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Abstract

Introduction: Multiple sclerosis (MS) is an autoimmune, neurodegenerative disease with the involvement of white
and grey matter. Histopathological abnormalities can be also identified in normal appearing white matter (NAWM).
Aim of the study: To compare the micro- and astroglia proliferation within NAWM in MS cases with and without
inflammatory activity within central nervous system (CNS).

Material and methods: In post-mortem brain examinations we investigated 13 MS cases and 5 individuals who
suddenly died for cardiological reasons without neurological comorbidities. We analysed micro- and astroglia pro-
liferation within NAWM in histologically active and inactive MS cases in relation to the control group. To avoid the
possible influence of the modern disease modifying treatment (DMT) on NAWM histopathological appearance, we
decided to investigate the individuals who died before the modern DMT was introduced in Poland. The morpho-
metric analysis of micro- and astrogliosis was carried out at magnification 10 x 10 (microscopic lens x oculars =
magnification 100x). The fields were expressed in mm?; each field = 0.364 mm?. In total, 775 fields of NAWM and
420 fields of white matter in the control group were morphometrically assessed.

Results: Significantly higher microglia proliferation appeared both in MS active and inactive cases compared to controls,
while there were no differences between active and inactive cases. There was a significantly higher proliferation within
NAWM of active MS cases compared to the inactive ones and controls as well as between inactive cases and controls.
There were no correlations between microglia and astrocytes proliferation either in active or inactive MS groups.
Conclusions: Our results suggest that within MS NAWM, which appears to be involved at the very least, intense
diffuse micro- and astroglia reactions occur. Possibly, microglia rather support proinflammatory mechanisms, where-
as astrocytes seem to be more neuroprotective. Diffuse microglia proliferation indicates that CNS immune system is
chronically activated within the whole CNS.
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Introduction can be readily identified either radiologically or at

Multiple sclerosis (MS) is now no longer con- autopsy [20]. Neuroimaging of live patients has
sidered to be a disease limited to classic central had a major impact not only on early diagnosis
nervous system (CNS) white matter plaques, which  and management, but also on the evolving recog-
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nition of the effects of the disease on the entire
CNS [29,36]. In daily radiological practice, a sim-
plified analysis has been introduced, limited to
two main changes: active and inactive MS lesions
(plaques) and extra-plaque zones. Within the CNS
of MS patients three main zones are distinguish-
able from the histopathological point of view:
plaques (acute active, chronic active, inactive, and
shadow plaques), diffusely abnormal white matter
and the so-called normal appearing white matter
(NAWM) [7,9,15,25]. Indeed, macroscopically and
histologically at lower magnification, the majority
of NAWM appears normal, but histopathological
abnormalities can be identified in NAWM at high-
er magnification [20]. NAWM abnormalities can
also be detected using non-conventional magnetic
resonance imaging [13,14,25]. Recent studies on
NAWM have revealed correlations between his-
topathological changes and magnetic resonance
abnormalities [19]. These studies have brought
about interest in the pathological meaning and the
clinical importance of NAWM in MS [3,18]. The neu-
ropathological changes in MS NAWM may consist
of blood-brain-barrier (BBB) dysfunction, perivas-
cular inflammatory infiltrations, myelin damage,
and axonal disruption or even loss [6]. Micro- and
astrogliosis are also observed within NAWM. Glial
cells produce high levels of nitric oxide in response
to proinflammatory stimuli, leading to nervous
tissue damage in MS [1]. Activated microglia may
also express matrix metalloproteinases and tumor
necrosis factor a (TNF-a) that can facilitate CNS
involvement by inflammation [23,24,30,40]. Many
findings concern the microglia and astrocytes reac-
tivity in the active stage of the disease, especially
within MS plaques. Abnormalities documented in
MS NAWM had also been initially attributed to
active focal lesions. Nonetheless, the behaviour of
NAWM micro- and astrocytosis in active and inac-
tive MS cases remains less known.

The purpose of our study was to compare the
micro- and astroglia proliferation within NAWM in
MS cases with and without inflammatory activity
within CNS. To avoid the possible influence of the
modern disease modifying treatment (DMT) on
NAWM histopathological appearance, we decided
to investigate the individuals who died before the
modern DMT was introduced in Poland.
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Material and methods
Material

The post-mortem brain examination was done
on 13 cases, aged 29 to 59 years (median 42 years;
8women, 5 men), deceased due to MS between 1966
and 1977. Duration of the disease ranged between
6 and 24 years. Based on retrospective analysis of
clinical data we estimated that the neurological defi-
cit reached around 9 EDSS. At that time, MS relapses,
also in our patients, were treated with adrenocorti-
cotropic hormone (ACTH), the most established and
validated option for MS relapse [26]. The patients
had died before a present-day neuroimaging and
modern DMT were implemented in Poland.

Post-mortem final diagnosis was done by an
experienced neuropathologist. In each case includ-
ed in the study the histopathological changes were
located both infra- and supratentorially, the latter pre-
dominantly within the white matter, around the lat-
eral ventricles. The main neuropathological changes
were as follows: active and inactive MS plaques, dif-
fused abnormal white matter (DAWM) and so-called
NAWM. The acute active plaques contained robust
immune cell infiltrates, demyelination, parenchymal
oedema and axons damage. Within the chronic active
(burning) plaques, inflammation continued along
the border, while the core has become hypocellular.
Demyelination, features of remyelination as well as
axonal destruction were also observed. In the chron-
ic inactive plaques inflammation was absent; they
were almost completely acellular, axonal density was
reduced while gliosis appeared to be intensive. MS
plagues were also found within the cortex and deep
grey matter. DAWM usually adhered to the plaques. It
was characterized by poorly defined boundaries. Dif-
fuse pallor or loss of myelin, axons destruction or loss,
astro/microglia proliferation were the hallmark of
DAWM. Perivascular T-cell/B-cell infiltrations, some-
times as perivascular cuffings were observed in MS
active cases. MS plaques surrounded by DAWM were
predominantly located near the lateral ventricles.
White matter regions macroscopically and in micro-
scopical lower power appearing normal were consid-
ered as NAWM, however palled myelin, interrupted
axons, astro- and microglia proliferations as well as
small perivascular inflammation in active cases were
observed at higher magnification.

In all examined cases, spinal cord MS changes
were observed, including MS active and inactive
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plaques as well as myelin and axonal damage. MS
plagues were located both in white and grey mat-
ter, at all spinal levels, especially in the cervical part.
Myelin pallor or loss was also observed in spinal
roots. In some cases small inflammatory infiltrates
appeared in leptomeninges.

Based on clinical manifestations and neuro-
pathological examination, main other CNS inflam-
matory demyelinating diseases, in particular neuro-
myelitis optica spectrum and acute demyelinating
encephalomyelitis were excluded. In all patients, the
relapsing remitting with consecutive secondary pro-
gressive MS course has been documented. They had
minimal, if any, visual disturbances. Cerebrospinal
fluid assessment had not revealed pleocytosis. In all
cases pathological foci (plaques, DAWM) evidently
extended supratentorially. The plaques, including
chronic inactive ones had not demonstrated necrotic
features, inflammatory cells spectrum was not con-
sistent with MS inflammation. In our opinion, above
listed features justified us to establish MS diagnosis
in our patients.

At that time, MS relapses, also in our patients,
were treated with adrenocorticotropic hormone
(ACTH), the most established and validated option
for MS relapse [26]. The control group consisted of
brains taken from 5 individuals aged 47-65 years
who suddenly died for cardiological reasons without
neurological comorbidities. The Pomeranian Medi-
cal University Ethics Committee approved the study
protocol, which conformed to the ethical guidelines
of the Declaration of Helsinki.

Methods
Neuropathological examination

The detailed neuropathological examination was
done based on analysis of coronal large-hemispher-
ic or double-hemispheric slices including caudate
nuclei, putamen, pallidum, thalamus, and addition-
ally based on sections from pons, medulla oblonga-
ta and cerebellum, including dentate nuclei. Paraf-
fin-embedded specimens were initially stained with
hematoxylin and eosin, Heidenhain’s, Holzer’s, Biel-
schowsky and van Gieson methods. Recently select-
ed tissue fragments were immunostained with GFAP
(Rabbit (pAB) Astrocytic GFAP 1 : 2000 St (E)* Z0334;
Dako), CD68 antibodies (CD68 Mouse (mAB) microg-
lia/macrophages 1 : 100 St (E) M0814; Dako), TCD3
(Polyclonal Rabbit Anti-Human CD3; code: IR503;
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Dako; TCD4 (Monoclonal Mouse Anti-Human CD4;
Clone: 4B12, Code: IR649; Dako) and TCD8 (Mono-
clonal Mouse Anti-Human CD8; Clone: C8/144B,
Code: IR623; Dako).

Microglia and astroglia proliferation within NAWM

The morphometric analysis of micro- and astrog-
lia proliferation within NAWM (Fig. 1C,D) was done
with the cellSens imaging software from Olympus,
version 1.17.

White matter regions macroscopically and in
microscopical lower power appearing normal were
considered as NAWM (Fig. 1A). The densitometric
profile of NAWM myelin, assessed with RGB scale
was as follows: for R Me = 32 (Q1 = 15 — Q3 = 58),
for G Me = 50 (Q1 = 31 - Q3 = 79), for B Me = 83
(Q1 = 60 — Q3 = 112 pts) (Fig. 1B). NAWM was
defined as a region located at least 10 mm apart
from MS lesions. Three tissue areas of NAWM and
three areas of controls white matter were measured
in each case. The number of astrocytes and microglia
cells within the consecutive 10 to 20 fields for each
of three NAWM tissue areas, and 20 fields for each
of three white matter areas taken from control indi-
viduals was calculated. The morphometric analysis
was carried out at magnification 10 x 10 (microscop-
ic lens x oculars = magnification 100x). The fields
were expressed in mm?; each field = 0.364 mm?2. In
total, 775 fields of NAWM and 420 fields of white
matter in the control group were morphometrically
assessed.

Histological MS activity classification

The material was divided into two groups. Group |
(histologically active MS group) consisted of 8 cas-
es and demonstrated acute active and chronically
active MS lesions. Active lesions were infiltrated by
macrophages filled with myelin products and T-cells
located within the whole lesion. In chronically active
lesions macrophages and T-cells were located at the
peripheral zones of the lesion. Perivascular hema-
togenic infiltrates were also present in acute and
chronic active lesions [18]. Group Il (histologically
inactive MS group) included 5 cases without acute
and chronically active MS lesions and without hema-
togenic infiltrates either within MS plaques or with-
in the other investigated CNS regions.
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Fig. 1. A) NAWM — normal appearing myelin in lower power, Heidenhain, 100x. B) NAWM RGB profile.
C) Microglia cells, anti-CD68 antibody, 400x. D) Astrocytes, anti-GFAP antibody, 400x.

Statistical analysis

The statistical null hypothesis was that micro-
and astroglia proliferation within NAWM in his-
tologically active MS cases does not significantly
differ from micro- and astroglia proliferation in inac-
tive MS cases. The alternative hypothesis was that
micro- and astroglia proliferation within NAWM in
histologically active MS cases significantly differs
from micro- and astroglia proliferation in inactive
MS cases. To assess the equality of variances for
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variables, the Levene’s test was used before a com-
parison of means. The test has shown significance
(p < 0.05). For this reason the variables were pre-
sented as median (Me), the first quartile (Q1) and
the third quartile (Q3). Because of the non-normal-
ity of the distributions between variables, the data
were compared between groups |, Il and control
using the nonparametric Kruskal-Wallis one-way
analysis of variance for continuous variables. Cor-
relations between quantitative variables were stud-
jed with r-Pearson correlation. P values smaller or
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equal to 0.05 were considered to indicate statistical
significance. All statistical analyses were performed
with STATISTICA 12.5 pl.

Results
Microglia proliferation

In histologically active MS cases (group 1), the
number of microglia cells within NAWM ranged from
129 to 214 per analysed field (Me = 172 cells; Q1
= 155, Q3 = 183 cells). In histologically inactive MS
cases (group 1), the number of microglia cells within
NAWM ranged from 129 to 210 cells per field (Me =
184 cells; Q1 = 173, Q3 = 193.5). In the control cas-
es, the microglia cells in consecutive fields ranged
from 22 to 47 (Me = 33; Q1 = 29, Q3 = 38). The
difference between microglia proliferation within
NAWM of active and inactive cases was presented
in Fig. 2. Significantly higher microglia proliferation
appeared both in MS active and inactive cases com-
pared to controls, while there were no differences
between active and inactive cases.

Astroglia proliferation

In consecutive NAWM fields of active MS cas-
es, the astrocytes count ranged from 50 to 73 cells
(Me = 65.5; Q1 = 57, Q3 = 69.5 cells). In inactive MS
cases, the number of astrocytes ranged from 33 to
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Fig. 2. The difference between microglia prolifer-
ation within NAWM of active and inactive cases
and within the white matter of control cases.
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71 per analysed field (Me = 49; Q1 = 44, Q3 = 53).
Within the consecutive fields of control individuals,
the number of astrocytes was 16 to 49 (Me = 32;
Q1 = 27, Q3 = 37). The difference between astrog-
lia proliferation within NAWM of active and inactive
cases was depicted in Fig. 3. There was a significantly
higher proliferation within NAWM of active MS cases
compared to the inactive ones and controls as well
as between inactive cases and controls.

There were no correlations between microglia
and astrocytes counts either in active or inactive
MS groups (r-Pearson correlation; p = 0.31 and 0.76
respectively).

The number of microglia cells and astrocytes dif-
fered significantly between some fields of the same
case and between cases (Fig. 4A-D) (ANOVA Krus-
kal-Wallis test, p < 0.05). There were no substantial
differences concerning the number of micro- and
astrocytes in analysed fields of the control group.
Within NAWM, the tendency to agglomeration of
astrocytes near to the vessels was observed (Fig. 5A).
The perivascular space was often separated from
the nervous tissue by dense limbus consisted of
fibrillary astrogliosis and astrocytic feet (Fig. 5B).

Both in active and inactive cases myelin sheaths
within NAWM were irregular, vacuolated and dis-
sected (Fig. 5C). Irregularly swollen axons were also
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Fig. 3. The difference between astroglia prolifer-
ation within NAWM of active and inactive cases
and within the control cases.
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Fig. 4. Evident micro- (A) and astrogliosis (C) vs. relatively smaller micro- (B) and astrogliosis (D) in the same

case.

observed (Fig. 5D, E). Sometimes axons were inter-
rupted.

Discussion

In MS, the CNS is typically infiltrated by activated
T lymphocytes, especially by CD3+, CD4+ and CD8+ sub-
populations and less intensively by B-cells [4,21,37].
The microglia and astrocytes contribute to the cellu-
lar component of MS pathology as well. Local activa-
tion of microglia and astroglia, infiltration of activated
macrophages and T cells, active degradation of myelin
and damage to axons are the hallmarks of active and
chronically active MS plaques [33]. A role of the glial
cells as the antigen presenting in MS lesions was doc-
umented [16]. It is suggested that astroglia activation
may exacerbate MS inflammation and demyelination
within MS lesions [4,27].

Besides MS plaques, also within NAWM gliosis,
perivascular infiltrates or myelin damage, including
demyelination may be present. Activation of micro-
glia, upregulation of osteopontin alfa B-cristallin and
transcription factors involved in MHC expression
were observed [8,10,32]. The relationship between
microglia activation and axonal damage has been
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described within NAWM regions located near the
plaques [20]. Aforementioned abnormalities doc-
umented in MS NAWM are usually also attributed
to active MS cases. Little is known about the role of
microglia and astroglia in NAWM of MS cases with-
out hematogenic activity (inactive MS cases).

We decided to analyse the intensity of micro-
and astrogliosis within NAWM in such cases. We
have observed a significantly higher microglia reac-
tion within NAWM both in histologically active and
inactive cases as compared to controls, whereas
there were no significant differences in intensity of
microglia reaction between active and inactive cas-
es. Regarding pronounced microglia proliferation
within NAWM even in MS cases without hematogen-
ic inflammation, we assume that the proliferative
activity of microglia is maintained after extinction
of inflammatory activity within the plaques and dif-
fusely abnormal white matter. Considering that our
patients were not treated with modern DMT, such
massive participation of microglia even in histo-
logically inactive MS cases might reflect a perma-
nent response to “silent” pathogenic factor/factors.
Thus, possibly inactive MS cases actually remain the
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Fig. 5. A) Concentration of astrocytes in the vicinity of the vessel, anti-GFAP antibody, 100x. B) Astroglial
fibrillary limbus separating perivascular space and white matter, anti-GFAP antibody, 100x (upper right cor-
ner; 400x). C) Myelin vacuolation, Heidenhain, 1000x. D, E) Swollen axons, Bielschowsky, 1000x.

active ones. It was documented on experimental
allergic encephalitis that microglia may be activat-
ed before the immune cells invasion into CNS [11].
Consequently, myelin and axons in NAWM may be
impaired by both “extrinsic” hematogenic immu-
noreaction and “intrinsic” neuroimmune system
activity, also in clinically and radiologically inactive
MS cases. Myelin isolated from NAWM was phago-
cytosed more efficiently than myelin isolated from
control brains [9]. The authors postulate that NAWM
myelin in MS might precede phagocyte activation
and subsequent demyelination in MS. Moreover,
axonal lesion, admittedly smaller than in MS plaques
and diffusely abnormal white matter, also character-
ize NAWM. Axonal lesion may be secondary to axons
dissection within the plaques but also due to mas-
sive microglia activation in NAWM. Thus, microglial
inflammation may be an early indicator of myelin
and axonal injury within NAWM [11]. Concededly, it
is proposed that microglia may prevent more pro-
found and extensive NAWM damage [17] and seem

Folia Neuropathologica 2019; 57/3

to play a role in maintaining neuronal connectivity
[38]. Our results suggest that a massive microglia
proliferation within NAWM leads rather to damage
than protection of this region. It was documented
that microglia contribute to irreversible tissue dam-
age during the chronic inflammatory response [12].

The role of astrogliosis within MS NAWM seems
to be complex and remains unresolved. On the one
hand, a role for the astrocytes as antigen presenting
cells is postulated [16]. Furthermore, they are able to
produce inducible nitric oxide synthase and, conse-
quently, high expression of nitric oxide in response to
a wide variety of proinflammatory and degenerative
stimuli [31]. On the other side, astrocytes were found
to be involved in preservation of recently denuded
axons [16]. Through the ability to redistribute iron,
which is crucial for myelin repair in MS, and stimula-
tion of oligodendrocyte progenitor cells to attempt
spontaneous remyelination, astrocytes might be in-
volved in protective mechanisms within NAWM [5].
It is well known that the CNS is deprived of the
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lymphatic system, hence the drainage of interstitial
fluid is constricted. Recently the unique phenome-
non called “glymphatic system” has been revealed
within the CNS, providing the transport from and to
the cerebrospinal fluid [22,34]. It was indicated that
perivascular astrocytes high with aquaporin-4 play
the outstanding role in the function of the glia-de-
pendent glymphatic system [28]. They facilitate
glymphatic flow. This system is stricken in the elder-
ly, especially in Alzheimer’s disease, posttraumatic
brain injury, stroke and metabolic disorders. The role
of the glymphatic system in MS pathogenesis is not
out of question and requires profound analysis.

Limitations

It would be interesting to know the proportion of
reactive microglia and astrocyte compared to the total
number of these cells (activated and not activated) in
addition to the absolute number of reactive cells [39].
Unfortunately, because of technical aspects, we have not
had possibilities to expose reactive forms of micro- and
astroglia. Similarly, there were no opportunities to exam-
ine histological specimens by means of aquaporin-4
antibodies, but as it was abovementioned, careful anal-
ysis of clinical and histopathological data, allowed us to
diagnose our patients as fulfilling MS criteria.

Conclusions

Our results based on post-mortem analysis of MS
cases untreated with modern DMT suggest that with-
in MS NAWM, which appears to be involved at the very
least, intense diffuse micro- and astroglia reactions
occur. Possibly, these two cell populations of different
origin might have a diverse meaning in MS NAWM
pathology. Microglia rather support proinflammatory
mechanisms, whereas astrocytes seem to be more
neuroprotective. Maybe on this account there were
no correlations between astro- and microglia prolif-
eration either in our active or inactive MS groups. Dif-
fuse microglia proliferation supports the suggestions
that the CNS immune system is chronically activated
within the whole CNS [21].

The widespread abnormalities in MS NAWM
appear to be clinically important because they cor-
relate with disability progression and cognitive
impairment in secondary progressive MS [2,35].
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