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BCAS1-positive oligodendrocytes enable
efficient cortical remyelination in multiple
sclerosis
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Remyelination is a crucial regenerative process in demyelinating diseases, limiting persisting damage to the CNS. It
restores saltatory nerve conduction and ensures trophic support of axons. In patients with multiple sclerosis, remye-
lination has been observed in both white and grey matter and found to be more efficient in the cortex. Brain-enriched
myelin-associated protein 1 (BCAS1) identifies oligodendrocyte lineage cells in the stage of active myelin formation in
development and regeneration. Other than in the white matter, BCAS1+ oligodendrocytes are maintained at high
densities in the cortex throughout life.

Here, we investigated cortical lesions in human biopsy and autopsy tissue from patients with multiple sclerosis in
direct comparison to demyelinating mouse models and demonstrate that following a demyelinating insult BCAS1+
oligodendrocytes in remyelinating cortical lesions shift from a quiescent to an activated, internode-forming morph-
ology co-expressing myelin-associated glycoprotein (MAG), necessary for axonal contact formation. Of note, acti-
vated BCAS1+ oligodendrocytes are found at early time points of experimental demyelination amidst ongoing
inflammation. In human tissue, activated BCAS1+ oligodendrocytes correlate with the density of myeloid cells, fur-
ther supporting their involvement in an immediate regenerative response.

Furthermore, studying the microscopically normal appearing non demyelinated cortex in patients with chronic mul-
tiple sclerosis, we find a shift from quiescent BCAS1+ oligodendrocytes to mature, myelin-maintaining oligodendro-
cytes, suggesting oligodendrocyte differentiation and limited replenishment of BCAS1+ oligodendrocytes in long-
standing disease. We also demonstrate that part of perineuronal satellite oligodendrocytes are BCAS1+ and contrib-
ute to remyelination in human and experimental cortical demyelination.

In summary, our results provide evidence from human tissue and experimental models that BCAS1+ cells in the adult
cortex represent a population of pre-differentiated oligodendrocytes that rapidly react after a demyelinating insult
thus enabling immediate myelin regeneration. In addition, our data suggest that limited replenishment of BCAS1+
oligodendrocytes may contribute to the remyelination failure observed in the cortex in chronic multiple sclerosis.
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Introduction

Remyelination is a regenerative process of the adult CNS, whereby
saltatory impulse conduction and trophic support to axons are
restored.’” Itis initiated after internode loss as occurs in demyelin-
ating diseases such as multiple sclerosis (MS).® The efficacy of re-
myelination has been shown to depend on multiple factors such
as, age, disease duration and lesion location.”** Several neuro-
pathological reports indicate that the cerebral cortex in MS remye-
linates more efficiently compared to white matter lesions in the
same patient, and that differences in extracellular matrix and cel-
lular composition may contribute.’*"” Recently, MRI studies in peo-
ple with MS found an inverse correlation of cortical remyelination
and cortical atrophy, and an effect on disease progression in a sub-
group with less demyelination and shorter disease duration.™®

The origin of remyelinating oligodendrocytes in MS and demye-
linating animal models has recently again become subject to dis-
cussion. The assumption that surviving adult oligodendrocytes
contribute to remyelination has received novel support by findings
in a cat and a B12-deficient non-human primate model as well as
single cell analyses of oligodendrocytes in human brain tissue
from patients with MS.'°"?! In addition, birth dating of oligodendro-
cytes by analysis of integrated nuclear bomb test-derived *C re-
vealed that few oligodendrocytes were newly generated in
shadow plaques of MS patients, supporting the notion that adult
oligodendrocytes are capable of generating new myelin sheaths
after demyelination.?? Importantly, however, a multitude of experi-
mental evidence has shown that remyelination is associated with
proliferation and differentiation of oligodendrocyte precursor cells
into mature oligodendrocytes,?*? and it has been demonstrated
that newly formed cells might be much more efficient compared
to surviving oligodendrocytes.’*?® These findings promoted a de-
bate on the origins of new internodes that might derive from differ-
ent cellular sources depending on the nature, extent, duration and
potentially age of the demyelinating insult.

We and others have recently shown that immunohistochemis-
try for brain-enriched myelin-associated protein 1 (BCAS1) identi-
fies process-rich pre-myelinating and internode-forming actively
myelinating oligodendrocytes in mouse and human tissue.??*
BCAS1+ oligodendrocytes are Olig2+ but do not express markers
of oligodendrocyte precursor cells (e.g. NG2) and mature

oligodendrocytes (e.g. CC1 or p25/TTTP), thus representing an
intermediate stage of oligodendrocyte differentiation. BCAS1+ oli-
godendrocytes are highly abundant in the white matter during de-
velopmental myelination but largely disappear in adulthood. In
contrast, in the cerebral cortex, the population of BCAS1+ oligoden-
drocytes remains substantial throughout life and only slowly de-
creases with age.”

In this study, we hypothesized that BCAS1+ oligodendrocytes in
the cerebral cortex may represent a population of pre-differentiated
oligodendrocytes contributing to fast remyelination of cortical de-
myelinated areas and the heightened repair efficiency of cortical
grey matter previously reported. We thus investigated the response
of cortical BCAS1+ oligodendrocytes to demyelination in early and
late stage MS and cuprizone- as well as antibody-induced targeted
cortical demyelination.

Materials and methods

Formalin-fixed, paraffin-embedded brain tissue from archival bi-
opsy and autopsy cases was obtained from the Institute of
Neuropathology at the University Medical Center Gottingen and
the MS Brain Bank of the Federal Ministry of Science
(BMBF)-funded disease-oriented Competence Network Multiple
Sclerosis (KKNMS). We studied 24 biopsies and 26 autopsies of pa-
tients with MS (Supplementary Tables 1 and 2) and 11 control biop-
sies (age range 33 to 85 years; Supplementary Table 3) and 31
control autopsies (age range 18-89 years; Supplementary Table 4).
MS biopsies were performed for diagnostic reasons to exclude tu-
mour or infection and targeted MRI-defined white matter lesions
(Supplementary Table 1). Biopsy and autopsy tissues were classi-
fied according to demyelinating lesion activity as described previ-
ously®? and assessed with regard to the presence of CD3+ T cells
in cortex and meninges (Supplementary Tables 5 and 6 and
Supplementary Figs 2 and 3). Demyelinated, remyelinated and nor-
mal appearing cortex areas were identified after analysis of
(immuno-)histochemical stainings for multiple myelin compo-
nents (Supplementary Fig. 4). Control biopsies contained micro-
scopically inconspicuous white matter and cortex with, if at all,
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only minimal areas of diseased tissue. Control autopsies showed no
CNS pathology. The median age of MS patients at biopsy was
40 years (interquartile range, 32-49 years); the median time from
first symptoms to biopsy was 3 months (interquartile range, 0.5~
12 years; patients with unknown disease duration were excluded);
and the female to male ratio was 2:1. The clinical diagnosis at the
time of biopsy was clinically isolated syndrome (CIS) in 12,
relapsing-remitting MS (RRMS) in eight and secondary progressive
MS (SPMS)/primary progressive MS (PPMS) in four cases. The ages
of the 26 autopsied MS patients ranged from 38 to 74 years (median
57, interquartile range, 46-63 years), with a female to male ratio of
1:1.25. All patients, except Patient 7 (disease duration: 12 years),
Patient 9 (>4 years), Patient 14 (12 years) and Patient 26 (14 years),
had a disease duration of >15 years and showed a progressive dis-
ease course. The study was approved by the local ethics committee.

Six- to seven-week-old C57BL/6] mice were purchased from Charles
River (maximum six animals per cage). Th/+ mice (MOG-specific Ig
heavy-chain knock-in mice, kindly provided by Tobias
Litzenburger, Antonio Iglesias and Hartmut Wekerle) were bred at
the animal facility of the University Medical Center Gottingen under
specific-pathogen-free conditions.® All animals were housed under
a 12/12 h light/dark cycle and had access to food and water ad
libitum.

For cuprizone-induced demyelination experiments, 7- to 8-week-
old male C57BL/6] mice were fed for either 1, 2, 3, 4 or 6 weeks
with cuprizone [Bis(cyclohexanone)oxaldihydrazone, 0.25% in nor-
mal chow]. Mice were sacrificed 1, 2, 3, 4 and 6 weeks after initiation
of the cuprizone diet to assess demyelination. Mice were sacrificed
2, 4, 6 and 21 days after cuprizone diet cessation to analyse remye-
lination. Mice were perfusion-fixed with 4% paraformaldehyde
(PFA), and brains were embedded into paraffin and processed for
histochemistry and immunohistochemistry.

Th/+ mice were immunized subcutaneously with 100 pg recombin-
ant rat myelin oligodendrocyte glycoprotein (MOG)1-125/CFA.
Three hundred nanograms of pertussis toxin (List Biological
Laboratories, Cat. No. 180) was injected intraperitoneally at Days
0 and 2 after immunization.?* Experimental autoimmune enceph-
alitis (EAE) animals were scored as previously described.>® For
stereotactic lesion induction, anaesthetized rMOG immunized Th/
+ mice received a stereotactic injection on the 2nd day of disease.
Two microlitres of a cytokine mixture composed of 50 ng TNFa
(R&D Systems) and 60 ng IFNy (R&D Systems) dissolved in PBS
was injected together with Monastral blue (Fluka) to facilitate the
identification of the lesions in the tissue (0.1 mm caudal to the breg-
ma, 0.2 mm lateral to the midline, 0.7 mm depth), according to pro-
tocols described previously.*®

All statistics were calculated using the GraphPad Prism 6 (GraphPad
Software) and SPSS version 27.0 Software. The Kolmogorov-
Smirnov test with the Dallal-Wilkinson-Lillie test for the P-value
were carried out to test for normal distribution. To compare two
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groups, a Student’s two-tailed t-test or the Mann-Whitney test
was applied. One-way ANOVA followed by Bonferroni’s or
Tukey’s post hoc test or one-way ANOVA with Kruskal-Wallis test
with Dunn’s multiple comparison test was performed for more
than two groups. Alternatively, two-way ANOVA with Sidak’s
multiple comparison test was used. For the correlation of
interval-scaled clinical features with cell densities, Spearman’s
rho correlation analysis was performed. Data are mean + standard
error of the mean if not stated otherwise.

Results

BCAS1+ oligodendrocytes in the cortex appear in two main pheno-
types: cells with few or no immunopositive processes, prevailing in
the healthy adult brain (‘resting’ BCAS1+ oligodendrocytes; arrows
in Fig. 1A) and cells with a pre-myelinating morphology with mul-
tiple branches and myelinating morphology, characterized by
internode formation (‘activated’ BCAS1+ oligodendrocytes; arrow-
heads in Fig. 1A).31:37:38

We have shown previously that BCAS1+ oligodendrocyte dens-
ity is increased in rodent white matter during myelin regeneration
after toxic demyelination.”® Here, we assessed whether BCAS1 is
also useful to detect ongoing remyelination in the mouse cortex.
We exposed mice to the demyelinating agent cuprizone for 6 weeks
and quantified the density of all BCAS1+ oligodendrocytes in the
cortex at multiple time points during treatment and after removal
of cuprizone from the diet. We found that the total number of
BCAS1+ cells in the cortex did not change significantly during treat-
ment and after discontinuation of cuprizone (Fig. 1A and B).
However, when we specifically quantified BCAS1+ oligodendro-
cytes with activated morphology, we saw a clear increase in myeli-
nating cells compared to naive mice from the very beginning of the
cuprizone diet (though not significant in the first week; Fig. 1C). This
increase reached its maximum at a time point when the loss of ma-
ture tubulin polimerization promoting protein (TPPP/p25)+ oligo-
dendrocytes was severe and still ongoing in the cortex (Week 4;
Fig. 1D).

We then investigated whether this early increase in activated
BCAS1+ oligodendrocytes, found in the cortex under conditions of
toxic oligodendrocyte damage, is a general feature of cortical de-
myelinating lesions and can also be observed in an animal model
of antibody-mediated demyelination. To this end, we induced
EAE in Th/+ mice harbouring anti-MOG antibodies in their sera by
immunization with recombinant MOG'™%* protein. At disease on-
set, a mixture of cytokines (50 ng TNFa and 60 ng IFNy) was stereo-
tactically injected into the cortex, thus eliciting a focal
inflammatory demyelinating lesion.>**® We quantified actively
myelinating BCAS1+ oligodendrocytes within the lesion at different
time points after induction and related them to the presence of
macrophages/activated microglia. We found that activated myeli-
nating BCAS1+ cells were highest soon after the demyelinating in-
sult, as early as 5 days after lesion induction (Fig. 1E and G), when
high numbers of infiltrating Mac3+ phagocytes were still present
in the lesion (Fig. 1H). Importantly, relying on markers of compact
myelin such as MBP, the expansion of the demyelinated area at
this early stage of lesion formation was at its maximum, and no
evidence for newly formed MBP+ internodes was found yet
(Fig. 1E and I).
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Figure 1 BCAS1+ myelinating oligodendrocytes are generated rapidly after toxic and inflammatory cortical lesion induction. (A) BCAS1+ oligodendro-
cytes in the cerebral cortex of control and cuprizone-treated mice. In control cortex, BCAS1+ oligodendrocytes with no or few processes predominate
(left, arrows), whereas after 4 weeks of cuprizone treatment, BCAS1+ oligodendrocytes adopt a myelinating, process-rich phenotype (right, arrow
heads). (B) BCAS1+ oligodendrocyte density in the cerebral cortex of control mice during cuprizone treatment and after cuprizone withdrawal.
(C) Quantification of BCAS1+ process-rich myelinating cells in the cerebral cortex of control mice during cuprizone treatment and after cuprizone with-
drawal [control, n =8; 1 week, n=5; 4 weeks, n =5; 6 weeks, n=6; 2 days remyelination (2 d RM), n=_8; 4 days RM, n=3; 6 days RM, n=8; 21 days RM, n=4;

(Continued)
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In the grey matter, a subpopulation of oligodendrocytes in close
proximity to neurons is designated perineuronal satellite cells.*
Whether these satellite cells can participate in myelin regeneration
or are primarily engaged in local neuronal support is not resolved.
We confirmed that about one-third of BCAS1+ oligodendrocytes in
control mouse cortex were satellite cells (37.4+2.5%). We then
asked whether these BCAS1+ satellite oligodendrocytes participate
in remyelination at specific time points of cuprizone treatment.
Quantification revealed that BCAS1+ satellite cells with an activated
morphology were increased during toxic demyelination compared
to controls, with a peak at 4 weeks under treatment (Fig. 2B). The
percentage of BCAS1+ satellite cells co-expressing cytosolic MAG,
which is essential for early oligodendrocyte-axon contact, showed
a tendency to increase from Week 4 under treatment, further indi-
cating ongoing formation of novel myelin sheaths (not significant;
Fig. 2C). While only a subpopulation of BCAS1+ oligodendrocytes co-
expressed MAG, practically all oligodendrocytes with MAG+
processes were BCAS1+ (data not shown). Judging from cellular
morphology, MAG was expressed at a slightly later stage of oligo-
dendrocyte differentiation in cells with newly forming internodes.
BCAS1+ as well as cytosolic and process-based MAG expression
was lost in mature myelin-maintaining TPPP/p25+ cells (Figs 2A
and 3E). No change in the total number of satellite oligodendrocytes,
of BCAS1+ cells or the percentage of BCAS1+ satellite cells was ob-
served during cuprizone treatment (data not shown).

Our experimental data suggested that activated BCAS1+ oligoden-
drocytes in the cortex are generated early after lesion initiation
and amidst ongoing toxic oligodendrocyte loss (cuprizone) and
myelin phagocytosis (antibody-induced demyelination). To test
whether a similar early response to demyelination can be observed
in human cortical demyelination, we assessed grey matter lesions
obtained from brain biopsies of patients with MS early in the dis-
ease course®**° for the presence of BCAS1+ oligodendrocytes.
About two thirds of the examined cortical lesions in MS biopsy
tissue displayed signs of early ongoing remyelination, i.e. an abun-
dance of BCAS1+ process-bearing oligodendrocytes in the absence
of MBP+ fibres (remyelinating lesions, 15/24 lesions) (Fig. 3A and
B). Similar to what we found in the cuprizone model, the total num-
ber of BCAS1+ cells in remyelinating lesions was comparable to con-
trol tissue (normal cortex) and normal-appearing cortex of MS
patients (defined by microscopically normal myelination assessed
in MBP-immunohistochemistry; Fig. 3C). In contrast, the total num-
ber of BCAS1+ oligodendrocytes was severely reduced in demyeli-
nated lesions (Fig. 3A and C). Similar densities of activated
microglia/macrophages (KiM1P+) were observed in early demyeli-
nated and early remyelinating lesions (Fig. 3A and D), further

Figure 1 Continued
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underlining their close temporal relationship and the rapid activa-
tion of BCAS1+ oligodendrocytes after demyelination. To detect a
possible influence of age, sex, disease type or disease duration on
the density of BCAS1+ pre-myelinating and actively myelinating oli-
godendrocytes in MS biopsies, Spearman’s rho correlation (age, dis-
ease duration) and the Mann-Whitney U-test (sex, disease type)
were performed. However, no robust correlations were detected,
and a larger sample size is required to properly determine the influ-
ence of these parameters.

Having established BCAS1 as a reliable marker for active remyeli-
nation in the cortex of patients in early stages of MS, we next
asked whether evidence for ongoing remyelination was also ob-
served in cortical lesions of patients with long-standing disease.
Investigating autopsy tissue from 26 patients with chronic MS, we
identified increased numbers of activated BCAS1+ oligodendro-
cytes in 26.1% of the cortical lesions studied (Fig. 4A and B), eviden-
cing ongoing remyelination (see also Supplementary Fig. 1 for
axonal contact formation by BCAS1+ oligodendrocytes). Similar to
the observations made in biopsy tissue, the total number of
BCAS1+ oligodendrocytes in these remyelinating areas was not
changed compared to control tissue, while it was clearly reduced
in fully demyelinated, non-remyelinating cortical lesions (Fig. 4C).

Our data so far indicated that successful cortical remyelination oc-
curs in areas with normal densities of BCAS1+ oligodendrocytes,
from which internode-forming, activated BCAS1+ cells can be re-
cruited. As BCAS1+ cells represent a transitional stage of oligo-
dendrocyte differentiation between oligodendrocyte progenitor
cells and myelin-maintaining oligodendrocytes, their differenti-
ation fills up or adds to the population of TPPP/p25 mature oligoden-
drocytes. Thus, previous differentiation stimuli, e.g. demyelination
and inflammation, might lead to a reduction in BCAS1+ oligoden-
drocytes in the cortex, if they are not sufficiently replenished by
the proliferation and differentiation of oligodendrocyte precursor
cells. To investigate whether such a shift in cortical oligodendrocyte
populations occurs in chronic MS, we quantified the density of
BCAS1 and TPPP/p25+ cells in normal cortex, the microscopically
regularly myelinated normal-appearing cortex and cortical lesions
showing demyelination and remyelination. Importantly and in con-
trast to our findings in early MS (Fig. 3), the total number of BCAS1+
oligodendrocytes was significantly reduced in the normal-appear-
ing cortex of patients with chronic MS compared to the age-
matched normal cortex (Fig. 4A and C). In addition, the density of
TPPP/p25+ mature, myelin-maintaining oligodendrocytes was

Kruskal-Wallis test with Dunn’s multiple comparison test; *P <0.05, **P <0.01, **P <0.001; mean + standard error of the mean]. (D) Density of
TPPP/p25+ myelin-maintaining oligodendrocytes in the cerebral cortex during de- and remyelination (controls, n = 8; 1 week, n =9; 4 weeks, n =4; 6 weeks,
n=>5; 2 days RM, n=8; 4 days RM, n=3; 6 days RM, n=9; 21 days RM, n =4; Kruskal-Wallis test with Dunn’s multiple comparison test; *P < 0.05, *P < 0.01,
**P <0.001). (E) MBP and BCAS1 immunohistochemistry (IHC) on Days 5 and 20 after focal lesion induction in a model of antibody-induced cortical demye-
lination (schematic representation in F). (G) BCAS1+ myelinating oligodendrocytes (Days 5, 10 and 20; n = 6; Kruskal-Wallis test with Dunn’s post hoc test;
*P <0.05, *P < 0.01). (H) Quantification of perivascular Mac3+ infiltrating macrophages/activated microglia (Days 5, 10 and 20; n=>5; Kruskal-Wallis test
with Dunn’s post hoc test; **P < 0.01). (I) Percentage of demyelination in subpial cortical area, assessed by anti-MBP IHC (Days 5, n=5; 10, n=4; and 20,
n=>5; Kruskal-Wallis test with Dunn’s post hoc test; *P < 0.05). Scale bars = 100 pm. EAE = experimental autoimmune encephalitis.
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Figure 2 BCAS1+ perineuronal satellite oligodendrocytes contribute to remyelination in cuprizone-induced demyelination. (A) Immunofluorescence
triple labelling of BCAS1 (cyan) with NeuN (neuronal nuclear antigen, magenta) and the myelin-associated glycoprotein (MAG, white). Insets:
Magnification of the BCAS1+ satellite oligodendrocytes as indicated by the arrowhead. Bottom: Magnification of internode-forming BCAS1+ oligoden-
drocytes forming parallel contacts with multiple neighbouring axons. (B) Density of BCAS1+ satellite oligodendrocytes with a process-rich myelinating
morphology in control mice, during cuprizone-induced demyelination and after cuprizone withdrawal [controls, n=28; 1 week, n=5; 4 weeks, n=4;
6 weeks, n=6; 2 days remyelination (2 d RM), n=28; 4 days RM, n=3; 6 days RM, n = 8; 21 days RM, n = 4; Kruskal-Wallis test with Dunn’s multiple com-
parison test; *P < 0.05, **P < 0.01]. (C) Percentage of BCAS1+ perineuronal satellite oligodendrocytes that express MAG during cuprizone-induced demye-
lination and after cuprizone withdrawal (controls, n = 8; 1 week, n=5; 4 weeks, n=5; 6 weeks, n=6; 2 days RM, n=8; 4 days RM, n=3; 6 days RM, n=_§;
21 days RM, n =4; Kruskal-Wallis test with Dunn’s multiple comparison test; *P < 0.05). Scale bars =50 pm.

significantly increased in the normal-appearing cortex compared to while the total number of Olig2+ cells, representing all cells of the
remyelinating cortical lesions and normal cortex (Fig. 4E and F), oligodendrocyte lineage, was found to be unaltered (Fig. 4E and G).
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Figure 3 Activation of BCAS1+ oligodendrocytes in remyelinating cortical biopsy tissue of early multiple sclerosis. (A) BCAS1 and KiM1P (macrophages/
activated microglia) immunohistochemistry (IHC) of cerebral cortex of biopsied multiple sclerosis (MS) patients containing normal-appearing cortex
(NAC), demyelinated (DM) and remyelinating (RM) cortical lesions. In the NAC, BCAS1+ oligodendrocytes show a round, perinuclear staining and no
branches. Phagocytes show a homeostatic morphology and are weakly stained by KiM1P (left). DM areas show a reduction in BCAS1+ oligodendrocytes
among activated Kim1P+ phagocytes (middle). Within remyelinating areas, branched, internode-forming BCAS1+ oligodendrocytes are observed, and
phagocytes display an activated morphology with increased KiM1P staining (right). (B) Density of BCAS1+ oligodendrocytes with a process-rich mye-
linating morphology in the cortex of MS patients (NC, n=6; NA n=5; DM, n=12; RM, n=13; Kruskal-Wallis test with Dunn’s multiple comparison
test; *P <0.05, *P <0.01). (C) Density of all BCAS1+ oligodendrocytes in the cortex of MS patients (NC, n=6; NAC, n=5; DM, n=12; RM, n=13;
Kruskal-Wallis test with Dunn’s multiple comparison test; *P < 0.05, ***P < 0.001). (D) Quantification of KiM1P+ macrophages/activated microglia cells
in the cortex of MS patients (NC, n=6; NAC, n=4; DM, n=10; RM, n=10; Kruskal-Wallis test with Dunn’s post hoc test; *P <0.05, *P <0.01).
(E) Co-labelling of BCAS1 and oligodendrocyte lineage marker in MS biopsy tissue. Error bars indicate mean + standard error of the mean. Scale
bars in A=200 pm and E =50 pm.

This may indicate a shift from BCAS1+ to TPPP/p25+ oligoden- likely associated with chronic inflammation. In contrast, in chronic
drocytes in the normal-appearing cortex of long-standing MS and demyelinated cortical lesions, we observed a reduction in all oligo-
hint towards a chronic exposure to differentiating stimuli, most dendrocyte lineage cells (Olig2), including BCAS1+ and TPPP/p25+
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Figure 4 BCAS1+ oligodendrocytes are decreased, while myelin-maintaining oligodendrocytes are increased in the normal-appearing cortex in pa-
tients with progressive multiple sclerosis. (A) Co-labelling of KiM1P (macrophages/activated microglia) with MBP and BCAS1 of cerebral cortex of mul-
tiple sclerosis (MS) patients containing normal-appearing cortex (NAC), demyelinated (DM) and remyelinating (RM) cortical lesions and normal cortex
(NC) of age-matched controls. Arrowheads indicate BCAS1+ oligodendrocytes in NC and NAC, while arrows indicate process-rich actively myelinating
BCAS1+ oligodendrocytes in remyelinating areas, magnified in insets for NAC and RM areas. In addition, homeostatic versus activated morphology of
KiM1P+ phagocytes is shown in higher magnification for NC and RM. (B) Density of BCAS1+ oligodendrocytes with a myelinating morphology in the
cortex of MS patients and age-matched controls (NC, n=10; NAC, n=17; DM, n=17; RM, n = 6; Kruskal-Wallis test with Dunn’s multiple comparison
test; *P < 0.05, *P < 0.001). (C) Total density of BCAS1+ oligodendrocytes in the cortex of MS patients and age-matched controls (NC, n=10; NAC,
n = 19; DM, n = 17; RM, n = 6; Kruskal-Wallis test with Dunn’s multiple comparison test; *P < 0.05, **P < 0.01, ***P < 0.001). (D) Density of KiM1P+ macro-
phages/activated microglia in the cortex of MS patients and age-matched controls (NC, n=7; NAC, n=13; DM, n=15; RM, n=6; one-way ANOVA

(Continued)

G202 YoJeN Gz Uo 1sanb Aq 91.8v////806/€/8Y L /2I01ME/UlEIq/ W0 dNo"dlWapEdE.//:Sd)Y WOlj PaPEojUMOQ



916 | BRAIN 2025: 148; 908-920

cells, suggesting an overall consumption of oligodendrocytes, as re-
ported previously.*’ Of note, and similar to early cortical lesions in
biopsies, autoptic cortical lesions with ongoing remyelination con-
tained significantly higher numbers of activated microglia/macro-
phages (Fig. 4D). To determine any significant effect of age, sex,
disease type or disease duration on oligodendroglia densities in
our MS autopsy cohort, we performed Spearman’s rho correlation
analyses for age and disease duration, and Mann-Whitney U-test
of subgroups separated by sex and diagnosis but could not ascer-
tain any significant correlations. More samples might be required
to finally determine the impact of clinical parameters on BCAS1+
pre-myelinating and actively myelinating oligodendrocyte dens-
ities in MS autopsy tissue.

We have shown that BCAS1+ satellite oligodendrocytes contribute
to remyelination in cuprizone-induced cortical demyelination. To
study whether satellite oligodendrocytes also take part in myelin
regeneration in MS, we first confirmed that a proportion of BCAS1
+ cells in the human cortex classify as satellite cells (40.1 +4.8% in
control biopsy tissue). We then quantified BCAS1+ satellite oligo-
dendrocytes with a myelinating morphology and BCAS1+ satellite
oligodendrocytes co-expressing MAG in biopsy tissue of cortical
MS lesions. Both methods revealed that activated BCAS1+ satellite
oligodendrocytes were significantly increased in early remyelinat-
ing cortical lesions compared to control cortex (Fig. 5A-D). These re-
sults demonstrated that BCAS1+ perineuronal satellite
oligodendrocytes take an active partin the remyelination of cortical
lesions in patients with MS. Next, we tested whether the above de-
monstrated shift towards mature oligodendrocyte populations in
the normal appearing cortex in chronic MS could also be seen spe-
cifically in satellite oligodendrocytes. Indeed, we found a significant
increase in perineuronally localized TPPP/p25+ satellite cells in the
normal appearing cortex in autopsy tissue of patients with MS com-
pared to age-matched controls (Fig. 5E and F).

Discussion

Failure of remyelination is a fundamental problem in MS and con-
tributes to the long-term decline of neuroaxonal function, the most
prominent and therapeutically least targetable feature of the dis-
ease. Although recent work proposes a role for myelin in predispos-
ing axons to damage in the context of autoimmune inflammation,
the ability of oligodendrocytes and myelin to provide physical pro-
tection and metabolic support is undisputed.**** Which cells are at
the forefront of myelin regeneration is a matter of ongoing
debate.**** Previous studies in human post-mortem tissue and ex-
perimental models suggested that remyelination after a demyelin-
ating insult is more efficient in the cerebral cortex compared to the
white matter. This raises the question as to the underlying cellular
and molecular mechanisms. In the present work, we demonstrated
that cortical BCAS1+ oligodendrocytes, in part localized in a peri-
neuronal satellite position, engage in remyelination in

Figure 4 Continued
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demyelinating models and human biopsy and autopsy tissue
from patients with MS. This supports the notion that a defined
and pre-differentiated pre-myelinating oligodendrocyte popula-
tion is available in the cortex to enable rapid and efficient
remyelination.

Demyelination of the cortical grey matter is an important char-
acteristic of MS, and the proportion of demyelinated grey matter
outweighs that of demyelinated white matter in many patients.***’
However, cortical remyelination efficacy is prominent when areas
of remyelination in cortical and white matter lesions are compared
in the same patients.”® " Studies in human tissue and experimen-
tal models suggest that numerical and functional differences in
oligodendrocyte lineage cells, as well as e.g. the phenotype of react-
ive astrogliosis, including a lower expression of CD44, versican and
hyaluronan in the cortex, may play a role.” Also, oligodendrocyte
precursor cells in cortex and white matter were shown to differ in
their propensity for terminal differentiation, and cortical oligoden-
drocytes reach their final number much later in life than in the
white matter, as inferred from **C incorporation.*® In previous
work, we demonstrated that the density of BCAS1+ oligodendro-
cytes in the cortex remains high throughout life—in stark contrast
to the white matter—supporting a physiological role in neuronal
function, e.g. as effectors of adaptive cortical myelination and cir-
cuit modulation.***° Here, we have shown that remyelination in
human cortical MS lesions and animal models of toxic and inflam-
matory cortical demyelination is characterized by a morphological
change of BCAS1+ oligodendrocytes from a resting towards an acti-
vated phenotype. Our results indicated that resting resp. pre-
differentiated cortical BCAS1+ oligodendrocytes develop into
internode-forming, MAG-expressing cells via a branched, star-like
pre-myelinating phenotype and down-regulate BCAS1 expression
upon differentiation to myelin-maintaining oligodendrocytes.
This suggested that cortical BCAS1+ oligodendrocytes contribute
to remyelination after a demyelinating insult to the cortex and
may constitute a ‘quiescent’ population of pre-differentiated oligo-
dendrocytes that serves as a reservoir for swift and efficient myelin
regeneration.

Interestingly, our study revealed that around 40% of BCAS1+ oli-
godendrocytes in mouse and human were localized in a perineuro-
nal satellite position. Satellite oligodendrocytes are largely
considered non-myelinating and may fulfil specific functions in
neuronal support.>'™>* However, data from the cuprizone mouse
model and in vivo imaging suggests that these cells can generate
compact myelin around pyramidal neurons of mouse layer V.>*>*
Importantly, satellite oligodendrocytes sense neuronal electric
and metabolic activity, thus putting them into an ideal position to
react rapidly to changing metabolic and circuitry demands. Our
study also demonstrated that the positionally defined subpopula-
tion of BCAS1+ perineuronal satellite oligodendrocytes can assume
a myelinating morphology and express MAG in both the mouse cu-
prizone model and MS lesions. This indicates that these highly spe-
cialized, physiologically mostly non-myelinating oligodendrocytes
can indeed be recruited for remyelination.

In our experimental and human tissue studies, we have found
that the density of myelinating BCAS1+ oligodendrocytes correlates

with Tukey’s multiple comparison test; **P < 0.01, **P < 0.001). (E) Co-labelling of MBP with tubulin polymerization promoting protein (TPPP/p25) and
Olig2. Arrowheads indicate TPPP/p25+ and Olig2+ cells in the NC and NAC. (F) Quantification of TPPP/p25+ cells (NC, n=16; NAC, n=13; DM, n=38;
RM, n=4; one-way ANOVA with Tukey’s multiple comparison test; *P <0.05, **P <0.01, **P <0.001) and (G) Olig2+ cells in the cortex of MS patients
and age-matched controls (NC, n=12; NAC, n=9; DM, n=9; RM, n =4; Kruskal-Wallis test with Dunn’s multiple comparison test; *P < 0.05); mean +

standard error of the mean. Scale bars in A =100 pm and E =50 pm.
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Figure 5 BCAS1+ satellite oligodendrocytes myelinate early cortical lesions of multiple sclerosis. (A) Triple immunofluorescence labelling of BCAS1
(cyan) with NeuN (neuronal nuclear antigen, magenta) and the myelin-associated glycoprotein (MAG, white) of control cortex (control, NC) and biopsies
from patients with multiple sclerosis (MS) that show active, ongoing remyelination (RM). Insets: BCAS1+ perineuronal satellite oligodendrocytes,
co-expressing MAG in cortical remyelination, as indicated by the arrowhead. (B) Density of BCAS1+ satellite oligodendrocytes in control biopsies
and patients with MS [NC, n = 8; normal-appearing cortex (NAC), n = 3; RM, n=6]. (C) Density of BCAS1+ satellite oligodendrocytes with a process-rich
myelinating morphology as percentage of the total number of BCAS1+ satellite oligodendrocytes in control biopsies and patients with MS (NC, n=38;
NAC, n=3; RM, n = 6; Kruskal-Wallis test with Dunn’s multiple comparison test; *P < 0.05). (D) Percentage of BCAS1+ satellite oligodendrocytes that ex-
presses MAG in control biopsies and patients with MS (NC, n=8; NAC, n=3; RM, n=6; Kruskal-Wallis test with Dunn’s multiple comparison test;
*P < 0.05). (E) Luxol Fast Blue periodic acid-Schiff staining and TPPP/p25 immunohistochemistry (IHC) of autopsies from controls and patients with pro-
gressive MS. Arrowheads indicate TPPP/p25+ satellite oligodendrocytes. (F) Density of TPPP/p25+ satellite oligodendrocytes in controls and the NAC of
patients with MS (controls, n = 14; MS, n = 18; Mann-Whitney test; *P < 0.05). Error bars indicate mean + standard error of the mean. Scale bars = 50 pm.

the debris-clearing function of myeloid cells and mediators released
from innate immune cells stimulate remyelination.®>*® Recent data

with the presence of myeloid cells. For cortical grey matter, this now
indicates that oligodendrocyte recruitment and remyelination is an

early phenomenon in MS lesion formation that occurs in the imme-
diate post-phagocytic phase when foam cells are still abundant
in the demyelinated lesions.>*®° This aligns with the notion that

have indicated that the differentiation of local oligodendrocyte pro-
genitor cells into actively myelinating oligodendrocytes is stimulated
by innate immune cells.**®” This may also be true for the quiescent
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Figure 6 BCAS1+ oligodendrocytes, including perineuronal BCAS1+ satellite oligodendrocytes, participate in remyelination after cortical demyelin-
ation in multiple sclerosis. Schematic illustration of BCAS1+ and TPPP/p25+ oligodendrocytes in the cortex of a healthy brain compared to early cortical
demyelination and the normal-appearing cortex in multiple sclerosis (MS). In the normal adult cortex, we mainly find BCAS1+ oligodendrocytes with
few or no processes, including perineuronal non-myelinating satellite cells. These cells are activated early after demyelination in MS lesions and dif-
ferentiate to BCAS1+ cells with a pre- and myelinating morphology to generate new myelin, while the total number of BCAS1+ oligodendrocytes re-
mains unchanged. Finally, these cells differentiate to mature, TPPP/p25+ myelin-maintaining oligodendrocytes. Increased numbers of TPPP/p25+
oligodendrocytes and reduced numbers of BCAS1+ oligodendrocytes may indicate that areas of normal appearing cortex have been subjected to dif-

ferentiation stimuli, e.g. inflammation or demyelination.

population of pre-differentiated BCAS1+ oligodendrocytes.
Importantly, our data thus also suggest that the presence of actively
myelinating BCAS1+ oligodendrocytes can be used as an indicator to
identify regions of ongoing MS-related myelin damage in the cortex.
Although remyelination of cortical MS lesions is more efficient
than that of white matter lesions, autopsy studies of patients
with long-lasting disease show extensive cortical demyelination
with severe reduction in oligodendrocyte lineage cells.**%® Qur
data on the normal-appearing cortex in chronic MS, with morpho-
logically inconspicuous myelination as assessed by MBP immuno-
histochemistry, revealed an important reduction of
pre-differentiated BCAS1+ oligodendrocytes compared to age-
matched controls. However, the density of Olig2+ cells, reflecting
the entire oligodendroglial lineage, remained unperturbed.
Interestingly, the reduction in BCAS1+ oligodendrocytes was ac-
companied by an increase in TPPP/p25+ mature, myelin-
maintaining oligodendrocytes, suggesting a shift towards more
mature subsets of oligodendrocytes. This may reflect previous
stimulation of oligodendroglial differentiation in the normal-ap-
pearing cortex in the context of disease, with differentiation of
BCAS1+ oligodendrocytes, including satellite cells, to muyelin-
maintaining oligodendrocytes (Fig. 6). Interestingly, increased
densities of TPPP/p25 myelin-maintaining oligodendrocytes have
previously been demonstrated in the normal-appearing white mat-
ter in autopsy tissue of patients with chronic MS.®® Of note, in pre-
vious work we found evidence of higher g-ratios of cortical
myelinated fibres in MS, suggesting that part of the microscopically
normal-appearing cortex has experienced a loss of oligodendro-
cytes, with ensuing remyelination.” Taken together, these data
suggest that ongoing MS-related cortical tissue damage, in particu-
lar related to demyelination and the exposure to inflammatory
mediators, could explain the reduction in regeneration capacity
after long-lasting disease. In the cortex, such damage could cause
premature terminal differentiation of early oligodendrocyte devel-
opmental stages serving immediate tissue repair. Thus, while we

observe a higher propensity to remyelinate in early disease, failure
of repair ensues if further and long-lasting damage is imposed on
the cortex, eventually resulting in persisting demyelination, as fre-
quently observed in autopsy tissue of later stage disease.

An interesting question in this context is whether expression of
BCASL1 is a feature of all pre- and actively myelinating oligodendro-
cytes, whether derived from parenchymal oligodendrocyte precur-
sor cells or neurogenic zones such as the subventricular zone.?®”°
Further experimental work, including lineage tracing experiments
and an assessment of internode length and g-ratio will be required
to address this issue. Previous experimental and human work on
demyelinated cortex suggests that g-ratios are indeed higher and
internodes shorter than in NC, however, without directly associat-
ing newly formed internodes to the expression of BCAS1.'%"

In summary, in combined work on MS patient tissues and
experimental models of demyelination, we provide evidence
that the cerebral cortex harbours a population of BCAS1+ pre-
differentiated oligodendrocytes ready to myelinate in case of a
demyelinating insult, such as occurs in MS. This ‘quiescent’ cell popu-
lation that can be mobilized without cell division might for a large part
explain the higher remyelination efficacy in the cortex of patients
with MS. However, we also demonstrate here that pre-differentiated
BCAS1+ oligodendrocytes are decreased in later stage MS, potentially
impairing the swift and efficient cortical remyelination response ob-
served in early disease. Further studies on the dynamics of cortical
oligodendroglia populations in MS, including lineage tracing experi-
ments in models of demyelination, will reveal the complex interac-
tions between glial cells and neurons in demyelination and their
likely contribution to neuronal dysfunction in progressive MS.

Data availability

All original data are available from the authors upon reasonable
request.
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