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Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous
system (CNS), which gives rise to focal lesions in the gray and white matter and to diffuse
neurodegeneration in the entire brain. In this review, the spectrum of MS lesions and their
relation to the inflammatory process is described. Pathology suggests that inflammation drives
tissue injury at all stages of the disease. Focal inflammatory infiltrates in the meninges and the
perivascular spaces appear to produce soluble factors, which induce demyelination or neuro-
degeneration either directly or indirectly through microglia activation. The nature of these
soluble factors, which are responsible for demyelinating activity in sera and cerebrospinal
fluid of the patients, is currently undefined. Demyelination and neurodegeneration is finally
accomplished by oxidative injury and mitochondrial damage leading to a state of “virtual

hypoxia.”

ultiple sclerosis (MS) has historically been

defined as a chronic inflammatory disease
of the central nervous system (CNS), which leads
to large focal lesions in the white matter of the
brain and spinal cord, characterized by primary
demyelination with a variable extent of axonal
loss (Charcot 1880). Demyelination and neuro-
degeneration in the MS brain is associated with a
profound astroglia reaction, forming a dense gli-
al scar in long-standing established lesions. For
some time, the view on MS pathology centered
on focal demyelinated plaques in the white mat-
ter. Later it became clear that lesions are also
present in the gray matter, including the cortex,
the basal ganglia, brain stem, and the gray matter
of the spinal cord (Brownell and Hughes 1962).
Furthermore, there is neurodegeneration, which
affects the brain and spinal cord in a global
sense, giving rise to axonal loss in the normal-

appearing white matter, and diffuse neurode-
generation in the entire gray matter. These
changes finally result in profound brain tissue
loss and atrophy, which is most pronounced in
the progressive stage of the disease (Mahad et al.
2015). The general pathology of MS has been
described in detail in several recent reviews
(Lassmann et al. 2007; Kutzelnigg and Lass-
mann 2014) and, therefore, this article focuses
on some essential features. In addition, new
findings related to inflammation and its relation
to demyelination and neurodegeneration will be
discussed in more detail.

BASIC PATHOLOGY OF MULTIPLE
SCLEROSIS

The diagnostic hallmark of MS is the presence
of large confluent demyelinated lesions in the
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white and gray matter of the CNS (Fig. 1) (Char-
cot 1880). The most important feature is the
selective and primary nature of demyelination
with the destruction and loss of oligodendro-
cytes (Babinski 1885; Prineas 1985). Although
myelin is completely lost, axons are preserved to

a large extent, and the amount of axonal de-
struction is variable between different patients
and even between lesions in the same patient
(Ferguson et al. 1997; Trapp et al. 1998; for a
historical review, see Kornek and Lassmann
1999). Lesions occur on the background of in-

Figure 1. Pathological changes in the brain of a patient with secondary progressive multiple sclerosis (MS). Large
confluent focal demyelinated lesions are present in the white matter (A). In addition, there is extensive subpial
cortical demyelination, which can only be seen when sensitive immunocytochemistry for myelin proteins (e.g., pro-
teolipid protein) is used (B). In contrast to the normal pattern of myelin in the cerebral cortex, as shown in C, there
is complete loss of myelin in subpial lesions (D). Demyelinated plaques in the white matter may appear as inactive
demyelinated lesions ([DMs] in E), as early remyelinated lesions with a low density of thin myelin sheaths only
visible by immunocytochemistry for myelin proteins (ERM in F) or as remyelinated shadow plaques (G and H).
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flammation, consisting of T lymphocytes, B
lymphocytes, and plasma cells (Fig. 2). The in-
flammatory reaction is initiated around post-
capillary venoles and veins (Charcot 1880).
Thus, in the initial stages of lesions, perivenous
demyelination is seen and these lesions fuse to
confluent demyelinated plaques, which expand
at their border into the surrounding normal-
appearing white matter. This gives rise to the
typical perivenous extensions of established le-
sions, the so-called Dawson fingers (Dawson
1916). The demyelinating process is associated
with activation of astrocytes during the state of
active tissue injury and the formation of gliotic
scars in inactive lesions. MS lesions can in part
become remyelinated as a result of recruitment
and differentiation of oligodendrocyte progeni-
tor cells (Prineas et al. 1993).
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Similar perivenous and confluent demyeli-
nated lesions are also formed in the gray matter
(Fig. 1), including the cerebral (Kidd et al. 1999)
and cerebellar cortex (Kutzelnigg et al. 2007), the
deep brain stem nuclei (Cifelli et al. 2002; Ver-
cellino et al. 2009; Haider et al. 2014), and the
gray matter of the spinal cord (Fog 1950). In ad-
dition, in the cerebral cortex, widespread subpial
cortical demyelination is present, in particular in
the progressive stage of the disease, and active
subpial demyelinationis oriented toward inflam-
matory infiltrates in the leptomeninges (Bo et al.
2003; Kutzelnigg et al. 2005). Inflammation in
and around MS lesions is seen in all stages of
the disease, thus being present not only in the
brain of patients who died in early (relapsing)
MS but also in primary or secondary progressive
MS. It is most pronounced within actively de-
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Figure 2. Inflammation in the multiple sclerosis (MS) brain. Meningeal inflammatory infiltrates are composed of
CD3" T cells, CD20" B cells (A), and immunoglobulin-positive plasma cells (B). The inflammatory infiltrates
appear as aggregates with separated domains for T cells, B cells, and plasma cells (A and B). No lymphocytes are
present in the underlying cortical tissue (A). In white matter lesions, profound inflammatory infiltrates are seen
in the perivascular space, which contain T cells and B cells (C). In addition, there is a diffuse infiltration of T cells,
but not of B cells in the lesioned tissue (C). The diffuse infiltrates in the lesions nearly exclusively consist of CD8"

T lymphocytes (D).
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myelinating lesions, but is also seen in inactive or
remyelinated plaques as well as in the normal-
appearing white matter (Frischer et al. 2009).
The selective perivenous and confluent pri-
mary demyelination with oligodendrocyte loss
distinguishes MS from other diseases with focal
white and gray matter lesions. As examples, in
neuromyelitis optica, focal demyelinated lesions
with severe axonal destruction follow a primary
astrocyte damage triggered by specific antibod-
ies against aquaporin 4 (Misu et al. 2013). In
other inflammatory conditions, primary demye-
lination may follow virus infection of oligoden-
drocytes (e.g., progressive multifocal leukoence-
phalopathy). In this situation, demyelination
initially affects the territories of single oligoden-
drocytes, but does not reflect the MS typical
perivenous pattern (Bauer et al. 2015). Focal
white matter lesions in other inflammatory dis-
eases or stroke are mainly destructive with par-
allel loss of myelin, oligodendrocytes, and axons.

Active Lesions

Active demyelination or tissue injury is associ-
ated with densely populated phagocytic cells,
which reveal a morphological phenotype of acti-
vated microglia or macrophages (Fig. 3) (Prineas
1985). Microglia activation is most pronounced
at the edge of actively demyelinating lesions but
also abundant in the periplaque or even in the
distant normal-appearing white matter. In the
periplaque, white matter clusters of activated mi-
croglia are frequently encountered, which in part
surround degenerating axons (Prineas et al.
2001). In the demyelinated center of active le-
sions, cells with a microglia phenotype are rare,
but the majority of phagocytic cells present as
macrophages (Fig. 3A). Whether the macro-
phages in the plaque center are derived from
the pool of activated microglia or from hematog-
enous monocytes is unresolved. Macrophages
contain remnants of the destroyed myelin
sheaths and the immunocytochemical profile
of different minor and major myelin proteins
within the degradation products allow an exact
staging of the activity of the lesion (Briick et al.
1995). Microglia and macrophages in the MS
brain present with a phenotype, which is inter-

mediate between proinflammatory (M1) or anti-
inflammatory (M2) cells (Vogeletal. 2013). How-
ever, at sites of active demyelination and tissue
injury, they highly express nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, indi-
cating oxidative tissue damage. NADPH oxidase
expression is reduced or lost in later stages of
active lesions when macrophages have taken up
myelin or tissue debris (Fischer et al. 2012).

Such classical active lesions, described
above, are mainly seen in patients who have
died in early disease stages, such as acute MS
or relapsing remitting MS (Frischer et al.
2015); they can be distinguished from slowly
expanding active lesions, which are most fre-
quently seen in patients with progressive MS
(Fig. 3C,D) (Prineas et al. 2001). The slowly ex-
panding lesions show an inactive demyelinated
center and a rim of activated microglia at the
edge with some intermingled cells with a mac-
rophage phenotype, which contain myelin deg-
radation products. In addition, acute axonal in-
jury, reflected by the presence of axons with
disturbed fast axonal transport or of axonal
end bulbs, is not only seen in classical active
lesions but also at the active edge of slowly ex-
panding plaques (Frischer et al. 2015).

Inactive Lesions

Inactive lesions are most abundant in the MS
brain. They are sharply demarcated and show
primary demyelination, partial axonal preserva-
tion, and reactive gliosis (Fig. 1E). A variable
degree of microglia activation is present in the
periplaque white matter, whereas the number of
microglia is profoundly reduced in the center of
the demyelinated plaque. A dense fibrillary scar
tissue fills the space between the demyelinated
axons. Importantly, there is a low degree of on-
going acute axonal injury, reflected by the dis-
turbance of fast axonal transport also in inactive
lesions, indicating the ongoing demise of chron-
ically demyelinated axons (Kornek et al. 2000).

Remyelinated Shadow Plaques

Like inactive lesions, remyelinated shadow
plaques are sharply demarcated from the sur-
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Cortex WM

Figure 3. Macrophages and microglia in active multiple sclerosis (MS) lesions. Classical active white matter
lesions are densely infiltrated by macrophages and show massive microglia activation with expression of the
phagocytosis-associated marker CD68 at the lesion margin and in the adjacent periplaque white matter (PPWM)
(A). Active cortical lesions are associated with inflammation in the meninges, whereas the zone of active
demyelination is infiltrated by activated microglia with some intermingled macrophages (B). The cortical and
white matter areas are labeled as Cortex and WM, respectively. Slowly expanding lesions in the white matter are
characterized by a dense rim of activated microglia with some intermingled macrophages at the lesion edge,
stained with the microglia marker Ibal. In the lesion center, there is a very low microglia density (C). Similarly,
slowly expanding lesions are also seen in the cortex, associated with meningeal inflammation and the presence of
activated Ibal-positive microglia at the zone of active myelin injury. As in chronic white matter lesions also in the

cortex, the demyelinated zones are nearly completely devoid of microglia (D).

rounding normal-appearing white matter (Fig.
1F-H). Axons within these lesions have uni-
formly thin myelin sheaths with shortened in-
ternodes (Prineas et al. 1993). Remyelination
may be present in the entire lesion or cover
only focal areas within the plaque or the plaque
margin. The extent of remyelination varies pro-
foundly between different MS patients and de-
pends in part on lesion location. As an example,
remyelinated plaques are more frequent in the
subcortical compared to the periventricular
white matter (Patrikios et al. 2006). Remyelina-
tion is accomplished by new oligodendrocytes
derived from the progenitor cell pool, and the

extent of remyelination appears to be deter-
mined by several factors, such as the presence
of progenitor cells, their potential to differenti-
ate into mature myelinating oligodendrocytes
(Chang et al. 2002), the presence and functional
properties of axons, and the occurrence of repeat-
ed demyelination of remyelinated areas (Bramow
et al. 2010). Furthermore, in rare lesions, which
are affected by pronounced damage of astrocytes,
remyelination may also be accomplished by
Schwann cells (Itoyama et al. 1985). However,
in light of recent knowledge, some of the patients
described in this study may have suffered from
neuromyelitis optica and not from MS.
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Demyelination in the Gray Matter

As in white matter lesions, oligodendrocyte de-
struction and primary demyelination is the
pathological hallmark that distinguishes them
from brain damage in other diseases of the
CNS (Fig. 1B-D). However, the degree of in-
flammation, edema, microglia activation, and
macrophage recruitment is much less compared
with that in white matter (Peterson et al. 2001).
Dempyelination is associated with a variable de-
gree of loss of axons, neurons, and glia cells, and
this is accompanied by an even greater loss of
synapses (Wegner et al. 2006; Dutta et al. 2011).
Remyelination is more extensive in the cortex
compared with the white matter (Albert et al.
2007).

Types of Cortical Lesions

Different types of cortical lesions are found in
the MS brain, and their incidence is different
between early relapsing and progressive MS
(Kidd et al. 1999; Peterson et al. 2001; Bo et al.
2003). Type 1 lesions are present at the cortico—
subcortical border and affect the gray as well as
the white matter. Type 2 lesions are small peri-
venous intracortical lesions. Type 3 lesions are
located in the subpial layers of the cortex (Fig.
1B,D). They are most abundant, in particular, in
the progressive stage of the disease and are main-
ly located in the cortical sulci and the deep in-
vaginations of the brain surface, such as the in-
sular cortex or the cingulate cortex. They are
associated with inflammation in the meninges
and expand from the pial surface into the deeper
cortical layers. A special type of cortical type 3
lesions has been classified as type 4 when it af-
fects the entire cortex but does not pass the bor-
der between the cortex and the white matter.

Diffuse Changes in Normal-Appearing White
and Gray Matter

Such alterations are most pronounced in patients
with progressive MS. They consist of perivascu-
lar inflammatory infiltrates, moderate brain ede-
ma, diffuse microglia activation, diffuse axonal
injury, and astrocytic gliosis (Kutzelnigg et al.

2005). Part of these changes is secondary to ax-
onal and neuronal damage within focal lesions,
which gives rise to anterograde (Wallerian) and
retrograde degeneration (Dziedzic et al. 2010).
Retrograde degeneration induces the accumula-
tion of phosphorylated neurofilament within the
cytoplasm of affected neurons, which is a good
indicator of the severity of this process (Haider
etal. 2016). However, diffuse changes in the nor-
mal-appearing white and gray matter also devel-
ops independent from focal lesions. They corre-
late, in part, to inflammation in the meninges
covering the spinal cord or the cortex (Andro-
dias et al. 2010; Haider et al. 2016).

Differences in Pathology among Acute,
Relapsing, and Progressive MS

All typical pathological features of MS are seen
in all stages of the disease (Haider et al. 2014,
2016). Thus, there is no qualitative difference in
the pathology between relapsing and progressive
MS, including primary progressive MS. Howev-
er, the contribution of the pathological processes
and alterations differs quantitatively. Focal new
and active white matter lesions are most nu-
merous in early (acute and relapsing) MS and
become rare when patients have entered the
progressive stage. Instead, many plaques in
progressive MS fulfill the criteria of slowly ex-
panding lesions, as described above. Cortical de-
myelination is already present in the earliest
stages of MS (Lucchinetti et al. 2011), but its
extent massively increases when patients reach
the progressive stage (Kutzelnigg et al. 2005). In
extreme examples of primary progressive MS,
white matter lesions may be very rare and small,
whereas demyelination may affect >60% of the
entire cortical area (Haider et al. 2014). Diffuse
changes in the normal-appearing white matter
are sparse in early MS but very pronounced in
patients with progressive MS (Kutzelnigg et al.
2005).

Focal lesions in the MS brain arise around
inflamed veins and venoles and, thus, areas of
high venous density are more likely to be affect-
ed (Charcot 1880). In the progressive stage of the
disease, however, chronic demyelinated plaques
accumulate in brain areas, which have a lower
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perfusion and oxygen tension in normal indi-
viduals (the so-called watershed areas marking
the borders of the territories of large cerebral
arteries) (Brownell and Hughes 1962; Haider
et al. 2016). This indicates that in brain regions
with high-perfusion and oxygen tension, lesions
formed in the early disease stages may become
repaired, whereas tissue destruction, leading to
permanent lesions, is more pronounced in areas
of low blood perfusion (Holland et al. 2012;
Haider et al. 2016). Interestingly, permanent
and destructive lesions in progressive MS also
accumulate in those areas, which are mainly af-
fected by the consequences of age-related vascu-
lar disturbances such as periventricular leuko-
arayosis (Haider et al. 2016). These features of
pathology in the progressive stage of MS are in
line with the concept that oxidative injury, fol-
lowed by mitochondrial injury and genetic de-
letions of mitochondrial DNA, are key mecha-
nisms of tissue damage in MS, leading to “virtual
hypoxia.” This appears to result in energy defi-
ciency and subsequent ionic imbalance in oligo-
dendrocytes, axons, and neurons, which can be
amplified by age-related hypoxic tissue injury
(Trapp and Stys 2009; Mahad et al. 2015).

INFLAMMATION

MS has originally been defined as a chronic in-
flammatory disease of the CNS, which leads to
demyelination and subsequent neurodegenera-
tion (Babinski 1885). However, this view has
been challenged by clinical observations that
in the progressive stage, ongoing tissue damage
is not associated with magnetic resonance im-
aging (MRI) evidence for inflammation (the de-
tection of blood-brain barrier disturbance by
Gd-leakage) and the lack of effectiveness of
anti-inflammatory treatments in this stage of
the disease. Furthermore, analysis of initial
stages of white matter lesions showed surpris-
ingly little inflammation in comparison to that
seen in later, more advanced lesion stages (Bar-
nett and Prineas 2004). For these reasons, it has
been proposed that MS may be the result of a
primary neurodegenerative process, which is
modified or amplified by the inflammatory
reaction (Stys et al. 2012). However, a detailed

Multiple Sclerosis Pathology

pathological analysis provides a different view,
which will be discussed in detail below.

The nature of the inflammatory response in
the MS brain has been in the center of interest
for decades of MS research. As described above,
the formation of MS lesions around veins and
venoles, the association of active demyelination
with inflammatory infiltrates around these ves-
sels, as well as the diffuse spread of the inflam-
matory process into the affected tissue have al-
ready been noted in the earliest descriptions of
this disease. Perivascular inflammatory infil-
trates were found to consist mainly of lympho-
cytes and plasma cells, whereas active tissue
damage was associated with macrophages and
activated microglia. The lymphocyte population
has later been defined to represent mainly T cells
with a smaller contribution of B cells and plasma
cells (Fig. 2C) (Esiri et al. 1980; Booss et al. 1983;
Hayashi et al. 1988; Franciotta et al. 2008). The
inflammatory process is associated with the
expression of proinflammatory as well as anti-
inflammatory cytokines (Cannella and Raine
1995; Mycko et al. 2003) and adhesion mole-
cules (Dore-Dufty et al. 1993; Ifergan et al.
2011; Larochelle et al. 2012, 2015) or chemo-
kines and their receptors (Balashov et al. 1999;
Holman et al. 2011), which are involved in the
recruitment of different lymphocyte subsets and
monocytes.

Regarding cells of the adaptive immune sys-
tem, CD3-positive T cells are the most numerous
lymphocytes in the MS brain in all lesions and at
all stages of the disease. CD8" T cells by far out-
number CD4" cells (Fig. 2D) (Booss et al. 1983;
Hayashi et al. 1988), CD20" B cells, or plasma
cells (Frischer et al. 2009). Clonal expansion has
been mainly observed in the population of CD8*
T cells and plasma cells, being much less abun-
dant in the CD4" population (Babbe et al. 2000;
Skulina et al. 2004; Hohlfeld et al. 2016). How-
ever, there are differences in the composition of
inflammatory cells in the perivascular or menin-
geal space and in the diffuse infiltrates in the
parenchyme of the CNS. CD8" T cells outnum-
ber other lymphocytes in all locations, but in the
perivascular and meningeal cuffs, a substantial
but variable number of CD4" T cells, CD20" B
cells, and plasma cells are present (Fig. 2A,C)
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(Babbe et al. 2000; Frischer et al. 2009). In the
meninges, inflammatory cells form large aggre-
gates, which show features of tertiary lymphatic
tissue (Serafini et al. 2004; Franciotta et al. 2008;
Pikor et al. 2016). This is reflected by separation
of T cells, B cells, and plasma cells in distinct
domains of the aggregates (Fig. 2A,B), and this
process is associated with B-cell proliferation
and the presence of cells expressing markers of
follicular dendritic cells (Serafini et al. 2004).
Such inflammatory follicle-like structures in
the meninges are associated with particularly se-
vere active demyelination in the underlying cor-
tex (Magliozzi et al. 2007). Similar, but less im-
pressive, aggregates are also found within the
large perivascular Virchow-Robin spaces of the
brain. In contrast, diffuse infiltration of the brain
parenchyme in lesions and the normal-appear-
ing white matter nearly exclusively consist of
CD8" T cells (Fig. 2D) and, in some cases, im-
munoglobulin-containing plasma cells (Babbe
et al. 2000; Frischer et al. 2009). Little is known
so far regarding the presence of T-cell subsets in
the lesions. Some studies report high numbers of
T cells expressing the transcription factor T-bet,
thus suggesting the presence of T cells polarized
into a y-interferon-producing subset (Bsibsi
et al. 2014). One study reported 1117 expression
in CD4" and CD8" lymphocytes (Tzartos et al.
2008, 2011), but functional interpretation of
these findings was complicated by the abun-
dance of the expression of 1117 in astrocytes.
I121 was found in CD4" cells, but the 121 recep-
tor was broadly expressed in all lymphocyte sub-
populations. In addition, 1121 and its receptor
were abundantly expressed in neurons. The
functional role of the expression of these cyto-
kines in CNS cells and how it influences lympho-
cyte function in the nervous system is current-
ly unresolved. There is good agreement that
FoxP3-positive regulatory cells are very sparse
or even absent in MS lesions (Tzartos et al.
2008; Fritzsching et al. 2011).

Inflammation in Active MS Lesions

As mentioned above, it is still controversial as to
whether the inflammatory process in MS is the
primary driving force of tissue damage in MS, or

whether the lesions are initiated by a neurode-
generative process that is modified or amplified
by the inflammatory reaction. The latter view is
supported by a highly recognized study, which
proposed that initial MS lesions are formed in
the absence of inflammation by T cells and B
cells, although these cells accumulate in ad-
vanced lesion stages after the initial destruction
of oligodendrocytes by apoptosis and demyeli-
nation (Barnett and Prineas 2004). However,
detailed quantitative studies following this pri-
mary observation showed that in the earliest
stages of lesions there are already perivascular
inflammatory infiltrates containing T cells and
B cells in close proximity to the site of active
tissue damage and that there is a diffuse infiltra-
tion of the initial lesions by a low number of
CD8" T cells, which significantly outnumber
those seen in the periplaque and normal-ap-
pearing white matter of MS patients or in the
white matter of controls (Marik et al. 2007; Hen-
derson et al. 2009). In more advanced lesions in
which myelin has already been destroyed and
the fragments have been taken up by macro-
phages, a massive increase of inflammation
was seen, containing not only CD8" T cells but
also CD4" cells, B cells, and monocytes. These
data suggest that cells of the adaptive immune
system are already present in initial lesions, al-
though in relatively small numbers, but that de-
myelination and tissue damage leads to a second
wave of inflammation that may be caused by
adhesion molecule and chemokine expression
in response to tissue injury (Marik et al. 2007;
Henderson et al. 2009).

Inflammation in the Brain of Patients with
Progressive MS

Quantitative data of T- and B-cell infiltration in
the MS brain showed the most pronounced in-
flammation in classical active lesions in patients
with acute or relapsing MS. However, there was
a lower extent of inflammation also present in
inactive lesions, the normal-appearing white
matter, and the meninges. In patients with pro-
gressive MS, classical active lesions are sparse or
absent. In contrast, a significant number of le-
sions show signs of slow and chronic expansion.
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When T cells and B cells were counted in the
brain of patients with progressive MS, the degree
of inflammatory infiltration was very similar
compared to that seen in the normal-appearing
white matter, in inactive lesions, or in the me-
ninges of patients with early (acute or relapsing)
MS (Frischer et al. 2009). Furthermore, in the
progressive stage of MS, lymphocyte infiltration
into the tissue is 10-100 times higher than that
seen in age-matched controls or in the brain of
patients with stroke or neurodegenerative dis-
ease. Inflammation in progressive MS is pro-
nounced in the meninges and the perivascular
Virchow-Robin spaces, where it gives rise to
large inflammatory aggregates.

Several observations suggest that in the pro-
gressive stage of MS the inflammatory response
is, at least in part, trapped within the CNS be-
hind a closed or repaired blood-brain barrier.
Contrast enhancement in MRI is rare in patients
with progressive MS, despite the fact that pa-
tients from a similar disease stage and with a
similar disease course have substantial inflam-
mation in the brain and spinal cord seen by
pathological analysis; in many instances, peri-
vascular and diffuse parenchymal infiltrates of
lymphocytes are present in the absence of serum
protein leakage (Hochmeister et al. 2006). Fur-
thermore, the formation of inflammatory aggre-
gates with features of tertiary lymphoid tissue is
likely to be driven by the local environment or
the presence of a specific antigen within the
compartment of the CNS (Pikor et al. 2016).

In a subset of patients with progressive MS,
the inflammatory response in the brain is com-
parable to that which is present in age-matched
controls. This is mainly the case in patients with
high-age and long-disease duration but some-
times also in younger patients with a short-dis-
ease course. Interestingly, in these patients, no
active demyelination was found and the extent
of acute axonal injury was similar to that seen
in age-matched controls (Frischer et al. 2009).
These data suggest that in MS patients in whom
inflammation has ceased, demyelination and
active tissue injury declines to the levels associ-
ated with brain aging. Thus, such patients
may reflect a stage of “burnt-out” MS. However,
in such patients with severe MS-related pathol-

Multiple Sclerosis Pathology

ogy, which has passed the threshold of function-
al compensation, even minor age-related neuro-
degeneration may increase clinical disability,
thus giving rise to further clinical disease
progression.

All of the above-described findings support
the view that inflammation drives demyelina-
tion and neurodegeneration in MS. Whether
there are, however, differences in the nature of
the inflammatory response between early and
late MS, which additionally may explain the dif-
ference in the effectiveness of anti-inflammatory
treatments between patients in these two differ-
ent disease stages, remains unresolved.

HOW IS INFLAMMATION CONNECTED
TO DEMYELINATION AND
NEURODEGENERATION IN THE MS BRAIN?

As mentioned above, the key feature of MS pa-
thology is the selective primary nature of the
demyelinating process. Based on knowledge
from experimental models, there are many dif-
ferent immunological mechanisms that may be
involved in this process, and the question arises,
which of these mechanisms are relevant for MS
(Lucchinetti et al. 2000; Lassmann et al. 2012).
Because subpial cortical lesions in the MS brain
are the most specific pathological feature of the
disease, their detailed analysis in comparison to
cortical damage in other human diseases may
provide information regarding disease mecha-
nisms.

Demyelination in MS is Not a Nonspecific
(Bystander) Consequence of the
Inflammatory Process

Subpial cortical lesions are not seen in any other
inflammatory brain disease that affects the cor-
tex (Moll et al. 2008). This is the case even in
chronic inflammatory diseases such as tuber-
culous or luetic meningoencephalitis diseases,
which have meningeal and cortical inflammato-
ry infiltrates with a composition that is very sim-
ilar to that seen in MS. Subpial cortical demyeli-
nation is also absent in Rasmussen’s encephalitis
or paraneoplastic encephalitis, diseases with a
dominant (or even exclusive) CD8" T-cell-me-
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diated pathogenesis. Furthermore, no demyeli-
nation is detected in patients with meningeal or
diffuse infiltration by neoplastic B cells in cases
with B-cell lymphoma (Fischer et al. 2013).
These observations clearly show that primary
demyelination in MS is not a nonspecific (by-
stander) consequence of brain inflammation.

Demyelination and Neurodegeneration May
Be Triggered by a Soluble Factor Produced by
Lymphocytes

Active subpial cortical lesions in MS show a
characteristic architecture. T lymphocytes, B
lymphocytes, and plasma cells are located in
the meninges and their presence is clearly asso-
ciated with activity of demyelination and neuro-
degeneration in the underlying cortex (Figs. 2A,
B and 3B,D). However, active demyelination
within the cortex in most cases occurs in the
absence of diffuse T-cell, B-cell, and plasma-
cell infiltration in the cortical tissue, but is asso-
ciated with activated microglia at sites distant
from the cells of the adaptive immune response.
The best explanation for such a pattern of tissue
damage is that soluble factors are produced in
the meningeal inflammatory infiltrates, which
diffuse into the cortex and induce demyelina-
tion either directly or indirectly through microg-
lia activation (Magliozzi et al. 2007). Such a
pathogenic cascade of events could also resolve
the controversy regarding the relation between
inflammation and neurodegeneration at other
sites of the MS brain. The low-tissue infiltration
of actively demyelinating lesions by lympho-
cytes, as seen not only in the cortex but also in
initial white matter lesions, makes it unlikely
that demyelination and axonal damage is in-
duced by a direct contact between the target cells
and lymphocytes. The inflammatory cells are,
however, present in the perivascular space with-
in and around active lesions and these inflam-
matory cells may trigger tissue damage through
the action of a soluble factor.

A similar pattern of cortical demyelination,
as seen in MS patients, is well reflected in pri-
mates and rats with experimental autoimmune
encephalomyelitis when the disease is induced
by the combination of an encephalitogenic

T-cells response and the presence of specific
demyelinating antibodies (Pomeroy et al. 2005;
Storch et al. 2006). In this case, encephalitogenic
T cells induce inflammation, blood-brain bar-
rier damage, activation of macrophages or
microglia, and the accumulation of B cells and
plasma cells in the meninges and perivascular
spaces. Demyelination, however, is triggered by
the binding of specific demyelinating antibodies
and accomplished through complement activa-
tion or antibody-dependent cellular cytotoxici-
ty. These observations stimulated an intense in-
ternational effort to search for demyelinating or
cytotoxic autoantibodies in the serum and cere-
brospinal fluid (CSF) of MS patients. In an in
vitro study, antibodies binding to oligodendro-
cytes or myelin have been observed in 30%-50%
of the MS sera tested (Lily et al. 2004; Elliott et al.
2012). So far, however, the identification of an
MS-specific target for such antibodies has failed.
Myelin oligodendrocyte glycoprotein would be
an obvious candidate, but antibodies against this
protein have only been identified in patients
(mainly children) with acute or relapsing dis-
seminated encephalomyelitis, and the presence
of such antibodies may indicate that the patients
do not have MS but a newly defined myelin
oligodendrocyte glycoprotein antibody-associ-
ated autoimmune syndrome (Kim et al. 2015).
Analysis of antibodies derived from clonally ex-
panded plasma cells from the patient’s CSF
showed some binding to neurons, astrocytes,
and oligodendrocytes and induced demyelina-
tion in vitro, but, so far, the specific target anti-
gens have not been identified (Blauth et al.
2015). Furthermore, demyelinating or cytotoxic
activity of serum or CSF of MS patients may also
be caused by as-yet-unidentified factors, which
are produced by B cells but are still present when
immunoglobulins are removed from the sam-
ples (Grundke Igbal and Bornstein 1980; Lisak
et al. 2012). A recent study identified ceramide
as a potential cytotoxic factor in the MS CSE,
which may induce neuronal injury through ox-
idative damage in vitro (Vidaure et al. 2014).
Although this is a very interesting candidate, it
cannot explain how such a lipid factor will be
able to diffuse from the meningeal inflammato-
ry infiltrates to the site of active demyelination in
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the cortex. Overall, these data indicate that there
are one or several soluble demyelinating and/or
cytotoxic factors produced in the inflammatory
process in MS, but their biochemical nature will
have to be defined in future studies.

Demyelination and Neurodegeneration Is
Finally Accomplished by Microglia Activation,
Oxidative Injury, and “Virtual Hypoxia”

Asdescribed so far, inflammatory demyelinating
lesions in MS are specific for the disease and not
seen in other inflammatory or neurodegenera-
tive diseases affecting the cerebral cortex. This
made it possible to directly compare gene expres-
sion in active cortical MSlesions with that seen in
control populations, including tuberculous me-
ningoencephalitis (as an inflammatory control),
Alzheimer’s disease (as a control for neurode-
generation), and normal controls without neu-
rological disease or brain lesions (Fischer et al.
2013). A limited number of genes, which showed
differential expression in active MS lesions, were
identified. The differentially expressed genes
coded for proteins involved in inflammation, ac-
tive tissue injury, and demyelination or neuro-
degeneration. Regarding active tissue injury, the
molecules that appeared in this analysis were
mainly related to oxidative burst in microglia,
mitochondrial damage, and cell degeneration.
The gene expression changes were then validated
by pathological analysis and immunocytochem-
istry. These investigations showed that degener-
ating neurons, myelin, and oligodendrocytes
identified by the fragmentation of their processes
and apoptosis show profound lipid oxidation
(Fischer et al. 2013). This process is associated
with mitochondrial damage reflected by the
presence of respiratory-deficient cells and the
accumulation of mitochondrial gene deletions
(Dutta et al. 2006; Mahad et al. 2008; Campbell
et al. 2011). Profound oxidative injury is also
seen in active white matter lesions in early MS
(Fischer et al. 2012). Mitochondrial injury ap-
pears to be in the center of the pathogenic cas-
cade, giving rise to a state of “virtual hypoxia”
and to the amplification of oxidative injury
through electron leakage (Mahad et al. 2015).
A consequence of “virtual hypoxia” is energy

Multiple Sclerosis Pathology

deficiency, which results in ionic dysbalance in
affected cells and cell degeneration through
Ca®*-dependent pathways (Stys et al. 2012). As
discussed above, such a pathogenetic cascade
may explain the distribution of lesions in the
MS brain, and it will also be amplified in the
progressive stage of the disease by brain aging
and mechanisms related to the accumulation of
lesion burden in the CNS (Haider et al. 2016).
Key questions, however, remain unresolved. It is
currently not clear why such a profound oxida-
tive injury specifically occurs in MS lesions in
comparison to other inflammatory diseases of
the CNS. It also must be determined in the future
whether this exaggerated oxidative injury is re-
lated to an MS-specific inflammatory process or,
in part, is influenced by mechanisms that regu-
late the susceptibility of the target tissue in the
MS brain and spinal cord.

CONCLUSIONS

Experimental studies performed during the last
decade have identified a large number of immu-
nological and neurobiological mechanisms that
may be involved in the regulation of inflamma-
tion in MS and in the induction of tissue damage
in the CNS. Which of these mechanisms are
relevant for the disease process in MS patients
can, in part, be identified in pathological studies
of the lesions in the CNS of the patients. On the
basis of such a pathological analysis, a number
of mechanistic insights are suggested, which ap-
pear to be relevant for the understanding of the
disease process in MS:

1. The pathological data provide strong support
for the concept that inflammation drives de-
myelination and tissue injury in all stages of
the disease. However, demyelination and
neurodegeneration is not a nonspecific (by-
stander) consequence of the inflammatory
process, but is MS-specific.

2. The low number of lymphocytes at the sites
of active demyelination and neurodegenera-
tion makes it unlikely that tissue injury is
triggered by a direct interaction of these cells
with the target tissue, but that it is mediated
by soluble factors produced by lymphocytes
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that induce damage either directly or indi-
rectly through microglia activation.

3. Although demyelinating and cytotoxic activ-
ity is present in the sera and CSF of the pa-
tients, the nature of this soluble factor is cur-
rently undefined.

4. A dominant mechanism finally leading to
demyelination and neurodegeneration is a
cascade of oxidative injury, mitochondrial
damage, “virtual hypoxia,” and its down-
stream molecular consequences. This mech-
anism becomes particularly prominent in
patients with progressive MS, because it is
amplified by factors related to brain aging
and the accumulation of lesion burden in
the CNS. What primarily causes this exagger-
ated oxidative and mitochondrial injury in
MS patients is currently unresolved.
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