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Multiple sclerosis is an inflammatory demyeli- 
nating disease of the central nervous system. The 
hallmark of i ts pathology is the demyelinated 
plaque with reactive glial scar formation. However, 
a detailed analysis of the patterns of demyelination, 
oligodendroglia cell pathology and the reaction of 
other tissue components suggests that the patho- 
genesis of myelin destruction in  this disease may 
be heterogeneous. In this review we present a new 
classification scheme of lesional activity on the 
basis of the molecular composition of myelin degra- 
dation products in macrophages. When these crite- 
ria are used, different patterns of demyelination can 
be distinguished, including demyelination with rela- 
tive preservation of oligodendrocytes, myelin 
destruction with concomitant and complete 
destruction of oligodendrocytes or primary destruc- 
tion or disturbance of myelinating cells with sec- 
ondary demyelination. Furthermore, in some cases 
a primary selective demyelination may be followed 
by secondary oligodendrocyte loss in the estab- 
lished lesions. Finally, some extraordinarily severe 
conditions may result in destructive lesions with 
loss of myelin, oligodendrocytes, axons and astro- 
cytes. This heterogeneity of plaque pathology is 
discussed in  the context of recent experimental 
models of inflammatory demyelination, which 
show tha t  different immunological pathways may 
lead to the formation of demyelinated plaques that 
reveal the diverse structural aspects described 
above. Our data indicate, that the demyelinated 
plaques of multiple sclerosis may reflect a common 
pathological end point of a variety of different 
immunological mechanisms of myelin destruction 
in this disease. 
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Introduction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Multiple sclerosis (MS) is an inflammatory 

demyelinating disease of the central nervous system 
associated with focal destruction of the myelin 
sheath (14), and astrocytic scar formation. The 
pathological hallmark of MS is the white matter 
"plaque" which is widely scattered throughout the 
central nervous system (CNS), with a predilection for 
the optic nerves, brainstem, spinal cord and periven- 
tricular white matter. Despite extensive research, the 
etiology is unknown, the natural history is unpre- 
dictable, and currently there is no cure. 
Furthermore, because most neuropathological studies 
of MS have been based on examination of plaques 
during the late stages of the disease, there is mini- 
mal data regarding the features associated with the 
initiation and development of acute lesions. Recent 
studies suggest that patterns of inflammation, 
demyelination, and oligodendrocyte destruction may 
vary between individual MS patients, indicating that 
the pathogenetic mechanisms leading to demyelina- 
tion may be fundamentally different in distinct sub- 
types of the disease. 

Although it is generally accepted that the 
immune system contributes to the tissue destruction 
in MS, it is still unclear whether the immune 
response triggers the damage, or is a consequence of 
the disease process. In addition, there is debate over 
which components of the immune system are the 
key players in MS. Most investigators emphasize the 
role of CD4+ lymphocytes in inducing inflammation 
and demyelination, however the contribution of 
CD8+ cells, microglia/macrophages, astrocytes, 
cytokines, antibodies and complement are receiving 
increasing attention. Although most current con- 
cepts are based on the assumption that MS is caused 
by a single pathogenetic mechanism, there is exten- 
sive in vivo and in vitro data which indicates that 
many different toxic and immunological mecha- 
nisms may ultimately lead to the selective destruc- 
tion ,of the myelin sheaths and oligodendrocytes. 
Such a pathogenetic diversity may also be reflected 
in the apparent multitude of susceptibility genes 
identified in recent genetic epidemiology studies on 
MS (16). Finally, recent serial MRI studies together 
with MRI spectroscopy (18,24,33,50) provide a better 
insight into the dynamic evolution of MS plaques 
and also suggest differences in the extent of inflam- 
matory activity, blood brain barrier disturbance and 
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tissue damage between different clinical manifesta- 
tions of the disease. These issues stress the need for a 
reevaluation of multiple sclerosis pathology, with a 
particular emphasis on defining the immunopatho- 
logical events that occur in actively demyelinating 
lesions. Before doing so, it is essential to provide a 
precise definition of lesional activity. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Criteria For Defining Lesional Activity in MS Lesions 

The criteria for identification of active lesions in 
the literature is controversial and often misleading. 
Table 1 summarizes existing criteria based upon 
myelin degradation products within macrophages 
and inflammatory activity. 

The presence of gadolinium enhancement on 
MRI is used frequently by clinicians as a major crite- 
ria to define lesional activity, and is thought to  
reflect blood-brain-barrier (BBB) damage. Although 
this is considered to be one of the earliest changes 
observed in MS lesions, neuropathological and 
immunocytochemical studies reveal that BBB leakage 
can be found to variable degrees in every MS lesion, 
including inactive demyelinated plaques (734).  
These pathological findings appear to be in disagree- 
ment with recent MRI investigations that found Gd- 
DTPA leakage restricted to active MS lesions (33,49). 
This discrepancy may relate to the low sensitivity of 
MRI techniques in the detection of BBB dysfunction. 
Correlative studies revealed that Gd-enhancing MRI 
lesions corresponded to  inflammatory infiltrations 
(primarily macrophages) accompanied by edema. 
Myelin destruction was not always present. 
Furthermore, the presence of BBB damage in other 
pathologic conditions without evidence of demyeli- 
nation such as meningitis or encephalitis, implies 
that a non-specific T cell response alone is not suffi- 
cient to produce demyelination. 

Attempts have also been made to define inflam- 
matory activity within the lesion based upon the 
infiltration of the vessel walls and spread into CNS 
parenchyma by inflammatory cells (45,57), the 
upregulation of adhesion molecules (12,84,91), and 
MHC antigens (74), production of cytokines 
(29,80,92), and the definition of the activation stage 
of macrophages in the lesions (9). The results have 
been inconclusive since in a chronic inflammatory 
process such as MS the upregulation of immune asso- 
ciated molecules is rather a matter of quantity than 
quality and the spectrum of cytokine expression is 
broad. 

Active plaques are often defined by the presence 
of cholesterol esters and neutral lipids in  
macrophages that can be stained by lipophilic dyes 
such as oil red 0 or Sudan I1 (54,55,74). Although 
this is a suitable technique easily applied to fresh or 
formaldehyde fixed tissue, this sudanophilic stage of 
myelin degradation may persist for several months 
after the destruction of the myelin sheath (18,45). 
Therefore these observations may not reflect accu- 
rately the early staRes of disease evolution. A better 

definition of demyelinating activity within a plaque 
can be obtained by studying the structural profile 
and chemical composition of myelin degradation 
products within macrophages (27,36,40,45,78) and 
examining the expression of inflammatory 
macrophage activation antigens in the lesions (9,56). 
The time sequence of myelin degradation in 
macrophages found in monophasic experimental 
and human lesions has been studied (10,38). Minor 
myelin proteins such as myelin oligodendrocyte gly- 
coprotein (MOG) or myelin associated glycoprotein 
(MAG) are rapidly degraded within macrophages 
within 1-2 days after phagocytosis. In contrast, 
major myelin proteins such as myelin basic protein 
(MBP) and proteolipid protein (PLP) may persist in 
macrophages for 6-10 days. In later stages, the 
macrophages contain sudanophilic and PAS-positive 
“granular lipids” that may persist in the lesion up to 
several months (45). 

A recent study provided evidence for a differenti- 
ated pattern of macrophage activation in MS lesions 
obtained during the early course of the disease (9). 
In this study, different patterns of macrophage acti- 
vation and differentiation in MS lesions were identi- 
fied by using a panel of antibodies that recognized 
formalin-resistant macrophage-differentiation anti- 
gens. These patterns were then correlated with the 
stage of demyelinating activity as detected by the 
presence of myelin degradation products. The overall 
number of macrophages is highest in lesions with 
ongoing active demyelination as shown by using 
pan-macrophage markers such as Ki-M1P. A correla- 
tion was also found between the expression of 
macrophage activation antigens and the stage of 
demyelinating activity. The acute stage inflammato- 
ry markers MRP14 and 27E10 were selectively 
expressed in early (MRP14) or early and late active 
(27E10) lesions. In contrast, the chronic stage 
inflammatory macrophage marker (25F9), showed 
increasing expression with decreasing lesional activi- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ty. These findings demonstrated a sequential expres- 
sion of macrophage activation antigens in MS 
lesions, thus providing parameters for defining the 
activity of MS plaques. Table 2 illustrates one cur- 
rent classification scheme to define lesional activity 
on the basis of myelin degradation products within 
macrophages, and macrophage activation markers. 
Although there is no generally accepted definition of 
MS plaque activity in the literature, this classification 
scheme provides a more uniform approach for future 
pathogenetic studies. 

Timing and Target of the Inflammatory Response 
Controversy surrounds the nature of the initial 

pathologic changes in MS. Although chronic persis- 
tent inflammation in the CNS is considered one of 
the most characteristic features of MS pathology, it 
remains unclear whether this inflammation is a pri- 
mary or secondary phenomenon in lesion evolution. 
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CRITERIA FOR IDENTIFICATION OF ACTIVE LESIONS IN 

MULTIPLE SCLEROSIS 

Myelin Degradation Products in Macrophages zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Myelin balldmyelin fragments 
Cholesterol esters (ORO+) 

Neutral lipids (PAS+) 
Degraded MBP 
MOG/MAG (Early Active) 
MBP/PLP (Late Active) 

Macrophage Activation Markers 
HLA-DR expression 

MRP 14/27ElO 

Hypercellularity of Plaque 

Inflammatory Activity 
Increased lymphocytes (T4, T8, TI 1) 
Upregulation of TNF-allymphotoxin 
Cytokine upregulation 
Adhesion molecule expression 
Fibronectin upregulation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Seitelberger ‘60 ;Lumsden ‘70; Allen ‘90 

Seitelberger ‘60; Lumsden ‘70; Guseo and 
Jellinger ‘75; Li ‘93; Sanders ‘93 
Adams ‘77 

Lassmann ‘83; Prineas ‘85, ‘93,’93; Yao ‘94 

Ozawa ‘94; Bruck’94 

Ozawa ‘94; Bruck’94 

Traugott ‘83; Hayes ‘87; Li ‘93; 
Sanders ‘93 
Bruck ‘95 

Lumsden ‘70; Prineas ‘75; Guseo and 
Jellinger ‘75Adams ‘77; Raine ‘81; Li ‘93; 
Sanders ‘93 

Traugott ‘83 

Selmaj ‘91 

Canella ‘95; Brosnan ‘95 

Sobel ‘90; Washington ‘94; Canella ‘95 

Sobel ‘89 

Table 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAORO+: Oil red 0 positive, PAS+: Periodic acid Schiff positive reaction, MBP: Myelin basic protein, PLP: Proteolipid pro- 
tein, MAG: Myelin-associated glycoprotein, MOG: Myelin oligodendrocyte glycoprotein 

Most investigators suggest that the perivascular 
lymphocytic reaction initiates the demyelinating 
process (64). This would imply that immunological- 
ly active cells enter the CNS via activated endotheli- 
urn and myelin would be destroyed either as a non- 
specific reaction by the release of Iymphokines, or by 
antigen-specific mechanisms. There are several lines 
of evidence in support of the primary nature of the 
inflammatory process in MS. In experimental aller- 
gic encephalomyelitis (ME), lymphocyte adherence 
to postcapillary venules with subsequent migration 
across the endothelium into the perivascular spaces 
and CNS parenchyma precedes demyelination zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(35 ,65) .  Perivascular inflammatory infiltrates are 
typically present in MS lesions in areas of active 
myelin breakdown. The inflammatory reaction in 
active MS lesions is associated with local upregula- 
tion of immunoregulatory molecules (histocompati- 
bility antigens, cytokines, adhesion molecules, 

chemokines), suggesting a contributing role for the 
inflammatory response in the disease. 
Immunocytochemical studies demonstrate the leak- 
age of immunoglobulins and complement from cap- 
illaries and venules at the edges of active plaques, 
with evidence of damage to the vessel walls (21). 
Serial MRI studies reveal that clinical MS exacerba- 
tions are generally associated with focal BBB damage 
(24, SO). 

Although there is some evidence supporting a 
primary inflammatory attack on myelin, several key 
points are worth noting. Neuropathologic studies 
reveal that inflammatory cells and specifically T cells 
are not always present in areas of active demyelina- 
tion (19,26,72). An ultrastructural study of 11 stereo- 
tactic brain biopsy specimens pathologically consis- 
tent with MS revealed evidence of myelin degenera- 
tion outside areas of maximal inflammation or 
macrophage infiltration suggesting that demyelina- 
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CLASSIFICATION OF DEMYELINATING ACTIVITY IN MS 

LESIONS ON THE BASIS OF MYELIN DEGRADATION 
PRODUCTS AND MACROPHAGE ACTIVATION 

Stage MOG PLP LFB PAS Vacuoles Macrophage Remyel 
marker 

Early active +++ ++ ++ - MRPl4 
Late active + +++ ++ - 27E10 
Inactive - - +/- +/- - - 
Early remyel - +/- +/- + + - ++ 
Late remyel - +/- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+I- +++ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table 2. Staging is based on the presence of immunocytochemical or histochemical reactivity of macrophage degradation products 
and macrophage activation antigens in the lesions. MOG: Myelin oligodendrocyte glycoprotein; PLP: Proteolipid protein; LFB: Lux01 
fast blue; PAS: periodic acid Schiff reaction: Vacuoles: empty vacuoles (neutral lipids). 

tion may have preceded inflammation (72). 
Although macrophages contained myelin debris 
within their cytoplasm, this observation could be 
interpreted as a consequence rather than the cause of 
myelin degradation, since similar patterns of 
macrophage activation are observed in other condi- 
tions not associated with myelin destruction. In 
addition, CT and MRI enhancement correlate with 
extensive macrophage infiltration (53), not lympho- 
cyte invasion. The upregulation of MHC class I1 
expression in active lesions located on pericytes, 
perivascular macrophages, microglia, and astrocytes 
(5,28,39,87) is not restricted to immune-mediated 
conditions. Other diseases not linked to T cell dys- 
function such as trauma, infarcts, and neurodegener- 
ative diseases (Alzheimer’s disease), are also associat- 
ed with class I1 MHC expression (48). Finally, silent 
plaques lacking a lymphocytic infiltrate can also 
express abundant class I1 on macrophages (66). 

Ultrastructural Patterns of Myelin Destruction in M S  
Most of our knowledge about MS neuropathology 

is based upon the study of the late chronic MS lesion 
characterized by a sharply demarcated area where 
myelin sheaths are selectively destroyed with relative 
axonal preservation and dense glial scar formation. 
In addition to these old sclerotic plaques, there may 
be active lesions with ongoing myelin destruction. 
Many different theories have been proposed to 
explain the process of demyelination in  MS. 
Babinski (4) first described the interaction of debris 
containing cells with the demyelinating fiber and 
emphasized the central role of leukocytes in myelin 
destruction. Marburg (46), on the other hand, 
described that lysis of myelin is followed by the infil- 
tration of phagocytic cells. He postulated a patho- 
genetic role for humoral myelinotoxic factors. Based 
upon ultrastructural studies, several patterns of  

demyelination have been described: 
a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAReceptor-mediated phagocytosis of myelin 

(“pinocytosis vermiformis”): In this pattern an inter- 
action of “coated pits and vesicles” on macrophages 
with myelin sheaths is found (62). Macrophages are 
thought to react with opsonized myelin (52,58) 
through Fc and complement receptors which are 
expressed in high density on the macrophage cell 
surface in active lesions (89). Myelin is then ingested 
by macrophages through vesicles or tubular chan- 
nels. This view is supported by the demonstration of 
IgG deposition at the sites of macrophage/myelin 
interactions (61). 

b) Myelin stripping: In this pattern, lymphocytes 
and macrophages invade myelin sheaths and can be 
found either between myelin lamellae or between 
the myelin sheath and axon. Disorganization or 
vesicular dissolution of myelin is present in the 
vicinity of the inflammatory cells. Although this is a 
common pattern seen in some EAE models, it 
appears to be relatively rare in MS and is found 
mainly in lesions of acute MS with prominent 
inflammatory infiltrates (36). 

c) Vesicular disruption of myelin sheaths: Vesicular 
transformation of parts of the sheaths or even whole 
myelin has been found mainly in acute MS cases 
characterized by very severe and destructive lesions 
(25,36,39). However, a minor degree has also been 
described in chronic active MS plaques (34,45). This 
is a prominent pattern in experimental models of 
demyelination in which the lesions are mediated by 
antibody and complement (37). Although it is clear 
from experimental studies that this pattern of 
demyelination may occur in vivo, in human autopsy 
tissue this process may be exaggerated by post 
mortem autolysis (58). 

d) Dying zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAback oligodendrogliopathy: The hallmark 
of this pattern is characterized by pathological alter- 
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ations in the most distal extension of oligoden- 
droglia cell processes. It was initially described in a 
model of toxic oligodendrogliopathy and demyelina- 
tion (44) and more recently also reported as a fea- 
ture of brain biopsies obtained during the early phas- 
es of the disease (72,73). This pattern of oligoden- 
drocyte damage has been reported in virus-induced 
models of demyelination (68). Similar alterations 
have been observed in MAG deficient mice (unpub- 
lished observations). The changes of dying back 
oligodendrogliopathy may reflect impairment of 
oligodendrocyte metabolism in MS lesions since 
myelin gene expression in oligodendrocytes may be 
downregulated in the face of viral infection, inflam- 
mation, as well as in some MS cases (30,32,71). It is 
not certain whether these alterations invariably lead 
to oligodendrocyte destruction. 

Unfortunately, these ultrastructural studies have 
been based on very small numbers of cases, and,do 
not confirm a common mechanism of myelin 
destruction for all patients. Furthermore, these stud- 
ies do not resolve the ongoing debate as to whether 
the myelin sheath or the oligodendrocyte is the pri- 
mary target of the immune-mediated injury in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMS. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fate of the Oligodendrocyte 

In cases of typical chronic MS, most investigators 
agree that the oligodendrocytes are largely absent 
from the lesion (36,45,58,72). The matter is less clear 
with regard to the fate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the oligodendrocyte in 
early stages of multiple sclerosis. Light microscopic, 
electron microscopic, and immunocytochemical 
studies have reported a variable degree of oligoden- 
drocyte preservation in actively demyelinating 
lesions (3 6,s 8,67). Prineas (5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8,s 9/63) immunocyto- 
chemically examined fresh CNS lesions of patients 
with early MS and observed a striking loss of oligo- 
dendrocytes during active disease, fpllowed by 
recruitment of large numbers of undifferentiated 
oligodendrocyte progenitors which are thought to 
repopulate the plaque. The final number of 
oligodendrocytes within a lesion would be depen- 
dent upon the availability of oligodendrocyte pro- 
genitor cells. Raine et a1 (67) and Selmaj (79,81) on 
the other hand described very high numbers of 
oligodendrocytes in early active lesions, however 
these cells were subsequently destroyed with disease 
progression. The authors suggested that oligoden- 
drocytes survive the initial attack, but are later 
destroyed via additional immune-mediated mecha- 
nisms. Rodriguez (72,73) proposed that oligodendro- 
cytes may be morphologically preserved in the acute 
lesion, but these cells do not function properly based 
on the alteration observed in the inner glial loops, 
the most distal extension of the oligodendroglial 
membrane. Therefore, the luxury function of these 
cells (i.e. myelination) may be disrupted without 
death to these cells. Lassmann et a1 (36) proposed 
that the degree of oligodendrocyte pathology may be 

different between early and late stages of MS as well 
as between different patients. 

In order to draw meaningful conclusions about 
the fate of the oligodendrocyte in a radially expand- 
ing MS lesion, it is essential to correlate oligodendro- 
cyte numbers with stages of myelin degradation 
products in macrophages. However, previous neu- 
ropathological studies have been limited due to very 
small number of suitable cases and lesions, the diffi- 
culty in identifying oligodendrocytes within tissue 
sections, and the use of not well defined criteria of 
lesional activity. Several studies relied upon indirect 
criteria for oligodendrocyte identification such as the 
presence of cells with typical oligodendrocyte mor- 
phology, which were not stained by 
macrophage/microglia markers (59), or round cells 
that were larger than leukocytes (94). Furthermore, 
prior immunocytochemical markers used in MS tis- 
sue stained myelin antigens expressed in oligoden- 
drocytes only at the peak of mye!ination/remyelina- 
tion (58,62,63). 

Recently developed techniques have better 
allowed the pathology of oligodendrocytes and pat- 
terns of oligodendrocyte death to be systematically 
studied in actively demyelinating MS lesions (10,56). 
We identified oligodendrocytes using two markers; 
the presence of proteolipid protein (PLP) mRNA 
within the cells, and the expression of myelin oligo- 
dendrocyte glycoprotein (MOG) on their surface. In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
siki hybridization for PLP mRNA is an early marker of 
oligodendrocyte differentiation and allows identifica- 
tion of oligodendrocytes engaged in myelin mainte- 
nance or synthesis (6,15,31). MOG is a protein that 
appears on the surface of oligodendrocytes and 
myelin late during myelination (47). In myelinated 
and demyelinated lesions, this protein is preserved 
on the surface of the oligodendrocyte and can be 
used to identify terminally differentiated oligoden- 
drocytes within MS plaques. These markers were 
combined with DNA fragmentation in tissue sections 
(22,75) to identify cells that were degenerating with- 
in active MS lesions. 

The MS material included in the study of Ozawa 
(56) included paraffin embedded biopsy and autopsy 
tissue from 28 cases with clinically andlor autopsy 
proven multiple sclerosis. The cases were grouped 
into three categories: 

(i) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAni te  multiple sclerosis: These cases (n=9) were 
defined according to Marburg’s criteria (46) and were 
characterized clinically by a severe relentlessly pro- 
gressive or relapsing neurological disease leading to 
death within one year of onset. 

(ii) Early mult iple sclerosis: These specimens 
(n=6) consisted of stereotactic biopsies from patients 
during the first or second bout of the disease (11 
days-7.5 months after disease onset). Patients were 
followed for an additional 2-7 years. 

(iii) Late mult iple sclerosis: This group (n=12) 
consisted of patients with chronic relapsing or 
chronic progressive disease for 1-21 years. 
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Figure 1. Oligodendrocyte preservation in MS. A. Early active MS lesion with rnacrophages containing MOG-reactive debris 
(arrows). Numerous MOG-positive oligodendrocytes (arrowheads) are present in the zone zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof active demyelination (irnrnunocyto- 
chemistry for MOG). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6. A large, activated oligodendrocyte with MOG a t  its surface (immunocytochernistry for MOG). C. Center 
of dernyelinated plaque. Several small oligodendrocytes are present iirnmunocytochemistry for MOG). D. Center of a demyelinat- 
ed plaque without rernyelination. Many oligodendrocytes contain PLP rnRNA (in situ hybridization for PLP rnRNA (black) and 
imrnunocytochernistry for PLP protein (red)). E. Rernyelinated lesion with MOG-positive oligodendrocytes (arrowheads) immuno- 
cytochemistry for MOG). F. Rernyelinated shadow plaque with numerous oligodendrocytes that contain PLP mRNA (in situ 
hybridization for PLP mRNA (black) and irnmunocytochernistry for PLP protein (red)). 

disease. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA total of thirty-six regions were examined 
and classified with respect to demyelinating activity 
based upon the profiie of rnyelin degradation prod- 

A parallel study by Briick et al. (10) focused more 
specifically on the pathology of early MS seen in 
biopsies taken during the first or second attack of the 
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Figure 2. Active dernyelination associated with oligodendrocyte loss in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMS. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. Oligodendrocyte loss in an incompletely dernyeli- 
nated plaque (b) compared to periplaque white matter (a) (in situ hybridization for PLP rnRNA (black) and imrnunocytochernistry for 
PLP protein (red)). B. High power magnification of the plaque in A shows striking loss of oligodendrocytes (in situ hybridization for 
PLP mRNA (black) and imrnunocytochemistry for PLP protein (red)). C. Rare oligodendrocyte present within the actively demyeli- 
nated plaque (arrow; immunocytochernistry for MOG). D. Extensive macrophage infiltration throughout the lesion (irnmunocyto- 
chemistry for panmacrophage marker Ki-M1 P). E. High power magnification of extensive macrophage infiltration (irnmunocyto- 
chemistry for Ki-M1 P). F. MRP14 expression in macrophages from this early active MS lesion (irnmunocytochemistry for MRP14). 

ucts within the cytoplasm of macrophages as sum- early exacerbations of MS, selective demyelination 
marized in Table 2. was associated with almost complete preservation of 

The pattern of demyelination in all three cate- oligodendrocytes and a high number of remyelinat- 
gories (acute, early, late) was characterized by conflu- ing lesions. In lesions occurring during late chronic 
ent plaques, and the inflammatory reaction was MS, demyelination was accompanied by extensive 
dominated by T lymphocytes and macrophages. A destruction and loss of oligodendrocytes. 
significant increase in the number of immunoglobu- Remyelination was sparse in  these cases. In 
lin producing plasma cells was present in inflamma- Marburg’s type of acute MS, demyelination was asso- 
tory infiltrates from late chronic MS lesions. During ciated with extensive destruction of oligodendro- 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. Gradient of oligodendrocyte loss in MS. A. Progressive reduction of oligodendrocytes in a completely dernyelinated 
plaque (b) compared to periplaque white matter (a) (in situ hybridization for PLP mRNA (black) and irnrnunocytochemistry for PLP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
protein (red)). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8. Center of demyelinated plaque with near complete loss of oligodendrocytes (in situ hybridization for PLP rnRNA 
(black) and immunocytochemistry for PLP protein (red)). C. Early active edge of this lesion containing MOG-reactive debris (arrow; 
irnrnunocytochernistry for MOG). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. Zone zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof numerous large activated MOG-positive oligodendrocytes near plaque edge (irnmuno- 
cytochemistw for MOG). E. Center of dernvelinated Dlaaue with few small MOG-positive oligodendrocytes (irnrnunocytochemistry 
for MOG) 

cytes, astrocytes and axons, however a considerable 
number of oligodendrocytes were preserved and 
capable of remyelination. This data suggested that 
in the majority of acute and early MS lesions, oligo- 
dendrocytes were largely preserved. However, in 
late chronic lesions there was a selective destruction 
of oligodendrocytes associated with the demyelina- 
tion. The high number of plasma cells found in the 
CNS of patients with late chronic MS may indicate a 
pathogenetic role of antibodies in demyelination and 
oligodendroglial destruction, or may represent a n  
attempt of these antibodies to promote repair (69). 
There were however exceptions to the general rule, 
with two out of seven early multiple sclerosis cases 
demonstrating a dramatic loss of oligodendrocytes, 
and three out of thirteen late chronic MS cases 
revealing lesions with considerable oligodendrocyte 
preservation. Loss or preservation of oligodendro- 

cytes did not depend as much on the stage of lesion 
formation as suggested by previous studies 
(59,60,63), but rather was a characteristic feature, 
similar in  all lesions or lesioned areas of a given 
patient. This suggested that at a given time during 
lesion evolution, the pathogenesis of the demyelinat- 
ing process is similar in  different brain regions. 
Furthermore, in the one patient who underwent 
sequential biopsies during the early phase of the dis- 
ease, the numbers of oligodendrocytes within the dif- 
ferent lesions were similar. These findings suggested 
that the pathogenesis of MS may vary in different 
patients and may change with chronicity of the dis- 
ease process. 

Patterns of cell death were also analyzed using 
DNA-fragmentation in  degenerating cells (56). 
Extensive oligodendrocyte death was found at the 
borders of active lesions in chronic cases. Typically, 
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Figure 4. Destructive acute MS lesion. A. Well demarcated demyelinated plaque with massive macrophage infiltration and 
edema; (a) periplaque white matter; (b) plaque center (immunocytochemistry for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMOG (blue)). B. Extensive axonal loss in this 
lesion associated with axonal changes (Bielschowsky). C. Demyelinated plaque edge and center. Some oligodendrocytes survive 
the destructive process (in situ hybridization for PLP rnRNA (black) and immunocytochemistry for PLP protein (red)). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. Higher 
magnification zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof C illustrating several preserved oligodendrocytes (arrows). E. Actively demyelinating lesion with numerous degen- 
erating cells (black nuclei) that show nuclear DNA fragmentation (arrows; double staining with irnmunocytochemistry for PLP pro- 
tein (red)). F. Astrocyte loss in acute MS (GFAP). 

dying oligodendrocytes were found in the area of demonstrated a fundamentally different pattern of 
active myelin destruction. These findings were inter- cell death. In these cases, oligodendrocytes were pre- 
preted as evidence for oligodendrocytes dying con- dominantly destroyed in a thin rim of normal 
comitantly with myelin sheaths, or secondarily to appearing white matter immediately adjacent to the 
myelin destruction. In this limited study, both apop- actively demyelinating plaque edge. This pattern 
tosis and necrosis patterns of cell death were found. suggests that in some primary progressive MS lesions, 
Using similar techniques, we have collected three demyelination may occur secondary to oligoden- 
cases of primary progressive chronic MS which droglia damage. These observations need to be con- 
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Figure 5. Pattern of cell death in a case zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof chronic progressive MS. A. DNA fragmentation is present in a small area in the 
periplaque white matter adjacent to the actively dernyelinating plaque border (arrows); black nuclei are cells with DNA fragmenta- 
tion, double-staining with immunocytochemistry for MOG protein (red). B. Higher magnification of A shows that degenerating cells 
with DNA fragmentation (arrows) are located in the periplaque white matter. 
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firmed in a larger series, however they suggest that 
the pathogenesis of primary progressive MS may be 
different from the pathogenesis of relapsing or secon- 
darily progressive disease. 

Since the original studies by Ozawa (56) and 
Briick (10) were restricted to a small total number of 
cases, we have initiated a similar study in a very large 
series of MS cases collected at the Mayo Clinic 
(n=44), the Institute of Neuropathology in Gottingen 
(n=22), and the Institute of Neurology in Vienna 
(n=16). It is based on 82 cases in which brain biop- 
sies from early bouts of the disease were available, 16 
autopsy cases of acute MS (46) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 cases of chronic 
active MS. The goal of the study was to exclude that 
the high variability of oligodendrocyte pathology in 
the previous studies of Ozawa (56) and Briick (10) 
were due to sample bias. Demyelinating activity in 
the lesions was determined on the basis of myelin 
degradation products in macrophages and the pres- 
ence of early macrophage activation markers, as sum- 
marized in Table 2. Our preliminary results indicate 
at least five distinct patterns of lesional pathology to 
be discriminated: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( I )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADemyelination with no or only minor oligo- 
dendrocyte loss (Figure 1): As in all other MS 
lesions, myelin was completely lost in these plaques. 
Active myelin destruction at the lesional borders was 
associated with a variable but minor reduction (up to 
30%) of oligodendrocytes. DNA fragmentation of 
oligodendrocytes was rare. Remyelination was rapid 
and complete. 

Ill) Dem yelination with concommitant destruc- 
tion and loss of oligodendrocytes (Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2): In 
these lesions, active demyelination was associated 
with extensive or complete loss of oligodendrocytes. 
In the area of active myelin destruction many cells 
with DNA fragmentation were present that expressed 
markers for oligodendrocytes (MOG, CNPase, or PLP 
mRNA). Morphological analysis of dying oligoden- 
drocytes revealed that in some cases cell destruction 
was mediated by apoptosis, whereas in others, partic- 
ularly those cases with a high plasma cell density, 
necrosis was dominant. Inactive plaques showed 
demyelination, extensive glial scarring, and limited 
remyelination. 

(Ill) Primary demyelination with a gradient of 
oligodendrocyte loss towards the inactive plaque 
center (Figure 31: In these lesions, similar to the first 
pattern described above, oligodendrocyte density was 
high in the areas of active myelin breakdown. Yet 
towards the plaque center there was a progressive 
reduction of oligodendrocyte density and dying 
oligodendrocytes were frequently observed. 
OIigodendrocyte loss was mediated mainly through 
apoptosis, although in one case with high plasma 
cell density, necrosis was noted. The center of such 
plaques showed demyelination and glial scarring 
without remyelination. 

(IV) Destructive plaques (Figure 41: These 
lesions were characterized by more extensive 
macrophage infiltration and a more pronounced 

state of activation as compared to the previously 
reported patterns. Widespread demyelination paral- 
leled destruction of oligodendrocytes, axons, and 
astrocytes. However, as described before, (56), oligo- 
dendrocytes were partly preserved even in the most 
destructive areas of these lesions. This pattern of 
demyelination was particularly prominent in cases of 
Marburg's type of acute multiple sclerosis. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

IV) Demyelinating plaques with oligodendro- 
cyte destruction in the periplaque white matter 
(Figure 51: These plaques revealed demyelination, 
glial scarring, and complete loss of oligodendrocytes. 
No signs of remyelination were present. Even in the 
areas of active myelin destruction, oligodendrocytes 
were sparse and only few cells showed DNA fragmen- 
tation. Yet, dying cells were abundant in a small 
zone of the periplaque white matter. This pattern of 
demyelination was found in three autopsy cases of 
primary progressive MS and in rare instances in biop- 
sy specimens from early bouts of the disease. 

Can these patterns of MS pathology be explained 
on the basis of the stage of demyelinating activity, 
the severity of a single pathogenetic mechanism, or 
the possibility that multiple pathogenetic mecha- 
nisms may be acting in parallel within the same 
lesion? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Timing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the lesion: If MS is a disease caused by a 
singIe pathogenetic mechanism, one would predict 
that previous observations on the high variability of 
oligodendrocyte damage are secondary to a stage-spe- 
cific phenomenon. However, our data demonstrated 
no correlation between the observed pattern of 
pathology and the stage of demyelinating activity 
within the lesion based upon macrophage activation 
or myelin degradation products. Furthermore, sirni- 
lar to Briick et al's (10) initial observation in a smaller 
series, our data confirmed that oligodendrocyte loss 
or survival was similar in all parts of a lesion from a 
given patient. 

Severity of a single pathogenetic mechanism: 
Obviously the severity of the pathogenetic process in 
a given lesion will determine its structural outcome. 
In mild forms of autoimmune encephalomyelitis, 
selective demyelination and rapid remyelination 
occur, which in more severe instances leads to unse- 
lective tissue damage, similar to that described in the 
destructive lesions (36). Yet this alone cannot 
explain why in some MS lesions oligodendrocytes are 
destroyed completely and selectively, whereas in oth- 
ers these cells are partly preserved, even in the most 
destructive areas. Furthermore, the preferential pat- 
tern of oligodendrocyte destruction by either apopto- 
sis or. necrosis, as well as oligodendrocyte death 
occurring either in areas of demyelination or in the 
periplaque white matter, are not possible to simply 
relate to differences in the severity of a single patho- 
genetic mechanism. 

Multiple mechanisms acting in parallel: In at least 
two cases characterized by a progressive loss of oligo- 
dendrocytes toward the plaque center, oligodendro- 
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cyte death occurred via either apoptosis or necrosis 
and seemed independent from the demyelination 
and oligodendrocyte destruction occurring at the 
plaque border. This raises the possibility that several 
pathogenetic mechanisms were acting in parallel 
within the same lesion. However, in the majority of 
lesions examined, individual patients followed dis- 
tinct pathogenetic pathways of lesion formation. 

Since the different patterns of lesional pathology 
in different MS cases cannot be explained alone on  
the basis of timing and severity of a single patho- 
genetic pathway, our data suggest that the primary 
target of the demyelinating process may vary 
between individual patients and thus may reflect dis- 
tinct immunopathogenetic mechanisms operating in 
different MS patients. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Multiple Different Pathogenetic Pathways of 
Demyelination May Lead to Different Lesion 
Subtypes 

What pathogenetic mechanisms could be respon- 
sible for these observed patterns of demyelination 
and oligodendrocyte destruction? Studies of experi- 
mental animal models of demyelination may provide 
important clues on the potential pathogenetic mech- 
anisms for multiple sclerosis. Demyelination in ani- 
mals may be produced immunologically by the injec- 
tion of myelin components or transfer of CNS-specif- 
ic T cells, by viruses from various families (picor- 
naviruses, coronaviruses, herpes viruses, retroviruses) 
and by toxins (lysolecithin, ethidium bromide, cupri- 
zone). It is possible that the differing patterns of 
oligodendroglial pathology and demyelination 
observed in the various patients have correlates in 
the animal models in which the inciting event and 
immunopathogenetic mechanisms are better under- 
stood. Considering the spectrum of different mecha- 
nisms leading to immune mediated demyelination in 
experimental models in vivo and vitro, the different 
lesional patterns, as described above, is not unexpect- 
ed. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Dernyelination with relative sparing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof oligodendro- 
cytes and rapid remyelination is the expected pattern 
when the pathogenetic process is primarily directed 
against the myelin sheath. This could be accom- 
plished by a bystander reaction, mediated by 
immunotoxins that are liberated in the course of the 
T-cell mediated inflammation. A variety of immuno- 
toxins, including oxygen radicals (23), tumor-necro- 
sis factor alpha (82), lymphotoxin (go), complement zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(77) or perforin (76) lyse preferentially myelin and 
oligodendrocytes in vitro. However, when overexag- 
gerated these same toxins will lead to unselective tis- 
sue damage, similar to that observed in destructive 
lesions. Thus, in chronic models of T-cell mediated 
autoimmune encephalomyelitis, demyelination 
occurs which is followed by rapid and complete 
remyelination (67). Only in severe conditions, as for 
instance in EAE in transgenic animals that overex- 

press TNF-a, persistent lesions are present that are 
associated with severe and unselective tissue damage. 

Another possible mechanism is myelin destruc- 
tion by demyelinating antibodies that act in synergy 
with a T-cell mediated encephalitogenic response 
(41). At present the best characterized target antigen 
for demyelinating antibodies is myelin oligodendro- 
cyte glycoprotein (MOG). MOG is strongly expressed 
on the extracellular surface of myelin sheaths and 
peripheral oligodendrocyte processes, but only in 
low density on the oligodendrocyte pericaryon (11). 
Demyelination induced in EAE animals by anti-MOG 
antibodies is associated with a variable extent of 
oligodendrocyte necrosis. Since MOG is not 
expressed on progenitor cells, rapid recruitment of 
new oligodendrocytes and remyelination occurs. 
Repeated demyelinating episodes by this mechanism 
lead to persistently demyelinated lesions, most likely 
due to progressive destruction of both mature and 
immature oligodendrocytes (42). ”Receptor-mediat- 
ed phagocytosis“ of myelin and capping of surface 
immunoglobulin G on macrophages engaged in 
myelin breakdown as described by Prineas and 
Graham (61) and Prineas (58) in multiple sclerosis 
lesions indeed argues in favor of an antibody mediat- 
ed mechanism. Furthermore, the presence of plasma 
cells secreting anti-MOG antibodies has been shown 
in the CSF of some MS patients (85). 

Demyelinoting lesions with complete loss of oligoden- 
drocytes and lack of remyelination most likely are due 
to a pathogenetic mechanism which not only elimi- 
nates mature oligodendrocytes but also effectively 
destroys the progenitor pool. Although this may be 
achieved in lesions with repeated de- and remyelina- 
tion occurring in the chronic stages of MS (43,60), 
such a mechanism is unlikely to operate in similar 
lesions seen in initial exacerbations of the disease. In 
the latter, there may either be a functional defect of 
oligodendrocyte precursor cells, or the immune 
response may be directed against an antigen present 
in mature as well as immature oligodendrocytes. 
Candidate antigens could be early differentiation 
markers of oligodendrocytes such as galactocerebro- 
sides or sulfatides, or a novel antigen peptide 
expressed following virus infection. In the Theiler’s 
virus model of multiple sclerosis induced by a picor- 
navirus, various target cells such as oligodendrocytes, 
astrocytes and macrophages are infected. An 
immune response destroys oligodendrocytes and pre- 
vents subsequent remyelination as a result of an 
immune response attempting to clear persistent 
infection (68). 

Cases presenting with a gradient of oligodendrocyte 
loss from the active lesion edge into the plaque center 
indicate that in some multiple sclerosis patients 
“stressed” oligodendrocytes, while attempting 
remyelination in the hostile environment of an 
active plaque, may become a target of destruction. 
Such a mechanism has been suggested by Selmaj et a1 
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(81) who described the intimate contact between 
gamma/delta T lymphocytes with reactive oligoden- 
drocytes in the plaques. A prominent and oligoclon- 
a1 gamma/delta T-cell response has been observed in 
some active MS lesions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(93). These T cells preferen- 
tially lyse oligodendrocytes in vitro (20), possibly by 
the recognition of stress proteins. Within MS lesions 
stress proteins such as hsp6.5 (79) or alpha B crys- 
tallin (90) are upregulated in oligodendrocytes, 
apparently at the time when they begin remyelina- 
tion. Thus, in cases with a gradient of oligoden- 
droglia cell loss, these cells may have escaped the pri- 
mary demyelinating insult, but may then be 
destroyed by a second immune reaction against stress 
proteins. 

Alternatively, a gradient loss of oligodendrocytes 
could also be explained by a lack of sufficient growth 
factors that allow oligodendrocyte progenitor cells to 
survive in the plaque environment and to differenti- 
ate into mature myelinating cells. In line with this 
concept, remyelinating lesions in EAE can be aug- 
mented by exogeneous application of insulin like 
growth factor (IGF). Furthermore, withdraw1 of 
growth factors may lead to apoptosis. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Lesions with oligudendrucyte death occiirring in the 
periplaque white matter outside the zone zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof active rnyelin 
degeneration suggests that in a subgroup of multiple 
sclerosis patients, primary oligodendrocyte destruc- 
tion may lead to secondary demyelination. One pos- 
sible mechanism of primary oligodendrocyte damage 
could be a persistent viral infection in this cell popu- 
lation. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA variety of different virus-induced experi- 
mental models of demyelination are available (68) 
which show impairment of metabolic functions of 
oligodendrocytes (32,71). In addition, toxins which 
interfere with the function of oligodendrocytes could 
result in this pattern of pathology (44). Several stud- 
ies have demonstrated the presence of virus antigens 
or respective nucleotide sequences in multiple sclero- 
sis lesions (3,13). Although there has been no con- 
vincing or repeated demonstration of a single virus 
in MS tissue, it still remains open whether a group of 
persistent virus infections may play a role in subsets 
of MS patients. A primary damage of oligodendro- 
cytes as seen in the lesions of several patients in our 
series may further support this notion. Yet primary 
oligodendrocyte damage may also occur in immune- 
mediated conditions. A dysregulation of microglia / 
macrophages could theoretically lead to oligodendro- 
cyte apoptosis and demyelination, via free oxygen 
radicals (23) or TNF-alpha mediated injury. In vitro, 
TNF-alpha produces oligodendrocyte destruction via 
apoptosis (82,s l), although this toxicity occurs only 
at very high concentrations which may not be physi- 
ologic. 

In conclusion, our studies on the patterns of 
demyelination and oligodendrocyte destruction in 
MS lesions underscore the pathologic heterogeneity 
observed in MS. These observations challenge the 
existing scientific dogma that MS is a disease caused 

by a single pathogenetic mechanism, and rather sug- 
gest that the pathogenetic mechanisms leading to 
demyelination may be fundamentally distinct in dif- 
ferent groups of MS patients. This hypothesis may in 
part explain the variable clinical picture with respect 
to the neurologic symptoms, natural history, and 
degree of disability seen in this disease. Furthermore, 
genetic studies support the theory that the expres- 
sion of the disease is under polygenic control. It may 
be that combinations of different susceptibility genes 
may ultimately dictate the patient's immunopatho- 
genetic response to the inciting injury, and account 
for specific subtypes of this complex disease. 
Whether there is only one versus multiple inciting 
events cannot be determined. These findings may 
have implications with respect to the design of future 
therapeutic strategies in MS. We currently rely upon 
large placebo-controlled double-blind studies to 
determine whether a particular therapy is efficacious 
in patients. This approach does not take into 
account that a therapy which may be useful in one 
group of patients may be ineffective or possibly dele- 
terious in another. In addition, the existing criteria 
used to select patients suitable for a clinical trial may 
not accurately reflect the specific pathogenetic sub- 
strate of the disease. The correlation of the patterns 
we have observed with clinical or paraclinical param- 
eters may ultimately lead to the development of 
novel therapeutic strategies designed to target differ- 
ent subtypes of multiple sclerosis. 
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