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INTRODUC TION

Chronic disabling diseases of the central nervous system (CNS) in 
general develop on the basis of a highly complex interaction of dif-
ferent mechanisms, and they affect different regions of the brain 

and spinal cord, leading to diverse clinical manifestations. They fre-
quently evolve in complex temporal patterns, giving rise to phases 
of high and low disease activity, which may be simultaneously dif-
ferent in different brain or lesion areas. Research on disease mech-
anisms must therefore take into account this complex situation, and 
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Abstract
Background and purpose: Neuropathology plays a major role in deciphering disease 
mechanisms in multiple sclerosis (MS). This review article describes recent advances in 
neuropathological research related to inflammatory demyelinating diseases.
Methods: A retrospective review of neuropathological studies published during the last 
two decades was conducted.
Results: The importance of neuropathology is generally seen in its contribution to the di-
agnosis of diseases of the nervous system and, in particular, in neuro- oncology. However, 
when it also includes analysis of the global three- dimensional extension of brain damage 
and the temporal sequence of lesion evolution and relates this to molecular changes in 
the lesions, it offers the potential to decipher disease pathogenesis and to contribute to 
the development of effective and causative treatments. In MS research, neuropathology 
has been essential in discriminating the disease from other inflammatory autoimmune or 
demyelinating diseases, such as neuromyelitis optica spectrum disorders (NMOSD) or 
myelin oligodendrocyte glycoprotein antibody- associated disease (MOGAD). It defined 
the hallmark of chronic progressive disease in MS patients as slowly expanding tissue 
damage, which occurs not only within and around lesions but also in the normal appear-
ing white and gray matter. It showed that these changes occur in the course of a tissue- 
resident immune response within the central nervous system, involving tissue- resident 
effector memory cells and plasma cells. Molecular studies in neuropathologically defined 
micro- dissected MS lesions identified a cascade of oxidative injury, mitochondrial dam-
age and subsequent virtual hypoxia as a major pathway of tissue injury in MS.
Conclusions: The results of these studies were highly relevant for the identification of 
potential therapeutic targets in MS patients and the design of pivotal clinical trials.
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neuropathology is currently the most suitable discipline to address 
this challenge. To accomplish this, however, neuropathology has to 
go beyond the two- dimensional analysis of tissue sections generally 
performed in diagnostics, towards a multi- dimensional analysis of 
structural changes in the spatial and temporal context of the lesions. 
This requires not only the reconstruction of the entire lesion spec-
trum in a single brain, but also in a virtual brain, providing informa-
tion on the probability of lesion location in multiple patients. The 
temporal dimension can be seen by integrating information gained 
from known sequences of pathological events, such as the degra-
dation of tissue components within macrophages, the dynamics of 
demyelination and remyelination or the time course of glial scar 
formation or fibrosis [1]. When this information is available, specific 
lesion areas can be selected for molecular studies by tissue micro-
dissection or spatial transcriptomics, proteomics or metabolomics. 
These new techniques have revolutionized research strategies on 
brain diseases [2]. However, they can only be successful, when they 
are based on human brain material, which comes from a sufficiently 
large sample of patients with carefully defined clinical disease, and 
which is selected on the basis of stringent neuropathological crite-
ria. In this review, examples are provided of how this strategy was 
applied to elucidate pathogenetic mechanisms of inflammation and 
brain damage in MS.

THE REL ATIONSHIP BET WEEN MS AND 
OTHER INFL AMMATORY DEMYELINATING 
DISE A SES

Although clinical features, which were later found to be typical of 
MS, were already described in the 18th century, MS was defined 
as a unique inflammatory demyelinating disease only in the second 
half of the 19th century [3]. Seminal contributions came from Eduard 
Rindfleisch, Joseph Babinski, Jean Marie Charcot, Otto Marburg and 
James Walker Dawson. These studies established MS as a chronic 
inflammatory disease, which leads to focal inflammatory demyeli-
nating lesions in the brain and spinal cord, mainly formed around 
larger veins, and which are characterized by primary demyelination, 
sparing on axons and neurons, reactive astrocytic gliosis and sponta-
neous remyelination. Furthermore, it was already noted at this early 
time that reversible clinical deficits were associated with inflamma-
tion and demyelination, while permanent disability was related to 
axonal and neuronal degeneration. Detailed accounts on the histori-
cal perspective of MS pathology have been provided earlier [4,5].

One aspect of MS pathology, which was for a long time difficult 
to understand, dealt with the mechanisms of active demyelination. 
Comparing initial changes of myelin in active lesions, as defined by 
stringent criteria, two fundamentally different mechanisms were 
noted. While a cellular attack on myelin sheaths, involving lympho-
cytes and macrophages, were described and illustrated by Babinski 
[6], the initial stages of active lesions described by Marburg [7] sug-
gested the action of a soluble toxin. Since these observations were 
mainly made in patients with very severe and aggressive disease, 
this discrepancy could have different explanations. Mechanisms 

of demyelination may differ between specific patient subgroups, 
suggesting different disease entities hiding behind a common clin-
ical and pathological phenotype. Alternatively, the mechanisms of 
demyelination may change in a given patient at different stages of 
lesion development and disease course. Finally, they may be attrib-
utable to differences in the cellular composition of immune cells oc-
curring at random or being determined by the site and context of the 
lesions in the brain and spinal cord.

The only way to resolve this question is to analyze a large sample 
of such initial demyelinating lesions obtained at early disease stages 
from a broad spectrum of patients with inflammatory demyelinating 
diseases, focusing on brain biopsies taken in early disease stages or 
on autopsies of patients who died in the course of Marburg's type 
of acute MS. Such material is rare and only available in large neu-
ropathological diagnostic reference centers. Sufficient numbers of 
cases and lesions can only be collected with international cooper-
ation. When we performed such a study, the main result was the 
documentation of an interindividual heterogeneity of the pathology 
of initial MS- like lesions, which suggested that demyelination in the 
brain and spinal cord followed patterns of tissue damage that were 
distinct among patient subgroups [8]. In all patients, active inflam-
matory demyelinating lesions developed on the background of an 
inflammatory reaction, dominated by (CD8+) T lymphocytes and B 
cells and demyelination was associated with activated macrophages 
or microglia. Despite the uniformity of the inflammatory reaction, 
four different patterns of demyelination were identified, suggest-
ing differential involvement of antibodies, complement and macro-
phages or microglia in the initiation of demyelination. The two most 
prominent patterns of tissue injury were either reflecting antibody-  
and complement- mediated tissue destruction (pattern II; [8]) or mi-
croglia activation associated with “virtual hypoxia” (pattern III; [9]).

The identification of a pattern of tissue damage, associated with 
immunoglobulin and complement deposition at sites of initial tissue 
damage, stimulated the search for potential pathogenic autoantibod-
ies (Figure 1). Interestingly, patients with the most intense antibody 
and complement deposition in active lesions were those with a clinical 
phenotype of optico- spinal MS or neuromyelitis optica [10]. The sub-
sequent search for disease- specific antibodies in such cases led to the 
discovery of neuromyelitis optica IgG [11], which is directed against the 
astrocytic water channel aquaporin 4 (AQP- 4) [12]. Transfer of such 
antibodies into rodents reproduced the neuropathological features of 
the disease in humans experimentally [13,14]. With the advent of these 
antibodies, the disease was defined as a primary inflammatory astrocy-
topathy with secondary demyelination and axonal degeneration [15]. 
Furthermore, the high specificity and sensitivity of AQP- 4 antibodies 
as paraclinical disease markers allowed the broad spectrum of clinical 
phenotypes to be uncovered, which are now bunched together under 
the term neuromyelitis spectrum disorders (NMOSD) [16].

A small subset of patients with optico- spinal inflammatory demy-
elinating diseases, however, did not present with anti- AQP- 4 autoan-
tibodies. In some of these patients, other pathogenic autoantibodies 
were found, which are directed against myelin oligodendrocyte gly-
coprotein (MOG). As shown before in experimental models of auto-
immune encephalomyelitis [17], these human anti- MOG antibodies 
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induced demyelination after transfer into rodents. Subsequently, the 
clinical spectrum of MOG antibody- associated disease (MOGAD) 
was defined, including neuromyelitis optica, acute and relapsing 
disseminated encephalomyelitis, and some cases with atypical mani-
festations of MS [18]. The neuropathology of MOGAD more closely 
resembles acute or relapsing disseminated encephalomyelitis or 
transverse myelitis than classic MS [19,20].

A major implication of these discoveries was that some dis-
eases, which were classified until the end of the 20th century as 
part of the spectrum of MS, turned out to be separate disease en-
tities with different clinical characteristics, pathology, pathogene-
sis and response to therapy. There is still a subset of patients with 
MS- like disease with pathological evidence for antibody and com-
plement involvement in whom no specific autoantibodies have 
been identified up to now. Whether these cases, too, are separate 
disease entities or are part of the disease spectrum of MS remains 
to be determined [21].

AUTOIMMUNIT Y IN MS AND OTHER 
INFL AMMATORY DEMYELINATING 
DISE A SES

Multiple sclerosis and other inflammatory demyelinating diseases 
are widely believed to be autoimmune diseases [22]. This assump-
tion is based on the detection of autoreactive T cells and antibodies 

in the immune repertoire of MS patients (but also of controls) and 
the beneficial effects of anti- inflammatory and immunomodula-
tory treatments. However, in contrast to NMOSD and MOGAD, no 
MS- specific autoimmune reaction has been convincingly identified 
until now. Currently the most compelling support for an autoim-
mune hypothesis is the observation that an inflammatory demyeli-
nating disease, resembling some essential features of MS, can be 
induced in animals by sensitization with brain or spinal cord tissue 
[22]. Autoimmune- mediated inflammatory diseases of the nervous 
system were originally observed in humans following rabies vacci-
nation long before the first experimental studies documented their 
induction in animals. Neuropathological disease entities seen in 
humans after sensitization with brain tissue mainly consist of acute 
inflammatory demyelinating polyradiculoneuropathy (Guillain– Barre 
syndrome) and acute disseminated encephalomyelitis (ADEM) [23]. 
Only in exceptional cases was a chronic disease noted that repro-
duced the pathology of MS with large confluent inflammatory de-
myelinating lesions [24,25]. Despite the rarity of this situation, this 
observation has been proposed as the most convincing evidence 
that MS is an autoimmune disease.

We recently had the chance to study one of these singular cases 
in more detail (Figure 2). Indeed, the pathology of this case closely re-
sembled Marburg's type of acute MS [25]. However, one typical fea-
ture of chronic MS, the presence of chronic active slowly expanding 
lesions (see below) was missing. Since this patient died in the 1950s 
only some archival formaldehyde- fixed and paraffin- embedded 

F I G U R E  1  Strategy to define the role of autoantibodies in brain disease: the example of aquaporin 4 (AQP- 4) antibody- associated 
neuromyelitis optica spectrum disorders (NMOSD). In the first step an inflammatory demyelinating disease with a clinical phenotype 
of optico- spinal multiple sclerosis or neuromyelitis optica (NMO) has been identified to be associated with extensive antibody (a) and 
complement deposition in the lesions (b) [10]. This stimulated the search for autoantibodies in the patient sera, which revealed antibody 
binding to perivascular astrocyte processes (c) [11] and the identification of the target antigen as AQP- 4 [12]. These patient derived 
autoantibodies induced pathological alterations in the rodent nervous system after transfer into animals with T- cell- mediated brain 
inflammation (d), which were closely similar to those seen in NMO patients (e) [13,14]. In parallel, a reliable paraclinical test was developed, 
which detects AQP- 4 antibodies in transfected cell lines (f). Using this paraclinical test for diagnosis it was possible to elucidate the clinical 
phenotype of NMOSD (g) [16]. EAE: experimental autoimmune encephalomyelitis [Colour figure can be viewed at wileyonlinelibrary.com]

(a)

(d)

(e) (g)

(b)

(c)

(f)
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material was available for further immunological studies. By com-
bining RNA extraction from fixed and embedded formalin- fixed 
material with deep sequencing and complex and highly demanding 
bioinformatic methods, we were able to reconstruct the antibody re-
sponse within the brain lesions of this patient [26]. It turned out that 
the antibody response was clonally restricted and directed against a 
pathogenetically relevant epitope of the MOG molecule. The recom-
binant patient- specific autoantibodies induced inflammatory demy-
elinating complement- dependent lesions after transfer into rodents, 
thus proving a pathogenic autoimmune response similar to that seen 
in patients with MOGAD (Figure 2). Thus, our results provide further 

evidence of the autoimmune pathogenesis of MOGAD in humans, 
but not for MS.

SLOW PROPAGATION OF TISSUE DAMAGE 
AND “SILENT” PROGRESSION ARE 
HALLMARKS OF THE DISE A SE PROCESS IN 
MS

As discussed above, recent data show that different disease entities 
can give rise to a clinical and neuropathological presentation that 

F I G U R E  2  Human autoimmune enzephalomyelitis. Rabies vaccination, performed in the first half of the 20th century, was in some 
patients associated with a neuroparalytic complication, induced by autosensitization with brain tissue. Most of these patients developed 
acute inflammatory polyradiculoneuritis or acute disseminated encephalomyelitis [23], but exceptional cases showed a pathology very 
similar to Marburg's type of acute multiple sclerosis with periventricular plaques of demyelination [24], with perivenous extensions (so- called 
Dawson fingers; central image (a) [25]). Demyelination in such cases was associated with profound inflammation with a very high content 
of B lymphocytes (b; CD20), which were negative for EBER- Epstein– Barr virus reactivity (c; EBV). The lesions showed active demyelination 
(d; myelin) with profound deposition of activated complement (e; C9neo). The inflammatory infiltrates also contained numerous plasma 
cells, producing immunoglobulin G (f; IgG) [25]. Modern transcriptomic technologies allowed the identification of the pathogenic antibody 
response and the resurrection of a patient- derived recombinant antibody, which bound to myelin (g; Binding), recognized a conformational 
epitope of myelin oligodendrocyte glycoprotein (h; MOG reactivity) and induced complement activation (i) and demyelination in vivo after 
passive transfer into rodents (j; Antibody Transfer) [26] [Colour figure can be viewed at wileyonlinelibrary.com]

(a)(b)
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(c) (d) (e)
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shares features of acute disseminated encephalomyelitis, neuromy-
elitis optica and acute or relapsing MS. What seems, however, to be 
specific for MS and is not shared with the other diseases is a chronic 
progressive disease phenotype [27,28]. A characteristic pathological 
hallmark of MS is the presence of chronic active lesions [29] and, in 
particular, a subset that has been defined by “slowly expanding” or 
“smoldering” lesions [30]. These terms were based on the observa-
tion that the lesions were demarcated from the adjacent periplaque 
white matter by a rim of activated microglia, with only a very small 
percentage of the phagocytes containing initial stages of myelin deg-
radation products. Such a pathological scenario is compatible with a 
very slow expansion of the lesions, but the term was criticized with 
the argument that pathology can only describe static but not dy-
namic changes. However, the accumulation of iron within activated 
microglia at the plaque edge recently allowed the dynamic develop-
ment of these lesions to be observed with high accuracy in living 
patients using iron- sensitive sequences in high- field magnetic reso-
nance imaging (MRI). In a prospective longitudinal study over 7 years, 
these iron rim lesions gradually expanded for more than 5 years and 
fused with other adjacent rim lesions, while plaques which lacked 
iron rims became smaller during the course of 2– 3 years, before their 
size stabilized [31]. Such lesions are not only present in the progres-
sive stage of MS, but are already prominent in relapsing MS, where 
they seem to be responsible for silent progression. Silent progres-
sion defines the progressive accumulation of brain damage before 
the threshold for functional compensation is passed, and before the 
patients convert to overt progressive disease. Neuropathology sug-
gests that a similar pattern of slow progression of damage also oc-
curs in cortical lesions and in the diffuse injury of the white and gray 
matter of MS patients (Figure 3). Neither slowly progressive lesions 
in neuropathology nor iron rim lesions in MRI have so far been iden-
tified in ADEM, NMOSD and MOGAD [19,32].

PROGRESSIVE DEMYELINATION 
AND NEURODEGENER ATION IN MS 
ARE A SSOCIATED WITH A TR APPED 
INFL AMMATORY RESPONSE WITHIN THE 
CNS

Active lesions in the early stage of MS are depicted by contrast 
enhancement in MRI, reflecting blood– brain barrier damage in the 
course of active inflammation and the migration of leukocytes into 
the brain tissue. Such contrast- enhancing lesions are rare in the 
progressive stage of the disease, despite the presence of profound 
perivascular inflammation and dispersion of the inflammatory in-
filtrates into the parenchyma [33]. These findings suggest a com-
partmentalized inflammatory response in the brain of patients with 
progressive disease [30].

Comprehensive characterization of the inflammatory response 
in the MS brain and its lesions, performed during the last years, now 
provides first insights into the nature of the compartmentalized im-
mune response within the CNS. The inflammatory reaction within 

the MS brain is dominated by MHC Class I restricted CD8+ T lym-
phocytes and by B cells or plasma cells, irrespective of the stage of 
the disease or lesion evolution [34– 36]. The CD8+ T cells display a 
phenotype of tissue resident memory T cells, but they show focal 
activation and proliferation. Regarding B lymphocytes CD20+ B cells 
are most numerous in active lesions, but they decrease in inactive 
disease stages and lesions [35,37]. However, with lesion maturation 
CD38+ plasmablasts and CD138+ plasma cells increase in numbers. 
This also supports the tissue resident nature of the B- cell response 
in the MS brain and provides an explanation for the long- lasting and 
stable intrathecal antibody production.

The dominance of tissue- resident effector memory cells in 
chronic MS lesions has several implications [38,39]. First, these cells 
reside within the CNS and become activated, when they locally rec-
ognize their target. Thus, the entire inflammatory process is secluded 
within the CNS compartment. Secondly, most of these cells are in 
an inactive or resting state, while activation occurs after reappear-
ance of their cognate antigen in a focally and temporally restricted 
manner. Thus, the vast majority of these cells cannot be eliminated 
by therapies, targeting activated immune cells. Thirdly, it is unlikely 
that these T cells recognize a classic autoantigen of the brain and 
spinal cord, which is continuously present and presented within this 
compartment. Such cells should be removed by activation- induced 
cell death, as seen in acute models of autoimmune encephalomyeli-
tis [40]. Potential candidate antigens for an intrathecally compart-
mentalized immune response by tissue- resident effector memory 
cells are infections agents (such as for instance Epstein– Barr virus) 
or stress proteins, which are expressed in a temporally and focally 
restricted manner in the course of cell activation or tissue injury.

TISSUE DAMAGE IN CHRONIC MS IS 
ACCOMPLISHED BY A C A SC ADE OF 
MICROGLIA AC TIVATION, OXIDATIVE 
STRESS AND “ VIRTUAL” HYPOXIA

Multiple different mechanisms of tissue injury have been proposed 
to occur in MS lesions, including the involvement of cytotoxic T cells, 
specific antibodies, microglia and macrophage activation. On a mo-
lecular basis, a variety of different toxic molecules liberated from 
activated immune cells or resident glia cells, such as for instance 
proteases, lipases, complement components, reactive oxygen and 
nitrogen species, and proinflammatory cytokines have been incrimi-
nated. It is likely that all of them contribute to some extent to tissue 
damage in different lesions and at different lesion stages, but their 
global importance in the disease process can only be judged on the 
basis of treatment responses or in an approach comparing different 
disease and lesion entities with a broad spectrum of novel molecular 
technologies.

An ideal experiment for this purpose must fulfill a number of re-
quirements. First, a type of lesion should be selected which is unique 
to MS and which is carefully characterized neuropathologically for 
initial stages of its formation. Secondly, other lesions and diseases 
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in humans must be identified that most closely share the pheno-
types of inflammation or neurodegeneration with MS, but lack the 
disease- specific features, such as primary demyelination. When this 
is achieved, technologies must be selected for molecular analysis 
that can be reliably performed on the material which is available [41].

To reach these goals, we selected active subpial cortical le-
sions because these are the most specific lesions in the MS brain 
that are not present in other human diseases of the nervous system 
[42]. Such subpial cortical lesions are associated with aggregates of 
inflammatory cells in the meninges with some features of tertiary 
lymph follicles [43]. It has been suggested that these inflammatory 
aggregates contain Epstein– Barr virus- positive B cells and plasma 
cells [44], although this finding has not been confirmed by others so 
far. We then screened the pathological archives for brain diseases 
affecting the cortex and having follicle- like meningeal inflamma-
tory aggregates, which most closely resembled the composition of 
leukocytes seen in active cortical MS lesions with respect to T- cell 

subsets, B cells and macrophages / microglia, but lacked the selec-
tive, plaque- like primary demyelination. The best- suited disease for 
this purpose was tuberculous meningitis. In addition, we attempted 
to control for plastic changes in the brain tissue, which occur as a 
consequence of neurodegeneration, and, thus, included samples 
from Alzheimer's disease in the analysis [41]. Finally, we were con-
fronted with the problem that such tissue samples are only available 
in neuropathological archives. Thus, transcriptomic technology had 
to be adapted to be used on archival formalin- fixed and paraffin- 
embedded tissue samples [41].

When we used highly stringent cut- off values for comparison of 
gene expression in these different conditions, only a limited num-
ber of genes appeared, which were differentially expressed in an 
MS- specific manner, and these gene expression changes indicated 
microglia activation, oxidative injury and mitochondrial damage. 
Obviously, such an approach can only provide hypothesis- generating 
results due to the very small number of cases and lesions which can 

F I G U R E  3  The difference between classic disease activity in acute or relapsing inflammatory demyelinating diseases and disease 
progression in chronic multiple sclerosis (MS). There are two different lesions types in inflammatory demyelinating diseases [30]: (a) The 
classic active lesions, characterized by profound inflammation, profound blood– brain barrier damage and synchronous active demyelination 
throughout the lesion with massive macrophage infiltration. (b) The chronic active (slowly expanding or smoldering) lesions, characterized by 
inflammation trapped behind a closed or repaired blood– brain barrier, profound microglia activation and moderate to minor ongoing active 
demyelination and axonal injury. These smoldering lesions gradually expand over years and fuse with adjacent smoldering lesions [31]. (c) 
Classic active lesions (arrows) are mainly seen in the relapsing stage of disease and are present in MS as well as in myelin oligodendrocyte 
glycoprotein antibody- associated disease (MOGAD) and neuromyelitis optica spectrum disorders (NMOSD). When sufficiently severe and 
located in clinically eloquent regions, they are associated with a relapse of the disease, otherwise they contribute to silent disease activity. 
Neurodegeneration, associated with active lesions leads to relapse associated permanent non- progressive neurological deficits. (d) Smoldering 
lesions (thick blue lines) show persistent low- grade demyelination and neurodegeneration over several years. Such lesions accumulate in the 
late relapsing and early progressive stage of MS and give rise to disease progression, which may become clinically manifest as progressive MS, 
when the neurodegeneration exceeds the threshold of functional compensation [Colour figure can be viewed at wileyonlinelibrary.com]

(a)

(c)

(d)

(b)

www.wileyonlinelibrary.com
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be included in such a study and the technical limitations of transcrip-
tomics performed in archival material. However, key molecules iden-
tified in this screen were also analyzed by conventional techniques 
in a large set of autopsy cases and the results were confirmed. In ad-
dition, similar mechanisms of tissue injury were identified in active 
lesions in early disease stages and chronic active slowly expanding le-
sions in progressive MS [45– 47]. Thus, the data indicate that microg-
lia, activated in the course of the intrathecal inflammatory response, 
produce reactive oxygen and nitric oxide intermediates, which pro-
voke mitochondrial injury and result in disturbed cellular respiration 
and energy failure. “Virtual” hypoxia is, thus, one driving force for 
demyelination and neurodegeneration in MS, and this may provoke 
reversible functional deficit as well as irreversible tissue damage [47].

This pathogenetic concept can also explain a number of other fea-
tures of cellular pathology in MS lesions, which occur in addition to 
demyelination and oligodendrocyte injury. A typical feature of tissue 
damage, induced by virtual hypoxia is that cell processes are more 
severely affected in comparison to the perinuclear cell body [48]. 
In oligodendrocytes this leads to a dying- back oligodendrogliopathy. 
This is reflected by a primary loss of the most distal (peri- axonal) cell 
processes visualized by a selective loss of myelin- associated glyco-
protein, which is followed by oligodendrocyte apoptosis [9]. In neu-
rons, synapses are most severely impaired, followed by focal axonal 
injury or transection and dendritic fragmentation, which precedes 
neuronal apoptosis [46]. In astrocytes this process affects the most 
distal cell processes forming the perivascular glia limitans, which is 
a typical feature of protoplasmatic gliosis in active MS lesions [49]. 
In microglia, oxidative injury is associated with loss of cell processes 
and senescence, which is prominent in active MS lesions [50]. Finally, 
in oligodendrocyte progenitor cells, loss of processes results in re-
myelination failure, which is a typical feature of chronic MS lesions 
[51]. In summary, all the hallmarks of neuronal and glial pathology 
that are seen in active MS lesions can be explained by a mechanism 
of virtual hypoxia, which is induced by microglia activation, oxidative 
injury and mitochondrial damage.

CONCLUSIONS

Major progress has been achieved during the last decades in our un-
derstanding of pathogenetic mechanisms involved in inflammation, 
demyelination and neurodegeneration in MS. Obviously, this pro-
gress could only be reached by a close collaboration between clinical 
and basic research, the latter involving multiple different disciplines 
of neurobiology. However, neuropathology played a central role in 
this research by identifying the basic nature of the disease process 
in the CNS, by selecting the most suitable tissue samples for mo-
lecular research and by validating new molecular findings in relation 
to the type, nature and temporal sequence of events in the lesions. 
It is, thus, clear that without the direct analysis of diseased tissue, 
progress in our understanding of disease processes would have 
been very limited. It is currently argued that the application of new 
technologies of transcriptomics, proteomics and metabolomics will 

revolutionize our understanding of diseases, such as MS. Although 
this is in part true, the key bottle neck for such studies is the avail-
ability of suitable human tissue samples. For many diseases, includ-
ing MS, such material will always be limited, in particular, material in 
a form which is perfectly suited for research. It will therefore be of 
critical importance to further modify and improve modern technolo-
gies so that they can be used reliably in archival fixed and embedded 
material as this is collected for decades in the archives of neuro-
pathological departments.
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