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Summary

Demyelinating diseases such as Multiple sclerosis (MS) result from inflammatory
insults and lead to myelin loss and oligodendrocyte (OLs) death. Taking advantage of
a cuprizone (CPZ)-dependent chronic demyelination model, we analysed the
consequences of this treatment on the white matter damage and the dorsal-
subventricular zone (d-SVZ), the key oligodendroglial niche within the subventricular
zone (SVZ). Medrysone, a Food and Drug Administration (FDA) approved anti-
inflammatory corticosteroid predicted to promote oligodendroglial cell fate decision,
was repurposed and evaluated under several methods to validate its predicted
mechanisms. Our analyses in cerebellar ex vivo slices revealed an enhancement in
the number of myelin basic protein positive cells (MBP+) and axonal myelination after
medrysone application. Moreover, medrysone drove d-SVZ cell cultures to increased
numbers of Neural glial antigen 2- (NG2) and Gilial fibrillary acid protein- (Gfap)
positive cells. However, no effect on myelination was observed in primary
oligodendrocyte precursor cells (OPCs) treated with the corticosteroid. Primary
astrocytes prior-stimulated with tumour necrosis factor alpha (TNF-a) rescued their
non-neurotoxic fate after medrysone application, confirming an effect of this drug on
astroglial cells in a pro-inflammatory environment. In vivo, medrysone treatments in
chronic demyelinated hGFAP-GFP reporter mice rescued MBP- and myelin proteolipid
protein- (PLP) levels and replaced a myriad of mature OLs populations in the corpus
callosum. The main finding of this work is the astroglial heterogeneity ignited by
medrysone, enhancing a more remarkable number of astrocytes with a pro-
remyelination signature [positive for tissue metallopeptidase inhibitor 1 (Timp1), S100
calcium-binding protein A10 (S100a10), Signal transducer and activator of
transcription 3 (Stat3)], within the remyelinated areas earlier than saline-treated mice.
Indeed, medrysone contributes to remyelination in chronic demyelinated mice and its
repair activities are accompanied by beneficial reactive astrogliosis. These findings

indicate that medrysone has the potential to treat chronic myelin damage in MS.



Zusammenfassung

Demyelinisierende Erkrankungen wie MS sind die Folge von entzindlichen insulten
und fihren zum Verlust von Myelin und zum Absterben von OL. Anhand eines von
CPZ abhangigen Modells der chronischen Demyelinisierung haben wir die
Auswirkungen dieser Behandlung auf die Schadigung der weil3en Substanz und der
d-SVZ, der wichtigsten oligodendroglialen Nische innerhalb der SVZ, untersucht.
Medrysone, ein von der FDA zugelassenes entzindungshemmendes Kortikosteroid,
von dem vorhergesagt wird, dass es die Entscheidung Uber das Schicksal
oligodendroglialer Zellen foérdert, wurde neu eingesetzt und mit verschiedenen
Methoden untersucht, um die vorhergesagten Mechanismen zu validieren. Unsere
Analysen in Ex-vivo-Scheiben des Kleinhirns ergaben, dass die Anzahl der MBP+ und
die axonale Myelinisierung nach Medrysone-Anwendung zunahmen. Auf3erdem flihrte
Medrysone in d-SVZ-Zellkulturen zu einer erhohten Anzahl von NG2 und Gfap
positiven Zellen. Bei primaren OPCs, die mit dem Kortikosteroid behandelt wurden,
wurde jedoch keine Auswirkung auf die Myelinisierung beobachtet. Primare
Astrozyten, die zuvor mit TNF-a stimuliert worden waren, wurden nach der
Medrysone-Anwendung wieder nicht-neurotoxisch, was eine Wirkung dieses
Medikaments auf Astrogliazellen in einem pro-inflammatorischen Umfeld bestatigt. In
vivo retteten Medrysone-Behandlungen in chronisch demyelinisierten hGFAP-GFP-
Reportermausen die MBP- und PLP-Spiegel und ersetzten eine Vielzahl von reifen
OLs-Populationen im Corpus callosum. Das wichtigste Ergebnis dieser Arbeit ist die
durch Medrysone ausgeldste astrogliale Heterogenitat, die zu einer bemerkenswerten
Anzahl von Astrozyten mit einer Pro-Remyelinisierungs-Signatur (positiv fur Timp1,
S100a10, Stat3) innerhalb der remyelinisierten Bereiche flhrt, und zwar friiher als bei
salzbehandelten Mausen. Tatsachlich tragt Medrysone zur Remyelinisierung bei
chronisch demyelinisierten Mausen bei, und seine Reparaturaktivititen werden von
einer positiven reaktiven Astrogliose begleitet. Diese Ergebnisse deuten darauf hin,
dass Medrysone das Potenzial hat, chronische Myelinschaden bei MS zu behandeln.



Aims of the study

Aim 1. Identify the protein and gene signature of rodent brain-derived primary
cultures treated with medrysone, focusing on myelination, neurotoxicity and
neuroprotective features.

Aim 2. Determine the dynamics of remyelination on chronic-demyelinated mice
treated or not treated with medrysone.

Aim 3. Determine the spatial distribution of subpopulations of astroglial and
oligodendroglial cells on the corpus callosum and d-SVZ throughout the de-
and remyelination phase.

Introduction

The SVZ harbors neural stem cells (NSCs) throughout life, which contribute to
neuronal, oligodendroglial and astroglial cell populations, supporting axon integrity,
neuronal communication, and myelination in both homeostasis and inflammation
(Nave, 2010; Xing et al., 2014). OLs are the myelinating cells of the central nervous
system (CNS) that mainly contribute to neuronal communication (Bradl and
Lassmann, 2010; Kuhn et al., 2019), being preferentially generated by the NSCs and
OPCs inhabiting the d-SVZ (Menn et al., 2006; Azim et al., 2018). On the other hand,
astrocytes are born and develop from the lateral SVZ (Menn et al., 2006; Platel et al.,
2008). However, in a stressful environment such as stroke, astrocytes can also be
generated at the d-SVZ (Benner et al., 2013; Faiz et al., 2015). This region can be
more precisely divided into three micro-niches (i) middle-d-SVZ (the center area of the
d-SVZ2), (ii) dorsal-horn (where the lateral and dorsal wall create a corner) and dorsal-
medial (where the medial and dorsal wall are connected), (see Figure 9; Azim et al.,
2017; 2020).

Chronic myelin damage is one of the main features of MS. Its pathophysiology is based
on pro-inflammatory mechanisms, OLs apoptosis, myelin destruction, and
consequently gliosis (Wu and Alvarez, 2011; You et al., 2020). In addition, once
affected, SVZ niches nearby get surrounded by reactive glial cells, and the upgrading
inflammation contributes to the depletion of NSCs, thus weakening remyelination (Xing
et al., 2014, Liu et al., 2016; Hillis et al., 2016). Nevertheless, studies utilizing CPZ
have shown that mature OLs derived of OPCs generated at the SVZ more efficiently

than the ones derived of parenchymal OPCs, can better remyelinate axons (Nait-

10



Oumesmar et al., 2007; Xing et al., 2014; Moraga et al., 2015), highlighting this niche
as an endogenous alternative for stimulation of remyelinating cells. Reactive
astrogliosis is known to follow demyelination, and these cells commonly surround the
SVZ during damage and repair. However, the implication of reactive astrocytes and
their heterogeneity throughout the d-SVZ under demyelination is unclear. It is known
that the primary trigger for OLs loss is dependent on reactive astrocytes that
upregulate apoptosis-related interleukins and complement factors (Baxi et al., 2017,
Taraboletti et al., 2017; Pandur et al., 2019). In contrast, remyelination and
OPCs/NSCs maturation depend on trophic factors individually released by resident
reactive astrocytes (Butti et al., 2019; Lohrberg et al., 2020). These molecules can
induce SVZ-OPCs into a myelinating profile (Platel et al., 2012), and regulate the
electrical impulses within mature OLs and myelinated axons, thus improving

myelination (Ishibashi et al., 2006).

A consensus towards the determination of the function of reactive astrocytes lies in
identifying the transcriptomic and proteomic signature, the region of the brain (healed
or diseased), and several other factors that, combined, can better define its function
(Escartin et al., 2021). Transcriptomic evaluations have shown that astrocytes differ in
gene and protein expression profiles during disease models. Depending on their
protein and gene expression, reactive astrocytes can be divided into neuroprotective
or neurotoxic (Liddelow et al., 2017). Some phenotypes even express neurotoxic and
neuroprotective molecules concomitantly, configuring a hybrid phenotype that seems
to contribute to brain regeneration (Das et al., 2020; Hasel et al., 2021). Therefore
differing from the obsolete consensus of A1 and A2 as the only subtypes existing
(Escartin et al., 2021). During demyelination, neurotoxic astrocytes regularly express
complement factor three (C3) and are observed in MS (Liddelow et al., 2017) and
experimental autoimmune encephalomyelitis (EAE) active lesions (Tassoni et al.,
2019), while neuroprotective astrocytes commonly express Stat3 and/or S100a10
both known to be involved in tissue repair (Monteiro de Castro et al., 2015; Herrmann
et al.,, 2008; Das et al.,, 2020). A group of molecules expressed and released by
neuroprotective astrocytes are the tissue metallopeptidase inhibitors (Timp),
specifically Timp1. This molecule is known to induce a myelinating profile in NSCs

(Samper-Agrelo et al., 2020) and rescues white matter-myelination via OPCs and
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early-stage OLs maturation (Moore et al., 2011; Houben et al., 2020; Hasel et al.,
2021).

Extensive myelin deterioration is connected to chronic OLs loss which comprise a
cycle of insufficient remyelination and extended-inflammatory insult (Ludwin, 2006;
Wang et al., 2019). Identification of drugs, which promote cell repair and reduce
inflammation and, at the same time, impede disease progression, is an outstanding
biomedical challenge (da-Cunha et al., 2020; Manousi and Kiry, 2021). Medrysone,
an FDA-approved anti-inflammatory corticosteroid, has been predicted to enhance
oligodendrogenesis and myelination fate on lateral SVZ-NSCs (Azim et al., 2017). The
corticosteroid was also reported to promote myelination of immortalized OLs (Oli-
neuM; Porcu et al., 2015). Those findings strengthen our hypothesis of medrysone as
a remyelination-drug. Hence, in order to characterize such theory, we investigated the
impact of medrysone on developmental myelination, OPCs differentiation, astrocyte
heterogeneity, and differentiation of d-SVZ mixed cell cultures. Furthermore, in vivo
experiments aimed to investigate the capacity of medrysone to promote remyelination
and reactive astrogliosis at the d-SVZ and corpus callosum in hGFAP-GFP reporter

mice exposed to chronic demyelination.
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1. Chapter 1: Multiple sclerosis

1.1 Epidemiology and basic etiology of Multiple sclerosis

Roughly 2.8 million people suffer from MS worldwide, with the United States (US),
Canada and Europe showing the most significant prevalence of cases of 1 in every
300 people. Yearly, MS costs 28 billion dollars in the US alone (ICERS, 2017). At least
30,000 people under 18 years of age have been diagnosed with MS. This disease is
more prevalent in females between 25-35 years old, a key disadvantage for countries
such as Germany that struggle with low rates of births and a high percentage of
retirement. Every five minutes, a new case of MS is diagnosed in Europe. Germany
has a prevalence of 303 cases per 100,000 people, having one of the world's higher
numbers of MS patients (MSIF, 2020). This fact is alarming in a governmental and
financial manner. Most newly MS diagnosed people are young and still building a
family and career. Due to MS complications, they stop contributing to social
development earlier than expected for their age group (ICERS, 2017). Great talents of
music and science have perished under the aggravation of MS. The British cellist
Jacqueline Mary du Pré died aged 42, 14 years after being diagnosed (Daliot, 1999).
Another great personality was Alberto Santos Dumont, a Brazilian aeronaut scientist
and inventor who contributed to the early ages of aircraft technology in Europe. Santos
Dumont “early-retired" and stopped his contributions to the scientific community due

to MS complications only 12 years after his diagnosis (Frazao, 2021).

Worsening throughout ageing, those affected by MS bear a chronic disease and
exhibit symptoms such as memory loss, blindness, kidney failure, muscular dystrophy
and brain atrophy. Demyelination is the milieu within these symptoms and is the key
cause of MS aggravation (Lassmann, 2019). Myelin is a lipid structure that insulates
axons, enabling faster electrical communication between neurons throughout their
connecting cables, the axons (Stadelmann et al., 2018). The most common feature
behind demyelination is the neurotoxic glial reactivity (Sofroniew and Vinter, 2010;
Sofroniew, 2020). This activated stage of astrocytes and microglia induces a pro-
inflammatory cascade of molecules, improving the migration of immune periphery cells
such as lymphocytes (Baaklini et al., 2019; Lassmann, 2019). These cells, once
reaching the CNS, can communicate with microglia by a system called major
histocompatibility complex 2 (MHCII), which recognizes MBP as a foreign pattern,
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therefore enlarging pro-inflammatory cascades within the tissue, worsening myelin
destruction, moreover also targeting OLs the myelin-maker of the brain (Hiremath et
al., 2008; Chastain et al., 2011).

In fact, remyelination can still occur throughout demyelination. However, it is not
enough to surpass the side effects of myelin loss (Chari et al., 2007). The lack of
growth factors and oxidative stress commonly found in this inflamed environment
hinders new myelin formation, enlarging damage and extending chronification
(Carlstrom et al., 2020; Cayre et al., 2021). Over time, the demyelinated tissue
undergoes scarification. This particular situation is organized by astrocytes and aims
to decrease brain tissue destruction, creating an inert region that commonly appears
as circular white areas in magnetic resonance imaging (MRI; Baaklini et al., 2019;
Brune et al., 2020). Details of chronic MS pathophysiology and reactive glial cells

within will be better explained in the upcoming chapters.

There is no cure for MS, and the current treatments do not impair the disease's
progress but rather treat symptoms and reduce the inflammatory process (Lassmann,
2019). Therefore, drug-repurposing approaches can support finding new therapies,
especially for the still unmet clinical necessity for promoting endogenous repair

activities (Manousi and Kiry, 2021).

1.2 Myelin loss and chronification within MS

According to Lublin and colleagues (2014) and Lassmann (2019), MS can be divided
into three subtypes, which differ in the interval of demyelination episodes, scar
spreading and severity. These three subtypes are (i) Relapsing-remitting MS (RRMS),
the most common subtype, which is characterized by a Relapsing phase where the
demyelination occurs more frequently, with a medium lesion spreading and higher
infiltration of leucocytes. This process is followed by a remitting phase characterized
by either active (with worsening of symptoms) or inactive lesion spreading (not
showing worsening of symptoms). (ii) Secondary progressive MS (SPMS) is the
worsening clinical condition of an RRMS patient, basically defined by an accumulation
of disability symptoms, such as urinary incontinence and muscular dysfunction, and
relapsing phases still occur. However, the lesion spreading is more severe,

outnumbering the RRMS plaques output. (iii) Primary progressive MS (PPMS) is more
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severe if taking into account the advancement of symptoms. PPMS patients showed
more lesions in the spinal cord than in the brain, with their plaques presenting fewer
leucocytes and other pro-inflammatory brain cells than RRMS or SPMS patients,

making it more difficult to diagnose and treat.

The pathology of MS has its basis in spatial and temporal myelin disruption followed
by astroglial scar generation. The myelin, once destroyed by microglia, stimulates
cytotoxic lymphocytes that cross the blood-brain-barrier (BBB), instantly creating an
autoimmune environment, inducing astrocytes and microglia along with the infiltrated
immune periphery cells to target myelinated axons and OLs. This induction is followed
by a loss of OLs, injury in nerve fibres and neuronal death (Baecher-Allan et al., 2018).
Despite the patient's age, chronification has been the key matter of concern in MS.
Young and elderly humans with a current stage of MS have differences in
remyelinating potential, where the latter lack in remyelinated regions in the brain
(Compston and Coles, 2008; Goldschmidt et al., 2009). Nonetheless, both age groups
exhibit impaired remyelination in the chronic stages of the disease (Neumann et al.,
2019).

Myelin repair via endogenous NSCs modulation has been reported as the key aim of
drug-repurposing strategies, more specifically aiming for OLs regeneration and
subsequent remyelination (Azim et al., 2017; Kury et al., 2018; Manousi and Kury,
2021). The SVZ harbours NSCs in the mammalian brain throughout ageing. These
cells have an inherent potential to differentiate into astrocytes, OLs and neurons
(Doetsch et al., 1999; Menn et al., 2006; Platel et al., 2012). NSCs are also a great
target for anti-inflammatory drugs that can enhance their potential to differentiate into
OLs to establish remyelination in the chronic demyelinated brain (Akkermann et al.,
2016; Azim et al., 2020; Manousi and Kiry, 2021). Supporting a biomedical translation
of such strategies, human chronic-MS post-mortem brains were found to exhibit
proliferation of SVZ-NSCs, suggesting that prolonged exposure to repetitive insults
does not impede NSCs activation. (Nait-Oumesmar et al., 2007). However, even when
MS patients show NSCs proliferation potential, they exhibit a decrease in the
production of myelin oligodendrocyte glycoprotein (MOG; Tepavcevi¢ et al., 2011) and
inadequate maturation of OPCs (Kuhlmann et al., 2008; Gruchot et al., 2019). A few
number of OPCs can still differentiate. Although, a large number is obstructed in a pre-
myelinating stage, not reaching mature stages (Chang et al., 2002). Mature-OLs that
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survive demyelination enter a paucity stage and do not contribute to axonal
myelination (Bacmeister et al., 2020; Orthmann-Murphy et al., 2020). These features
together explain the lack of efficient remyelination observed in chronic MS patients,

highlighting the need of new approaches to foster these intrinsic repair mechanisms.

In fact, as described above, demyelination is the key mechanism of concern in MS
and one of the key brain cell subtypes to be involved in this process is the glial cells.
From now on, we will focus on their characteristics during development, homeostasis,

and disease, more particularly MS and pre-clinical models of demyelination.
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2. Chapter 2: Glial cells, subventricular zone and myelination

2.1 Basic definition of glial cells

The brain is composed of neuronal cells and glial cells (see Figure 1). The latter
comprise 50%-88% of the CNS tissue (von Barthheld et al., 2016; Jakel et al., 2017;
Salas et al., 2020). Deprived of protruding axons, glial cells are unable to generate
action potentials along their elongated cytoplasm (Azevedo et al., 2009; von Barthheld
et al., 2016). Glial cells do not communicate via neurotransmitters. However, they
utilize several other mechanical and chemical components to support neuronal
communication, blood flow, metabolic and energy support within the brain (Vasile et
al., 2017). According to Jakel and Dimou (2017), glial cells can be divided into three
subtypes: (i) Microglia, the immune first responder of the brain which regulates
synapse pruning and supports neuronal metabolism by debris digestion. (ii) OLs, the
myelin maker in the brain. Myelin is a proteolipid structure that composes the whole
cell body of mature OLs and is used by this cell to wrap around axons permitting faster
electrical communication between neurons. (iii) Astrocytes are the neuronal life
support, they regulate the metabolism of cholesterol, glucose and insulin, generate
hormones and support axonal growth over development. Astrocytes and
oligodendrocytes are the key cells to be discussed in this dissertation and details on

astrogenesis and oligodendrogenesis will be dicussed further.

Figure 1 Brain cells. Brain cells can
be divided into four categories (1)
OLs, (2) neurons, (3) microglia and
(4) astrocytes. Both astrocytes and
microglia communicate with blood
vessels (5).

2.2 Subventricular zone and neural stem cells subtypes within

The SVZ harbours glial progenitors throughout development into senescence. NSCs
that populate this region give birth to neurons, OLs, astrocytes and their subtypes.
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Thus, understanding the contribution of this neurogenic niche is indispensable to
advancing endogenous strategies of cell replacement in health and disease. During
the first stages of the mouse embryogenesis stage (E), the neuroepithelial cells give
birth to the first neurons that will populate the cortex. At this level, this phenomenon
occurs between E9-E11, and only two epitheliums are existent, the marginal zone and

the neuroepithelium (Kriegstein and Alvarez-Buylla, 2009).

After E15, the radial glia (RGs) cells develop. These cells are the precursor of all cells
during embryonic brain development. The RGs are located at the edge of the
ventricles in the ventricular zone (VZ) area. A portion of the RGs that did not fix their
protuberances on the VZ will differentiate into intermediate neurogenic progenitor
cells. VZ-RGs that did not differentiate into neuronal precursors will expand their
cytoplasm, elongating their end feet towards the cortical borders (basement
membrane, marginal zone and cortical plate). These elongations are used by newborn
neurons to "climb" towards their site of destiny in the brain (Platel and Bordey, 2016).
Towards the end of the embryonic period, RGs that remained at the VZ start to retract
their end-feet elongations, differentiate into astrocytes and OLs and migrate
throughout the brain. Another portion of RGs that stay at the SVZ after birth then
differentiate in NSCs, presenting a well-known bipolar morphology (Fuentealba et al.,
2015; Platel et al., 2019). In the postnatal and adult CNS, the spatial heterogeneity
within the SVZ is more stable. Cell subtypes will differ in gene signature and SVZ-wall
origin. For example, the dorsal-SVZ will give birth to neurons and OLs, while the
ventral wall provides GABAergic neurons (Rakic and Zecevic, 2003; Fiorelli et al.,
2015; Azim et al., 2012, Azim et al., 2016; Kriegstein and Alvarez-Buylla, 2009; Platel
and Bordey, 2016). In the adult mouse brain, the SVZ cells are subdivided into four
subtypes: (i) type E/ependimall cells. (ii) type-A cells/neuroblasts, these NSCs reach
the olfactory bulb and cortex, through the rostral migratory stream, and then
differentiate to mature neurons. (iii) type B/SVZ-astrocytes can generate different
progenitors and intermediate maturation of type A and Type C cells at the SVZ. (iv)
type C is the transient amplifying progenitors (TAPs). These cells present an active
migrating characteristic and develop into OLs and astrocytes (Garcia-Verdugo et al.,
1998; Doetsch et al., 1999; Platel and Bordey, 2016).
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2.3 SVZ-oligodendrogenesis and oligodendrocytes maturation

OLs are the last cell type to develop in the brain and comprise 20% of the mature cells
in the adult mice CNS (Valerio-Gomes et al., 2018). Oligodendrogenesis begins in
human and non-human primate brains at the 10th gestational week (GW). The first
wave of pre-myelinating OLs (MBP+) is detected at the 18th GW in humans and on
the E18 in mice (Yakovlev and Lecourse, 1967; Jakovcevski et al., 2009). Most of the
OLs presented in the adult brain are derived from the SVZ during embryogenesis
(Rakic and Zecevic, 2003; Kessaris et al., 2006), and the replacement of OLs after
birth is held by SVZ-derived OPCs that migrate and develop into myelinating OLs in
the grey and white matter (see Figure 2; Nait-oumesmar et al., 1999; Pluchino et al.,
2003; Bond et al., 2015; Bergles and Richardson, 2016).

Within the SVZ, NSCs and OPCs differentiation into OLs are dependent of key TFs.
Downregulation of DIx1/2 (neurogenic key factors) and overexpression of
oligodendrocyte transcription factor two (Olig2) naturally stimulate TAPs
(Pcna+/Ki67+/Emx2+/0Olig2+) to differentiate into OPCs (see Figure 2). In fact, 50% of
OPCs in the adult brain are generated at the end of the embryonic stage. This system
is regulated by Mash1/Ascl1, which stimulates platelet derived growth factor alpha
(PDGFRa) and Olig2 expression in OPCs. The latter, when mature, declines in
PDGFRa expression while enhancing MBP expression and sustaining Olig2. This
process also regulates the differentiation of NG2-glia into OLs in the parenchyma
(Petryniak et al., 2007; Parras et al., 2007; Nakatani et al., 2013). Fate-mapping
investigations showed that Olig2 expression is mandatory for OPCs maturation in adult
mice. OPCs that reach the white matter will develop into myelinating OLs, while those

who reach the grey matter develop into NG2-glia (Dimou et al., 2008).
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Figure 2 SVZ-Oligodendrogenesis. The d-SVZ is a niche for oligodendrogenesis. NSCs will generate
TAPs that develop early on into OPCs and NG2-glia. These cells will later develop into an immature
stage with no myelination processes. Once the myelin sheath is established, these cells become
mature.

A gradual decline in Olig2 is commonly observed between postnatal day 7 (P7) and
P91 when parenchyma OPCs start to mature (Rash et al., 2019). d-SVZ NSCs that
are double-positive for paired box homeotic gene-6 (Pax6) and homeodomain-only
protein X (Hopx) are more likely to progressively become OPCs in the postnatal and
young primates’ corpus callosum. The key gene regulating this development
throughout embryonic and adult SVZ-oligodendrogenesis is also Mash1 (Petryniak et
al., 2007; Parras et al., 2007; Nakatani et al., 2013; Bergles and, Richardson, 2016).

Epidermal growth factor (EGF) and epidermal growth factor receptor (EGFR) guide
the expansion of TAPs and activated NSCs into an oligodendrogenic phenotype in
human and rodent embryogenesis (Filipovic and Zecevic, 2008; Jakovcevski et al.,
2009; Gonzalez-Perez and Alvarez-Buylla, 2011). In mouse tissue, fate-mapping
approaches revealed that activated NSCs (EGFR+) will exclusively generate Olig2+
and PDGFRa+ cells in the rodent SVZ. The same study found that activated NSCs in
the adult mice came from d-SVZ and arose from Gfap+ TAPs. These cells later in
development reached the septum and corpus callosum as mature OLs (Ortega et al.,
2013.2). Single-cell analysis with SVZ-derived NSCs revealed that most SVZ-NSCs
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express an astrocytic fate. However, the proximity of the d-SVZ with the corpus
callosum creates an epigenetic environment that directs these NSCs into an
oligodendroglial fate (Azim et al., 2012; 2017; Vancamp et al., 2019; Mizrak et al.,
2019).

Recently both galectin-3 (Al-Dalahmah et al., 2019) and fibrinogen (Pous et al., 2020)
were identified as the major factors for dorsal- and lateral-SVZ oligodendrogenesis in
both adult rodents and young humans. Both TFs upregulate the bone morphogenetic
receptor one (BMP-1) which stimulates the development of SVZ-NSCs into astrocytic

or oligodendroglial fate.

2.4 Mature oligodendrocytes: markers, subtypes and functions in brain

myelination

Throughout development, OPCs lose expression of Gfap to become mature OLs.
OPCs and NG2-glia, if still expressing Gfap, are considered immature, mostly due to
their conserved potential to become an astrocyte (Tripathi et al., 2010; Alghamdi and
Fern, 2015; Juarez et al., 2016). However, if these cells lose Gfap expression and
maintain Pdgfra, NG2 (oligodendroglial progenitors cell-structure markers), Sry-box
transcription factor 10 (Sox10) and Olig2 expression (canonical oligodendroglial
lineage nuclei-markers), they can then be considered mature (Kang et al., 2010;
Juarez et al., 2016). These mature OPCs and NG2-glia now develop into myelinating
cells and, by entering an early-mature stage, start to express molecules such as 2',3'-
Cyclic-nucleotide 3'-phosphodiesterase (CNPase), and glutathione S-transferase Pi
(GSTr), which both enable OLs to start wrapping axons and growing their end feet
(EI-Waly et al., 2014; Juarez et al., 2016). However, these cells are only able to
remyelinate when undergoing morphology maturation. This mature phase is
commonly identified by the expression of adenomatous polyposis coli clone CC1
(CC1), MBP and PLP. These proteins are usually expressed when the myelin sheath
is completely formed (Juarez et al., 2016; Gruchot et al., 2019). High expressions of
Olig2 and Sox10 were also identified after the early-mature OLs started to spread their
branches and wrap their end feet around axons, initiating the myelination process
(Emery, 2013; Hornig et al., 2013; Zhang et al., 2022). Once the myelination is
finished, these now mature myelinating OLs will sustain the expression of PLP, MBP,

CC1, Olig2 and Sox10 (Juarez et al., 2016). The active myelination phase was recently
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identified in OLs when breast carcinoma-amplified sequence 1 (Bcas1) is expressed
(Fard et al., 2017). Previously identified in breast carcinoma, ablation of this protein in
the brain prevents myelination and was found to be expressed in OLs when actively
myelinating in both development and disease (Ishimoto et al., 2017; Fard et al., 2017,

Li et al., 2022). See Figure 3 below for more details on OLs development and related

cell markers.
NG2-glia
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Figure 3. Oligodendrocyte development and related markers. The figure shows the canonical
oligodendrocyte development in the mammal brain and the stages and related markers within the
maturation of NSCs into a mature oligodendrocyte. TAPs that are positive for EGFR, Sox10/0lig2
exhibit an oligodendroglial fate and will mature into an OPC or NG2-glia, expressing Gfap and NG2
when in an immature stage. These cells lose expression of Gfap and enter an early mature stage by
expressing GSTtr. Bcas1 indicates that these cells are in the early-myelinating active process and,
once mature, express MBP, PLP and CC1. The expression of Sox10 and Olig2 is nuclei related and
identifies the oligodendroglial lineage cells in all stages during and after early differentiation (TAPs
stage).
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3. Chapter 3: Astroglial heterogeneity, reactive astrogliosis and its
contribution to myelination

3.1 Astrogliogenesis

Similar to OLs, astrocytes are generated in the SVZ during GW 18 in humans and
between E12-18 in mice. Early after birth, murine astrocytes divide and expand
throughout the brain, reaching a mature morphology at P21 (Yuasa, 2001; Menn et
al., 2006; Moreno-Garcia and Molnar, 2015; Tabata, 2015). SVZ-resident type b cells
are the key progenitors of astrocytes in adult mice. These NSCs differ in quiescent or
activated and present two subtypes (i) B1 (“Bushy” morphology expressing Gfap,
Nestin, CD133, EGFR), (ii) B2 (bipolar morphology; expressing Gfap, Nestin, negative
for CD133 and Egfr), (Platel and Bordey, 2016).

Once mature, astrocytes (earlier type-b cells) lose expression of EGFR, sustain
expression of Gfap (Platel and Bordey, 2016) and enlarge their branches. Mature
astrocyte branches show increased morphology complexity and enhanced expression
of S100B and glutamate system-related proteins such as Glast-astrocyte cell surface
antigen-1 (Glast), Glutamine synthase (GS) and Glut-1 (Sofroniew and Vinters, 2010;
Schiweck et al., 2018). Astrocytes are endowed with a large capability to change their
transcriptomic and proteomic phenotype. In the event the brain is affected by injury or
disease, astrocytes become reactive, expressing and releasing neurotoxic molecules
[C3d, lipocalin 2 (Lcn2), inducible nitric oxide synthase (iNOS)] and neuroprotective
molecules [Stat3, Timp1, S100a10 (Liddelow et al., 2017; Clarke et al., 2018; Escartin
et al., 2021)]. Astrocyte plasticity in injury, disease and ageing is defined as reactive
astrogliosis (Escartin et al., 2021) and will be further explained in the following section.
See figure 4 below for more details on astroglial development and related protein

expression.
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Figure 4. Astrocyte development and related markers. The figure shows the canonical astrocyte
development in the mammal brain, the stages and related markers within the maturation of NSCs into
a mature astrocyte, and the markers that identify a reactive astrocyte in a neurotoxic or neuroprotective
state. Mature astrocytes are developed from NSCs and TAPs positive for EGFR, and Gfap. Once
mature, astrocytes lose expression of EGFR and express S1008, Glast (ACSA1). Following injury,
disease or ageing, mature astrocytes acquire a reactive state defined by their contribution to tissue
damage or recovery. C3d, Lcn2 and iNOS identify neurotoxic reactive astrocytes, while Timp1, Stat3
and S100a10 identify neuroprotective reactive astrocytes.

3.2 Astrocyte subtypes and functions within the mammalian brain

The first characterization of astroglial morphology and possible function was
performed by Santiago Ramon y Cajal (1909), defining these cells in accordance with
their morphology and complexity. Astrocytes comprise over 20%-40% of all glial cells
in human CNS, found as radial glia during embryogenesis, and as protoplasmic or
fibrous astrocytes in the adult grey and white matter respectively (Sofroniew and
Vinters, 2010). However, there are many other subtypes that are more specialized:
the velate astrocytes (in the cerebellum), pituicytes (neurohypophysis), surface-
associated astrocytes (Perivascular, marginal and Gomori), radial astrocytes that
comprise Bergmann glia (cerebellum), RGs, NSCs (SVZ and hippocampus), tanycytes
(hypothalamus) and, Muller glia (retina). Despite the subtypes previously described,

humans exhibit three particular subtypes: interlaminar astrocytes, polarized
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astrocytes, and varicose projection astrocytes (Vasile et al., 2017). These astrocyte
subtypes described above were primarily distinguished by morphological differences
and tissue localization (Sofroniew and Vinters, 2010). Nowadays, more accurate
strategies such as gene transcriptomics and cell-tracing are able to better identify
astrocyte heterogeneity. Additionally, such new strategies have shown that fibrous and
protoplasmic astrocytes are derived from a different cell line in the mammalian brain
(Garcia-Marqués and Lopez-Mascaraque, 2013). Hence, identifying astrocytes based
on their intrinsic heterogeneity within a species throughout development, in different
brain regions, and according to their transcriptomic and proteomic signatures is key to
identifying their activity in health and disease (Matias et al., 2019; Yang and Jackson,
2019; Escartin et al., 2021).

Astrocytes are responsible for several mechanisms in the brain: providing metabolic
support to neurons (Sofroniew and Vinters, 2010), regulating the electric
communication within axons via the internodes gap junction, and controlling memory
formation and maintenance by either engulfing or promoting synapse formation and
maturation (Orthmann-Murphy et al., 2008; Chung et al., 2015; Dutta et al., 2018) to
name a few. Astrocytes utilize the thrombin-dependent proteolysis system to regulate
attachment in nodes of Ranvier. Once activated in astrocytes, this system reduces the
metabolic support within the nodes, decreasing velocity and spike-time electric
conduction of axons (Dutta et al., 2018). This system is, among others, the key process
to modulating memory plasticity in mice and is dependent on astrocytes (Lee and
Chung, 2019). Astrocytes guard the BBB, preserving the brain from pathogens that
might affect the body (Sofroniew et al., 2020). Working as the satellite cell of the BBB,
they perform two key activities: (i) communicate through their laminin cytoskeleton with
the integrin-a2 receptors in pericytes sustaining the integrity of the tight junctions (Tao
et al., 2014); (ii) identify activated leukocytes that are surrounding meninges mitigating
their migration into the CNS and preventing neuroinflammation (Sofroniew, 2020;

Sanmarco et al., 2021).

Still on that topic, the mechanisms which foresee neuroinflammation is unclear, yet,
this process does precede neurodegenerative diseases (Guzman-Martinez et al.,
2019). Following inflammation, the microglia and astrocyte become reactive and are

inclined to deactivate any malfunctioning cells within the CNS (Hui-Ming and Jau-
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Shyong, 2008; Guzman-Martinez et al., 2019). In astrocytes, this process is hamed
reactive astrogliosis, and its purpose is unclear (Sofroniew, 2020; Escartin et al.,
2021). This stage of glial stress is necessary for both damage and recovery, whether
to promote homeostasis or neuroinfammation. However, increased
neuroinflammation is the cause of several neurodegenerative diseases such as MS

and and the demyelination that ensues (Brambilla, 2019; Sofroniew, 2020).

3.3 What does reactive astrogliosis stands for?

Astrocytes that undergo reactive astrogliosis in response to damage change their
morphological, transcriptomic, metabolic and proteomic characteristics. Depending on
the disease and region of the brain, astrogliosis can be either proliferative or non-
proliferative. Transcriptomic evaluations showed that these astrocytes are divided into
subpopulations that differ in their genetic and proteomic signatures, responding either
to mitigate or stimulate recovery (Sofroniew, 2020; Escartin et al., 2021; Hasel et al.,
2021).

This umbrella of subtypes and activities developed by astrocytes over damage and
repair was under a dense cloud of poorly and imprecise characterization. Aware of this
dilemma, Escartin and colleagues (2021) published a consensus statement
established by 81 authors from 22 scientific institutes, consisting of the ideal approach
for characterization of astrocyte heterogeneity and reactive astrogliosis in animal
models and human tissue. In this publication, the authors emphasize that to precisely
identify the heterogeneity within these cells, key variables of investigations such as
healed or diseased tissue, genome or proteome signature, morphological complexity,
sex, and species must be investigated. This type of resolution is crucial to improving
the understanding of reactivity in astrocytes. Supporting this fact is that Gfap-high
expression was erroneously utilized for many decades as a unique identification for
astrocyte neurotoxicity (Sofroniew et al., 2020). Reactive astrogliosis was also
interpreted as an unchangeable pro-degenerative response and that the ablation of
this mechanism could be beneficial over time (Jakel and Dimou, 2017). However,
recent studies such as the one performed by Lohrberg and colleagues (2020) have
found that a lack of astrocytes diminishes the chances of OPCs maturation, hence,

impairing remyelination. Other studies have shown that Gfap-high expression is no
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longer a neurotoxicity indicator, and it is also correlated to neuronal repair and tissue

recomposition (Xu et al., 2018; Jurga et al., 2021; Moulson et al., 2021).

In recent years, several authors approached reactive astrogliosis heterogeneity
following the guidelines indicated in this consensus (Escartin et al., 2021), more
precisely determining the involvement of these cells throughout disease development.
Fundamental attributes that can define astrocytes as detrimental or not for

remyelination will be discussed in the next topic.

3.4 Mechanisms of gliosis and death of oligodendrocytes within the
demyelinated SVZ and corpus callosum

The subtypes of MS present three distinct patterns within the active lesion, and these
patterns are used to define how the injury is affected. Pattern | in active lesions is
related to extensive white matter demyelination (60%-80% of the region is
demyelinated) and low oligodendrocyte death (Dutta et al., 2011; Lassmann et al.,
2012). Another two patterns characterize the spectrum of cell loss. Pattern i
characterizes a defective function of OLs (low demyelination and presence of OLs in
degradation), while pattern Ill identifies a lack of OLs and extensive myelin loss. Both
patterns Il and Ill present an enhancement of chemokine receptor 3 (CXCR3),
glutamate, nitric oxide, perforin, interferon-gamma (INF-y) and activated T-cells in the
blood and cerebral spinal fluid (Minagar and Alexander, 2003; Mijikovic and
Spasojevic, 2013). The death of OLs in MS and EAE is also related to necroptosis, a
mechanism regulated by RIPK1 and RIPK3 that phosphorylate MLKL, inducing
oligomerization at the OLs plasma membrane. Both RIPK1 and -3 are the antagonists
of caspase-8, which activate the release of TNF-a and activate microglia and
astrocytes via the MEK/ERK pathway system. This mechanism once activated induces
ribosomal impairment and upregulation of pro-inflammatory interleukins via activation
of the nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) pathway
(Caprariello et al., 2012; Jha et al.,, 2010). In addition, this system enhances the
release of pro-inflammatory molecules that induce the accumulation of oligomers
within the OLs, impairing mitochondrial metabolism, hence, mitigating remyelination in
the corpus callosum (Campbell et al., 2014; Ofengeim et al., 2015; Sadeghian et al.,
2016; Zelic et al., 2021). During the peak of inflammation in EAE, a gradual decrease

in migration of type-A, -B and -C cells from the SVZ is observed. The proliferation of
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newly generated neuroblasts (PSA-NCAM+) is still occurring. However, these cells are
incapable of clustering and migrating, thus affecting the regeneration of the neuronal

population (Pluchino et al., 2008).

Activation of NFkb induce copper impairment, ferroptosis and oxidative stress which
leads to upregulation of the complement pathway, and production of
metallopeptidases (MMPs). This process directs the OLs loss observed in EAE (Hu et
al., 2013; Zarruk et al., 2015), CPZ (Pandur et al., 2019) and MS (Pluchino et al., 2008;
Oveland et al., 2021; Siotto et al., 2019; Jing et al., 2021). The NFkB system more
specifically upregulates apoptosis-related molecules such as caspase-1, -3,
microtubule-associated proteins 1A/1B light chain 3A (LC3), FADD-like apoptosis
regulator (cFLIP), interleukins (IL-18, -6, -17, -18), and, Act1 (Tanner et al., 2015;
Mckenzie et al., 2017). Release of such pro-inflammatory factors, sustain a cycle of
glial reactivity (Wang et al., 2018) that maintain a cytotoxic environment which limits
the OPCs expansion (Kirby et al., 2019). In fact, EAE is adequate to investigate acute
stages of demyelination and cell-mediated organ-specific mechanisms
(Constantinescu et al., 2011; Oveland et al., 2021). On the other hand, CPZ is more
suitable for understanding chronic demyelination and spontaneous remyelination
mechanisms (Vega-Riquer et al., 2019; Orthmann-Murphy et al., 2020). In this case,

more suitable for the aims of this work.

CPZ induces demyelination through week-pulse-stages episodes, initiating its damage
process from the second week of feeding with a primary myelin lesion. However, there
is no significant microgliosis or astrogliosis (Gudi et al., 2014; An et al., 2020). The
acute stage comprises global demyelination, an increase in reactive astrogliosis and
microgliosis, insufficient remyelination, OLs loss and leucocytes activation. Those
features can be observed after 5-7 weeks of feeding (Hibbits et al., 2012; Kaddatz et
al., 2021). Chronic myelin lesion is observed after 9-34 weeks of feeding (Vega-Riquer
et al., 2019; Nomura et al., 2019; Zhan et al., 2020; Gingele et al., 2020), and similarly
to chronification in MS, is based on a consistent pro-inflammatory environment that
impairs migration of progenitors and maturation of SVZ-NSCs into myelinating OLs,
combined to an extensive loss of mature OLs (Butovsky et al., 2006; Pluchino et al.,
2008). Insufficient remyelination after CPZ feeding was correlated to survival
myelinating OLs. Those cells erroneously remyelinate the neuronal soma, keeping
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axons denuded and diminishing the electrical activity within the brain (Bacmeister et
al.,, 2020). New myelinating OLs are more likely to perform effective axonal
remyelination, remyelinating 2/3 of the denuded axons in CPZ-fed mice and
overcoming the “defected OLs” inefficiency (Orthmann-Murphy et al., 2020). In fact,
during the CPZ diet (acute and chronic demyelination), the d-SVZ-derived OPCs still
maturate into mature OLs. However, they cannot remyelinate axons efficiently
(Brousse et al., 2015). This insufficiency is led by glial-dependent production of
prostaglandins, caspase-3, and FAS-ligand, which mitigate the maturation of OPCs in
the demyelinated lesion (Hesse et al., 2010; Palumbo et al., 2011). It is known that
reactive astrocytes can regulate the fundamental origin of demyelination and loss of
OLs in MS and CPZ-models by stimulating mitochondrial impairment, cholesterol
abduction, copper deficiency and other mechanisms involved in apoptosis and
neuroinflammation (Filippi et al., 2019; Bernaus et al., 2020). In this manner, declining
inflammation and stimulating a pro-remyelinating state in astrocytes could foster the
spontaneous remyelination found in CPZ, and RRMS or SPMS patients during the
recovery/remitting stage, respectively (Piraino et al., 2005; Chari, 2007).

Gene levels of Gfap and SRY-box transcription factor 9 (Sox9) were upregulated in
the chronic demyelinated brain between 6 and 9 weeks of CPZ feeding (Hibbits et al.,
2012). During this stage, microglia and astrocytes enhance, migrate (Gingele et al.,
2020) and accumulate near the deteriorated myelin, promoting de/remyelination (see
Figure 5; An et al., 2020). Interestingly upregulation of Gfap in the white matter is
sustained for six weeks after cessation of CPZ-feeding, highlighting a pro-
remyelination feature of astrocytes in CPZ (Hibbits et al., 2012). In fact, astrocytes are
key to regulating brain metabolism (Matias et al., 2019), and metabolic impairment is
the main cause of OLs death in CPZ. Neurotoxic reactive astrocytes enhance the
production of Lcn2 and reactive oxygen species (ROS), dysregulating the glutathione
peroxidase (GPx), copper and iron machinery of OLs (Gudi et al., 2014; Baxi et al.,
2017; Stidworthy et al., 2006; Al-Nimer et al., 2016; ltoh et al., 2018; Pandur et al.,
2019). Neurotoxic reactive astrocytes downregulate growth factors and neurotrophins
[brain-derived neurotrophic factor (BDNF), insulin-like growth factor one (Igf1), ciliary
neurotrophic factor (CNTF)], combined with overexpression of complement molecules

(C3 and C5a) and chemokines (CX3CRI), increasing loss of nodes and lipid metabolic
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impairment within the myelin sheath (Praet et al.,, 2014; Lampron et al., 2015;
Taraboletti et al., 2017).
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Figure 5. Key immunological features and gliosis within the demyelinated brain in cuprizone
treated mice. The figure comprises the key features of the demyelinated brain of CPZ-fed mice. CPZ
induces a metabolic impairment in OLs that die due to iron and copper metabolism complications and
failure in the GPx system. The release of debris activates both microglia and astrocyte, increasing the
production, expression and release of pro-inflammatory and pro-demyelination molecules such as C3,
Cb5a, CX3CRI, Lcn2, Caspase-3 and MMPs.

Oveland and colleagues (2021) observed that two key pathways activated in CPZ and
EAE could be translated to MS: the legumain and C1q complement systems. The latter
and its cofactors are certainly the most versatile mechanism in the brain (Rus et al.,
2009). Produced locally in the CNS, C1q can induce synapse pruning via microglial
activation (Vukoijicic et al., 2019), induce tissue damage by a cycle of reactivation of
astrocytes in traumatic brain injury (Hammad et al., 2018) and enhance the severity of
EAE in mice (Jégou et al., 2007; Hu et al., 2013). However, the complement pathway
and its cofactor C5b9 can prevent OLs loss in EAE (Tegla et al., 2009; Tatomir et al.,
2017). Hence, ablation of the complement pathway may not be the ideal strategy to
avoid demyelination (Schartz and Tenner, 2020; Xin and Chan, 2020).

The complement system is divided into three different cascades: (i) enzymatic, (ii)
lectin pathway and (iii) classical pathway. The classical pathway were classified as
non-essential to the subset of demyelination in EAE (Boos et al., 2005). Nonetheless,

the complement system is still a key interlink between MS, CPZ and EAE-based
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models, hence crucial for biomedical translation (Dyer et al., 2005; Tassoni et al.,
2019; Oveland et al., 2021; Morgan et al., 2021). C1q is the first co-factor produced in
all three cascades and can bind to any structure recognized or not by antibodies (IgM
or IlgG). Even in the absence of pathogenic specific antibodies, C1q can bind to the
surface of pathogens, initiating an inflammatory cascade (Almitairi et al., 2018). In
disease, not only microglia and astrocytes can express complement components but
also OLs, neurons and other cells within the brain (Carpanini et al., 2019). The key
C1q producers in the brain are microglia (Fonseca et al., 2017; Dalakas et al., 2020).
These cells can easily target myelin structures by using C1q and C3, initiating a
cascade of inflammation and inducing OLs apoptosis (Michailidou et al., 2017).
Microglia-derived C1q activate astrocytes that, once exposed to C1q, start to
overexpress C3. These same microglial cells recognize their own created complement
factors by C3a- and C5a receptors, creating a cycle of reactivation and release of C1q
that sustains the inflammation, promoting more myelin disruption (Chen et al., 2020;
Schartz and Tenner, 2020; Xin and Chan, 2020).

Chronification in MS was observed to enhance astrocyte production of C3 (Bhargava
et al., 2021). Once expressing C3, astrocytes cease the metabolic support to neurons
(Goetzl et al., 2018) and OLs (ltoh et al., 2017; Tassoni et al., 2019). Hence, it seems
like C3 positive astrocytes are more likely to be neurotoxic than neuro-supportive
(Dalakas et al., 2020). C3 is divided into several other co-factors within the
complement pathway, and the cofactor d (C3d) was found to be expressed in reactive
astrocytes within active lesions in MS (Liddelow et al., 2017) and EAE (Tassoni et al.,
2019). C3d can bind to the myelin in OLs and exacerbate EAE output (Jégou et al.,
2007). Currently, C3d is considered the key marker for neurotoxic astrocytes in
demyelination (Escartin et al., 2021; Wan et al., 2022).

Tassoni and colleagues categorized the complement pathway as the key activated
mechanism in astrocytes during optic nerve and spinal cord demyelination during EAE.
The same authors and others next confirmed that along with C3, Lcn2, earlier reported
as a pan-reactive identifier (Zamanian et al., 2012; Liddelow et al., 2017), is also key
for demyelination (Nam et al., 2014; Wan et al., 2022). Lcn2 is known for its detrimental
activities upon myelin disruption (Qiang et al., 2020). Its mechanism of action is by
controlling INOS expression in glial cells, therefore enhancing oxidative stress (Zhao
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et al., 2020; Al-Nimer et al.,, 2016). In fact, ablation of Lcn2 in EAE reduced
demyelination by diminishing MMPs production (Nam et al., 2014), highlighting this
molecule as a key target for remyelination purposes. Discoveries on pro-remyelination
molecules dependent on astrocytes to be released or produced are still in their initial
unveiling (Rawiji et al., 2020). In the next chapter, pro-remyelination mechanisms in
astrocytes will be described in correlation with the key molecules that these cells

express.
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4. Chapter 4: The heterogeneity within reactive astrogliosis in
remyelination

4.1 Stat3

Stat3 is one of the first key molecules expressed by reactive astrocytes (Liddelow et
al., 2017). Stat3 activation induces CNTF and leukaemia inhibitory factor (LIF)
production, promoting remyelination in the lysophosphatidylcholin (LPC)-dependent
demyelination (Steelman et al., 2016). Knockout of astrocytic-Stat3 deprives Schwann
cells and OLs of their myelinogenic features in the LPC-demyelinated CNS (Monteiro
de Castro et al., 2015). Herrmann and colleagues (2008) observed that Stat3 ablation
prevents astrogliosis. However, blocking Stat3 enhanced lesion spreading and
demyelination. The same authors also found that Stat3 re-expression in astrocytes is

mandatory for scar formation and cicatrisation in the demyelinated CNS.

4.2 Mafg and Nrf2

Oxidative stress is one of the key features behind OLs loss in MS (Lassmann and van
Horssen, 2016; Carlstrdm et al., 2020). The GPx system is crucial for the mechanism
of maturation of OPCs and the survival of OLs during demyelination (French et al.,
2009; Hughes and Stockton et al., 2021). This mechanism is regulated by reactive
astrocytes, the key regulators of GPx within the demyelinated brain (Chen et al., 2019).
The astrocytic production of GPx4, a cofactor of the GPx system, prevents ROS
overproduction and ferroptosis in EAE, preventing cell loss (Hu et al., 2019). The GPx
system is crucial for DNA-methylation, antioxidant activity and metabolic transition in
mammals. The nuclear factor erythroid 2-related factor 2- (Nrf2) and MAFG-
heterodimers (MAFG) are among the key components to control GPx activation during
stress, whether promoting cytoprotection (Nrf2) or cytotoxicity (MAFG), (Hirotsu et al.,
2012). Nrf2 was recently found as the key marker for astrocytes underlying a non-
neurotoxic activity in MS and EAE (Wheeler et al., 2020). MAFG upregulation is
strongly correlated to the overproduction of pro-apoptosis molecules (Hirotsu et al.,
2012; Wang et al., 2021), and Wheeler and colleagues (2020) have shown that
ablation of MAFG in astrocytes prevents EAE clinical output and direct astrocytes into
a pro-remyelination status by activation of the GPx system via an Nrf2-dependent
process. MAFG over-binding the Nrf2 receptors in astrocytes, blocking the activation
of the GPx system. This mechanism is dependent on methionine adenosyltransferase

33



2 alfa (MAT2a) which controls DNA methylation within the nuclei, preventing Nrf2
production that leads to aberrant MAFG expression. The authors conclude that the
GPx system's reactivation in astrocytes depends on the GPx-Nrf2 target genes
(Gstm1, Gstp1, Gstp2 and Prdx6). These genes, when activated, improve ROS

catabolism in astrocytes, depriving oxidative stress and minimizing demyelination.
4.3 S100a10

S100a10 is intrinsically expressed in reactive astrocytes in the hippocampus of
healthy, aged mice (Clarke et al.,, 2018). This molecule was firstly reported by
Zamanian and colleagues (2012) that by sequencing pro-inflammatory astrocytes in
an in vivo model of neuroinflammation (LPS) and stroke (MCAOQ), found this molecule
to be correlated with a neuroprotective phenotype in both models. Later, Liddelow and
colleagues (2017) confirmed that in the presence of microglia-derived C1q, IL-1a and
TNF-a (key molecules for neurotoxic fate), astrocytes lack S100a10 expression both
in vivo and in vitro. S100a10 was then categorized as the key molecule to be
expressed in astrocytes with an anti-inflammatory gene signature in the inflamed
mouse brain (Hasel et al., 2021). However, S100a10 is not co-expressed with C3d in
reactive astrocytes within the demyelinated MS-brain (Liddelow et al., 2017).
Demyelinated mice are deficient in S100a10+ astrocytes in the spinal cord (Haindl et
al., 2019) and hippocampus (Hou et al., 2020). However, both studies observed that
astrocytes throughout demyelination will preferentially express C3d. Both Haindl and
colleagues (2019) and Hou and colleagues (2020) identify that astrocytes within the
remyelinated tissue are C3d negative and upregulate S100a10. Of note, investigations
on the co- or interdependent expression of C3d and S100a10 were not investigated in

chronic myelin damage.

4.4 Timp1 the specific pro-remyelination marker for astrocytes

MMPs play a central role in the degradation of extracellular matrix protein components
and are pivotal for producing damage-associated molecular patterns (DAMPs) during
inflammation and myelin damage in MS (Hernandez-Pedro et al., 2016; Jing et al.,
2021). Production of MMPs is activated after ROS production and expands tissue
damage (Yong, 2005; Mirshafiey et al., 2014). Commonly overexpressed in the

cerebral spinal fluid of MS patients, MMPs are important biomarkers to identify active

34



lesions (remitted phase) in all three types of this disease (Aldinucci et al., 2018;
Mohammadhosayni et al., 2020). The main role of MMPs in the literature is
controversial. The MMP9 subtype was found to be crucial for NG2 glia to mature and
differentiate (Larsen et al., 2003). Another study identified that MMP9 ablation slows
EAE progression in mice (Onwuha-Ekpete et al., 2016).

The medical consensus about MMPs’ contribution to MS converges to pro-
demyelinating (Rempe et al., 2016). The MMP subtypes 2, 3, 7, 9 and 12 were found
to be secreted by neurons, reactive microglia and astrocytes during damage,
facilitating BBB leakage, hence, allowing migration of cytotoxic leukocytes (Song et
al., 2015; Safaeinejad et al., 2018; Castellazi et al., 2018). The latter become the key
producer of MMPs in the active lesion in MS, more specifically monocytes and T-
helper 17 lymphocytes that enhance chemotaxis of T-helper 1 lymphocytes through
the release of IL-17 and INF-y. T-helper 1 lymphocytes will migrate into the site of
damage upregulating myelin phagocytosis and improving migration of natural killer
cells and other monocytes subtypes into the CNS (Mirshafiey et al., 2014; Song et al.,
2015). Depletion of MMPs seems to contribute to remyelination in EAE (Rempe et al.,
2016; Onwuha-Ekpete et al., 2016). However, the extended absence of MMPs
signalling contributes to remyelination failure in MS (Gorter and Baron, 2020).
Therefore removal of MMPs mitigates effective remyelination. In fact, endogenous
deactivators of MMPs do exist. The "Timps" (1, 2, 3, and 4) are the most prominent
ones and inactivate MMPs by bindings their catalytic site (Parks et al., 2004). Waubant
and colleagues (1999) observed in the serum of RRMS-patients that an enhancement
of MMP9 is followed by downregulation of Timp1 in MS patients undergoing
demyelinating lesions. Highlighting that demyelination is dependent on Timp1
downregulation, and its lack can promote MS chronification (Lee et al., 1999; Trentini
et al., 2015).

Timp1 was found to be expressed by astrocytes in elder mice and was recently
categorized as a pan reactive marker for normal ageing reactive astrocytes (Clarke et
al., 2018). Interestingly, reactive astrocytes at the corpus callosum and a-CC of LPS
treated mice upregulate this molecule. These cells, particularly when upregulating
Timp1, are more likely to present an anti-inflammatory gene signature and contribute
to repair (Hasel et al., 2021). Timp1 is a pleiotropic protein. Additionally, induce MMPs
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inactivation also improves cell survival, reduces pro-inflammatory cytokines (TNF-q,
Fas/FasL), and modulates astrocytes into a non-inflammatory profile in vitro (Ogier et
al., 2005). Crocker and colleagues (2006) showed that ablation of Timp1 in adult mice
impairs spontaneous remyelination during EAE. The same group observed that Timp1
knockout affects the number of Gfap+ cells in the P7 mice white matter and that OPCs
treated with the conditional medium of Timp1-knockout astrocytes cannot express
mature OLs markers (A2B5 and O1; Moore et al., 2011). Houben and colleagues
(2020) were also able to confirm that astrocyte-derived Timp1 drove OPCs to mature
into OLs, and ablation of this molecule in astrocytes impaired spontaneous myelin
regeneration in chronic-demyelinated mice (CPZ-fed). Moreover, Timp1 were strongly
upregulated after the CPZ diet and were found to be expressed in astrocytes in MS-
active lesions. This evidence highlights the importance of Timp1 expression in

astrocytes and the role of these cells in fostering remyelination.
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5. Chapter 5: Drug repurposing, medrysone and myelination

5.1 Drug repurposing

Brain repair approaches and drug-repurposing strategies are an alternative for myelin
repair and oligodendrocyte replacement in MS (Kury et al., 2018; Manousi and Kury,
2021). There is no cure for MS. Current treatments improve patient lifespan by
diminishing inflammation and lesion spreading but fail to improve chronification, thus
revealing an unmet necessity to find new treatments for MS. (Wei et al., 2021). Fifteen
years on average is how long it takes for a drug to be identified, optimized, developed
and registered for human use (Hughes et al., 2011). Aggravating this situation, 7 in 10
drugs under clinical trials for MS do not receive approval from regulatory organizations
(Gehretal., 2019; Melamed and Lee, 2020). In the meantime, a patient bearing RRMS
has a life expectancy after diagnosis of 15 to 35 years (Lunde et al., 2017). On the
other hand, drug repurposing followed by official regqulamentation takes on average 6
years, depending on the stage of development and registration within inspection
agencies. Repurposing diminishes downtime, enabling a larger 2 to 6 fold chance of
identifying a new effective drug (Pushpakom et al., 2018; Kury et al., 2018). In this
case, a stronger and faster strategy to identify new drug treatments for MS and other

diseases.

5.2 Medrysone and myelination

Notably, anti-inflammatory corticosteroids are among the key prescribed drugs for MS-
patients in acute relapse episodes, the disease-stage when most of the immune
mediated attacks is happening in the brain and spinal cord. (Elovaara et al., 1998;
Lassmann, 2019; Gresle et al., 2020). No interruption of this process enhances the
risk of sequeleae and by using corticosteroids the decrease on diapedesis of
leucocytes into the CNS (Naray-Fejes-Toth et al., 1988; Williams, 2018) as well as
reduction of integrin and selectins such as VLA-4 and LFA-1 in CSF and brain tissue
of MS patients (Elovaara et al., 1998), diminish brain tissue damage. Resztak and
colleagues (2022;pre-print), shown that dexamethasone regulate RNA levels of
ARLGIP4; a gene related to reactivity and recruitment of Natural killer and CD8-T cells
in MS. Both cells when activated act by releasing cytokines and proteases the will both

enhance inflammation and promote tissue degeneration (Lassmann, 2019; Gresle et
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al., 2020). In general, corticosteroids are allocated to promote an immunosuppressing
response, regulating reactive leucocytes and promoting down regulation of pro-
inflammatory factors (Williams, 2018). However don’t necessarily contribute to
remyelination in acute stages of demyelination (Not upregulating or regenerating MBP
levels). This is confirmed in two publications (Chari et al., 2006 and 2007; Clarner et
al., 2011) where prednisone was observed to do not contribute to remyelination and

OLs replacement in CPZ-dependent acute demyelination.

Medrysone is a corticosteroid used in ophthalmology against allergic conjunctivitis,
episcleritis and epinephrine sensitivity. Medrysone is recommended to high ocular
pressure patients suffering from the diseases previously cited (Spaeth, 1966;
Bedrossian and Eriksen, 1969). The literature does not report any exclusive
mechanism of action performed by medrysone. In fact, pharmacodynamics reports
define the pharmacological activity of medrysone is based on corticosteroids effects
(VanWert et al.,, 2010). This category of synthetic drugs is mostly known for
diminishing scar formation, fibrin deposition and phagocytic migration, primarily
displayed by the downregulation of prostaglandins and leukotrienes, inhibiting the
release of arachidonic acid (Naray-Fejes-Toth et al., 1988; Williams, 2018).
Corticosteroids also downregulate NFKB activation, mitigating the Th1 inflammatory
response in mammals (Auwardt, et al., 1998; Liberman et al., 2018). Notably, anti-
inflammatory corticosteroids were reported to not contribute to remyelination and OLs
replacement in CPZ-dependent acute demyelination (Chari et al., 2006 and 2007;
Clarner et al.,, 2011). However, medrysone was not yet investigated in chronic
demyelinated mice. Medrysone more exclusively was observed to improve
myelinating features in Oli-neuM (immortalized cell lineage/in vitro) by enhancing MBP
expression at the protein and gene level (Porcu et al., 2015) and was predicted (in
silico) as a myelinogenic drug by enhancing oligodendroglial fate-related genes in
SVZ-NSCs (Azim et al.,, 2017). Those observations raise the importance of
understanding how medrysone improves myelination and its regenerative effects
against chronic demyelination, and in this work we repurposed this drug with aims of

myelin recover in an animal model of progressive MS.
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6. Main results
6.1 Main results part 1- Pro-myelinating properties of medrysone

6.1.1 Medrysone does not induce primary OPC differentiation
Medrysone was shown to increase myelin gene expression in an immortalized OLs
cell line [Oli-neuM cells; (Porcu et al., 2015)]. However, medrysone recently was
predicted to promote SVZ NSCs to differentiate into the oligodendroglial lineage (Azim
et al, 2017). Aiming to investigate the capability of medrysone to promote
oligodendrogenesis, rat OPC cultures were prepared and exposed either to DMSO
containing control buffer or to 5 yM medrysone for 72 hours. The number of myelin
basic protein (MBP) positive cells did not change upon medrysone treatment (Figure
6¢). Similarly, gene expression levels for Sox10, Pdgfra, CNPase and Myrf did not

change upon medrysone treatment (Figure 6d).
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Figure 6. Primary OPC differentiation is not directly affected by medrysone. Primary OPC
differentiation is not directly affected by medrysone. (a,b) representative images of primary cultured
OPCs treated with DMSO (control) or 5 yM medrysone for 72 hours and stained for MBP. (c) The
number of MBP positive cells does not change upon medrysone treatment. (d) Graphical representation
of Sox10, Pgdfra, CNPase and Myrf gene expression levels. Abbreviation: none significant (ns). Bars
in (c) correspond to mean cell numbers per mm2 + standard error of the mean (SEM). Bars in (d)
correspond to relative gene expression levels + standard error of the mean (SEM). Statistical
significance was calculated using the two-sided Student’s t-test. Number of experiments n=4. This
figure corresponds to the supplemental figure 1 of Oliveira-Junior and colleagues (2022). With
permission from the publisher (The Lancet). Experiments not developed by the author.
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6.1.2 Medrysone enhanced number of NG2- and Gfap-positive cells in
d-SVZ cultured cells.
To understand the impact of medrysone in the differentiation of d-SVZ cells, cell
cultures from p11 mice d-SVZ were prepared and treated with DMSO or medrysone
at 5 uyM. The corticosteoid increased the number of NG2+ cells (Figure 7b, 7c). In

additon, the number of Gfap+ cells was also upregulated by the drug (Figure 7e, 7f).
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Figure 7. Medrysone enhanced numbers of mature NG2-glia and astroglial cells in d-SVZ cells
primary cultures. Representative images of dorsal SVZ cells treated with DMSO or medrysone at 5
MM (a, b, d, e) stained for NG2, Gfap and Topro. Medrysone treatment significantly promoted the
differentiation into NG2-glia (c) and astroglial cells (f). Scatter dot plot represents mean + SEM. White
arrows indicate the representative cell. Bars in (c, f) correspond to mean cell numbers per mm2 +
standard error of the mean (SEM). Statistical significance was calculated using the two-sided Student’s
t-test. ** represents p < 0.01. Number of experiments n=4. Data within the figure is unpublished and will
be included in a future publication.
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6.1.3 Medrysone promotes oligodendrogenesis and myelination in

postnatal cerebellar organotypic cultures
Myelinogenesis in OLs and astrocyte formation occur during the early postnatal
development phase (Ortega et al., 2013; Rash et al., 2019). Aiming to investigate the
capability of medrysone to promote oligodendrogenesis and myelination, cerebellar
organotypic slice cultures from P6 rats were prepared and exposed either to DMSO
containing control buffer or medrysone (5 uM) for 48 hours. The number of MBP+ cells
and neurofilament positive (NF+) axons co-stained for MBP were quantified in the
cerebellar superior semil lobe (Figure 8a, green box). Quantification revealed an
increased number of MBP+ cells after medrysone application (Figure 8c, 8d).
Additionally, the number of myelinated axons significantly increased after medrysone
treatment (Figure 8e). Gfap+ cells were quantified in the grey matter and white matter
from the cerebellar semil lobe (Figure 8a, red and green box). No impact on the

astrocyte population was observed (Figure 8g-8h).
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Figure 8 Medrysone promotes oligodendrogenesis and myelination in cerebellum slice cultures.
(a) Scheme of rat cerebellum including areas of investigation. Representative images of cerebellar ex
vivo organotypic cultures treated with DMSO (b, b’, f, f) or medrysone at 5 uM (c, ¢/, g, g’) stained for
MBP, Gfap and Dapi. The amount of MBP positive cells (d) and myelinated axons (e) were significantly
increased after medrysone application. No effect on astrocyte formation (Gfap+ cells) were observed
after medrysone treatment (g, h). White arrows indicate nuclei of cells, yellow arrows indicate
myelinated axons. Bars in (d, e, h) correspond to mean cell numbers per mm2 + standard error of the
mean (SEM). Statistical significance was calculated using the two-sided Student’s t-test. * represents
p < 0.05; ** represents p <0.01. Number of experiments n=3. Data within the figure is unpublished and
will be included in a future publication.
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6.1.4 In vivo demyelination and drug-treatment procedure

To induce demyelination, 24-week-old transgenic hGFAP-GFP reporter mice were
exposed to 0.4 % CPZ for nine weeks. During the last five days of CPZ feeding, mice
received daily intraperitoneal injections of 5 mg/kg of medrysone- or saline solution.
Over the week post cuprizone phase (WPC), mice received normal food for one or
three weeks (Figure 1a). Six groups were analysed: (i) non-CPZ fed/control; (ii) 9
weeks CPZ diet/demyelination; (iii) 9 weeks CPZ, plus saline injection and one week
of normal food (saline 1 WPC); (iv) 9 weeks CPZ, plus saline injection and three weeks
of normal food (saline 3 WPC); (v) 9 weeks CPZ, plus medrysone injection and one
week of normal food (medrysone 1 WPC); (vi) 9 weeks CPZ, plus medrysone injection
and three weeks of normal food (medrysone 3 WPC). Immunofluorescence analysis
was performed using 50 ym rostrocaudal coronal sections (1 rostral section, 1 middle
section and 1 caudal section per n; Figure 9b) analyzing the corpus callosum junction
(CCJ; Figure 9c¢’ area 1), the corpus callosum adjacent to d-SVZ (a-CC; Figure 9¢’
area 2) and the d-SVZ (Figure 9¢’ area 3; divided into three micro-domains: 3.1-medial
dorsal-SVZ; 3.2-middle d-SVZ and 3.3-dorsal-horn SVZ). For cell counting, 150 ym
were analysed along the z-axis for all anatomic niches (Figure 9¢’). For the CCJ an
area of interest of 150 um along the x/y-axis and, for d-SVZ an area of interest of 100

pMm along the x/y axis were analysed for cell counts.
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Figure 9. CPZ experimental setup. (a) Timeline of CPZ induced demyelination and of medrysone
treatment in adult (24 weeks old) hGFAP-GFP reporter mice. CPZ treatment lasted for 9 weeks, then
either medrysone- or saline solutions were applied intraperitoneally starting at five days before the end
of the CPZ feeding period. Mice were sacrificed after one or three week’s post-CPZ. For additional
controls, healthy mice and CPZ fed mice without treatment were sacrificed. (b) Rostrocaudal directed
coronal brain slices were collected between 0.745mm to -1.25mm Bregma, and then analysed using
immunofluorescence. (¢, ¢’) The corpus callosum junction (CCJ), corpus callosum adjacent to the
dorsal-SVZ (a-CC) and dorsal-SVZ (divided in micro-domains: 1-medial dorsal SVZ, 2-middle dorsal
SVZ, 3-dorsal horn SVZ) were the anatomic niches investigated. This figure is an adapted version to
the figure 1 of Oliveira-Junior and colleagues (2022). With permission from the publisher (The Lancet).

6.1.5 Medrysone ftreatment recovers body weight in chronic

demyelinated mice

Bodyweight loss accompanies demyelination in CPZ-feeding (Zhen et al., 2017; Zhan
et al., 2020; Toomey et al., 2021). Body mass tracking is fundamental to identifying
drug efficacy in rescuing homeostasis (Zhen et al., 2017). Therefore, we measured
the final body weight in grams of eight mice per group before humanized euthanasia
(Figure 10). Demyelinated mice showed a loss of body weight and saline-treated mice
in both time points were unable to recover body mass (Figure 10). Medrysone-treated
mice recovered body weight at both time points, with slightly greater weights than
control mice (Figure 10b, 10c).
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Figure 10. Medrysone treatment rescues body mass weight. (a) Representative organogram
showing time points for body weight measurement per group. (b) Quantification of body weight in grams
revealed that demyelination induced a decrease in body weight without recovery after saline
administration and normal feeding. Medrysone improved weight recovery. (c) Graphical sketch of
medrysone efficacy in body weight recovering. Data are shown as mean values + SEM. Statistical
significance was calculated using a two-way ANOVA with multiple comparisons Bonferroni post-test (*p
<0.05, **p < 0.01, and ***p < 0.001). Number of animals n=8. Data within the figure is unpublished and
will be included in a future publication.

N

6.1.6 Remyelination and nodes of Ranvier recovery were improved by
medrysone

We aimed to evaluate the potency of medrysone to improve remyelination in chronic
demyelinated mice induced by a prolonged CPZ application. Looking at the CCJ (see
Figure 9c) we found a diminished MBP expression (Figure 11s) as well as lower
numbers of early-stage mature OLs (GSTm+), mature OLs (Olig2/CC1 double-
positive) and of active myelinating OLs after 9 weeks of CPZ diet (Sox10/Bcas1
double-positive cells; Figure 11t,11u,11v; see Figure 11x for OLs maturation stages
and representative markers). Adjacent localization of MBP and Caspr was used to
identify nodes of Ranvier by their juxtaposition (Figure 11x’). Of note, the number of
Caspr+/MBP+ nodes was reduced in response to demyelination (Figure 11w)

confirming myelin loss. On the contrary, quantitative analysis revealed that medrysone
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significantly promoted the recovery of MBP expression (Figure 11s), early-stage
mature OL- (Figure 11t), mature OLs (Figure 11u) and active myelinating OLs (Figure
11v), as well as in nodes of Ranvier (Figure 11w) reaching levels similar to healthy

controls at 1 and 3 weeks post CPZ, respectively.
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Figure 11. Medrysone promotes oligodendrocyte recovery and remyelination at the CCJ.
Representative pictures of the corpus callosum junction (CCJ, Figure 1c) stained for MBP, GST1r, Caspr
(a-d, a’-d’) Olig2 and CC1 (g-l), Sox10 and Bcas1 (m-r) protein expression. (s) Quantitative analysis of
MBP stained structures revealed a decrease of myelin expression in the demyelination group with saline
treatment leading to weak remyelination and medrysone significantly promoting MBP recovery at the
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early time point (1 WPC). (t, u, v) Similarly, the numbers of GSTr positive, Olig2/CC1- and Sox10/Bcas1
double-positive cells recovered upon medrysone application accompanied by improved generation of
nodes of Ranvier (w). (x) OLs maturation and representative markers (x’) graphical and in vivo
representation of nodes of Ranvier immunofluorescence (Caspr+/MBP+). Bars in (s) correspond to
mean fluorescence intensity + standard error of the mean (SEM), bars (t, u, v) correspond to mean cell
numbers per mm? + standard error of the mean (SEM), bars in (w) correspond to mean number of nodes
+ standard error of the mean (SEM). Statistical significance was calculated using a two-way ANOVA
with multiple comparison Bonferroni post-test (*p < 0.05, **p < 0.01, and ***p < 0.001). Number of
animals per analysis: n=6 (s, t); n=5 (u, v, w). This figure corresponds to the figure 2 of Oliveira-Junior
and colleagues (2022). With permission from the publisher (The Lancet).

6.2 Main results part 2- The impact of medrysone in number of astroglial
cells in inflammation and demyelination

6.2.1 Demyelination affects hGFAP-GFP cells at the corpus callosum
and the d-SVZ

Throughout myelin damage and depending on the inflammatory stage, astrocytes
exert either detrimental or beneficial effects on remyelination efficacies (Skripuletz et
al., 2013; Schirmer et al., 2021). After CPZ-mediated chronic demyelination, we found
that the degree of green fluorescent protein (GFP+) positive cells at the CCJ did not
change significantly between groups/pathophysiological stages (Figure 129).
However, when looking at the a-CC, a higher number of GFP+ cells versus all groups
was found after demyelination, followed by elevated levels in the medrysone 3 WPC
group (Figure 12n) and no difference in the controls. Interestingly, in the d-SVZ,
medrysone treated animals at 1 WPC displayed significantly elevated number of

transgenic cells which sharply dropped below control levels at 3 WPC (Figure 120).
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Figure 12. Quantification of hGFAP-GFP positive cells in the corpus callosum and d-SVZ. (a-m)
Representative pictures GFP-positive cells at the CCJ, a-CC and the d-SVZ with cell nuclei visualized
using Dapi. (g) Quantification of GFP-positive cells revealed similar number of GFP expressing cells in
all groups at the corpus callosum junction. (n) In the a-CC demyelination induced the degree of GFP-
positive cells (versus control) and a mild induction between medrysone and saline groups was found at
3 WPC. Moreover, in the d-SVZ (o), GFP-positive cells were enriched upon medrysone treatment at 1
WPC (versus control), sharply dropping thereafter (3 WPC). Abbreviation: non-significant (ns). Bars
correspond to mean cell numbers per mm2 * standard error of the mean (SEM). Statistical significance
was calculated using Kruskal-Wallis test with Dunn’s post-test (g) and two-way ANOVA with multiple
comparisons Bonferroni post-test (n; o; *p < 0.05, **p < 0.01, and ***p < 0.001). Number of animals n=6
(g, 0), n=7 (n). This figure corresponds to the figure 3 of Oliveira-Junior and colleagues (2022). With
permission from the publisher (The Lancet).
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6.2.2 Astrocyte dynamics is reflected by elevated Glast-positive cell

levels
White matter pathology and OLs loss are also dependent on glutamate excitotoxicity
(Li et al., 2016). Aiming to understand Glast expression in mature astrocytes, we
performed S10003/Glast co-stainings (Figure 13a), revealing that S1003/Glast double-
positive cells enhanced in all groups after CPZ feeding, despite the saline 3 WPC
group (Figure 132h). Glast expression per S100B+ cells decreased in all groups over

the recovery phase (Figure 13g).
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Figure 13. Time-dependent Glast expression in S100B positive astrocytes during CPZ-diet. (a-

”’-f-f”’) Representative pictures of the corpus callosum co-stained for S1008 and Glast. (h) The number
of S100B+/ Glast+ astrocytes enhanced during demyelination, whereas they were less present in the
saline 1 WPC group. (g) Glast expression per S100f3 astrocytes decreases in astrocytes during the
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recovery phase. White arrows point to nuclei of representative cells (a’”’-f”). Bars correspond to mean
cell numbers per mm2 £ standard error of the mean (SEM). Statistical significance was calculated using
a two-way ANOVA with multiple comparisons Bonferroni post-test (*p < 0.05, **p < 0.01, and ***p <
0.001). Number of animals n=3. Data within the figure is unpublished and will be included in a future
publication.

6.2.3 Morphological complexity of astrocytes in the de- and remyelinated

white matter

Astrocytes change their morphology in both development and disease (Jakel and
Dimou, 2017; Schiweck et al., 2018), more specifically to demyelination decrease in
their intersections can indicate more toxicity or a decline in interaction within the
demyelinated environment (Nash et al., 2010; Allnoch et al., 2019). Investigating the
astrocytes in the CCJ, we observed that demyelination decreases the number of
branches (Figure 14b, 14g). However, cells in this group showed the largest radius
from the center, indicating more complexity in their branches-tree organization (Figure
14i). Saline and medrysone-treated mice showed greater values in the number of
branches. However, the radius values were decreased in relation to demyelination

(Figure 14i). Branch length was similar between all the groups (Figure 14h).
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Figure 14. Shift in morphology complexity of astrocytes in the de- and remyelinated corpus
callosum. (a-f) Representative photomicrographs of .astrocytes at the CCJ. (a-f) Representative
picture of skeletonized morphological data of astrocytes. (a’-f) Graphical sketch for morphology
parameters. (g) Quantification of number of branches per cell, shown astrocytes in the recovery phase
with more cytoplasm prolongations. (h) Branches length were similar in all groups. (i) mean values for
radium from the center shown astrocytes in the demyelination group with more complexity in branches
tree organization. Data are shown as mean values + SEM. Statistical significance was calculated using
a two-way ANOVA with multiple comparisons Bonferroni post-test (*p < 0.05, **p < 0.01, and ***p <
0.001). Number of animals n=4. Number of cells analysed (at least 4 per animal). Data within the figure
is unpublished and will be included in a future publication.

6.2.4 Medrysone decreases neurotoxic features in cultured primary
astrocytes

Aiming to characterize the response of astrocytes after medrysone treatment,
astroglial monocultures derived from PO rats were co-stimulated with TNF-a (which
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induces the neurotoxic phenotype) and medrysone (Figure 15a-15d). At 24h after
stimulation, there was no significant difference in the number of Gfap+ cells between
all groups (Figure 15e). However, TNF-a strongly enhanced the number of A1
(C3d+/Gfap+) cells compared to all other groups (Figure 15f). No neurotoxic
astrocytes were detected upon medrysone treatment alone (Figure 15c, 15f). In
contrast, medrysone co-treatment with TNF-a reduced the number of A1 astrocytes
significantly (Figure 15d, 15f). Gene levels of the neurotoxicity-related genes C3, and

IL-6 were upregulated by TNF-a and downregulated by medrysone (Figure 159)
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Figure 15. Medrysone counteracts the neurotoxic profile of TNF-a treated astrocytes.
Representative images of rat astrocyte monocultures treated with DMSO (control), TNF-a, medrysone
and TNFa plus medrysone for 24 hours and stained for Gfap and C3d (a-d). (e) Quantitative analysis
of Gfap positive cells revealed no difference between the groups. (f) The number of Gfap+/C3d+ cells
increased upon TNF-a stimulation, however, medrysone treatment counteracted the TNF-a effect. (g)
Quantitative analysis of fold expression relative to control of the neurotoxicity-related genes C3,
Serping1, C1qg and IL-6, revealed an increase of C3 and IL-6 gene level by TNF-a and this effect were
counteracted by medrysone. Abbreviation: non-significant (ns). White arrows point astrocyte nuclei.
Bars in (e, f) correspond to mean cell numbers per mm2 + standard error of the mean (SEM). Bars in
(g) correspond to relative gene expression levels * standard error of the mean (SEM). Statistical
significance was calculated using two-way ANOVA, Bonferroni's multiple comparisons post-test. Data
were collected based on experiments n=4 (e, f), n=3 (g). This figure corresponds to the supplemental
figure 2 of Oliveira-Junior and colleagues (2022). With permission from the publisher (The Lancet).
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6.3 Main results part 3- Heterogeneity of reactive astrocytes within the
remyelinated CCJ: medrysone fosters pro-remyelination protein
signature in astrocytes

6.3.1 Medrysone fosters hybrid reactive astrocytes in the remyelinated
CcCJ

Depending on the phenotype, astroglial cells can promote demyelination or
remyelination (Miyamoto et al., 2015; Liddelow et al., 2017; Matias et al., 2019).
Quantification of transgenic cells expressing C3d and Stat3, revealed that medrysone
treatment leads to an increase in C3d+/Stat3+/GFP+ astroglial subpopulation in the
CCJ (Figure 16n) and especially in the dorsal horn SVZ (Figure 16h). In contrast,
demyelination led to an increased number of C3d+ cells devoid of Stat3 (C3d+/Stat3-
/GFP+) which were subsequently reduced or fully depleted in the recovery phase after
both saline and medrysone treatment, respectively (Figure 16m). Senescence
naturally induces astrocytes to express S100a10 (Clarke et al., 2018). Nonetheless,
during disease, S100a10 expression identifies astrocytes within remyelinated lesions
in MS as well as upon experimental demyelination (Tassoni et al., 2019). We
performed triple staining for C3d, S100a10 and GFP aiming at identifying reactive
astrocytes at the CCJ (Figure 16g-16l). C3d+/S100a10-/GFP+ cells were significantly
induced by demyelination (Figure 160, 16h, 16h’) with medrysone counteracting this
effect leading to decreased numbers of C3d+/S100a10-/GFP+ cells at both
investigated time points (Figure 160). Our findings revealed that
C3d+/S100a10+/GFP+ astrocytes (Figure 16p) appear after demyelination and saline
or medrysone treatment, but were not detectable in healthy control tissue. Medrysone
treatment significantly promoted the C3d+/S100a10+/GFP+ phenotype at 1 WPC
which further increased at 3 WPC.
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Figure 16. Dynamics of different astroglial subpopulations in the de- and remyelinated corpus
callosum. (a-f) Representative pictures of the corpus callosum co-stained for C3d, Stat3 and GFP. (g-
I, g’-I') Representative pictures of the corpus callosum co-stained for C3d, S100a10 and GFP. (m)
Demyelination enhanced the number of C3d+/Stat3- astrocytes whereas in the recovery phase they
were less present. Medrysone treated mice did not exhibit this astroglial phenotype. (n) Medrysone led
to a transient increase of C3d+/Stat3+ astrocytes. (0) C3d+/S100a10- astrocytes increased after
demyelination independent of the treatment, medrysone more effectively reduced this phenotype in
both WPC phases. (p) Quantification of C3d+/S100a10+/GFP+ astrocytes revealed that medrysone
promoted this phenotype. White arrows point to nuclei of representative cells (g’-I'). Abbreviations:
Lateral ventricle (LV). Bars correspond to mean cell numbers per mm? * standard error of the mean
(SEM). Statistical significance was calculated using a two-way ANOVA with multiple comparisons
Bonferroni post-test (*p < 0.05, **p < 0.01, and ***p < 0.001). Number of animals n=5 (m-p). This figure
corresponds to the figure 4 of Oliveira-Junior and colleagues (2022). With permission from the publisher
(The Lancet).
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6.4 Main results part 4- Medrysone enhanced type B cells and pro-
myelinating astrocytes within the d-SVZ and a-CC over chronic demyelination.
6.4.1 Medrysone anticipate type B cells onset at d-SVZ upon cuprizone-

induced chronic demyelination.

Type B cells it is a subpopulation of adult NSCs that in most cases adopt a glial fate,
found in both humans (Bond et al., 2015) and mice (Menn et al., 2006; Platel and
Bordey, 2016). EGFR expression identifies these cells in the d-SVZ. Co-expression
of EGFR and hGFAP-GFP stains activated type-B-cells with an astroglial fate in mice
(Pastrana et al., 2009; Platel et al., 2008; Platel and Bordey, 2016). We observed that
aside from the demyelinated mice, all other groups expressed cells that were
Egfr+/GFP+ at the d-SVZ (Figure 17b, 17b’, 17b”, 17g). Medrysone-treated mice
appeared to have greater numbers of type B cells at the d-SVZ (Figure 17¢’, 17¢”,

17g). However, no statistical significance was found between the groups.
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Figure 17. Medrysone rescues type B cells at the d-SVZ of the chronic demyelinated brain. (a,
a’, a’-, f, f’) Representative pictures of the d-SVZ and its micro domains (see Figure 1c for anatomic
guidance) showing co-localization of Egfr and GFP. (g) Quantification of Egfr+/GFP+ cells revealed
their absence in demyelinated animals and their reappearance after demyelination. Abbreviations: non-
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significant (ns); lateral ventricle (LV); blood vessel (BV). Bars in (g) correspond to mean cell numbers
per mm2 + standard error of the mean (SEM). Statistical significance was calculated using Kruskal-
Wallis test with Dunn’s post-test. Data were collected based on animal number n=4. This figure
corresponds to the supplemental figure 4 of Oliveira-Junior and colleagues (2022). With permission
from the publisher (The Lancet).

6.4.2 Astroglial heterogeneity within the d-SVZ walls

The SVZ is known to contribute to astrocyte generation throughout brain damage
(Menn et al., 2006; Benner et al., 2013; Azim et al., 2020). However, the role of the d-
SVZ environment and astrogliosis during chronic demyelination is poorly reported. Our
results revealed that C3d+/ Stat3+ cells can only be found in the d-SVZ and more
exclusively during the early recovery phase (Figure 18c, 18e, 18m) decreasing over
the 3 WPC in both saline and medrysone treated groups (Figure 18d, 18f, 18m). In
addition, high numbers of C3d+/ Stat3- cells were found in the dorsal horn SVZ
throughout demyelination (Figure 18b, 18m), whereas in all other groups except saline
treated mice related activated cell populations such as Lcn2+/iNOS+ (DRA) were not
identified (see Figure 200). C3d+/S100a10-/GFP+ and C3d+/S100a10+/GFP+/ hybrid
cells were only found at the middle d-SVZ. Hybrid cells were more enhanced by
medrysone at 1 WPC phase, decreasing over the 3 WPC stage (Figure 18k, 18I, 18n).
Demyelination and saline groups hold a greater number of C3d+/S100a10-/GFP+
cells at middle d-SVZ, both demyelinated and saline-treated mice showed low levels
of hybrid cells (Figure 18h, 18i, 18], 18n). In control mice C3d+/S100a10-/GFP+ and
hybrid cells were absent at the middle d-SVZ.
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Figure 18. Change in patterns of spatial distribution of reactive astrocytes at middle dorsal and
dorsal horn SVZ. (a-f) Representative pictures of dorsal horn SVZ showing co-localization of C3d,
Stat3 and GFP. (g-1) Representative photomicrographs of C3d, S100a10, GFP co-localization at middle
dorsal SVZ. (m) Quantification of C3d+/Stat3+/GFP+ cells showed that medrysone induced higher
levels as compared to saline treated animals improving this phenotype at early phases of recovery. (h)
Numbers of C3d+/Stat3-/GFP+ cells increased upon demyelination and decreased during the early
recovery phase, and were not found after medrysone treatment. (n) Quantification of
C3d+/S100a10+/GFP+/hybrid cells and of C3d+/S100a10-/GFP+ cells. Hybrid cells were detected at
higher levels in medrysone 1 WPC mice, whilst C3d+/S100a10-/GFP+ cells were mostly found over
demyelination and in saline treated mice. White arrows point to cell nuclei (c’-e’). Abbreviations: Lateral
ventricle (LV); Blood vessel (BV). Bars in (m, n) correspond to mean cell numbers per mm2 + standard
error of the mean (SEM). Statistical significance was calculated using Kruskal-Wallis test with Dunn’s
post-test (m: purple bars) and two-way ANOVA, Bonferroni's multiple comparisons post-test (m: red
bars; n: green bars and blue bars). Data were collected based on animal number n=5. This figure
corresponds to the supplemental figure 3 of Oliveira-Junior and colleagues (2022). With permission
from the publisher (The Lancet).
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6.4.3 Mafg and Nrf2 expression is limited to a small number of reactive

astrocytes at a-CC

Mafg and Nrf2 are expressed in reactive astrocytes during de- and remyelination
(Wheeler et al., 2020; Escartin et al., 2021, Greiner and Kipp, 2021). These markers
identify pro-demyelination (Mafg+/Nrf2-) and pro-remyelination (Mafg-/Nrf2+)
subtypes within active lesions in both EAE and MS (Wheeler et al., 2020). Our results
revealed that Mafg-/ Nrf2+ and Mafg+/Nrf2- cells can only be found at the a-CC and
more exclusively in the control and saline 1 WPC group, respectively (Figure 19a, 19c,
19d).
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Figure 19. Reactive astrocytes expressing Mafg and Nrf2 are limited to the a-CC of demyelinated
mice. (a-c) Representative pictures of a-CC showing immunofluorescence for Mafg, Nrf2 and GFP. (d)
Quantification of Mafg-/Nrf2+/GFP+ and Mafg+/Nrf2-/GFP+ cells at a-CC, showed the control group
exclusively expressing Mafg-/Nrf2+ astrocytes. Mafg+/Nrf2- astrocytes were only observed at saline 1
WPC group. White arrows point to cell nuclei (a, c). Bars in (d) correspond to mean cell numbers per
mm? + standard error of the mean (SEM). Statistical significance was calculated using two-way ANOVA,
Bonferroni multiple comparisons post-test. Data were collected based on animal number n=4. This
figure corresponds to the supplemental figure 4 of Oliveira-dJunior and colleagues (2022). With
permission from the publisher (The Lancet).
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6.4.4 C3d+/Stat3+ and C3d+/S100a10+ astrocytes were regulated at the
a-CC throughout remyelination

As a next step, quantification of C3d/Stat3 double-positive, C3d+/S100a10+/GFP+
and C3d-/S100a10+/GFP+ astrocytes in the a-CC (see Figure 9c, 9¢’) was conducted.
C3d+/Stat3-/GFP+ cell numbers were only induced during demyelination then
decreasing in saline 1 WPC and being absent in all other groups (Figure 20m; red
bars). C3d+/Stat3+/GFP+ cells were not present in control and demyelinated mice
(Figure 20a, 20b, 20m), they were moderately induced in saline treated animals
(Figure 20c, 20d, 20m) and strongly induced upon medrysone treatment at both time
points (Figure 20e, 20f, 20m; purple bars). C3d+/S100a10-/GFP+ astrocytes were
strongly upregulated upon demyelination and at both remyelination time-points in
saline treated mice (Figure 20h, 20i, 20j, 20n; green bars). However, a robust
reduction of this phenotype was observed in medrysone treated mice (Figure 20n).
C3d+/S100a10+/GFP+ astrocytes rarely appeared over demyelination (blue bars;
Figure 20h, 20n). Saline treated mice only showed low levels of this phenotype,
whereas medrysone treatment led to a strong increase of C3d+/S100a10+/GFP+

astrocytes at the a-CC at both time points (Figure 20k, 20I, 20n; blue bars).
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Figure 20. Numbers of hybrid astrocytes were enhanced in the a-CC after medrysone treatment.
Representative pictures of a-CC tissues sections stained for C3d, Stat3 and GFP (a-f) and stained for
C3d, S100a10 and GFP (g-l). (M) Graphic representation of C3d and Stat3 co-expressing cells in the
a-CC. (n) Graphic representation of the number of C3d+/S100a10+/GFP+ and C3d+/S100a10-
astrocytes in the a-CC indicating temporal dynamics and changes induced upon medrysone treatment
(red bars: C3d+/Stat3-/GFP+; purple bars C3d+/Stat3+/GFP+; blue bars: C3d+/S100a10+/GFP+ cells;
green bars: C3d+/S100a10-/GFP+ cells). White arrows point to cell nuclei. Bars correspond to mean
cell numbers per mm? + standard error of the mean (SEM). Statistical significance was calculated using
a two-way ANOVA with multiple comparisons Bonferroni post-test (*p < 0.05, **p < 0.01, and ***p <
0.001). Number of animals n=5 (m, n). This figure corresponds to the figure 5 of Oliveira-Junior and
colleagues (2022). With permission from the publisher (The Lancet).
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6.4.5 Demyelination at a-CC was accompanied by DRA or RRA

throughout the recovery phase

Chronic demyelination can also decrease levels of PLP and of active myelinating OLs
(Sox10+/Bcas1+) in the a-CC, with a weak recovery over saline-treatment (Figure 21e, 21j)
and an enhanced recovery upon medrysone treatment (Figure 21d, 21e, 21i, 21j). Lcn2 it is
known for its detrimental activities upon myelin disruption (Allnoch et al., 2019) which acts by
controlling INOS expression in glial cells (Al Nimer et al., 2016; Qiang et al., 2020; Zhao et al.,
2020). We found astrocytes co-expressing Lcn2 and iNOS, identified as demyelination related
astrocytes (DRA), which were only found in the a-CC (Figure 9¢’). DRA (Lcn2+/iNOS+/GFP+)
numbers were significantly increased upon demyelination (Figure 211, 21m, 210) with
medrysone neutralizing this effect leading to a decreased DRA numbers at both investigated
time points (Figure 21n, 210). Timp1 is a MMP inhibitor that has been reported as one of the
critical factors released by astrocytes able to promote white matter recovery after
demyelination (Ogier et al., 2005; Moore et al., 2011; Houben et al., 2020). We therefore
investigated whether reactive astrocytes expressed Timp1 during recovery phases. By means
of Timp1/C3d/GFP triple staining, we identified C3d-negative control astrocytes expressing
Timp1 in healthy tissue. These astrocytes were exclusively found in the a-CC whereas no
Timp1+ cells were observed in the d-SVZ and its micro-domains as well as the CCJ. However,
C3d+ reactive astrocytes expressing Timp1 that were absent in healthy and demyelinated
tissues appeared in saline treated animals at both recovery phases and were found to be
increased in numbers in medrysone treated mice (Figure 21s, 21t). As this phenotype was
exclusively observed over the recovery phase, these cells were hence designated as

remyelination related astrocytes (RRA).
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Figure 21. PLP recovery and remyelination related gliosis is fostered by medrysone at the a-CC.
(a-d) Representative pictures showing PLP expression at the a-CC. (e) Quantification of PLP
fluorescence intensity units revealed a demyelination induced decrease of PLP expression and a
medrysone enhanced recovery of PLP levels. Representative photomicrographs of active myelinating
OLs at the a-CC (Sox10+/Bcas1+). Quantification of active myelinating OLs at the a-CC (j) revealed a
decrease of these cells during demyelination and medrysone to strongly counteract this effect. (k-n)
Representative photomicrographs of DRAs (Lcn2+/iNOS+/GFP+) at the a-CC. (0) Quantification of
DRA shows enhancement of this phenotype over demyelination and saline 1 WPC. (p-s) Representative
photomicrographs of RRAs (C3d+/Timp1+/GFP+). (t) Quantification of RRA revealed that medrysone
increased this phenotype at the early recovery phase. Abbreviations: Lateral ventricle (LV),
demyelination related astrocytes (DRA), remyelination related astrocytes (RRA). Bars (e) correspond
to PLP mean signal fluorescence intensity + standard error of the mean (SEM), bars in (g, o, t)
correspond to mean cell numbers per mm? + standard error of the mean (SEM). Statistical significance
was calculated using a two-way ANOVA with multiple comparisons Bonferroni post-test (*p < 0.05, **p
<0.01, and ***p < 0.001). Number of animals n=5 (e, j, 0), n=4 (t). This figure corresponds to the figure
6 of Oliveira-Junior and colleagues (2022). With permission from the publisher (The Lancet).
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6.4.6 Genes related to Myelination, oligodendrogenesis and astrocyte
heterogeneity at the d-SVZ and a-CC.

The gene skeleton behind the reactive astrogliosis on both d-SVZ and a-CC was

investigated by evaluating Gfap, Serpina3n (for the pan-reactive status of astrocytes;

Figure 22a), Lcn2, Serping1 (A1/inflammation/demyelination, Figure 22b), S100a10

and Ptx3 (for A2/non-neurotoxic related genes, Figure 22c). No changes were

observed in Gfap and Serpina3n gene levels. However, Lcn2 decreased in relation to

demyelination in both saline and medrysone-treated groups (Figure 22b). Gene levels

of Serping1, S100a10 and Ptx3 did not change between the groups. Myelination,

oligodendrogenesis and neurogenesis related genes were also investigated. Saline 1

WPC mice did not present significant changes in Plp1 gene levels versus medrysone

and demyelination but expressed less Mbp than medrysone-treated mice. Medrysone
1 WPC upregulate Plp1 and Mbp (Figure 22d). Gene levels of Myrf, Pdgfra, Mash1,
and Nkx2.2 did not change between groups (Figure 22e, 22f).
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Figure 22. Expression of astrocyte
heterogeneity-, myelination-,
oligodendrogenesis- and neurogenesis-
correlated genes in the d-SVZ and a-CC. (a-
c) Graphic representation of relative gene
expression of astrocyte heterogeneity showing
levels of Lcn2 decreasing during the 1 WPC
phase in both saline- and medrysone-treated
groups. (d) Graphic layout and colour-tagging
diagram of pan-reactive, A1 and A2 genes in
reactive astrocytes (e-9) Histogram
representation of relative gene expression of
genes related to myelination (Plp1, Mbp),
oligodendrogenesis  (Myrf, Pdgfra) and
neurogenesis (Mash1, Nkx2.2). Levels of Plp1
and Mbp were upregulated by medrysone.
Data are shown as mean values * SEM.
Statistical significance was calculated using a
two-way ANOVA with multiple comparisons
Bonferroni post-test (*p < 0.05, **p < 0.01).
Number of animals n=3 Data within the figure
is unpublished and will be included in a future
publication.
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6.4.7 The impact of medrysone on gene levels of IL-6 and C210rf91
suggests other different mechanisms undertaken by this drug in the

demyelinated brain.

Gene levels of Timp1, IL-6, C210rf91 and GDNF were also evaluated in the jointly
dissected a-CC-d-SVZ. We observed that Timp1 gene levels remain the same in and
after demyelination (Figure 23a). On the contrary, levels of IL-6, a bias molecule that
can contribute to both de- and remyelination (Leibinger et al., 2013; Petkovic et al.,
2016; 2017), were upregulated in medrysone treated animals (Figure 23b). Gene
levels of C210rf91, the key promoter of hypomyelination in Down syndrome and found
to be expressed in aberrant glial cells (Reiche et al., 2021), were downregulated by
medrysone (Figure 23c). Gene levels of GDNF remain similar in both saline and

medrysone treated animals (Figure 23d).
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Figure 23. Gene levels of IL-6 and C210rf91 change after medrysone treatment. a-d) Graphic
representation of relative gene expression of Timp1, IL-6, C210rf91 and GDNF. Levels of Timp1 (a)
and GDNF (d) are similar in both groups investigated. Gene levels of IL-6 were enhanced in medrysone
treated mice (b). Gene levels of C210rf91 were decreased after medrysone treatment. Abbreviation:
none significant (NS). Data are shown as mean values + SEM. Statistical significance was calculated
using a two-way ANOVA with multiple comparisons Bonferroni post-test (*p < 0.05, **p < 0.01). Number
of animals n=3. Data within the figure is unpublished and will be included in a future publication.
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6.4.8 Levels of reactive astrogliosis-related genes change after

medrysone treatment in astrocyte primary cultures

Gene levels for the reactive astrogliosis-related genes Serpina 3n, Lcn2, Gfap, S1008,
Emp1, Ugta1, Clcf1, Cd14, and S100a10 (Zamanian et al., 2012; Liddelow et al., 2017)
were also evaluated in primary astrocyte cultures. We observed that gene levels of
Serpina 3n, Lcn2 and Ugta1 were enhanced by medrysone in both single treatment
and following TNF-stimulation (Figure 24a, 24b, 24f). Levels of S100a10 only
decreased in co-treated astrocytes (Figure 24i). Levels of Gfap, S1008, Emp1, Clcf1
and Cd14 remained similar in both groups (Figure 24c, 24d, 24e, 24g, 24h).
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Figure 24. Medrysone alters levels of reactive astrogliosis related genes on TNF-a treated
primary astrocyte cultures. (a-i) Graphic representation of relative gene expression of Serpina 3n,
Len2, Gfap, S1008, Emp1, Ugta1, Clcf1, Cd14 and, S100a10. Levels of Serpina 3n (a), Lcn2 (b) and
Ugta1 (f) were upregulated in both medrysone and TNF-a + Medrysone treated cells. (i) Levels of
S100a10 decreased in TNF-a + Medrysone treated cells. Gene levels of Gfap (c), S100pB (d), Emp1 (e),
Clcf1 (g) and Cd14 (h) are similar in both groups. Data are shown as mean values + SEM. Statistical
significance was calculated using a two-way ANOVA with multiple comparisons Bonferroni post-test (*p
< 0.05, **p < 0.01). Number of animals n=3. Data within the figure is unpublished and will be included
in a future publication.
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7. Discussion

Medrysone is an FDA-approved corticosteroid designated as a topical anti-
inflammatory agent for ophthalmic use (Spaeth, 1966; Bedrossian and Eriksen, 1969).
Details on its activity in a neurological context are scarce and limited to MBP
upregulation in Oli-neuM cells (Porcu et al., 2015). Azim and colleagues (2017)
reported medrysone as a prominent oligodendrogenesis molecule on an in silico

investigation for drugs with an oligodendrogenesis potential in lateral-SVZ cells.

Here we describe that medrysone application promotes remyelination in a chronic
myelin loss set-up, more efficiently restoring myelin content, early mature- and mature
OLs numbers (Figure 11) and body weight (Figure 10). Validating the remyelination
onset, we observed that medrysone was able to enhance the numbers of active
myelinating OLs in the CCJ (and a-CC; see Figure 21), identified by co-expression of
Sox10/Bcas1. Sox10 identified OLs that are in the early phase of generating myelin,
and that populate new remyelinated regions in both chronic-CPZ and —MS (Fard et
al., 2017; Lohrberg et al., 2020). In addition, the corticosteroid recovered the number
of nodes of Ranvier identified by co-expression of Caspr+/MBP+ (see Figure 11).
Caspr labels the terminal structure of the intact/formed myelin sheaths (Coman et al.
2006). During demyelination, a decrease in the co-expression of Caspr+/MBP+
structures highlights chronification (Wolswijk and Balesar, 2003; Susuki, 2013).
Although anti-inflammatory corticosteroids were reported to not ameliorate acute
demyelination outcomes in CPZ-models (Chari et al., 2006; Clarner et al., 2011), our
evaluations counteract these findings, validating medrysone as a potential candidate

against chronic myelin lesions.

In most cases, such regenerative activity is linked to direct effects on resident OPCs
(Bond et al., 2015; Bergles and Richardson, 2016); however, our investigations using
primary OPCs failed to demonstrate any promotion of oligodendroglial maturation at
different levels (morphology, gene expression, myelin protein production; see Figure
6); which contradicts earlier findings using the Oli-neuM cell line (Porcu et al., 2015).
Intriguingly, medrysone enhanced mature NG2-glia cells (NG2+/Gfap-; Polito and
Reynolds, 2005; Sanchez-Gonzalez et al., 2020; Zuo et al., 2018) and astroglial
lineage cells (Gfap+/Ng2-) in d-SVZ primary cell cultures (Figure 7). Investigations on

cerebellar organotypic cultures showed that the corticosteroid enhanced the number
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of myelinated axons and MBP+ cells without alterations in the number of astrocytes
(Figure 8). We concluded that medrysone’s activities are more directed towards
mature stage OLs, and support the notion that tissue and primary cells derived from
different species are better suited for a translational outcome as recently shown by our

group (Manousi et al., 2021; Manousi and Kury, 2021).

Thereafter, we observed astrocytes and SVZ-dependent astrogenic progeny at distinct
sites within and adjacent to the corpus callosum. We also observed the active
regulation of different cellular subpopulations that potentially contribute to myelin
repair. Our investigations unveiled that the numbers of hGFAP-GFP+ cells
(astrocytes) did not change over time in CCJ, while in the a-CC and d-SVZ cell
numbers were more variable (Figure 12) suggesting an apparent contribution from the
niche. In order to more deeply identify modifications in the astrocyte population in the
CCJ, we performed co-staining for S1003 and Glast. We found that the number of
S100B+ cells is variable between groups in the CCJ after the CPZ diet, counteracting
the findings of the number of hGFAP-GFP+ cells in this niche (Figure 13). Glutamate
excitotoxicity can be identified by the upregulation of Glast in astrocytes, which
contributes to the demyelination onset in both CPZ (Azami-Tameh et al., 2013) and
EAE (Mitosek-Szewczyk et al., 2008). We found that Glast expression per S1003+ cell
decreased in saline 3 WPC and medrysone-treated mice, indicating that late-
remyelination follows Glast downregulation in astrocytes (Figure 13). Complementing
these findings, we evaluated the morphology complexity of astrocytes (GFP+) within
the CCJ (Figure 14). We observed that the number of branches/end-feet projection
per astrocyte is higher in the recovery phase, and astrocytes in the demyelinated CCJ
will show a decrease in branches/end-feet projections. Interestingly, even with the
branches size (length in um) being similar in all evaluated groups, astrocytes in the
demyelinated CCJ are wider, covering more tissue than those in the recovery groups
which showed a radius number similar to control (Figure 14i). Indeed, astrocytes alter
their morphology in response to damage, as seen in stroke (Wan et al., 2022), spinal
cord injury (Vismara et al., 2020), and neuroinflammation (Zamanian et al., 2012), and

our findings highlight this feature.

We also investigated the direct effect of medrysone on polarization and activation of
rat cortex astrocytes. Our findings clearly revealed that astrocytes can sense
medrysone by upregulating pan-reactive genes such as Serpina3n and Lcn2 (Figure
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15), however there is no reaction in terms of Gfap+ cell numbers, yet the corticosteroid
effectively decreased the number of neurotoxic astrocytes (Gfap+/C3d+) and
neurotoxic correlated genes (C3 and IL-6) in response to TNF-a stimulation (Figure
15). TNF-a is well established in the literature as to foster the neurotoxic fate of
astrocytes (Wang et al., 2017; Trindade et al., 2019; Rodgers et al., 2020), therefore
indicating that in vivo astrocytes are also a key target for medrysone anti-inflammatory
activities. Liddelow and colleagues (2017) established the effectiveness of the
microglial-dependent release of TNF-qa, IL-1a and C1q to trigger a neurotoxic fate of
astrocytes. However, as shown by Rodgers and colleagues (2020), single stimulation
with TNF-a does not discontinue astrocyte reactivity and still upregulates inflammation

co-related genes such as complement factors and interleukins.

During demyelination, the d-SVZ is activated and contributes by generating OLs and
astrocytes progenitors (Xing et al., 2014; Pous et al., 2020). Butti and colleagues
(2019) identified that SVZ-NSCs are the main source of OPCs during CPZ and that
OLs generation occurs alongside astrogliosis in the demyelinated SVZ. Of note, SVZ-
astrocytes are key to inducing progenitors towards an oligodendroglial fate improving
remyelination after LPC treatment (Menn et al., 2006) complementing the fact that glial
progenitors with an oligodendroglial- and astroglial-fate, were observed in the SVZ of
MS patients (Nait-Oumesmar et al., 2007). GFP/EGFR co-expression in hGFAP-GFP
reporter mice identifies type B NSCs, those are the main glial progenitors within the
SVZ (Platel and Bordey, 2016). These cells give birth to astrocytes (Platel et al., 2008;
Pastrana et al., 2009; Giachino et al., 2014) and/or OLs throughout development and
in response to demyelination (Zerlin et al., 2004; Menn et al., 2006). We observed that
chronic-demyelinated mice are absent of type B cells (Egfr+/GFP+) at d-SVZ (see
Figure 17). Moreover, medrysone seems to be able to recover these cells earlier at
the 1 WPC stage, while saline-treated mice lagged during recovery. However, none
statistical significance was found. Due to the spontaneous reduction of NSCs
observed at SVZ of ageing mice at a minimum age of 4 months (Conover and Shook,
2011; Daynac et al., 2016), more time is necessary for non-drug treated mice to
respond with a proper recovery of OLs to subsequently promote remyelination. In fact,
this late response in saline-treated mice can be connected to an insufficient generation

of type B cells in the d-SVZ during demyelination.
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After damage, the SVZ can generate reactive astrocytes that migrate throughout the
corpus callosum into damaged regions (Faiz et al., 2015). Understanding the genetic
outcome within both d-SVZ and corpus callosum is crucial for unveiling the response
of astrocytes in repair. Based on the gene score of reactive astrocytes of Liddelow and
colleagues (2017), we selected a few genes to define the environmental gene
expression of the jointly dissected d-SVZ and a-CC in mice exposed to chronic
demyelination (Figure 22). Levels of Serpina 3n and Gfap did not change between the
investigated groups (demyelination, saline 1 WPC, medrysone 1 WPC). Indeed,
Serpina3n participates in repair in EAE models (Haile et al., 2015), while Gfap
expression in astrocytes is connected to myelin clearance and remyelination
improvement (Hibbits et al., 2012; Skripuletz et al., 2013). These genes remaining at
levels similar to the demyelination group highlight a necessary reactive state of
astrocytes in the d-SVZ to overcome an effect (Figure 22a). In contrast, Lcn2
decreases after CPZ-feeding (Figure 22b) highlighting this molecule as
complementary for remyelination in the a-CC (more details about Lcn2 will be
discussed next). In addition, we observed that gene levels of Timp1, a pro-
myelinogenic molecule (Moore et al., 2011), and GDNF, a key neurotrophin for axonal
regeneration (Zhang et al., 2009), were similar in both evaluated groups (see Figure
23). However, levels of IL-6, known for promoting either damage or repair depending
on the stage of disease (Leibinger et al., 2013; Petkovic et al., 2016; 2017), were
upregulated in medrysone treated animals (Figure 23). Gene levels of C210rf91,
which, when overexpressed in glial cells, induced hypomyelination in Down syndrome
(Reiche et al., 2021), is upregulated in saline 1 WPC groups. Thus indicating another

possible mechanism of protection displayed by medrysone.

Regarding the myelination-related genes, Plp1 and Mbp, both were effectively
upregulated on the 1 WPC phase in both saline- and medrysone-treated mice.
However, no changes were observed in Myrf, Pdfgra, Mash1 and Nkx2.2 expression
(Figure 22). Plp1 is mainly regulated by Olig1, which drives the expression and
regulation of Plp and Mbp on immature OLs, disrupting the astroglial fate, inducing the
immature cells into a myelinating profile (Xin et al., 2005; Michalski et al., 2011;
Lourenco et al., 2016). In addition, Plp1 guides OLs to correctly deposit myelin on the
axons (Klugmann et al., 1997; Rosenbluth et al., 2006). This null effect in levels of

Myrf, Pdgfra, Mash1 and Nkx.2.2 contributes to the fact that medrysone effects are
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more likely connected to mature stage OLs, cells that will essentially express high
levels of PLP and MBP, and low levels of oligodendroglial progenitors genes such as
Myrf (Hornig et al., 2013; Aprato et al., 2020) and Pdgfra (Zhu et al., 2014; Emery and
Lu, 2015) and neurogenesis related genes as Mash1 (Parras et al., 2004; Voronova
et al., 2011) and Nkx2.2 (Lek et al., 2010; Panman et al., 2011).

During acute demyelination, reactive astrogliosis and myelin damage coincide
(Steelman et al., 2012; Hibbits et al., 2012; Orthmann-Murphy et al., 2020). However,
while depletion of astrogliosis can be favourable for remyelination (via reduction of
astrocytic-NfkB; Bruck et al., 2012; Madadi et al., 2019), chronic reactivity in astrocytes
was observed to be essential for myelin clearance and reposition, as well as OLs
replacement (Miyamoto et al., 2015; Wheeler et al., 2019; Tognatta et al., 2020). We
identified that such reactive astrocytes showed a distinct protein expression signature,
varying in numbers and localization within the de- or remyelinated corpus callosum.
Lcn2 improves neurotoxic fate in MS astrocytes (Bi et al., 2013: Itoh et al., 2017) and
has been reported to be enriched in the cerebral spinal fluid of MS patients and also
expressed in reactive astrocytes in EAE exposed mice (Marques et al., 2012). The
demyelination related astrocyte (DRA; Lcn2+/iNOS+/GFP+) was identified as a
potential demyelination contributor. In addition, Lcn2 depletion in EAE animals
reduced demyelination by declining MMPs production (Nam et al.,, 2014). Lcn2
expression naturally enhanced iNOS production in both CPZ and MS, impairing
copper and iron metabolism in OLs (Al Nimer et al., 2016; Qiang et al., 2020). We
found that CPZ also induced demyelination at the a-CC (Figure 21), which is restored
by medrysone. Concomitantly, we observed that DRA would exclusively populate the
demyelinated a-CC (Figure 21G, 21J), matching with the high Lcn2 gene levels
reported in figure 22. Furthermore, Lcn2 gene levels (Figure 22) and DRA were
strongly reduced upon medrysone treatment, and this feature was accompanied by
PLP restoration (Figure 21). During the recovery phase, astrocytes with a neurotoxic
signature (Lcn2+/iNOS+; C3d+/S100a10-; C3d+/Stat3-) were decreased in numbers
and replaced by a hybrid phenotype that simultaneously expresses proteins that are
known as neurotoxic (C3d), and neuroprotective (Timp1 or S100a10 or Stat3; Monteiro
de Castro et al., 2015; Liddelow et al., 2017). On the one hand, medrysone application
reduced numbers of neurotoxic phenotypes while synchronously enhancing cell

numbers with hybrid characters. More information on this topic is described below.
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Astrocytic Stat3 signalling seems mandatory for reactivity in  multiple
neurodegenerative diseases (Haim et al.,, 2015). More specifically during
demyelination, Stat3 reduces inflammation and lesion spreading (Herrmann et al.,
2008; Monteiro de Castro et al., 2015). In accordance, we observed medrysone
enhancing numbers of C3d+/Stat3+ astrocytes at the dorsal horn SVZ (Figure 18),
CCJ (Figure 16) and a-CC (Figure 20) during the early recovery phase. S100a10
distinguish pro-remyelinating astrocytes in MS (Harnisch et al., 2019). However, co
expression with C3d is absent in astrocytes within the MS lesion (Liddelow et al., 2017)
and healed regions of the spinal cord (Haindl et al., 2019), which contrasts with our
findings of C3d+/S100a10+ astrocytes in the CCJ, a-CC and middle d-SVZ in
response to medrysone (Figure 16, 18, 20). These results indicate a necessary hybrid
state in astrocytes to overcome CPZ-detrimental features in chronic demyelination.
Nrf2 and Mafg expression were recently identified in a large population of astrocytes
in EAE. These markers characterize an anti- and pro-inflammatory state, respectively
(Wheeler et al., 2020). Nonetheless, we observed a limited number of such subtypes
in our investigations. Two populations, Mafg-/Nrf2+ and Mafg+/Nrf2- cells, were only
observed in the a-CC of control and saline 1 WPC groups, respectively (Figure 19). Of
note, this does not exclude the possibility that such reactive astrocytes might also
emerge from other brain areas and might appear in a more significant number in those

regions.

In conclusion, we observed that active myelinating OLs (Bcas1+/Sox10+) were
enhanced by medrysone in the a-CC (in combination with an increase in PLP
expression; Figure 21). In addition, a hybrid phenotype characterized by the
expression of Timp1 [remyelination related astrocyte (RRA; C3d+/Timp1+/GFP+)] was
identified to be upregulated in response to medrysone, particularly in the a-CC (Figure
210). Timp1 is expressed by reactive astrocytes throughout normal ageing (Clarke et
al., 2018; Hasel et al., 2021). In disease, Timp1 impairs inflammation (Ogier et al.,
2009; Knight et al., 2019), contributes to neuronal protection (Saha et al., 2020),
remyelination (Moore et al., 2011; Houben et al., 2020) and induces OPC/NSCs into
a pro-myelinating profile (Moore et al., 2011; Samper-Agrelo et al., 2020; Schira-
Heinen et al., 2021). Timp1 is commonly down-regulated in astrocytes during
demyelination yet is again expressed throughout remyelination processes (Houben et
al., 2020). Both Moore and colleagues (2011) and Houben and colleagues (2020)
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blocked Timp1 expression in astrocytes and observed a severe reduction in the
spontaneous remyelination in CPZ-treated mice, thus highlighting its importance for
remyelination to occur. In fact, C3d+/Timp1+ astrocytes in our evaluations, although
in minor numbers (if compared to other subtypes such as C3d+/S100a10+ and
C3d+/Stat3+) localized only to the white matter above the lateral ventricle, can be still
substantially = modify an entire environment in the CNS under
demyelination/inflammation, inducing repair towards up-regulation of myelinogenesis
and anti-inflammatory-related molecules as observed and emphasized by Houben and
colleagues (2020) and Hasel and colleagues (2021). Hence, it is understandable that

the RRA, can still be contributing to myelin repair as provoked by medrysone.
8. Conclusion

In a chronic demyelination model, we demonstrated that the corticosteroid medrysone
stimulates strong remyelination, highlighted by a pro-remyelination signature in
astrocytes within the regenerated areas. This work also implies that this corticosteroid
could be a conceivable treatment for late-stage MS, where regenerative approaches
often do not succeed. Further analyses will be essential to describe other trophic
entities associated with here-presented astrocyte subpopulations entangled in the

overall repair process.
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11. Materials and methods

11.1 Ethics statement for animal experiment

Transgenic hGFAP-GFP promoter mice (34) [FVB/N-Tg (GFAPGFP) 14mes/J; Jax
stock number: Cat#003257, female and male] provided by Prof. Dr. Nikolaj Kl6cker
(Medicine Faculty, Heinrich-Heine-University, Dusseldorf, Germany) mice were
housed in a pathogen-free facility with 12 hours light/dark cycle and supplied with
nutrition and hydration ad libitum. In vivo experiments were performed in adult mice of
either sex (from 24 weeks until 36 weeks of age). For primary astrocyte and OPC
monocultures 0 or 1 day old neonatal Wistar rats of either sex were utilized. The
Review Board for the Care of Animal Subjects of the district Government (LANUV,
North-Rhine Westphalia, Germany) approved all research procedures under the
following ethic approval numbers: Az.:8102.04.2019.A20 for in vivo experiments,
069/11 and V54/09 for in vitro.

11.2 Primary OPC monoculture

Primary OPC cultures were prepared from P0-1 Wistar rats according to McCarthy
and de Vellis (1980) with modifications by our group (Kremer et al., 2009; Géttle et al.,
2018; Manousi et al., 2021). Primary OPCs (>97 % pure) were either seeded onto 0.25
mg/ml  PDL coated glass coverslips (13 mm) in 24-well plates (for
immunocytochemistry; 2.5x104 cells/well) or 0.25 mg/ml PDL coated 24-well plates
for gRT-PCR (5%x104 cells/well) in high-glucose DMEM-based Sato medium [(5 pg/mi
bovine insulin; 50 ug/ml human transferrin; 100 pg/ml bovine serum albumin fraction
V (BSA; Thermo Fisher Scientific); 6.2 ng/ml progesterone; 16 ug/ml putrescine, 5
ng/ml, sodium selenite; 400 ng/ml T3 (tri-iodo-thyronine); 400 ng/ml T4 (thyroxin; all
Sigma-Aldrich unless stated otherwise); 4 mM L-glutamine; 100 U/ml penicillin/0.1
mg/l streptomycin (both Thermo Fisher Scientific)]. After 1.5 hours, cell differentiation
was induced by changing to differentiation medium (Sato medium supplemented with
0.5 % FBS). The medium was exchanged every 3 days. OPCs were supplemented

with 0.1 % DMSO or 5 yM medrysone for 72 hours without medium exchange.
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11.3 Dorsal SVZ primary culture

Eleven days old postnatal mice brains (FVB-hGFAP GFP reporter) were sectioned in
500 pm slices, using a neonatal brain slicer matrix (Zivic, BSMNS005-1). To localize
the d-SVZ, a GFP/RFP fluorescence-dissecting microscope (Tritech research, SMT1-
FL-QC) was used. The micro-dissected d-SVZ were disposed in a 24 well plate coated
with DMEM was first centrifuged at 300g for 3 minutes in room temperature. The
supernatant once removed give place to a 10 % papain solution (P4762, Sigma
Aldrich) diluted in DMEM (at 37°C), the tissue was then triturated with a Pasteur glass
pipette and incubated for 7 minutes in slow continuous rotation at centrifuged at at
37°C. Pipette the tissue for a few times, and incubate the same cell solution for another
7 minutes at at 37°C. In the same cell solution dilute the DNase (EN0521, Thermo
Fisher Scientific) in order to obtain a 2.5 % solution, incubate for 7 minutes at 37°C.
Subsequently, pipette the cell pool for a few times and incubate for another 7 minutes
at 37°C. Spin the cell solution for 5 minutes at 500g. Remove the supernatant and
wash the cell pellet with HBSS and centrifuge the cells for 10 minutes at 500g. The
supernatant was discarded and cells were resuspended in DMEM (25 %, Gibco)
supplemented with Ham-F12 (25 %, Gibco), 2% B27 (Gibco), HEPES (1 M, Gibco),
GlutaMAX high glucose (1 M, Gibco), sodium pyruvate (1 M, Gibco),
penicilin/streptomicin 10.000 units (1.25 M, Life Technologies). Cells were diluted in
the medium containing either DMSO 0.1% or medrysone 5 yM (6a-methyl-11[3-
hydroxy-Progesterone; Cayman Chemical, 19533). Subsequently, 25.000 cells/cm2
were plated onto coverslips previously coated with poly-L-ornithine/Laminin (100
Mg/mL and 12 ug/mL, respectively; Sigma Aldrich). An additional treatment either with
DMSO or medrysone were performed once after seeding. Cells were incubated for
five days at 37°C and 5% CO2. This culture model is a modified protocol based on

Ortega and colleagues (2013).
11.4 Primary astrocyte monoculture

Primary astrocyte cultures were generated from postnatal rats (Wistar, 0-1 day old)
according to McCarthy and de Vellis (1980). Brains were collected from the rat's skull
and rinsed on MEM-Hepes medium (Life Technologies; Cat#12360038). The
hemispheres were separated and cut off, meninges were removed, and the remaining

cortices were cut into small pieces. The tissue was collected in centrifuge tubes
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containing 50 ml MEM-Hepes medium and spun down for 1 minute (min) at 2000 rpm.
The tissue pellet was then triturated 10 times with a flame-polished Pasteur pipette
and passed through a 40 pm cell strainer. Afterwards, the cell suspension was split
onto 2 T-75 flasks and 20 ml of astrocyte medium [DMEM-low glucose (Life
Technologies, Cat#D6046), 10% fetal calf serum (FCS; Gibco, Cat#10500-064), 2 ml
of L-Glutamine (Life Technologies, Cat#G7513), 50 wunits per ml of
penicillin/streptomycin (Life Technologies, Cat#P4333)], each. The medium was
changed 3 times a week, and after 10 days, flasks were placed onto a shaker (Excella
E24 incubator, 4 h, 180 rpm, 37°C) to remove all microglial and dead cells. Afterwards,
remaining astroglia were washed with Dulbecco’s phosphate buffer solution (DPBS;
Life Technologies, Cat#14190144), and subsequently 5 ml of trypsin was added for 5
min at 37°C and 5% CO2. The reaction was stopped by adding astrocyte medium and
the cell suspension collected into a 50 ml Falcon tube. Cells were centrifuged at 1200
rpm for 5 min, and the supernatant was completely aspirated afterwards. Afterwards,
magnetic activated cell sorting (MACS; Miltenyi Biotec, Cat#130707677) was
performed according to the manufacturer’s protocol to purify the culture. Briefly, the
cell pellet was resuspended in 80 uL of PB buffer (0.5% Bovine Serum Albumine,
Capricorn, Cat#FBS-16A in DPBS) and 20 uL of anti-Glast (ACSA-1; Miltenyi Biotec,
Cat#130095822; RRID:AB_10829302) Biotin antibodies were added, well mixed and
incubated for 10 min at 2-8°C. 2 ml of cold PB buffer were added and the cells
centrifuged at 1200 rpm for 5 min. The supernatant was removed, and cells were
resuspended again in 80 uL of the cold PB buffer. 20 yL of anti-Biotin microbeads
were added, mixed, and incubated for another 15 min at 2-8°C. The cells were washed
with 2 ml cold PB buffer and centrifuged at 1200 rpm for 5 min, the supernatant was
removed, and cells were resuspended in 500 pL of buffer. For magnetic separation,
the columns were placed in the magnetic field within 500 pL buffer per column. The
cell suspension was disposed in it, and the columns were washed 3x with 500 uL of
buffer; the magnetically labelled cells were flushed out by pressing the plunger within
the column. The cell suspension was centrifuged for 5 min at 1200 rpm, and the
supernatant was fully removed; the cells were resuspended in astrocyte medium.
Purified astrocytes were cultured for 3 days onto 0.25 mg/ml poly-D-lysine coated
(PDL, Sigma-Aldrich; N/A) glass coverslips (13 mm) in 24-well plates (for
immunocytochemistry; 6.0%x104 cells/well) or 0.25 mg/ml PDL coated 24-well plates

for quantitative reverse transcription-polymerase chain reaction (QRT-PCR; 5x104
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cells/well). Astrocytes were subjected to 0.1 % Dymethilsulfoxide (DMSO, Sigma
Aldrich, Cat#D2650), 30ng/ml tumour necrosis factor-alpha (TNF-a, R&D System,
Cat#510RT) or 2.5 yM medrysone (6a-methyl-11B-hydroxy-Progesterone; Cayman
Chemical, Cat#19533) for 48 hours.

11.5 Immunocytochemistry

PFA 4% fixed astrocytes, OPCs and d-SVZ cells were incubated with 0.5 % Triton X-
100 (Sigma Aldrich) in DPBS for 30 minutes (min), followed by a 60 min incubation
with blocking solution containing 10 % normal goat serum (NGS, Gibco,
Cat#PCN5000) in DPBS supplemented with 0.5 % Triton X-100 (Sigma Aldrich,
Cat#85111) and 10 % BSA. Primary antibodies for astrocytes were diluted in blocking
buffer with following concentrations: Chicken anti-glial fibrillary acid protein (GFAP;
1:500, Aves labs, Cat#SKU: GFAP; RRID: AB_2307313); Rabbit anti-complement
component 3d (C3d; 1:300, Dako, Cat#A0063; RRID: AB 578478). OPCs were
blocked with 10% NGS in DPBS containing 0.1% Triton X-100 at RT for 45 min.
Primary antibodies for OPCs were diluted in 10% NGS in DPBS containing 0.01%
Triton X-100 with following concentrations: Rat anti-myelin basic protein (MBP; 1:250,
Biorad, Cat#aa8287, RRID:AB_32500). D-SVZ cells were blocked with 10% NGS in
DPBS containing 0.1% Triton X-100 at RT for 45 min. Primary antibodies for d-SVZ
cells were diluted in 10% NGS in DPBS containing 0.01% Triton X-100 with following
concentrations: Neural/Glial Antigen 2 (NG2;1:800, Anti-rabbit, NG2, Merck Millipore,
RRID:AB11213678), GFAP (1:1000, Anti-mouse, Merck Millipore, Cat#: MAB3402,
RRID:AB_94844). Primary antibody incubations were performed overnight.
Secondary antibodies were all used at 1:500 [anti-rabbit AlexaFluor 594 (Cat#A32740;
RRID: AB_2762824); anti-chicken AlexaFluor 488 (Cat#A32931; RRID:
AB_2762843); anti-rat AlexaFluor 488 (Cat#A-11006; RRID: AB_2534074); anti-
mouse AlexaFluor 405 (Cat#A-48255; RRID: AB_2890536)]; all from Thermo Fisher
Scientific). Nuclear dye, 4',6'-diamino-2-phenylindole (Dapi, Roche diagnostic GmbH)
or Topro (TO-PRO'™-3 lodide, 642/661, Thermo Fisher, Cat#T3605) were applied at a
concentration of 5 yM both. Secondary antibodies and dye incubation were performed
for 120 min. Coverslips were mounted with Immu-mount (Thermo Fisher Scientific,

Cat#1900331) on a glass-slide for subsequently confocal microscopy.
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11.6 RNA preparation, cDNA synthesis and quantitative RT-PCR analysis in

vitro

Total RNA purification from OPC and astrocyte monocultures was done using 350 uL
of RLT lysis buffer (Qiagen, Cat#1015762) supplemented with B-mercaptoethanol
(1:100, Sigma, Cat#M3148-25). The total RNA was purified by utilizing RNeasy Mini
Kit according to manufacturer instructions including DNase digestion. Before
quantitative real-time polymerase chain reaction (QPCR), reverse transcription with
250 ng RNA measured using a NanoDropND 1000 was done using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Cat# N8080234). Gene
expression levels were determined on a 7900HT sequence detection system (Applied
Biosystems, Thermo Fisher Scientific), applying SybrGreen universal master mix
(Thermo Fisher Scientific, Cat#4367659). Following amplification primers were used:
For OPCs rat (rt) Gapdh: fwd- GAA CGG GAA GCT CAC TGG C, rev- GCA TGT CAG
ATC CAC AAC GG (as reference gene); rtMyrf: fwd- CCT GTG TCC GTG GTA CTG
TG, rev- TCA CAC AGG CGG TAG AAG TG; rtPdgfra: fwd- AGC TCT CTG TTC CCA
ATG CC, rev- GCC TCC ATT CTG GAG CTT GT ; rtSox10: fwd- GTC AGA TGG
GAA CCC AGA GCAC, rev-CCC GTAGCC AGC TGC CGA G; rtCNPase: fwd- GCC
GTT GTG GTACTT CTC CA, rev- GCC CGA AAA AGC CAC ACATT. For astrocytes
rtHprt: fwd- CAG TCC CAG CGT CGT GAT TA, rev- ATG GCC TCC CAT CTC CTT
CA (as reference gene); rtGfap: fwd- CTG GTG TGG AGT GCC TTC GT, rev- CAC
CAA CCA GCT TCC GAG AG; rtSerpina3n: fwd-GGG CAG GTG CTT CGT , rev-AGC
GCCTTTGTCTTT CTT TCT G ; rtLen2: fwd-TCT CAG GCC CAC CAT GAT AGA,
rev-CAG GTT GTA GTC AGC AGA GAT GGA,; rtSerping1: fwd-GAC AGC CTG CCC
TCT GAC A, rev-GCA CTC AAG TAG ACG GCA TTG,; rtC3: fwd- CCT TCC CGG
GAG CAT CA , rev- GGG CAT ACC CAG CAA TGG ; rtClcf1: fwd- TGG CCC ATT
TCT GTACCAGTCT, rev-GTA GCC AAG AGT TGC CAT GAC A; tEmp1: fwd- TGG
TGG CGG ACG GTA TAG A, rev- TGC CAC TGG TGC AGT TCT TC; rtUgt1a: fwd-
CCT GTG CCATTC CAA AAT GA, rev- CAC TCC GCC CAA GTT CCA,; rtC1qa: fwd-
CAG AAC CCACCG ACG TAT GG, rev- TCC TGG TTG GTG AGG ACC TT; rtIL6:
fwd- GTT GTG CAA TGG CAA TTC TGA, rev-TCT GAC AGT GCA TCA TCG CTG;
rtCd14: fwd- ACA ACA GGC TGG ATA GGA AAC C, rev-TGA CAG GCT CCC CAC
TTC AG; rtS100a10: fwd- GCC ATC CCA AAT GGA GCA T, rev- CCC CTG CAA
ACC TGT GAA AT (all primers manufactured by Eurofins genomics, Germany).
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11.7 Ex vivo organotypic cerebellar slice cultures

Organotypic cerebellar slice cultures were prepared from P6 Wistar rats according to
Manousi et al. (2021). Briefly, the cerebellum was embedded in 2 % agarose and
sectioned into 350 um thick sections with coronal orientation by using a vibration
microtome (Thermo Fisher, Microm HM 650 V). Sections were cultured on inserts
(Merck Millipore, Millicell cell culture inserts, 0.4 ym, diameter 30mm) placed above
1mL culture Minimum essential medium (50 %, Gibco), Hank’s balanced salt solution
(HBSS, 25 %, Gibco), heat inactivated horse serum (25 %, Gibco),
penicillin/streptomycin (1 %, Life Technologies), glutamine (1%, Life Technologies),
D-Glucose monohydrate (5 mg/mL, Merck). Slice cultures were incubated at 37°C, 5
% CO2. The first medium change containing either 0.1% DMSO or 5 yM medrysone
(6a-methyl-11B-hydroxy Progesterone; Cayman Chemical) was done 2 hours after
seeding and slices were incubated for 4 days with no medium change. Afterwards,
slices were fixed with 4 % PFA for 15 minutes and stored at 4°C until further

processing.
12.8 Immunofluorescence staining of cerebellar slice cultures

Fixed slices were permeabilized with a 0.5 % Triton X-100 overnight followed by
blocking using 10 % NGS, 1 % BSA and 1 % Triton X-100 in DPBS overnight. Primary
antibodies were diluted in blocking solution with following concentrations: rat anti-MBP
(1:300, Biorad, Cat#aa8287, RRID:AB_32500); rabbit anti-Neurofilament (NF, 1:800,
Antibodies.com, Cat#A85336, RRID:AB_2748920); rabbit anti-Glial fibrillary acid
protein (Gfap, 1:1000, Dako, Cat#Z0334, RRID:AB_10013382). After overnight
incubation at 4°C, slices were washed and incubated with secondary antibodies anti-
rat AlexaFluor 488 (Cat#A-11006; RRID:AB_2534074), anti-rabbit AlexaFluor 594
(Cat#A32740; RRID:AB_2762824), each at 1:500 diluted in DPBS and DAPI
overnight. Stained slices were placed on glass slides and mounted with Immu-mount

and evaluated as next.

All sections were analysed using a confocal laser scanning microscope (CLSM) 510
(Zeiss, 510, Carl Zeiss AG, Oberkirchen, Germany). 2 sections per n (n=3) were
evaluated per group. Each section were 350 pym thick and cell quantification, were
performed in an area of observation of 150 um in a z-stack orientation. For
quantification, areas corresponding to 150 uym of the cerebellum were analysed per
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section. Z-stack orientation was performed and at least 80 slices per Z-stack file were

taken for each sample.

11.9 Cuprizone diet and drug-treatment procedure

To induce demyelination, 24 weeks old hGFAP-GFP reporter mice were exposed to a
regular diet of 0.4 % CPZ (Sniff, Cat#V1534) for nine weeks. During the last five days
of CPZ feeding, mice received daily intraperitoneal injections of 500 yL of 0.5 % saline
solution or of 5 mg/kg b.w. medrysone {[first diluted in DMSO (20 mg/ml stock solution),
thereafter diluted using saline to a 7.25 % final concentration of DMSQ]. For recovery,
mice received normal food for one or three weeks after CPZ feeding (see Figure 1A).
Six groups were analysed: (i) control/non-CPZ fed; (ii) 9 weeks CPZ /demyelination;
(iii-iv) 9 weeks CPZ, plus saline injection and one or three weeks of normal food (saline
1/3 WPC respectively); (v-vi) 9 weeks CPZ, plus medrysone injection and one or three
weeks of normal food (medrysone 1/3 WPC respectively). We measured the body
weight of the animals since CPZ is known to have an impact on body weight.
Immunohistochemical analysis was performed on rostrocaudal brain sections
(bregma: 0.745um to -1.25um) analysing the corpus callosum junction (Figure 9C’
area 1), adjacent corpus callosum (a-CC; Figure 9C’ area 2) and the d-SVZ (Figure
9C’ area 3; divided into three micro-domains: 3.1-medial dorsal-SVZ; 3.2-middle d-
SVZ and 3.3-dorsal-horn SVZ).

11.10 Tissue processing and immunohistochemistry

For immunohistochemistry mice were transcardially perfused with 20 ml ice-cold
DPBS and 20 ml 4 % PFA and dissected brains were post fixed with 4 % PFA 48
hours. Subsequently, brains were incubated with 30 % sucrose for 72 hours,
embedded in 2 % agarose and cut into 50um thick sections using a vibration
microtome. Sections were permeabilised by incubation with 0.5 % Triton X-100 for 30
min, blocked with 10 % NGS supplemented with 5 % BSA and 1% Triton for 120 min
and incubated with following antibodies overnight at 4°C: rat anti-MBP (rat; 1:300,
Biorad, Cat#aa8287, RRID:AB_32500); mouse anti-adenomatous polyposis coli
(CC1-APC; 1:300, anti-APC-Ab7-clone CC1, Merck millipore, Cat#OP80, RRID:
AB_2057371); rabbit anti-glutathione S-transferase-pi (GSTm; 1:500, Enzo,
Cat#ADIMSA101, RRID: AB_10615079); rabbit anti-oligodendrocyte transcription
factor 2 (Olig2; 1:500, Millipore, Cat#AB9610, RRID:AB_570666); mouse anti-
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contactin associated protein 1 (Caspr; 1:400, anti-Caspr-paranodin, neuroxin-1V, clone
k65/35, Neuromab, Cat#75-001, RRID: AB_10671175); rabbit anti-sex-determining
region Y-box 1- (Sox10; 1:100, DCS immunoline, Cat#S1058C002, RRID:
AB_2313583); mouse anti-breast carcinoma-amplified sequence 1 (Bcas1/NaBC1;
1:200, Santa Cruz, Cat#sc-136342, RRID:AB_10839529); chicken anti-green
fluorescent protein (GFP; 1:500, Aves labs, Cat#GFP1010, RRID:AB_2307313);
rabbit anti-human C3d (1:500, Dako, Cat#A0063; RRID: AB_578478); mouse anti-
signal transducer and activator of transcription 3 (Stat3; 1:400, Invitrogen, Cat#MA1-
13042, RRID: AB_10985240); mouse anti-human S100 calcium-binding protein A10
(S100a10; 1:500, Thermo Fisher Scientific, Cat#MA5-15326, RRID: AB_2092361);
rabbit anti-myelin proteolipid protein (PLP; 1:250, kind gift from Dr. Bruce Trapp,
Department of Neurosciences, Cleveland Clinic, Ohio, United States; Chen et al.,
2015); goat anti-tissue metallopeptidase inhibitor 1 (Timp1; 1:100, R&D System,
Cat#AF580, RRID:AB_355455); goat anti-lipocalin-2/NGAL (Lcn2; 1:180, R&D
System, Cat#AF1857, RRID:AB_355022); rabbit anti-nitric oxide synthase (iNOS;
Abcam, Cat#ab95441, RRID:AB_10688716); rat anti-nuclear factor-erythroid factor 2-
related factor 2 (Nrf2; 1:100, Cell Signalling Technology, Cat#14596,
RRID:AB_2798531); rabbit anti-transcription factor Mafg (Mafg; 1:100, Genetex,
Cat#GTX114541, RRID:AB_10619599); mouse anti-epidermal growth factor receptor
(Egfr; 1:500, Anti-Egfr endoplasmic domain, Millipore, Cat#8662051047, RRID:
AB_2096607). Rabbit anti- S100 calcium-binding protein beta (S1008, clone
EP157BY; 1:500, Abcam, Cat#ab52642, RRID: AB_882426). Mouse anti-Glast
astrocyte cell surface antigen-1 (Glast-ACSA1; 1:600; Miltenyl Biotec,
Cat#130095822, RRID: AB_10829302). Antigen retrieval disrupts the GFP signal,
thus, it was used only for anti-MBP, anti-Olig2 (Figure 10), anti-Sox10 (Figure 10 and
Figure 18) and anti-PLP (Figure 18) staining. For this purpose, sections were rinsed
in 0.1 M phosphate buffer (pH 7.4) for 3 x 5 min, transferred to 10 mM sodium citrate
buffer (pH 8.5) pre-heated to 80°C in a water bath for 20 min and rinsed 0.1 M
phosphate buffer (pH 7.4) for 3 x 5 min before blocking and incubation with primary
antibodies. After incubation with primary antibodies, sections were washed and
incubated with secondary antibodies and Dapi for 120 min. All secondary antibodies
were used at a concentration of 1:200 [anti-rat AlexaFluor 647 (Cat#A-11006;
RRID:AB_2534074); anti-mouse AlexaFluor 594 (Cat#A32742; RRID:AB_2762825);
anti-rabbit AlexaFluor 647 (Cat#A32733; RRID:AB_2633282); anti-chicken AlexaFluor
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488 (Cat#A32931; RID:AB_2762843); anti-mouse AlexaFluor 647 (Cat#A32728;
RRID:AB_2633277), Donkey anti-goat AlexaFluor 594  (Cat#A32758;
RRID:AB_2762828), all Thermo Fisher Scientific]. Subsequently, sections were
washed in DPBS and mounted onto glass slides (Superfrost Ultra Plus, Thermo Fisher

Scientific).

All sections were analysed using a confocal laser scanning microscope (CLSM) 510
(Zeiss, 510, Carl Zeiss AG, Oberkirchen, Germany). Rostral, middle and coronal
sections each 50 um thick were utilized for cell quantification per n or individual,
totalizing an area of observation of 150 ym in a z-stack orientation. For quantification,
areas corresponding to 150 um of the junction corpus callosum and to 100um of the
d-SVZ were analysed per section. Z-stack orientation was performed and at least 35
slices per Z-stack file were taken for each sample. For MBP and PLP fluorescence at
the CCJ and a-CC respectively (see Figure 1C’) photomicrographs were analysed
using the software Fiji-lmaged version 1.47 (Schindelin et al., 2012) using a virtual line
traced around the region of interest (ROI) to determine fluorescence units No
normalization of ROIs was performed within the histogram algorithm. By using the
ImagedJ software, a square of 280 ym x 220 ym (standardised by using the ImageJ
dimension rule) was drawn on each picture obtained for MBP and PLP quantification.
Moreover, by using the histogram algorithm the fluorescence intensity was quantified
within the squared area — being aware that the corpus callosum at both CCJ and a-
CC areas changes in thickness and size and that our evaluation was based on rostral,

middle and caudal orientation.
11.11 Morphology and cell complexity of Astrocytes

Astrocyte morphological complexity was analyzed on an adapted protocol based on
Young and Morrison (2018), using Fiji-ImagedJ version 1.47 (Schindellin et al., 2012).
Z-stack files over 50 uM thick tissue with a minimum resolution of 1250x1050 pixels
and 1 um range per Z-stack slide with at least 30 frames per file investigated. The
following steps were performed for a 2D/X-Y-axis morphology evaluation (i)
photomicrographs were converted into an 8-bit binary png. file and images were turned
into grayscale, (ii) followed by a ‘bandpass’ filtering to better visualize the cellular
structure. (iii) Contrast and brightness adjustment were applied to avoid image
fragmentation through the following steps. (iv) “Unsharp” mask filter with a radius
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sigma of 3.0 was applied, (v) followed by a noise reduction via “despeckle” tool, (vi)
threshold was adjusted, (vii) the close function via binary tool was applied with a noise
reduction via out-layers deletion. (vii) Afterwards, binary images were cropped in the
areas with the cells of interest. Once compared to the colored files to observe the
proper cell accurately, binary pictures were skeletonized. (viii) Utilizing the white brush
tool, small fragments and artefacts that do not belong to the skeletonized astrocytes
were erased to avoid inaccuracy in the analysis. (ix)The “skeleton 2D/3D” plugin was
used to run the morphology analyses, and the data generated were transferred to an
excel spreadsheet. The parameters for morphology evaluation were branch number
per cell/endpoint voxels, which determines the number of cytoplasm prolongations or
end-feet per cell, and branch length values, which represent the length in um of those
branches. To determine cell complexity (radius), the following steps were performed
for a 3D/Z-X-Y axis based investigation using the Fraclac plugin. (i) The skeletonize
image containing all the cells of interest was turned into a binary-outlined file. (ii) Each
cell of interest was cropped in separated image files. (iii) Fractal analyses were
performed by opening the BC setup in the Fraclac plugin window, grid design of 4
colored sections was established, and the metrics option was selected in the graphic
options. (iv) After scanning the images generated, the data of the “Hull and circle
results” window were transferred to an excel spreadsheet. “Fraclac Db potency" was
evaluated to define the cell complexity into the fractal dimension range, followed by
the “maximum radium from circle center” that provides data on the radius and diameter
of each cell, determining how far the branches of the astrocytes are spreading from

the soma. 6 cells were analyzed per group.

11.12 RNA preparation, cDNA synthesis and quantitative RT-PCR

analysis of cuprizone-fed mice tissue

For gqRT-PCR analysis, native brains were dissected by using an adult brain slicer
matrix (Zivic, BSMAS005), a-CC and d-SVZ were jointly isolated by the guidance of a
GFP/RFP fluorescence dissecting microscope (Tritech research, SMT1-FL-QC).
Tissue homogenization were performed in 1 mL TRIzol reagent (Life Technologies,
15536026) on ice. Subsequently, homogenates were incubated at room temperature
for 5 min. 200uL of chloroform (Merck, B25666100) was added and mixed for 5 sec.
Samples were centrifuged at 15,300 g for fifteen minutes at 4°C. The aqueous phase
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was proceeded for RNA isolation and 10 pyL glycogen (Roche, 10901393001) was
added as a carrier. About 250 pL of 100 % isopropanol was added and incubated at
80°C over night. After centrifugation at 12,000 r.p.m. for 30 minutes at 4°C, samples
were incubated and supernatants were removed. Pellets were washed with 1 ml 75 %
ethanol (Merck, 64175), centrifuged at 12,000 r.p.m. for 5 min at 4°C and air-dried for
20 min. RNA was resuspended in 100uL RNase-free water and incubated at 60°C for
10 min. Subsequently, RNA clean-up was performed with RNeasy Mini Kit (Qiagen,
74104) according to manufacturer’s instructions including DNase digestion (RNase
free DNase Kit; Qiagen, 79656) to avoid genomic DNA contaminations. Synthesis of
cDNA was performed by means of the High Capacity cDNA Reverse Transcription Kit
with RNase inhibitor (Applied Bioscience, N8080234) using 250 ng total RNA per
reaction measured using a NanoDropND 1000 (Peglab, Erlangen, Germany). Gene
expression levels were determined on a 7900HT sequence detection system (Applied
Biosystems) applying SybrGreen universal mastermix (Applied Biosystems,
4367659). Relative gene expression levels were determined using the AACt method.
ODC were used as reference genes. Samples were measured in duplicates. Following
primers were used: mouse (ms) msODC (as reference gene): fwd- GGT TCC AGA
GGC CAA ACATC, rev-GTT GCC ACA TTG ACC GTG AC; msSerpina3n: fwd-ACA
CAG GCA ATG CCA GCG CA, rev-CCT GGC CCC TGT GAT CCC TGA; msGfap:
fwd- CCA GCT TCG AGC CAA GAA, rev- GAA GCT CCG CCT GGT AGA CA;
msSerping1: fwd- AGC CTC TGC CAT CTC CTT TG, rev-AAA GGT CGC TGC ACC
TCA A; msS100A10: fwd-CAG TGC CGA GAT GGC AAA GT, rev-TGG TGA GCC
CTG CCA CTA G; msIL-6: fwd- GTT GTG CAA TGG CAATTC TGA, rev- TCT GAC
AGT GCATCATCG CTG; msTimp1:fwd-,rev-; msC210orf91:fwd- CTT CAG CAA GCG
TCATCG AAT T, rev-GTATCC TGG AAG ACG CGG ATG ; msGdnf: fwd: GGG ATT
CGGGCCACTTG,rev-CGGATC CGGTCT CCG TAG A, (all primers manufactured

by Eurofins genomics, Germany).
11.13 Statistical analysis

Data are shown as mean values * standard error of the mean (mean + SEM).
GraphPad Prism 7.0.2 (GraphPad Prism, San Diego, CA, RRID: rid_000081) was
used for statistics and graphics collection. To assess the absence of Gaussian

distribution, Shapiro-Wilk normality test was used for all datasets. Student’s t-test was
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applied for comparing two groups and two-way analysis of variance (ANOVA) with
Bonferroni post-test for multiple comparisons was applied to compare three or more
groups. For data sets not passing the Shapiro-Wilk normality test, Kruskal-Wallis test

with Dunn’s post-test for multiple comparisons of three or more groups was applied. P

* *k%

values are defined as follows: * represents p<0.05; ** represents p<0.01;
represents p<0.001. Asterisks absence means no statistically significant difference
was observed. Absent bars in certain groups indicate that the respective cell subtype
was not found, these groups were not considered for the statistical analysis. A priori
sample size calculation for the in vivo experiments was performed using the G*Power
3.1.9.2 software (40) (test family: t-tests; statistical test: means: Wilcoxon-Mann-
Whitney test (two groups); tails: two; effect size d: 2.6; alpha error 0.05, power 0.95;
allocation ratio N2/N1: 1; resulting max sample size: 6). This analysis was also
necessary to have animal experiments legally granted by the authorities (The Review
Board for the Care of Animal Subjects of the district Government (LANUV, North-Rhine
Westphalia, Germany). The number of animals per analysis was at least n=10 per
experiment for in vitro/cell culture analyses, given that primary cells are generally
generated from 10 neonatal rats and then pooled. Nevertheless, reproduction and
statistical evaluation of such experiments was then undertaken by performing 3-4
different and independent experiments. Sample sizes for our in vitro/cell culture

experiments are based on our (published) experience with primary neural cell types.

12. Key Resource tables

REAGENT or RESOURCE ‘ SOURCE CONCENTRATION/IDENTIFIER

Antibodies utilized on in vivo samples

Chicken anti-green fluorescent | Aves lab Cat#GFP1010, RRID:AB_2307313
protein
Rabbit anti-human complement | Dako Cat#A0063; RRID: AB_578478

component 3d C3d

Rat anti-myelin basic protein MBP | Biorad Cat#aa8287, RRID:AB_32500
Mouse anti-adenomatous | Merck millipore | Cat#OP80, RRID: AB_2057371
polyposis coli/anti-APC-Ab7-clone

CC1
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Rabbit anti-glutathione S- | Enzo Cat#ADIMSA101, RRID: AB_10615079
transferase-pi GSTpi

Mouse anti-contactin associated | Neuromab Cat#75-001, RRID: AB_10671175
protein 1, anti-Caspr-paranodin,

neuroxin-1V, clone k65/35 Caspr

Mouse anti-signal transducer and | Invitrogen Cat#MA1-13042, RRID: AB_10985240

activator of transcription 3 Stat3

Mouse anti-human S100 calcium-
binding protein A10 S100a10

Thermo Fisher

Cat#MA5-15326, RRID: AB_2092361

Goat anti-tissue metallopeptidase | R&D System Cat#AF580, RRID:AB_355455
inhibitor 1 Timp1
Goat anti-mouse Lipocalin- | R&D System Cat#AF1857
2/NGAL Ng2
RRID:AB_355022
Rabbit anti- inducible nitric oxide | Abcam Cat#ab95441
synthase iINOS
RRID:AB_10688716
Rabbit anti- S100 calcium-binding | Abcam Cat#ab52642, RRID: AB_882426

protein beta, S1008

Mouse anti-Glast astrocyte cell
surface antigen-1/Glast-ACSA1

Miltenyl Biotec,

Cat#130095822, RRID: AB_10829302

rat anti-nuclear factor-erythroid | Cell Signalling | Cat#14596, RRID:AB_ 2798531

factor 2-related factor 2, Nrf2 Technology

rabbit anti-transcription  factor | Genetex Cat#GTX114541, RRID:AB_10619599
Mafg

rabbit anti-sex-determining region | DCS Cat#S1058C002, RRID: AB_2313583
Y-box 1-,Sox10 immunoline

mouse anti-breast carcinoma- | Santa Cruz Cat#sc-136342, RRID:AB_10839529
amplified sequence 1,

Bcas1/NaBC1

Goat anti-rat (H+L) AlexaFluor 488

Thermo Fisher

Scientific

Cat#A-11006; RRID:AB_2534074
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Goat anti-rabbit (H+L) AlexaFluor
594

Thermo Fisher | Cat#A32740; RRID:AB_2762824

Scientific

Goat anti-rat (H+L) AlexaFluor 647

Thermo Fisher | Cat#A-21247; RRID:AB_141778

Scientific

Goat anti-mouse (H+L) AlexaFluor
594

Thermo Fisher | Cat#A32742; RRID:AB_2762825

Scientific

Goat anti-rabbit (H+L) AlexaFluor
647

Thermo Fisher | Cat#A32733; RRID:AB_2633282

Scientific

Goat anti-chicken (H+L)
AlexaFluor 488

Thermo Fisher | Cat#A32931; RID:AB_2762843

Scientific

Goat anti-mouse(H+L) AlexaFluor
647

Thermo Fisher | Cat#A32728; RRID:AB_2633277

Scientific

Donkey anti-goat (H+L)
AlexaFluor 594

Thermo Fisher | Cat#A32758; RRID:AB_2762828

Scientific

Antibodies utilized on ex vivo and in-vitro samples

rat anti-myelin basic protein MBP

Bio rad

Cat#aa8287, RRID:AB_32500

rabbit anti-Glial fibrillary acid
protein, Gfap

Dako

Cat#70334, RRID:AB_10013382

rabbit anti-Neurofilament, NF

Antibodies.com

Cat#A85336, RRID:AB_2748920

Rabbit anti-complement | Dako Cat#A0063; RRID: AB_578478
component 3d, C3d

Chicken anti-glial fibrillary acid | Aves labs Cat#SKU:GFAP; RRID:
protein, GFAP AB_2307313

Neural/Glial Antigen 2, NG2

Merck Millipore

RRID:AB11213678

mouse anti-Glial fibrillary acid
protein,GFAP

Merck Millipore

Cat#: MAB3402,
RRID:AB_94844

anti-rat AlexaFluor 488

Thermo Fisher Scientific

Cat#A-11006;
RRID:AB_2534074

anti-rabbit AlexaFluor 594

Thermo Fisher Scientific

Cat#A32740; RRID:AB_2762824
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anti-chicken AlexaFluor 488

Thermo Fisher Scientific

Cat#A32931; RID:AB_2762843

anti-mouse AlexaFluor 405

Thermo Fisher Scientific

Cat#A-48255;RRID:AB_2890536

Chemicals, peptides, and recombinant proteins

Sterile Saline solution (0.9%) Braun Cat#9511040

Phosphate buffer PAA N/A
laboratories

Minimum essential medium Life Cat#12360038

(MEM) Hepes Technologies

DMEM-low Glucose Life Cat#D6046

Technologies

Fetal Calf Serum Gibco Cat#10500-064
Fetal Bovine Serum Capricorn Cat#FBS-16A
L-Glutamine Life Cat#G7513
Technologies
penicilin/streptomicin 50 units per | Life Cat#P4333
ml Technologies
Trypsin Thermo Fisher | N/A
Scientific
PB buffer PAA N/A
laboratories
Hepes Buffer 1M Thermo Fisher | Cat#15630056
Scientific
Triton X-100 Sigma Aldrich Cat#85111
poly-D-Lysine coated Sigma Aldrich N/A
DMSO Sigma Aldrich Cat#D2650
Tumor Necrosis Factor alpha (rr R&D System Cat#510RT
isotype)
Medrysone (6a-methyl-113- Cayman Cat#19533
hydroxy-Progesterone) Chemical
normal goat serum Gibco Cat#PCN5000
bovine serum albumin PAN Biotech Cat#P06-1391025
4',6'-diamino-2-phenylindole Roche N/A
(Dapi) diagnostic
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TO-PROtm-3 lodide, 642/661 Thermo Fisher | Cat#T3605

(Topro)

Agarose (Ultrapure low melting Thermo Fisher | Cat#16500100

point) Scientific

MEM Hepes Thermo Fisher | Cat#51417C
Scientific

Hank’s balanced salt solution Thermo Fisher | Cat#88284

Scientific

Heat inactivated horse serum

Thermo Fisher

Cat#26050-070

Scientific
Glutamine Life Cat#1294808
Technologies
D-Glucose monohydrate Merck Cat#108342
Paraformaldehyde (PFA) Sigma Aldrich Cat#158127
Cuprizone 0.4% Sniff Cat#V-1534
TRIzol reagent Life Cat#15536026
Technologies
Chloroform Merck Cat#B25666100
Glycogen Roche Cat#10901393001
Ethanol Merck Cat#64175
RLT lysis buffer Qiagen Cat#1015762
B-mercaptoethanol Sigma Aldrich Cat#M3148-25
Immu-mount Thermo Fisher | Cat#1900331
Scientific
Sodium citrate buffer Merck Cat#111037
Trypan Blue 0.4% Sigma Aldrich Cat#T78154
Dulbecco’s phosphate buffer Life Cat#14190144
solution Technologies
Critical commercial assays
Magnetic activated Cell sorting Miltenyi Biotec | Cat#130707677

(Glast ACSA-1)

Glast (ACSA1) antibody

Miltenyi Biotec

Cat#130095822;RRID:AB_10829302
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Rneasy Mini Kit Qiagen 74104

RNase free DNase Kit Qiagen 79656

High Capacity cDNA Reverse Applied N8080234

Transcription Kit with RNase Bioscience

inhibitor

SybrGreen universal mastermix Applied 4367659
Biosystems

Experimental models: Organisms/strains

Mouse: Transgenic hGFAP-GFP
promoter mice 14mes/J

Jackson Labs

Cat#Jax stock number: #003257

Rat: Wistar RjHan:WI Janvier Labs N/A
Oligonucleotides

rtGAPDH:fwd- GAA CGG GAA Eurofins N/A
GCT CACTGGC genomics
rtGAPDH:rev- GCA TGT CAG Eurofins N/A
ATC CAC AAC GG genomics

rtMyrf:fwd- CCT GTG TCC GTG Eurofins N/A
GTACTG TG genomics

rtMyrf:rev- TCA CAC AGG CGG Eurofins N/A
TAG AAG TG genomics
rtPdgfra:fwd- AGC TCT CTG Eurofins N/A
TTC CCAATG CC genomics
rtPdgfra:rev- GCC TCC ATT Eurofins N/A
CTGGAG CTT GT genomics
rtSox10:fwd- GTC AGA TGG Eurofins N/A
GAA CCCAGAGCAC genomics
rtSox10:rev- CCC GTA GCC Eurofins N/A
AGC TGC CGA G genomics
rtCNPase:fwd GCC GTT GTG Eurofins N/A
GTACTT CTC CA- genomics
rtCNPase:rev- GCC CGA AAA Eurofins N/A
AGC CACACATT genomics

rtHprt: fwd- CAG TCC CAG CGT | Eurofins N/A
CGT GAT TA, genomics

rtHprt: rev- ATG GCC TCC CAT Eurofins N/A
CTCCTTCA genomics
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rtGfap: fwd- CTG GTG TGG AGT | Eurofins N/A
GCCTTC GT genomics
rtGfap: rev- CAC CAA CCA GCT | Eurofins N/A
TCC GAG AG genomics
rtSerpina3n: fwd-GGG CAG GTG | Eurofins N/A
CTT CGT genomics
rtSerpina3n: rev-AGC GCC TTT Eurofins N/A
GTCTTITCTTTCT G genomics
rtLen2: fwd-TCT CAG GCC CAC | Eurofins N/A
CAT GAT AGA genomics
rtLen2: rev-CAG GTT GTAGTC Eurofins N/A
AGC AGA GAT GGA genomics
rtSerping1: fwd-GAC AGC CTG Eurofins N/A
CCCTCT GACA genomics
rtSerping1; rev-GCA CTC AAG Eurofins N/A
TAG ACG GCATTG genomics
rtC3: fwd- CCT TCC CGG GAG Eurofins N/A
CAT CA genomics
rtC3: rev- GGG CAT ACC CAG Eurofins N/A
CAATGG genomics
rtClcf1: fwd- TGG CCC ATT TCT | Eurofins N/A
GTACCAGTCT genomics
rtClcf1: rev- GTA GCC AAG AGT | Eurofins N/A
TGC CAT GAC A genomics
rtEmp1: fwd- TGG TGG CGG Eurofins N/A
ACG GTATAG A genomics
rtEmp1: rev- TGC CAC TGG TGC | Eurofins N/A
AGTTCT TC genomics
rtUgt1a: fwd- CCT GTG CCA Eurofins N/A
TTC CAA AAT GA genomics
rtUgt1a: rev- CAC TCC GCC CAA | Eurofins N/A
GTT CCA genomics
rtC1qa: fwd- CAG AAC CCA Eurofins N/A
CCG ACG TAT GG genomics
rtC1qa: rev- TCC TGG TTG GTG | Eurofins N/A
AGGACCTT genomics
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rtlL6: fwd- GTT GTG CAATGG Eurofins N/A
CAATTC TGA genomics
rtIL6: ev-TCT GAC AGT GCA Eurofins N/A
TCATCG CTG; genomics
rtCd14: fwd- ACA ACA GGC Eurofins N/A
TGG ATAGGAAACC genomics
rtCd14: rev-TGA CAG GCT CCC | Eurofins N/A
CACTTC AG genomics
rtS100a10: fwd- GCC ATC CCA Eurofins N/A
AAT GGAGCAT genomics
rtS100a10: rev- CCC CTG CAA Eurofins N/A
ACC TGT GAA AT genomics
msODC: fwd- GGT TCC AGA Eurofins N/A
GGC CAAACATC genomics
msODC rev-GTT GCC ACATTG | Eurofins N/A
ACC GTG AC genomics
msSerpina3n: fwd-ACA CAG Eurofins N/A
GCAATG CCAGCGCA genomics
msSerpina3n: rev-CCT GGC Eurofins N/A
CCC TGT GAT CCC TGA genomics
msGfap: fwd- CCA GCT TCG Eurofins N/A
AGC CAA GAA genomics
msGfap: rev- GAA GCT CCG Eurofins N/A
CCT GGT AGA CA genomics
msSerping1: fwd- AGC CTC TGC | Eurofins N/A
CATCTCCTT TG genomics
msSerping1: rev-AAA GGT CGC | Eurofins N/A
TGC ACCTCAA genomics
msS100A10: fwd-CAG TGC CGA | Eurofins N/A
GAT GGC AAA GT genomics
msS100A10:, rev-TGG TGA Eurofins N/A
GCCCTGCCACTAG genomics
mslL-6: fwd- GTT GTG CAA TGG | Eurofins N/A
CAATTC TGA genomics
mslL-6: rev- TCT GAC AGT GCA | Eurofins N/A
TCATCG CTG genomics
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msC210rf91:fwd- CTT CAG CAA | Eurofins N/A

GCG TCATCG AATT genomics

msC210rf91: rev- GTATCC TGG | Eurofins N/A

AAG ACG CGG ATG genomics

msGdnf: fwd: GGG ATT CGG Eurofins N/A

GCCACT TG genomics

msGdnf: rev- CGG ATC CGG Eurofins N/A

TCT CCGTAGA genomics

Software and algorithms

Fiji ImageJ RRID:SCR_003070; Version 1.47; Schindelin et

al., 2012

GraphPad Prism 7.0.2 GraphPad RRID:rid_000081
Prism

Confocal Microscope image Carl Zeiss AG Version 9

acquisition program ZEN Zen

blue/black software

GIMP (GNU image manipulation GIMP Startup Version 2.10

program)

MS Office 2007 /2016 Microsoft N/A

Artflow Artflow Studio Version 2.8.105

Other

Incubator Excella model E24

vibration microtome

Thermo Fisher

model Microm HM 650 V

confocal laser scanning Carl Zeiss AG model 510
microscope

adult brain slicer matrix Zivic Cat#BSMAS005
GFP/RFP fluorescence dissecting | Tritech Cat#SMT1-FL-QC
microscope research

NanoDrop Peqglab model ND 1000
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13 Annexe
13.1 Published research article

In accordance with the paragraph § 2 (4) of the doctoral regulations (15.06.2018) of
the Faculty of Mathematics and Natural Sciences of Heinrich Heine University
Dusseldorf, all sections (results) which are reproduced or adapted from a published

manuscript (Oliveira-Junior et al., 2022) have been clearly marked within the thesis.

Accepted for publication on July 22, 2022 (letter of acceptance can be accessed at

page 123)

Myelin repair is fostered by the corticosteroid medrysone specifically acting on

astroglial subpopulations

Markley Silva Oliveira Junior, Jessica Schira-Heinen, Laura Reiche, Seulki Han,
Vanessa Cristina Meira de Amorim, Isabel Lewen, Joel Gruchot, Peter Gottle, Rainer

Akkermann, Kasum Azim, Patrick Kury

M. Phil. Markley Silva Oliveira Junior performed the maijority of experiments, data
analysis, data interpretation, text writing and figure design (80%). Dr Jessica Schira-
Heine contributed with experimental design, data analysis, interpretation and figure
design. Msc. Laura Reiche and Dr Peter Géttle conducted primary OPC experiments
and provided corresponding data analysis. M. Phil. Vanessa Cristina Meira de Amorim
and Msc. Seulki Han provided support in data interpretation and data presentation.
Md. Isabel Lewen and Msc. Joel Gruchot executed primary astrocyte experiments and
provided corresponding data analysis. Dr Rainer Akkermann established the
transgenic mouse strain and the cuprizone experiments. Dr Kasum Azim developed
the experimental design, funding acquisition, data analysis and interpretation. Prof. Dr
Patrick Kury (PK) conceived the final project and main manuscript (Oliveira Junior et
al., 2022) and confirms the information described above. PK was also involved in
experimental design, funding acquisition, data analysis and interpretation, and figure
composition. In addition, Birgit Blomenkamp, Brigida Ziegler and Julia Jadasz provide
technical support. Dr. Nikolaj Klécker (Heinrich-Heine-University of Dusseldorf) for
providing breeding pairs of the hGFAP-GFP transgenic mouse line. The anti-PLP
antibody was kindly provided by Dr Bruce Trapp (Department of Neurosciences at the
Cleveland Clinic, Ohio, USA).
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13.2 Main manuscript letter of acceptance

View Letter https://www.editorialmanager.com/ebiom/ViewLetter.aspx?id=874245&...
Date: Jul 22, 2022
To: "Patrick Klry" kuery @uni-duesseldorf.de
From: "Julie Stacey" jstacey@lancet.com
Subject: Your Submission EBIOM-D-22-00414R3

Manuscript reference number: EBIOM-D-22-00414R3
Title: Myelin repair is fostered by the corticosteroid medrysone specifically acting on astroglial subpopulations
Article (Original Research)

Dear Dr Patrick Kdry,

I am pleased to inform you that your paper has been accepted for publication in eBioMedicine. Congratulations on an
exciting story! We are pleased to be bringing it to the attention of our readers. My apologies for the delay.

We would like to invite you to submit a cover candidate using an image related to the work. If you have an original,
visually compelling image which you would like to submit as a candidate for the issue cover, please send a high resolution
file (specifications below) directly to ebiom@lancet.com. Be sure to include the manuscript number and corresponding
author name in the email, along with "cover candidate” in the subject line, and please confirm that the image has not been
published elsewhere. The submitted cover candidate will be discussed by in-house editors together with other authors'
cover candidates, and only one cover may be chosen per journal issue.

View Letter https:/www.editorialmanager.com/ebiom/ViewLetter.aspx?id=874245&...

the work or, if the article is to be published under a CC BY license or for some government employees, a non-exclusive
publishing agreement. To support the costs of publishing including reviewing (first by internal review, and then external
peer review), technical, copy editing, typesetting and graphics, online hosting, archiving, and promotion, authors will need
to pay an article processing charge (APC), upon acceptance. The APC is payable for all full-length peer-reviewed article
types. Information on the APC can be found at https://www.thelancet.com/open-access. You will in due course receive an
email inviting you to complete our Rights & Access form online where you will be able to select your licence choice and pay
the APC. Please ensure this form is completed within 48 hours of receipt.

WHO/IARC/PAHO AUTHORS

If you or any of your co-authors are employed directly by the World Health Organization/International Agency for Research
on Cancer/Pan American Health Organisation, you have the option of either signing Elsevier's standard agreement or our
WHO/Elsevier non-exclusive licence agreement. Please contact our Deputy Operations Manager, Marco Conforti
(m.conforti@elsevier.com) for a copy of the WHO agreement.

Our Production team will be in touch soon regarding proofs of your manuscript. We look forward to working with you to
get your work published in eBioMedicine. In the meantime, if you have any queries related to the galley proofs, please
contact the Journal Manager, Rachel Vinitha at r.pareenargunam@elsevier.com.

Thank you for submitting your work to eBioMedicine.
Yours sincerely,
Dr. Julie Stacey

, eBioMedicine
jstacey@lancet.com

In compliance with data protection regulations, you may request that we remove your personal registration details at any time.
(Remove my information/details). Please contact the publication office if you have any questions.
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13.3 Manuscripts in preparation

The chapters 1, 2, 3 and 4 will be utilized for the preparation of a literature review
article entitled as “if you don’t know, now you know, astrocytes can foster
remyelination” authored by Markley Silva Oliveira Junior, Prof. Dr. Maryam Faiz and
Prof. Dr. Patrick Kury. This article is not yet submitted. Figures not published at

Oliveira-Junior et al., 2022, will be included in a future publication.
13.4 Further investigations

In collaboration with Prof. Dr Patrick Kury, research on the proteic, transcriptomic and
epigenetic signature of reactive astrocytes in stroke, demyelination, and gut dysbiosis
will be developed under a post-doctoral position at Prof. Dr Maryam Faiz's laboratory
at the University of Toronto, Canada, starting in November 2022. This position will be
funded by the Ontario Institute of Regenerative Medicine and Stem Cell Networks

Canada.

13.5 No-reproducible staining.

A portion of the experiments performed throughout the development of this
dissertation was not reproducible, thus inefficient to complement the main objective of
this work. Some immunofluorescence experiments performed on in vivo samples were
not replicable. Those samples presented no specific binding labelling blood vessels or
artefacts of dissection. The antibodies and respectively concentration utilized were
HOP- Homeobox protein (Hopx; 1:800, anti-mouse; Anti-HopE-1/Hopx, Santa Cruz,
sc-398703, RRID: AB_2687966; Figure 25a); Neural/Glial Antigen 2 (1:800, Anti-
rabbit, NG2, Merck Millipore, RRID:AB11213678; Figure 25b); Minichromosome
Maintenance Complex Component 2 (Mcm2; 1:500, Anti-rabbit Mcm2, Abcam, RRID:
EPR4120; Figure 25c); Achaete-scute homolog 1 (Mash1; 1:500, anti-mouse Mash1,
Abcam, RRID: ab211327; Figure 25d); Platelet-derived growth factor receptor alpha
(Pdgfra; 1:1000; anti-rabbit Pdgfra, Abcam, RRID: ab61219); A 10-
formiltetrahidrofolato dehydrogenase [Aldh1l1; 1:1000, anti-mouse Aldh1I1(3E9),
Abcam, RRID: ab56777); Aquaporin 4 (Agp4; 1:500,.anti-rabbit Agp4, Sigma, RRID:
A59712ML; Figure 25f); Proliferating cell nuclear antigen (PCNA;1:500, Anti-mouse
PCNA, Invitrogen, RRID:13-3900; Figure 25g). Injection of the thymidine analogue 5-
Ethinyl-2'-deoxyuridine (EdU, Abcam, ab146186; 80 mg/kg diluted in saline solution)

was also conducted in a few animals as a test for proliferation staining. Intraperitoneal
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injections (500uL per mice) of diluted EAU were performed in parallel to saline or
medrysone administration. However, the protocol utilized (Salic and Mitchison, 2008)
were ineffective for identifying binding (Figure 25b). The antigen retrieval protocol
detailed in the materials and methods of this document was performed before primary
antibody incubation for Hopx, Mcm2 and Pcna (Figure 25a, 25c, 25g). Of note, antigen

retrieval procedures were also ineffective in making those staining work.
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Figure 25. Non-reproducible data. The following antibodies were evaluated in tissues exposed or not
to antigen retrieval procedures and do not work on in vivo samples: Hopx (a); NG2 (b); Mcm2 (c); Mash1
(d); Pdgfra (e); Aldh1l1 (f); Aqp4 (f); PCNA (g). Stainings for EAU were also performed. However, it

does not effectively identify binding structures (b). Samples at (a) correspond to 0.2%CPZ-fed mice.
Samples at (b-g) correspond to 0.4% CPZ-fed mice.
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