibodies directed toward foreign anti-
gens residing in the CNS can contribute to the process of demyelin-
ation, oligodendroglia and axonal loss. However, available method-
ologies have not allowed the determination of antibodies which may be
important during a new attack of the disease.

The Cellular Immune Response in Chronic EAE and its Relation to
Disease Activity

Cell-mediated immune (CMI) mechanisms are known to be largely
responsible for allograft rejection, microbial immunity of the tuber-
culin type as well as the recognition of a variety of simple chemical
and possibly tumor antigens. The role of CMI in human autoimmune
disease is less clearly established, but sufficient evidence suggests
an important component and even central role of CMI in experimental
autoimmune thyroiditis, orchitis, myasthenia gravis, and EAE (Neuwelt
and Clark, 1978).

There are numerous studies of CMI in animals with acute EAE.
Relatively few studies have investigated CMI in a chronic relapsing
model. Traugott et al., (1978) have reported a decrease in circulat-
ing early T cells (using rosetting techniques) associated with both
the onset of disease and with subsequent relapses. It is not clear,
however, whether MBP-reactive T cells are responsible for relapses in
chronic EAE.

Our results indicate that a peripheral T cell response to MBP
correlates with the onset of the first attack of chronic EAE. This
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time course parallels that of skin-reactivity to MBP (Shaw, 1965) and
that of acute circulating T cells (Traugott, 1978) in acute EAE.
Neither the T cell response, as measured by lymphocyte transformation
to MBP, nor serum MBP-antibody level seem to correlate with relapses
and remissions in chronic EAE (Schwerer et al., 1983). Thus, the
involvement of MBP in the precipitation of relapses remains unclear.
On the other hand, as discussed above, CNS-antigens other than MBP
might be responsible for relapses and demyelination in chronic EAE.
CMI studies do not conclusively show that immune reactions against
MBP or other CNS-antigens play a role in the pathogenesis of MS.

Most studies of CMI in EAE have used lymphocytes obtained from
extraneural sites. By studying the properties and functions of
inflammatory cells within the CNS lesion, one would expect to better
understand the relationship of lymphoid cells to disease activity.
One such study by Lublin and Maurer (1981) was aimed at showing the
differences in the immune response of lymphocytes from the CNS of
guinea pigs with acute EAE compared to peripheral blood lymphocytes
from these animals. They reported no proliferative response when the
CNS lymphocytes were cultured with MBP. THere are several possible
explanations for this lack of response. There may be factors (sup-
pressor macrophages or lymphocytes) which render the isolated cells
unresponsive to MBP (see discussion below). Also myelin fragments
from the brain tissue may saturate the receptors for MBP. It may
also be possible that too few MBP responsive T cells were isolated by
this technique.

Our laboratory has also studied (Schuller-Levis et al., 1983)
inflammatory cells isolated from the CNS of guinea pigs with chronic
EAE. Similar to the results of Lublin and Maurer (1981), preliminary
findings show a minimal response of these lymphocytes to MBP, again
showing no evidence for the relationship of disease activity and CMI
under these conditions.

With the standard proliferation assay, up to now it has not been
possible to detect a significant proliferative response to MBP from
both peripheral and brain lymphocytes in chronic EAE models. The
studies of Ben-Nun and Lando (1983) in an acute EAE mouse model have
shown that the removal of the adherent cell fraction from the immun-
ized cell population and its replacement with fresh naive accessory
cells could reveal a significant proliferative response to MBP.
THese findings indicate that MBP responsive T cells may be present
during the course of chronic EAE, but are in an unresponsiveness
state under the conditions employed. The reasons for the unrespon-
siveness to MBP requires further studies and may be important in
understanding the course of chronic EAE. MBP antigen excess with
subsequent high dose tolerance and activation of T cell suppression
also has to be seriously considered. T cell activation is known to
require syngeneic Ia products plus antigen (Schevach and Rosenthal,
1973; Benacerraf and McDevitt, 1972). The T cell recognizes the Ia
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product and the MBP epitope. Studies with synthetic polypeptide
antigens (Kapp et al., 1975; Benaceraff and McDevitt, 1975) have
shown that polypeptide antigens, free from Ia containing cells, will
activate T suppressor mechanisms. If the same principle holds for
MBP or other polypeptides possibly involved in chronic EAE, similar
mechanisms may be implicated. The finding of fresh Ia bearing cells
restoring unresponsiveness suggests that an equilibrium exists bet-
ween the accessory cell Ia saturated or unsaturated with MBP and the
T cell with its Ia and MBP receptors. These data suggest that the
state of responsiveness or unresponsiveness of the T cell may be
important in the pathogenesis of EAE. Future studies, rather than
concentrating on the standard assessment of CMI during the course of
EAE should focus attention on the reasons behind the unresponsive
state of the T cell,

The abnormalities of cell mediated immunity in MS have been well
reviewed by Waksman (1981l) and McFarlin and McFarland (1982). Total
T and B cells vary little with the long term course of the disease.
However, at the time of acute exacerbation a slight fall in T cells
has been shown by the use of rosetting techniques and monoclonal
antibodies (Lisak, 1975; Reinherz, 1980). Functional changes have
also been reported in peripheral T cells with regard to respons-
iveness to mitogens. Also, in one study natural killer (NK) cells
and NK precursors induced by interferon were deficient in a third or
more of the MS patients (Bloom, 1980). Peripheral blood leukocytes
have been shown to have a marked increase in antibody-dependent
cellular cytotoxicity (Merrill 1982). There are also many other
changes in CMI reported in MS. However, most of these subtle changes
are not clearly related to clinical disease activity, and may also
occur in other neurological diseases and normal individuals.

As indicated above, T and B cells and macrophages do play an
important role in the pathogenesis of MS, although changes in these
cells do not always correlate with disease activity. Problems emerge
in evaluating CMI data due to the high variability of the disease
from patient-to-patient, lack of longitudinal studies, different
methods of evaluation, problems of quantifying in vitro assays, and
variation of therapy. The changes on CMI produced by steroids alone
cannot be ignored. Most investigations of CMI in MS have been done
using peripheral lymphoid cells, because of the difficulty in obtain-
ing CNS lymphocytes. It is important to emphasize that CMI changes
in the peripheral lymphoid system are subtle and that studies of
lymphocyte abnormalities in the CNS could be more promising. How-
ever, thus far, alterations in CMI have not clearly identified the
primary event (autoimmune, virus) which leads to the development of
MS nor have these changes correlated closely with disease activity.
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Inflammatory and Demyelinating Antigens

Sensitization studies with various fractions of CNS tissue
indicate that independent antigens may be responsible for inflam-
mation and demyelination (Figure 1). Sensitization with purified MBP
may lead to acute or chronic encephalomyelitis. This disease however
is predominantly inflammatory with perivenous distribution and little
demyelinating activity (Pannitch and Ciccone, 1981, Madrid et al.,
1982). Recent studies show that there are other CNS antigens like
lipophilin and proteolipid apoprotein (Hashim et al., 1980; Madrid et
al., 1982; Cambi et al., 1983) which can also induce perivenous
encephalomyelitis. A combined sensitization with MBP and antigens
like galactocerebroside or sialogalactosylceramide (GM4) leads to the
formation of large confluent demyelinating plaques (Madrid et al.,
1983). The concept of two classes of antigen needed for induction of
demyelinating plaques is consistent with our previous observations
(Madrid et al., 1981; Wisniewski et al., 1982) that polyantigenic
stimulation was most effective in the development of extensive
demyelination.

Mechanisms of Tissue Damage

Antibody dependent cell mediated cytotoxicity (ADCC) and by-
stander demyelination have been proposed (Wisniewski and Bloom 1975;
Wisniewski, 1977; Brosnan et al., 1977) as a leading mechanism re-
sponsible for tissue damage and plaque formation in inflammatory
demyelinating diseases. These as well as other observations on the
role of macrophage activation products, complement and direct cell-
ular attack were recently reviewed (Wisniewski and Lassmann, 1983).
In this section some of the new information not included in these
reviews is discussed.

Recent data by Trotter and Smith (1983) have demonstrated that
peritoneal macrophages secrete phospholipases and that macrophage
homogenates degrade myelin in vitro. Opsonization of myelin resulted
in a 50% to 300% increase in the uptake of myelin by monolayers of
macrophages.

There is also recent evidence for a direct cellular destruction
of oligodendrocytes in vitro by T lymphocytes sensitized against
galactocerebrosides (Niediek and Lehman, 1982). However, there is
overall little evidence for direct cellular attack in the absence of
humoral factors.

Several recent experiments have focused on the role of serum
factors and complement in demyelination. In sera from rabbits with
white matter-induced-EAE, Grundke-Iqbal et al., (1981) have demon-
strated that in addition to IgG complement-dependent factors non-IgG
proteins are responsible for in vitro demyelination. In addition,
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Fig. 1. Inflammatory and demyelinating antigens and their role in
pathogenesis of perivenous and demyelinating encephalo-
myelitis.

data indicate that, unlike acute EAE, in MS most of the serum demye-
linating activity is due to non-immunoglobulin factors, which are
possibly complement dependent, and that serum immunoglobulins play a
minor role in demyelination in vitro (Bornstein and Grundke-Igbal,
1982).

The exact interaction of cells and serum factors at the site of
inflammation which lead to demyelination remains unknown; indeed,
understanding this process may eventually lead to modification of
tissue damage by pharmacologic agents.

Multiple Sclerosis as an Autoimmune Disease

Usually in the immune system some lymphocytes are present which
are capable of recognizing autoantigen (Weckerle et al., 1974). Thus
in normal individuals a low level of autoreactivity against CNS
antigens like MBP, cerebroside and ganglioside is frequently present
(Yung et al., 1973; Diessner et al., 1974; Dore-Duffy et al., 1980;
Frick, 1982). The manifestation of an autoimmune disorder appears to
be prohibited by immunoregulatory mechanisms. Recent immunological
studies in MS have shown an apparent defect in immune regulation
(Waksman, 1981; Weiner and Hauser, 1982), most importantly a decrease



PERIVENOUS AND DEMYELINATING ENCEPHALOMYELITIS 11

of suppressor cells in the blood and CSF of patients during activity
of the disease (Antel et al., 1979). It is interesting that in a
recent study all MS cases with active disease demonstrated a high
cytotoxicity of T-lymphocytes directed against MBP, encephalitogenic
peptide, cerebroside, as well as gangliosides (Frick, 1982). How-
ever, earlier studies, using different test systems, did not show
good evidence for autoimmunity in MS (Weiner and Hauser, 1982).
Furthermore, treatment trials with MBP in MS thus far have not re-
vealed clear-cut positive results (Salk et al., 1980). The patho-
genetic role of MBP and other autoantigens in MS is therefore still
controversial.

The Role of Hetero-Antigens in the Etiology of MS

Although, as discussed before, autoimmunity appears to play an
important role in the pathogenesis of inflammatory demyelinating
lesions, several aspects of MS and related inflammatory demyelinating
diseases are difficult to explain on the basis of autoimmunity alone.
One important aspect deals with the induction and maintenance of the
disease process. As discussed above in chronic EAE the disease is
arrested within a few weeks after loss or removal of the sensitizing
antigen from the inoculation site (Wisniewski et al., 1982; Tabira et
al., 1982). A similar continuous peripheral antigenic stimulation
may also be required for MS. In humans, a disease closely resembling
acute MS (Marburg, 1906) is induced by active sensitization of
patients with brain tissue (Uchimura and Shiraki, 1957; Seitelberger
et al., 1958). However, in all described cases the disease process
ceased a few months after the last injection of antigen. Further-
more, there is at present no evidence available that damage to CNS
tissue with liberation of CNS antigens may by itself induce a self
perpetuating autoimmune disease directed against myelin or
oligodendroglia.

Indirect epidemiological evidence suggests that MS may be in-
duced by an exogenous agent. At this point it should be noted that
the many attempts to demonstrate the presence of virus in the brain
of MS patients, using tissue culture and/or morphological techniques
(EM, immunohistochemistry) have failed to find virus. However,
absence of evidence is not evidence of absence, and there are nucleic
acid hybridization studies which suggest that virus material may be
present in the CNS of MS patients (Weiner et al., 1973; Simon, 1982).

There are several ways in which exogenous agents may be involved
in the etiology and pathogenesis of MS. A virus may, by infecting
lymphoid cells, interfere with immune regulation. This may allow the
action of autoreactive clones of lymphoid cells directed against CNS
antigens. It is difficult to understand however how selective auto-
sensitization against CNS tissue can occur. One of the theoretical
possibilities is that components of self, especially Ia product, are
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involved in T cell recognition and that different Ia plus different
environmental antigens may result in organ specific attack in indivi-
duals of selected histocompatibility. Viruses may also induce an
autoimmune reaction against CNS antigens by cross-reactivity or by
transient infection of oligodendrocytes. However, currently there is
no evidence for cross-reactivity of viral and brain antigens and no
evidence that autoimmune disease can be established as a result of
oligodendroglia infection. Finally, it is possible that the genomic
infection of the CNS by the virus may result in an inflammatory
demyelinating disease morphologically indistinguishable from that
resulting from autosensitization. This possibility is under current
study in several laboratories.

SUMMARY

In a summary statement of the Report and Recommendations of the
National Commission on Multiple Sclerosis published in 1974 it was
said "One obstacle in the path of investigators seeking the cause of
and cures and treatments for multiple sclerosis is the fact that the
disease occurs, so far as is yet known, only in man", and "what MS
researchers need for the ultimate benefit of patients is a suscept-
ible animal - in laboratory language an animal model.... So far,
either the appropriate animal has not been selected or a correct
method of inducing the disease has not been found." At present, the
closest approach to an animal model of MS is EAE to which many
species of laboratory animals are susceptible. Approximately
$1,000,000 a year is being spent on EAE research, primarily in the
hope that it will provide clues to multiple sclerosis. However,
there is controversy among investigators as to the value of this
model. Advocates of the EAE model point to its resemblence to MS in
one important respect: it results in loss of myelin in the CNS - the
amount varying with the species of animal used. EAE can be induced
at will in a susceptible strain of animals by the injection of any
one of a number of antigenic proteins; it can be almost as readily
switched off by an injection of the same material that induced the
disease. Critics of EAE point to the important way in which it
differs from the human disease: when it is allowed to run its course,
EAE is not marked by the unpredictable cycles of exacerbation and
remission so characteristic of MS. The National Advisory Commission
took a "judgment reserved" position in regard to the value of this
experimental model of MS.

A Satellite Conference on EAE was held July 16-19, 1983 in
Seattle, Washington, and the question asked by Dr. E. C. Alvord was,
"How good a model of MS is EAE today?" Dr. E. C. Alvord, one of the
most productive contributors in the studies of EAE, during the wel-
coming remarks showed his graph illustrating, since 1944, the ups and
downs regarding suitability of EAE as a model of MS. He stated, "I
am 80% convinced that EAE is the best model of MS. Which way are you
going to move me?"
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In our opinion recent data does not call for an up or down shift
of the graph but rather for a change of the graph. From the studies
of the autoimmune chronic relapsing and/or chronic progressive EAE,
it appears that the clinical course of the disease, immunology,
electrophysiology, and pathology is similar to that seen in MS (Table
1). Therefore, for the study of the pathogenesis of MS the pure
autoimmune chronic relapsing and progressive model of EAE in guinea
pigs and rats should score almost 100% on Dr. Alvord's graph. How-
ever, there is growing evidence that the initiating antigen in MS is
not MBP or any other antigen(s) of CNS origin. For example, none of
the lesions releasing a lot of autoantigens such as trauma, stroke
and tumors of the brain, lead to MS-like pathology. Therefore, from
an etiological point of view MS and chronic EAE are diseases caused
by very different antigens.

What are some of the lessons that have been elucidated from the
autoimmune acute and chronic relapsing and/or progressive EAE models:

1. CNS tissue contains both inflammatory and demyelinating
antigens.

2, Histocompatibility antigens and various levels of tolerance
govern the susceptibility and development of acute and/or
chronic relapsing or progressive autoimmune EAE.

3. Continuous or discontinuous antigenic stimulation is needed for
the development of chronic relapsing or progressive EAE.

4, There is no evidence that naturally occurring pathological
processes in the brain (inflammation, tumor, mechanical trauma,
stroke) lead to the release of autoantigens sufficient to initi-
ate or to continue an autoimmune perivenous or demyelinating
encephalomyelitis.

5. Presence of anti-brain antibodies, (whatever the reason for
their appearance) in the presence of macrophages may lead to
demyelination, oligodendroglia and axonal 1loss.

6. In chronic EAE current humoral and cell mediated immunologic
diagnostic techniques have not allowed us to determine the
antigens to which the animal was sensitized. In practical terms
it means that in chronic EAE, immunological methods, which in
infectious diseases can help to identify the infectious agent
and determine the activity of the disease, did not clearly
identify the antigen(s) responsible for initiation of the
disease. This conclusion is disturbing because current immuno-
logical techniques are unable during the chronic stage of auto-
immune EAE to determine the antigens which were used for sen-
sitization and of which deposits still are present at the site
of injection. If this is true in experimental situations it is
probably also true in MS. Therefore with immunological techno-
logies discussed above, it is unlikely that either the antigens
responsible for initiating MS nor the antigens responsible for
relapses in MS will be determined.
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Table 1. Similarities of the Chronic Relapsing EAE Model to MS.

Clinically Chronic relapsing progressive course.

Pathology Large (macroscopically visible) demyelinated
plaques with comparable topographical distri-~
bution.

Inflammation (mononuclear cells).

Primary demyelination.

Oligodendrocyte loss.

Reactive gliosis.

Simultaneous presence of plaques of different
age.

Plaque growth by either confluence of perivenous
lesions or radial growth in preexisting
plaques.

Immunology Involvement of both cellular and humoral immune
systems in the pathogenesis of the disease.

Electrophysiology Dominance of delayed conduction velocity in VEP.
Some reduction in amplitudes.

Other Critical age of dependency.
Genetic susceptibility.

Should the Inducing Antigen(s) (Etiology) of MS be Identified Today;
How Effectively could the DIsease be Treated?

1. If MS is a pure autoimmune disease, no specific (i.e., desen-
sitization) therapy is effective in other known autoimmune
diseases (e.g., thyroiditis). A broad spectrum of immunosup-
pressive and anti-inflammatory therapies was currently in use.

2. If MS is caused by exogenous (hetero) antigen(s), e.g., per-
sistent or genomic viral infection, today there is no specific
antiviral therapy. Experience with SSPE using antimeasles
antibodies or vaccine during the advanced stage of disease does
not appear to be effective.

3. If MS is a result of a combination of the autoimmune and exo-
antigen(s) hypothesis, again, there is no effective therapy.

Historically, knowledge of the cause and/or pathogenesis of a
given disease leads to cure or a rational therapy. Experience with
slow infections caused by well known conventional viruses like SSPE
indicate that so far a therapeutic strategy to treat the patient once
the signs and symptoms of the disease occur. However, if vaccination
programs are successful then chances of eradicating the disease are
good. Even a superficial review of the treatment regimes of auto-
immune diseases indicate that we did not succeed in development of
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any specific therapy. Why did it happen? The reason is the lack of
basic information about the immune system mechanism rejecting or
allowing infectious agents or any other antigen(s) to interact with
host cells (histocompatibility antigens, mechanism of low and high
tolerance, role of interferons and interferon like molecules etc).
Our poor understanding of the mechanism of viral genomic and
persistent infections 1is another factor which does not allow the
development of successful antiviral therapy.

Recognizing that not enough is known about the basic processes
which lead to the development of MS, what can be done to improve the
chances of effectively treating MS patients? On the basis of the
data discussed in this review, we think it is possible to identify
areas of the most promising research in MS rather than leave it to a
chance phenomenon - which appears to be done by some of the MS re-
search funding agencies. While discussion on specific priorities of
research in MS is beyond the scope of this review, we do elaborate
these issues in a paper in preparation: "Current Trends in MS Re-
search - Areas of Priorities."

* To Mrs. Alma Sagan, the best fighter of the MS malady and all
those heros who fight back the disease, this paper is dedicated.

**  Dr. Hans Lassmann is a visiting scientist from the Neurological
Institute, University of Vienna, Vienna, Austria.
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Multiple sclerosis (MS) is a disease well known clinically for
more than 200 years. The first detailed description of its pathology
has been provided by Charcot in Paris in the late 19th Century.

SInce that time many research efforts have been devoted to clarify
the etiopathogenesis of MS and to find some effective treatment, yet
so far without convincing success.

The disease MS had been named from its characteristic neuro-
pathological finding, the sclerotic plaque. The plaque, however,
already is a late product of the underlying pathological process,
apparently representing the final deleterious stage of the clinical
disease, manifested in the CNS. All steps of this final phase of the
process are supposed to have their corresponding morphological cor-
relates in the target organ, the CNS. Therefore it is surprising
that since the classical neuropathological descriptions, which after
Charcot were presented among others by Marburg in Vienna,
Hallervorden in Berlin, to mention 2 of the most prominent workers,
only very few original studies of MS have been performed. That is
regrettable because in the past decades not only have several potent
morphological methods been developed but also numerous relevant
experimental studies on inflammatory demyelination were done. Thus,
there is a certain deficit above all in comparative investigations of
human and experimental demyelination and some stagnation of disease-
oriented basic research in this important field of neurology. Due to
the recent development of reproducible chronic models of EAE (Stone
and Lerner 1965, Wisniewski and Keith 1977, Massanari 1980, Lublin
1982) a new challenging situation arose: The far reaching conformity
of the clinical and pathological findings in cr-EAE and MS makes it
possible to draw exact comparisons between the series of tissue
events, their quality and time course, and to identify the position
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of the individual changes related to the coordinates of the complex
disease process.

Before discussing some selected results of our recent extensive
comparative studies I would like to sketch the pathological aspects
of human MS and its position among the demyelinating disease.

The neuropathological diagnosis of MS is based on the presence
of focal lesions presenting two different alterations, namely chronic
inflammatory changes associated with elective demyelination, i.e.
loss of myelin sheaths without axonal damage. This essential com-
bined lesion pattern of the foci is in itself variable concerning
intensity, cellular composition of the perivenous and perivenular
inflammation, size and topography of demyelination, and affection of
oligodendroglia. These primary changes have also partial influence
upon the orthological reactions of the central nervous tissue fol-
lowing the lesion especially regarding astroglial reparative pro-
liferation with scar formation and remyelination depending on the
preservation of oligodendrocytes. The state of a focal MS-lesion
encountered will also depend on its individual age, determining the
intensity of myelin degradation and inflammation but also of remy-
elination and scar formation. Furthermore it is of utmost importance
that the lesions in MS are significantly different dependent on their
development in different phases (early or late) of the disease along
its chronic course: that stage-dependent quality of MS-foci must be
strictly distinguished from the histological age of an individual
plaque.

From the above findings it can be concluded that there is be-
sides the variable dualistic structure of the fundamental histo-
logical alterations in every case of MS a large intraindividual
variability of the lesions and between single cases a remarkable
interindividual variability. These circumstances make it conceivable
that several subtypes of MS, also considering clinical features, may
exist:

1) typical relapsing - remittent

2) chronic progressive

3) subacute ponto-cerebellar (Redlich)
4) acute (Marburg)

There is furthermore the group of inflammatory demyelinating diseases
among which MS is the most prominent but often not exactly distin-
guishable example.

1) acute hemmorrhagic leukoencephalitis

2) acute disseminated encephalomyelitis

3) inflammatory diffuse sclerosis (Schilder)
4) encephalitis concentrica (Balo)

5) neuromyelitis optica (Devic)

6) myelitis necroticans



CHRONIC RELAPSING EXPERIMENTAL ENCEPHALOMYELITIS 25

Finally the differential diagnosis of MS against the monophasic
postvaccinal and parainfectious diseases is sometimes difficult,
particularly because transitional cases with MS are described in the
literature.

We feel that all variations and overlappings, especially the
inherent metamorphosis of the individual disease, have not been duly
respected in the past and that therefore a rehearsal of MS neuro-
pathology from the basis of the present knowledge is strictly indi-
cated. Before that a short review of the neuropathology of cr-EAE
will be given.

A good animal model of MS should fulfill the following criteria
(Wisniewski et al., 1982): Clinically: Course in relapses and remis-
sions, symptoms of multifocal central nervous lesions. Neurophysio-
logically: Oscillations of conduction velocity and amplitude.
Neuropathologically: Primary inflammatory demyelination with foci in
different stages. Neuroimmunologically: Oligoclonal bands of IgG in
the CSF, IgG-synthesis in the CNS and participation of immunoregulat-
ory cells.

As mentioned before cr-EAE appears to be the most close experi-
mental model of MS available at present. The extensive neuropatho-
logical analysis of this model has demonstrated that it can simulate
all stages and variable forms of human MS and all the different
inflammatory demyelinating diseases of MS-type (Lassmann 1983). This
potentiality depends above all upon the time interval between sensi-
tization procedure and sampling of the animals.

In the following we will report on the most relevant findings of
our neuropathological analysis of cr-EAE and then present some re-
sults of comparative study between this model and human MS.

In the experiment of cr-EAE the initial disease occurs 10-20
days after sensitization in the form of acute perivenous inflammation
without demyelination or in severely affected animals in the form of
an acute hemorrhagic leukoencephalitis (Lassmann and Wisniewski
1979a). There is not typical focal demyelination or plaque form-
ation. Animals with active disease during the subacute stage of the
disease (20-40 days after sensitization) show the classical picture
of acute perivenous leukoencephalitis with extensive perivenous
mononuclear cell infiltration and sleeve-like perivenous demyelin-
ation (Lassmann et al., 1980).

The first relapse with focal and substantial demyelination
appears 40-60 days after sensitization. With the onset of initial
clinical symptoms of the relapse in the respective area an invasion
of mononuclear cells from the perivenous inflammatory spaces into the
white substance can be seen (Lassmann and Wisniewski 1978). Many of
these inflammatory cells are T-lymphocytes (Traugott et al., 1982).
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Immediately after that the myelin sheaths are fragmented to so-called
"myelin balls" and "myelin droplets" (Lassmann and Wisniewski 1979b).
These myelin balls present histochemical qualities similar to the
intact myelin sheaths concerning the myelin lipids, that means they
are Luxol fast blue ~ and Marchi-positive. Myelin degradation in the
fragments starts 10-14 days later with the appearance of sudano-
philic, PAS-positive degradation products which like the myelin balls
are taken up by phagocytes. Simultaneously also a glial reaction in
the form of increase in size and number of astrocytes appears. The
duration of the degradation phase depends on the size and localiz-
ation of the focus. Superficial foci may be cleared of degradation
debris already 14 days after the focus formation. In foci located in
the depth of the white matter the degradation may last up to several
months.

In the acute and early chronic stages CSF findings indicate a
transient blood-brain barrier damage which correlates with disease
activity. Intrathecal immunoglobulin synthesis is not apparent from
the CSF protein profiles. The late chronic stage (100-400 days after
sensitization) more closely resembles chronic MS. The inflammatory
response in the CNS, although invariably present, is much less severe
than in earlier stages, even in actively demyelinating lesionms.
Numerous demyelinated sclerotic or partially remyelinated lesions are
found throughout the neuraxis in similar topographical distribution
as in human MS. The majority of the lesions are inactive or re-
paired, only few actively demyelinating plaques may be found in
animals sampled during a relapse of the disease. CSF protein shows a
partial or complete repair of blood-brain-barrier function and evi-
dence for intrathecal immunoglobulin synthesis (Mehta et al., 1981,
Clynn et al., 1982, Karcher et al., 1982, Lassmann et al., 1983).

With regard to the modality of the myelin sheath decomposition
the following processes can be distinguished:

1. Direct attack of phagocytes against the myelin sheath in the form
of "myelin stripping" (Lampert 1965). This change mostly starts
from the paranodal area; it is accompanied, however, by the
disintegration of the total internodium.

2. Another process is the so-called "vesicular disruption of myelin"
which is encountered in variable intensity (Lampert 1965, Dal
Canto et al., 1975). This type seems to be a pathogenetically
independent process.

3. The low incidence of myelin stripping and vesicular disruption of
meylin in active cr-EAE plaques, however, indicates that other,
less characteristic alterations of the myelin sheath may
represent initial stages of demyelination too (Lassmann 1983).

Myelin degradation is unanimously thought to be performed by
hematogenic macrophages (Kosunen et al., 1963, Lampert and Carpenter
1965). Local glial cells, however, may participate as one can find
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so-called "fixed degradation" in astro- and probably oligodendrocytes
(lassmann 1983). This type of "Abbau" seems to be more prominent in
foci of the chronic phase and less prominent in the acute phase of
the disease.

With regard to the shape and formation of the demyelinating foci
one can distinguish the perivenous demyelinating seams, typical
plaques, plaques with peripheral (radial) extension zones and super-
ficially located so-called '"Mantel-Herde'" (Lassmann 1983). These
types of foci do not occur irregularly but according to the respec-
tive varying pathogenetic situation along the course of the experi-
mental disease. The "Mantel-Herde", e.g. seem to be conditioned by
the increased pathogenicity of CSF, probably related to extensive
seeding of inflammatory cells in the meninges (Lassmann et al.,
(198la) and on the ventricular surface (Lassmann et al., 1981b).

The distribution and topography of foci in cr-EAE has been
studied in relation to the perivenous inflammatory changes in the pia
arachnoid of spinal cord. It could be demonstrated that spot-like
dense cuffs of hematogenic cells appear around the postcapillary
radial venules draining the spinal cord: so-called "Stich-Venen".
Respective areas of the spinal cord are predilection sites for demy-
elinated plaques (Lassmann et al., 198la).

Role of Oligodendroglia

As the myelin sheaths sensu stricto are parts of the oligoden-
droglial cells, the possibility of a pathogenic effect to the meylin
sheaths via the oligodendroglia has long been discussed. The sol-
ution of the problem is difficult because identification of oligoden-
droglia in the active demyelinating focus is not easy and often
impossible even if using elective staining methods and electron
microscopy. From the neuropathological standpoint, however, a
primary affection of oligodendroglia is not probable because histo-
logical alterations which precede de-myelination cannot be seen.
Furthermore the demyelination pattern in diseases due to primary
affections of oligodendroglia, e. g. viral encephalitis with in-
clusion bodies and Progressive Multifocal Leukoencephalopathy (PML)
differs essentially from the focal demyelination in EAE and in MS.
Finally the satellite oligodendroglia cells in the grey matter are
always completely unaffected.

In foci of the experimental disease the oligodendroglia are
reduced to variable degrees. The highest rate of oligodendroglia
loss is generally found in late chronic foci in which correspondingly
remyelination is slight whereas in more acute foci loss of oligoden-
droglia cells is moderate and therefore an intense remyelination can
be seen (Lassmann et al., 1980, Lassmann 1983). These foci cor-
respond to the so-called shadow-plaques which therefore are not foci
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of incomplete demyelination but represent foci with intensive remy-
elination. This may possibly be due to an immunopathological cause
based on the increase of antimyelin antibodies during the chronic
stage of the disease (Schwerer et al., 1983, Lassmann et al., 1983).
Such antibodies may not only be involved in demyelination and oligo-
dendroglia destruction (Bornstein and Appel 1961, Raine and Bornstein
1970, Lassmann et al., 198lc) but may also inhibit remyelination
(Seil et al., 1973, Bornstein and Raine 1970). It is this phase of
the disease which produces the typical myelin-free sclerotic plaques
rich in glial fibers. There occurs also the peripheral type of
remyelination by invading Schwann cells from the spinal nerve roots
into demyelinating plaques of the spinal cord (Raine et al., 1978).

MULTIPLE SCLEROSIS

The Inflammatory reaction

In multiple sclerosis (MS) perivenous inflammatory infiltrates
composed of lymphocytes, plasma cells, large mononuclear cells and
macrophages are regularly present (Marburg 1936). In an extensive
study on autopsy cases of MS (Guseo and Jellinger 1975) inflammatory
infiltrates were found in 607% of total cases and in 747 of actively
demyelinating cases. MS cases without perivenous inflammation were
either inactive (burned out) or were pre-treated with immunosup-
pressive therapy. Thus from neuropathology there is so far no hard
evidence for the occurrence of actively demyelinating lesions in the
absence of inflammation although it cannot be definitely excluded in
chronic MS. It is, however, even more difficult to prove the primary
nature of inflammation, i.e. that inflammation always precedes demy-
elination and is not a secondary alteration due to tissue damage.
The main support for the primary nature of inflammation in MS comes
from the study of acute MS cases. In these cases a continuous trans-
ition of the classical perivenous inflammatory lesions of acute
disseminated luekoencephalitis type into typical MS plaques is regu-
larly found (Marburg 1904, Pette 1928, Seitelberger 1973, Kriicke
1973). The intensity of the inflammatory reaction is very high in
acute MS whereas in chronic MS inflammation is much less pronounced
even in active plaques. The number of inflammatory cells, however,
in chronic inactive MS cases is still rather high (Prineas and Wright
1978). The number of inflammatory cells withing chronic MS plaques
varies from case to case and even from plaque to plaque within the
same case (Guseo and Jellinger 1975). Concerning distribution of
inflammatory cells in acute MS the infiltrates are arranged around
all segments of the venous vascular tree (Seitelberger 1973). 1In
chronic MS inflammation is focal, predominantly affecting large
drainage veins (Seitelberger 1973). The inflammatory cells are
generally localized in a perivenous position. In the demyelinating
lesions lymphoctyes and plasma cells are present only in small
numbers. The high cellularity of active MS plaques is mainly due to
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phagocytes (Hallervorden 1940, Guseo and Jellinger 1975. The pres-

ence of T-cells in MS plaques has been shown histochemically
(Traugott et al., 1983).

Vascular Pathology

Compared with cr-EAE vascular pathology in MS is not as promin-
ent. It is still unresolved, however, to what extent occlusion or
damage to small vessels which sometimes occurs in MS plaques
(Siemerling and Raeke 1914) may contribute to the lesional growth
(Putnam 1935). The intensity of chronic vascular changes like peri-
venous and pericapillary fibrosis is variable from case to case.
These alterations are found mainly in the same areas where pericapil-
lary accumulation of phagocytes is pronounced in active lesions
(Lassmann 1983).

Demyelination and Myelin Degradation

Elective demyelination is the most characteristic event in the
pathology of MS. 1In MS the identification of initial structural
changes leading to demyelination is rather difficult. The most
frequent alteration of myelin in lesions which were believed to be
active is splitting of myelin lamellae and the formation of small
intramyelinic vesicles (Perier and Gregoire 1965, Suzuki et al.,
1969, de Preux and Mair 1974, Kirk 1979). Recently also a lesion
called micropinocytosis vermiformis (Prineas and Connell 1978) has
been described as the initial alteration. It should, however, be
stressed that the presence of sudanophilic myelin degradation pro-
ducts used as a marker of lesional activity in the above mentioned
studies is not a good marker for initial lesions. Based on the
experience of the study of the sequences of events in cr-EAE, the
pattern of demyelination in cases of acute and chronic MS from the
collection of the Neurological Institute has recently been investi-
gated (Lassmann 1983). In acute MS the most frequent initial alter-
ation in all investigated lesions was extensive vesicular disruption
of myelin. This transformation either involved the whole myelin
sheath or was localized in the inner or outer loops of the sheath,
especially near the node of Ranvier. In the same areas invasion of
phagocytes or their cell processes into the myelin sheath was fre-
quently noted corresponding to myelin stripping. Intramyelinic
phagocytes were found either between the axon and the myelin sheath
or between myelin lamellae. 1In the vicinity of completely or par-
tially demyelinated fibers numerous phagocytes were observed con-
taining fragments of the myelin sheaths. Active plaques in chronic
MS differed from the demyelinating lesions in acute MS in so far as
the intensity of perivenous inflammatory reaction together with the
hypercellularity of actively demyelinating areas was less pronounced
and the invasion of phagocytes into the myelin sheaths was rare.
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Initial stages of demyelination in these cases included partial
vesicular disruption of myelin sheaths., The main structural change,
however, consisted of intramyelinic edema with massive swelling of
the sheaths, widening of the node of Ranvier and paranodal asym-
metrical thinning and removal of myelin sheaths.

Further myelin degradation in MS follows a standard histo-
logical, histochemical and ultrastructural pattern corresponding to
that found in other inflammatory demyelinating diseases or that of
diseases with secondary destruction of myelin sheaths (Seitelberger
1960). Myelin degradation starts with a stage of physical disinte-
gration of the myelin sheath followed by the chemical degradation of
myelin lipids, resulting in the appearance of sudanophilic and later
of PAS-positive material. Sudanophilic 1lipids seem to be present
within the lesions up to several months after plaque formation. The
abundance of PAS-positive ultrastructurally pleomorphic degradation
products (Prineas 1975) cannot be taken as characteristic for early
MS plaques but is also found in other demyelinating conditions
(Seitelberger 1960, Hauw and Escourolle 1977, Lassmann et al., 1978).
The accumulation of debris-containing phagocytes in the pericapillary
region is more pronounced in acute MS than in active lesions of
chronic MS. A proportion of debris is digested in local cells such
as astroglia (Marburg 1906).

Thus it can be stated that the patterns of demyelination and
myelin degradation are found to be very similar in cr-EAE and MS,
provided active lesions are identified in MS on the basis of myelin
degradation products.

Oligodendroglia

The interpretation of oligodendrocyte alterations in MS is of
special importance for the pathogenetic interpretation of demyelin-
ating lesions and especially regarding the question of whether the
disease process is primarily directed against myelin or whether
demyelination follows alterations or destruction of oligodendrocytes.
In the literature there are divergent opinions about the fate of
oligodendrocytes in MS (McAlpine et al., 1955, Ibrahim and Adams
1963, Lumsden 1970, Itoyama et al., 1980, Raine et al., 1981). Our
own studies in accordance to the results obtained by Ibrahim and
Adams (1963, 1965) indicate that there are differences in the extent
of oligodendroglia destruction between small lesions of acute and
rapidly progressive chronic MS compared with the typical large
plaques of chronic MS (Lassmann 1983). In a general pattern oligo-
dendrocytes are most effectively destroyed in the large lesions of
chronic MS although even in that situation a plaque completely free
of oligodendroglia-like cells is rare. In acute and rapidly pro-
gressive chronic MS cells resembling oligodendroglia may be present
in active completely demyelinated plaques in numbers comparable to
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those in normal periplaque white matter. Furthermore remyelination
in these plaques is pronounced, occurring within a few days to weeks
after formation of the lesion. Therefore MS does not seem to be a
primary disorder of oligodendrocytes. This is further supported by
the pattern of demyelination reported above suggesting that myelin is
the main target in the pathogenesis of the disease. O0Oligodendrocytes
as a functional unit with myelin sheaths may degenerate to a variable
extent during active demyelination. Alternatively the immune re-
action in different MS patients may be variable, directed either
against myelin antigens alone or in other cases against antigens
shared by myelin and oligodendroglia (Lassmann 1983).

Remyelination

Due to the difficulty in the identification of remyelination in
tissue obtained from autopsy, this important repair mechanism had not
been recognized and respected enough in the past. In this connection
it is interesting that already Marburg (1906) in a detailed and
sequential study of plaque formation in acute MS had suggested that
shadow plaques in MS can be explained on the basis of remyelination.
In recent electron microscopic studies the presence of remyelination
at the margins of MS plaques has been documented (Suzuki et al.,
1969, Prineas and Connell 1979). Remyelination as a repair mechanism
of whole plaques, however, has been questioned up to now. The study
of the dynamics of remyelination in cr-EAE, however, helped to under-
stand the factors regulating the extent of remyelination also in the
human disease. The phenomenon of remyelination in MS is mostly
connected with the occurrence of so-called shadow plaques. The
occurrence of these had been explained by a concept of incomplete
demyelination (Lumsden 1970). At present it is, however, indicated
from our results that the responsible mechanisms of the appearance of
shadow plaques is remyelination (Lassmann 1983). 1In acute MS shadow
lesions are especially frequent. In chronic MS cases shadow plaques
although present in variable numbers are rare compared with acute MS.
From studies of chronic MS cases with short duration the sequence of
events leading to the formation of shadow plaques is the following:
Already during the sudanophilic stage of myelin degradation, simul-
taneously with the onset of fibrillary sclerosis, small clusters of
thinly myelinated nerve fibres appear. Later, areas of myelin pallor
with uniform distribution of thinly myelinated fibers are present.
Shadow plaques finally are characterized by a decreased density of
myelinated fibers and by myelin sheaths which are still thinner than
those of the surrounding white matter. The presence of sclerotic
plaques without detectable myelin loss in some MS cases indicates
that even complete remyelination may occur. Thus in general lesions
in cases with short clinical history, especially acute MS cases,
remyelinate more effectively than chronic cases. Remyelination may
start rapidly after plaque formation. With chronicity of the disease
not only the extent but also the velocity of remyelination decreases
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in newly formed lesions. The rapid and complete clinical recovery of
patients after the first exacerbations of the disease may be partly
due to rapid and extensive remyelination.

Sclerosis

The formation of a dense glial scar in MS is one of the most
characteristic aspects of its pathology. Glial scar formation is a
general repair mechanism in the central nervous system. There had
been, however, a discussion whether sclerosis in MS is an event
involved in the pathogenesis of the disease or whether it merely
represents a sequel of tissue destruction (Miiller 1904, Prinease and
Raine 1976, McKeown and Allen 1978). Studies especially from acute
MS demonstrated that sclerosis is clearly a secondary event following
demyelination and was not found earlier than 14 days after plaque
formation (Pette 1928). The first change is intense proliferation
and increase in size of astrocytes with often bizarre size and forms
and several nuclei (Peters 1935). In active lesions of chronic MS
cases, however, sclerosis was found to be a very early feature in
plaque formation and frequently simultaneously with active demyelin-
ation. It should be mentioned that there is some indication that
inflammatory pathogenetic factors such as lymphocyte products or
liberated debris may activate astrocytes and thus influence the
density of glial scar formation (Fontana et al., 1980). On the other
hand glia activation may possibly contribute to the pathogenesis of
the demyelinating lesions via proteolytic enzymes (McKeown and Allen
1978).

Neuronal and Axonal Pathology

It is well known that in MS reduction of axons occur and nerve
cell changes can be found which in general are interpreted as second-
ary alterations due to tissue damage. In MS the degree of axonal
loss is variable from plaque to plaque also within a single case. In
most cases axonal loss appears to correspond to the intensity of the
inflammatory reaction and demyelination during the active phase of
the lesions. However, considering exceptional cases with severe
axonal and neuronal damage it cannot be excluded that in some cases
the immune reaction may be directed not only against myelin/oligoden-
drocytes but also against nerve cell antigens (Fraenkel and Jakob
1913).

Peripheral Nervous System Pathology

MS is generally believed to be an exclusive central nervous
system disease (Lumsden 1970). However, some cases have been des-
cribed of indisputable plaque-like inflammatory demyelination in the
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Fig. 1. a,b: 26 years old woman; acute MS; clinical history and
neuropathological findings published elsewhere (Lassmann et
al., 1981d). a: Nerve root of cauda equina; thin myelin
sheaths representing remyelination. Toluidine blue, x 150.
b: Cervical spinal root; plaque-like demyelination and
remyelination in the peripheral portion of the root.
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Fig. 1. Continued

Toluidine blue, x 150. c,d,e: 34 years old man: chronic
MS. <c: Border zone of an old plaque in the optic nerve.

d: Olfactory nerve: decreased density of myelinated fibers;
onion bulbs. Toluidine blue, x 630. e: Olfactory nerve;
onion bulb formation. EM x 4 000.

peripheral nerves and roots, although the incidence of peripheral
nervous system (PNS) involvement in classical chronic MS seems to be
very low (Jellinger 1969). Of course changes like secondary nerve
damage due to malnutrition, vitamin deficiency etc. have to be ex-~
cluded. Inflammatory demyelination in the PNS, however, is frequent
in Marburg's type of acute MS (Marburg 1906, Pette 1928, Lassmann et
al., 1981d). As in EAE demyelination has been noted mainly in the
spinal roots. The spectrum of alterations include inflammation,
primary demyelination, plaque-like distribution of the lesions,
remyelination and the formation of onion bulbs. The factors respons-
ible for the cross reaction between CNS and PNS myelin in human
diseases are not yet known.

Mechanisms of Plaque Growth

In cases of acute MS the main type found is the confluence of
adjacent perivenous lesions. Radial plaque growth is generally found
in active cases of chronic MS. It must be emphasized, however, that
confluent perivenous lesions may also occur in chronic MS and radial
plaque growth in acute MS cases.

Lesional Topography in the CNS

The distribution of lesions in the CNS has been intensively
studied for may years. The pattern of demyelination and lesional
distribution varies during chronicity of the disease. In acute
perivenous leukoecephalitis perivenous inflammatory infiltrates and
perivenous sleeves of demyelination are disseminated and may be found
at any location in the CNS (Seitelberger 1973). In contrast in
chronic MS demyelinated plaques are focal, oriented towards larger
vessels and localized mainly in certain predilection sites in the CNS
(Steiner 1931), Seitelberger 1973). In chronic MS the relationship
of large demyelinated plaques to the distribution of large veins is
clearly established and is especially well documented in the spinal
cord (Fog 1950). Other factors e.g. the mechanical strain on the
vasculature may help to precipitate a lesion at a given place
(Oppenheimer 1978). In addition there is another plaque type in
chronic Ms which is related to the inner and outer surfaces of CNS.
The most classical lesion of this type is the so-called "Mantel-Herd"
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in chronic MS (Steiner 1931). Other predilection sites are the
lateral angles of the lateral ventricles, the so-called "Wetter-
winkel", the cerebellar peduncles, the cortical-subcortical areas,
the lateral surface of the spinal cord and the optic nerves. In
acute MS, however, periventricular lesions are rare and, if present,
small and not related to the ventricular surface. It may be inter-
esting that in acute MS cases the predilection sites for lesions in
typical chronic MS are apparently not more frequently involved than
other regions of the brain. It should be noted that in MS there is
an inverse relationship between involvement of the brain and spinal
cord which is best exemplified in cases of spinal MS and Devic's
disease, where the involvement of the brain is minimal with the
exception of the optic nerves (Seitelberger 1982).

Many of these pathohistological aspects of MS have been extens-
ively described and well documented during the past 100 years. It
was, however, difficult to interpret these individual aspects of MS
pathology in their temporal and sequential order of plaque develop-
ment. The close similarity of structural aspects of inflammatory
demyelinating lesions in cr-EAE and MS, however, has helped to re-
arrange the structural details of demyelinating lesions in MS into a
sequential concept of plaque formation.

Furthermore the comparative study of the neuropathology of
cr-EAE and MS has led to a different conceptual approach in the
interpretation of the pathology in these diseases. Although being
aware of the broad spectrum of inter- and intraindividual variability
of the structure of MS-plaques, most neuropathologists primarily
tried to extrapolate the features of the lesions common to all MS-
cases. Pathohistological and pathogenetic studies in cr-EAE, how-
ever, indicate that multiple immunopathogenetic mechanisms directed
against multiple CNS-antigens, different from animal to animal, are
involved in the formation of the lesions (Wisniewski et al., 1982,
Lassmann 1983, Wisniewski and Lassmann 1983). It thus appears es-
pecially necessary to reemphasize a fact known in neuropathology
since the beginning of this disease: Besides the obligatory alter-
ations in MS (i.e. chronic perivenous inflammation, plaque-like
demyelination and reactive gliosis) involvement of other structures
of the CNS is regularly found although variable from case to case and
from lesion to lesion. This, however, at the same time is a warning
not to draw far reaching pathogenetic conclusions from sophisticated
studies on a single MS-plaque or a single MS-case.
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WHAT EXPERIMENTAL ALLERGIC ENCEPHALOMYELITIS

TEACHES US ABOUT MULTIPLE SCLEROSIS

Ellsworth C. Alvord, Jr.

Laboratory of Neuropathology, Department of Pathology
University of Washington School of Medicine
Seattle, Washington 98195

After 37 years of study of experimental allergic encephalomye-
-1litis (EAE) and multiple sclerosis (MS) I obviously know more about
these conditions than I did when I began, but two questions arise:

1) Could I have predicted where I am now sufficiently clearly to have
convinced any granting agency to support my research for these 37
years, and 2) from my vantage point can I predict how and when the
puzzle will be solved? Of course, the answer to both questions is no
- the first, emphatically no; the second, more questioningly so. I
have the impression I am looking over a photographer's shoulder,
watching a picture being developed, with the more heavily exposed
portions appearing first, apparently randomly scattered and only
slowly coalescing to provide some details while the whole picture is
still not recognizable.

In such a situation I can only tell you where I see us now,
where I think we can progress rapidly and possibly where the big
holes remain.

The year 1983 is too important an anniversary to allow it to
pass without specific comment: the centennial of Pasteur's invention
of rabies vaccine, the semi-centennial of River's proof that the
"neuroparalytic accidents" of this rabies vaccine were due to the
neural contaminants, and the quarter—centennial of Kies's extraction
of myelin basic protein (BP) and proof that this was the specifically
responsible neural antigen.

There are those purists who would wait another couple of years
for the true centennial, but the pace of Pasteur's laboratory dis-
coveries 100 years ago is difficult to appreciate today. In the 5
years centered around 1883 Louis Pasteur and his collaborators
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(Chamberland, Roux and Thuillier) succeeded not only in cultivating
but also in subduing the virus of rabies, in a wide variety of ex-

perimental animals as well as in humans, thereby setting the stage

for the next century of research on what we now know as EAE.

The first 50 years of studies of the "neuroparalytic accidents"
of rabies vaccine were the slowest since only a few investigators,
such as Koritschoner and Schweinburg (1925) and Miyagawa and Ishii
(1926), came up with what we now know to be essentially the right
answer. It remained for Rivers and his collaborators (Schwentker,
Sprunt and Berry) to show not only that the complication was due to a
neural contaminant but also that demyelination was a prominent fea-
ture. That they mentioned Schilder's disease, not MS, is one of
those ironies of fate.

The next 10 years must have been the most frustrating, since the
concept that many demyelinating diseases might be due to an allergy
comparable to that inducing EAE could hardly be further refined with
such a tedious experimental design requiring so many injections over
such a long period of time. Not until Jules Freund developed his
adjuvants 40 years ago could the experimental mode be manipulated.

If the pace of the first 60 years was slow and frustrating, the
pace of the last 40 years has certainly been accelerating and the
results increasingly productive. In the decade between the meeting
of the Association for Research in Nervous and mental Diseases on MS
and our first symposium on EAE, that is, the decade including most of
the 1950's, modest advances occurred, especially in identifying BP,
but the really significant advances have occurred in the past 25
years, as illustrated in the graph below, recording my impressions of
the ups and downs of the possible relationships between EAE and MS.
As you can see, I am today about 80% convinced that EAE is a most
appropriate model of MS.
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At our recent symposium on "How Good a Model of MS is EAE
Today?" in Seattle last July some 65 papers were presented and will
soon be published by Alan R. Liss, Inc., N. Y. and I will draw on
some of these papers-in-press to round out the story.

The 4 major areas of our own current research are:

1 the definition of the onset of EAE by clinical, immunochemical
and electrophysiological changes (Alvord et al., 1983a)

2 a comparison of cerebrospinal fluid changes in EAE and MS
(Alvord et al., 1983b)

3 a morphologic comparison of 3 models of chronic remitting-
relapsing EAE with MS (Shaw and Alvord, 1983)
4 an analysis of antigenic determinants in myelin basic protein

by suing monoclonal antibodies (Hruby et al., 1983).

Time does not permit me to summarize each of these. Instead,
since Dr. Wisniewski and Dr. Seitelberger have already presented
their views on the relationships between EAE and MS, perhaps the best
approach for me to take will be to outline what I have seen, paying
special attention to where I disagree with each of the previous
speakers. I will make 7 points:

First of all, I would emphasize that ordinary EAE looks differ-
ent in each species that I am familiar with: guinea pig, rat, rabbit,
monkey and man. That is not to say that there are not many similar-
ities which allow us to produce and diagnose EAE, but there are
significant differences which make comparisons with MS difficult
(Table 1).

So, in Table 1 are some minor differences which I would call to
the attention of Drs. Wisniewski and Seitelberger. These differences
may be only quantitative or technical, but I cannot speak of EAE
without specifying the animal and the protocol.

Second, I would emphasize that chronic-relapsing EAE has been
produced in each of 3 species (guinea pig, rat and monkey) with quite
different protocols. It is not yet fair to speak of only one mechan-
ism producing demyelination. Let me describe each of these:

One of the advantages of being a pathologist is the ability to
compare, at least at one point in time, the morphologic appearances
of diseases in humans and experimental animals. During the past
decade it has been my privilege to be able to study dozens of cases
of multiple sclerosis (MS) and experimental allergic encephalomye-
litis (EAE) in hundreds of monkeys, both in its untreated and usually
acute form (Shaw and Alvord, 1976) and in its treated and healed
forms (Alvord et al., 1979a), as well as in its suboptimally treated
and usually chronic remitting-relapsing form (Alvord et al.,
1983a,b). In addition, two new forms of chronic remitting-relapsing
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Table 1. A Comparison of Some Histologic Features of EAE in
Different Species with MS.

EAE
guinea
pig rat monkey MS
1. Acute: perivascular
lymphocytes + ++ ++ +
perivascular
demyelination 0-% 0 * ++
2. Hyperacute: hemorrhage,
necrosis 0 +* +* ++
3. Chronic: demyelination + + + +H+
sudanophilic
lipids 0 + ++
swollen axons + + (054 0-+
gliosis 0 + ++
necrosis 0 + *

* with pertussis
** with or without pertussis

EAE have been produced in guinea pigs and rats (Driscoll et al.,
1982). These 3 experimental models suggest that pure demyelination
can be produced, most likely as an intermediate degree of damage
between forces that can produce necrosis at one extreme and non-
destructive inflammation at the other.

The monkey model, as described by Alvord et al., (1983a,b),
involves Macaca fascicularis monkeys sensitized to homologous
(monkey) myelin basic protein (BP) in Freund's complete adjuvants
(CFA) and treated suboptimally with BP and corticosteroids in saline
in osmotic minipumps implanted subcutaneously.

The guinea pig model, as described by Driscoll et al., (1982),
uses adult strain 13 guinea pigs actively challenged with homologous
(guinea pig) spinal cord in CFA 1 day after receiving homologous
BP-sensitized strain 13 lymph node cells which had been cultured for
24 hours in the presence of BP and an additional nonspecific stimulus
(a mixed lymphocyte reaction) provided by normal strain 2 peritoneal
exudate cells. These cells were given in suboptimal numbers; i.e.,
at 10-20% of the numbers required for passive transfer of acutely
fatal EAE (Driscoll et al., 1979; 1982). Half of the animals were
completely protected but half developed chronic varieties of EAE:
progressive-fatal, remitting-relapsing or chronic-stable. The
animals were sacrificed at intervals from 1 to 6 months.
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The rat model of Namikawa (unpublished) follows the technique of
Richert et al., (198la,b) and uses Lewis rats actively challenged
with homologous (rat) spinal cord in CFA. THis induces acute EAE
followed by recovery. At 30 days the rats received passive transfer
of guinea pig BP-sensitized rat lymph node and spleen cells, which
induced a second attack of EAE followed by recovery. Similar passive
transfers were given at 50 and 70 days, but each attack of EAE was
followed by slower and less complete recovery. The animals were
sacrificed at 90 days.

In general, each animal was sacrificed under nembutal anesthesia
and perfused with fixative (10%Z formalin with neutral buffer).
Representative blocks of brain and spinal cord were stained for
myelin with gallocyanin-Darrow red or luxol fast blue, periodic
acid-Schiff and hematoxylin and other stains as indicated.

Ordinary untreated EAE in the monkey is very frequently hyper-
acute, with hemorrhagic necrosis and extensive polymorphonuclear
leucocytic exudate in the brain more than the spinal cord (Shaw and
Alvord, 1976). Treatment with BP and an auxiliary factor (penicillin
for M. mulatta and steroid for M. fascicularis) for a week or two can
be completely successful (Shaw et al., 1976; Alvord et al., 1979),
but cessation of treatment as soon as recovery has occurred (usually
within a few days) allows another attack of EAE to occur, so that
most of our monkeys have at least 2 and some 3 or even 4 attacks of
EAE over a course of 2 to 3 months. The lesions in these chronic
remitting-relapsing monkeys are very frequently demyelinating, the
edges rather sharply defined, and only the center of the lesions
shows evidence of old necrosis with loss of axons. The demyelinated
axons are not noticeably swollen. Sudanophilic myelin breakdown
products are prominent in frozen sections stained with oil-red-O.
Plump reactive astrocytes are also prominent within the lesion.

Ordinary EAE in guinea pigs is typically predominantly inflam-
matory with perivenous lymphocytes in both brain and spinal cord.
Demyelination is scanty but definite in about 15% of unselected
animals, especially in animals showing disease of short incubation
period and duration (Alvord et al., 1975). In the chronic guinea
pig, however, there is relatively little inflammation and the demye-
lination is extensive with long subpial plaques scattered throughout
the length of the spinal cord. Macrophages loaded with myelin debris
are prominent, throughout the lesions during the first 1 to 2 months
and at the edges of the lesion as it heals during the 3rd and 4th
months. No sudanophilia has been seen in frozen sections stained
with oil-red-0O. The axons are swollen but remain intact. Reactive
astrocytes, if present, do not stain with Holzer's stain; indeed, the
extreme swelling of the axons suggests that there is little if any
space to be accounted for by astrocytic reaction. Swollen myelin
sheaths and balls of myelin are prominent at the edges, within other-
wise normal-appearing white matter, without obvious cellular



46 E. C. ALVORD JR.

infiltrate, in all states except the completely healed. This pattern
suggests a radial expansion of the demyelinating process.

Ordinary EAE in Lewis rats is also typically inflammatory, with
perivenous lymphocytes predominantly in the spinal cord, especially
caudally in the gray matter. In the present animals with repeated
attacks induced by repeated passive transfer of BP-sensitized cells,
however, the lesions closely resemble those in the chronic guinea
pigs, with long subpial patches of extensive demyelination. Macro-
phages contain abundant myelin debris. The axons are 