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Summary
BackgroundMultiple sclerosis is characterised by inflammation, oligodendrocyte loss and axonal demyelination and
shows an additional impact on astrocytes, and their polarization. Although a certain degree of spontaneous myelin
repair can be observed, disease progression, and aging impair regeneration efforts highlighting the need to better
understand glial cell dynamics to establish specific regenerative treatments.

Methods Applying a chronic demyelination model, we here analysed demyelination and remyelination related
effects on astrocytes and stem cell niches and studied the consequences of medrysone application on myelin repair,
and astrocyte polarization.

Findings Medrysone induced recovery of mature oligodendrocytes, myelin expression and node formation. In addi-
tion, C3d/S100a10 co-expression in astrocytes was enhanced. Moreover, Timp1 expression in C3d positive astrocytes
revealed another astrocytic phenotype with a myelination promoting character.

Interpretation Based on these findings, specific astrocyte subpopulations are suggested to act in a myelin regenera-
tive way and manner the regulation of which can be positively modulated by this corticosteroid.
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Introduction
Oligodendrocyte loss and sustained myelin damage
leading to axonal demyelination are main features of
the inflammatory demyelinating disease Multiple scle-
rosis (MS). As a result, axonal nutrition and signal prop-
agation are impaired eventually leading to irreversible
functional deficits. Oligodendroglial precursor cells
(OPCs) and neural stem cells (NSCs) can confer a cer-
tain degree of oligodendroglial cell replacement and
myelin repair, the efficiency of which declines with dis-
ease progression and age.1 Moreover, astrocyte
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activation and gliosis are observed additionally modulat-
ing endogenous repair processes.2,3 This also holds true
for nearby neurogenic stem cell niches, such as the sub-
ventricular zone (SVZ), with gliosis, and its upgrading
inflammation leading to NSCs depletion.3�5 As these
NSCs contribute to neuronal, oligodendroglial and
astroglial cell populations, thereby supporting axon
integrity, neuronal communication and myelination
this must be considered as a substantial impact.6�8 Oli-
godendroglial cells are preferentially generated within
the dorsal region (d-SVZ)7�10 whereas astrocytes mainly
develop from the lateral SVZ.7,11 Nonetheless, under
pathological conditions astrocytes can also be generated
in the d-SVZ and populate nearby sites.12,13 The d-SVZ
can be further subdivided in 3 micro-niches: (i) medial-
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Research in context

Evidence before this study

At every 5 minutes, someone is diagnosed with Multiple
sclerosis worldwide. Affecting young adults through
neuroinflammation and demyelination episodes, this
disease aggravates over ageing, imposing the patient to
severe symptoms such as fatigue, loss of vision, numb-
ness, mobility problems, pain, cognitive, and memory
deficits. Drug-repurposing approaches can be of great
help to find new treatments, particularly for the still
unmet clinical need of fostering endogenous repair
activities. By applying a preclinical model of chronic
demyelination, we investigated the effects of medry-
sone, an ophthalmic anti-inflammatory corticosteroid,
in the context of oligodendrocyte replacement, and
axon remyelination in vivo.

Added value of this study

This study focused on the remyelinating potential of
medrysone. We validated its activity in cultured primary
oligodendroglial precursor cells by assessing pro-myeli-
nation gene activities, and myelin protein expression,
which were, however, not directly affected by this drug.
Nevertheless, TNF-a induced neurotoxic astrocytes
treated with medrysone recovered a non-neurotoxic
profile. Subsequently, chronically demyelinated mice
fed with cuprizone, a copper chelator, were treated
with this corticosteroid. Medrysone substantially pro-
moted corpus callosum remyelination, and a number of
beneficial features related to different astrocyte subpo-
pulations were regulated by this drug. While therefore
highlighting this drug’s potential as a novel Multiple
sclerosis treatment, this study also clearly demonstrates
a functional involvement of astroglial cells in central
nervous system repair - the successful pharmacological
modulation of which has so far not been reported.

Implications of all the available evidence

Under in vivo circumstances, medrysone stimulated
remyelination by boosting oligodendrocyte recruit-
ment, axonal myelination, and nodes of Ranvier restora-
tion. Nonetheless, effects were mediated in a non-direct
way and an astrocyte heterogeneity signature particu-
larly correlated to a regenerative potential was specifi-
cally modulated by medrysone. Our observations
strongly support the notion that cellular processes
others than those directly affecting oligodendroglia are
indeed applicable for the identification of myelin repair
promoting drugs. Our study includes a diversity of
experimental methods with different cell subtypes iden-
tified and observing distinct brain structures evolution-
ary conserved between humans and mice,
strengthening our suggestion of medrysone as a suit-
able molecule for biomedical translation.
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dorsal SVZ (where the medial and dorsal wall are con-
nected), (ii) middle-dorsal SVZ (the centre area of the d-
SVZ), (iii) dorsal-horn SVZ (where the lateral and dorsal
wall create a corner; see Figure 1C and 1C’) all of which
found to display differences in terms of progenitor gen-
eration in health and disease.9,14�16

Studies utilizing the demyelinating compound
cuprizone (CPZ) have shown that SVZ dependent oligo-
dendrogenesis, hence, myelin restoration/ cell replace-
ment can be more efficient as from parenchymal
OPCs,2,17 highlighting the SVZ as critical structure for
repair. Nevertheless, the involvement of reactive astro-
cytes in respect of their heterogeneity throughout the d-
SVZ and within adjacent areas have not been well
described so far. Initial reports relate to oligodendrocyte
loss dependent on reactive astrocytes, up-regulating
interleukins and complement factors18�20 or to promote
remyelination and OPCs/NSCs maturation depending
on trophic factors released by resident astrocytes.21,22

Reactive astrocytes were basically divided into neuro-
toxic/A1, and neuroprotective/A2 subtypes.23 Whereas
neurotoxic astrocytes regularly express complement fac-
tor 3d (C3d),24,25 neuroprotective commonly express
S100a10, known to be involved in tissue repair.26�28

Moreover, transcriptomic evaluations have recently
shown that some astroglial cells even express A1 and A2
molecules concomitantly, thereby leading to a “hybrid”
phenotype that appears to contribute to brain
regeneration,29,30 hence, supporting the fact that A1/A2
labelling is outdated to define astrocytic function. More
recently, Escartin and colleagues31 published a consen-
sus statement defining some key variables to proper
characterize reactive astrogliosis such as protein co-
expression, time, disease and region analysed (diseased
or healed), and our study is based on these variables.

Fostering myelin repair in patients with demyelin-
ation diseases is still an unmet clinical need32 and con-
sidering the here described cellular heterogeneity and
the diverse and complex contributions of different phe-
notypes to successful tissue repair we investigated the
impact of medrysone to white matter regeneration. This
FDA-approved anti-inflammatory corticosteroid has
recently been identified as potential neuroregenerative
compound in the context of NSCs33 and was applied
here to mice suffering to sustained/chronic demyelin-
ation of the corpus callosum.
Methods

Ethics statement for animal experiment
Transgenic hGFAP-GFP promoter mice34 [FVB/N-Tg
(GFAPGFP) 14mes/J; Jax stock number: Cat#003257,
female and male] provided by Prof. Dr. Nikolaj
Kl€ocker (Medicine Faculty, Heinrich-Heine-Univer-
sity, D€usseldorf, 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
www.thelancet.com Vol 83 Month , 2022



Figure 1. 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 (i.p.) starting at five days before the end of the CPZ feeding period. Mice were sacrificed after one or three
weeks 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. (c,c’) 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.
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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 proce-
dures under the following ethic approval numbers:
Az.:8102.04.2019.A20 for in vivo experiments, O69/
11 and V54/09 for in vitro. Any other details have
been listed in the ARRIVE checklist.
Primary astrocyte monoculture
Primary astrocyte cultures were generated from postna-
tal rats (Wistar, 0-1 day old) according to McCarthy and
de Vellis.35 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 cor-
tices were cut into small pieces. The tissue was collected
in centrifuge tubes 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 mm cell strainer. Afterwards, the cell sus-
pension was split onto 2 T-75 flasks and 20 ml of astro-
cyte medium [DMEM-low glucose (Life Technologies,
Cat#D6046), 10% fetal calf serum (FCS; Gibco,
Cat#10500-064), 2 ml of L-glutamine (Life Technolo-
gies, Cat#G7513), 50 units per ml of penicillin/strepto-
mycin (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 Tech-
nologies, Cat#14190144), and subsequently 5 ml of tryp-
sin 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. After-
wards, 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 albumin, Capricorn, Cat#FBS-16A
in DPBS) and 20 uL of anti-Glast (ACSA-1; Miltenyi Bio-
tec, Cat#130095822; RRID:AB_10829302) biotin anti-
bodies 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 super-
natant was removed, and cells were resuspended again
in 80 mL of the cold PB buffer. 20 mL 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 mL of buffer. For magnetic separa-
tion, the columns were placed in the magnetic field
within 500 mL buffer per column. The cell suspension
was disposed in it, and the columns were washed 3x
with 500 mL of buffer; the magnetically labelled cells
were flushed out by pressing the plunger within the col-
umn. 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 immunocyto-
chemistry; 6.0£104 cells/well) or 0.25 mg/ml PDL
coated 24-well plates for quantitative reverse transcrip-
tion-polymerase chain reaction (qRT-PCR; 5£104 cells/
well). Astrocytes were subjected to 0.1 % Dimethylsulf-
oxide (DMSO, Sigma Aldrich, Cat#D2650), 30ng/ml
tumour necrosis factor-alpha (TNF-a, R&D System,
Cat#510RT) or 2.5 mM medrysone (6a-methyl-11b-
hydroxy-Progesterone; Cayman Chemical, Cat#19533)
for 48 hours. Astrocyte monocultures were between 95
and 98% pure as revealed by Gfap/Glast double immu-
nostaining (data not shown). The number of animals
per analysis was at least n=10 per experiment for in
vitro/cell culture experiments, given that primary cells
are generally generated from 10 neonatal rats and then
pooled. Nevertheless, reproduction and statistical evalu-
ation of such experiments was then undertaken by per-
forming 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.
Primary OPC monoculture
Primary OPC cultures were prepared from P0-1 Wistar
rats according to McCarthy and de Vellis35 with modifi-
cations by our group.36�38 Primary OPCs (>97 % pure)
were either seeded onto 0.25 mg/ml PDL coated glass
coverslips (13 mm) in 24-well plates (for immunocyto-
chemistry; 2.5£104 cells/well) or 0.25 mg/ml PDL
coated 24-well plates for qRT-PCR (5£104 cells/well) in
high-glucose DMEM-based Sato medium [(5 mg/ml
bovine insulin; 50 mg/ml human transferrin; 100 mg/
ml bovine serum albumin fraction V (BSA; Thermo
Fisher Scientific); 6.2 ng/ml progesterone; 16 mg/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 differen-
tiation 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 mM medrysone
for 72 hours without medium exchange. Primary OPC
www.thelancet.com Vol 83 Month , 2022
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cultures were on average 95% pure based on Gfap, Iba-1
staining for contaminating astrocytes and microglia,
respectively (data not shown). The number of animals
per analysis was at least n=10 per experiment for in
vitro/cell culture experiments, given that primary cells
are generally generated from 10 neonatal rats and then
pooled. Nevertheless, reproduction and statistical evalu-
ation of such experiments was then undertaken by per-
forming 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.
Immunocytochemistry
Astrocytes were incubated with 0.5 % Triton X-100
(Sigma Aldrich) in DPBS for 30 minutes (min), fol-
lowed by a 60 min incubation with blocking solution
containing 10 % normal goat serum (NGS, Gibco,
Cat#PCN5000) in DPBS supplemented with 0.5 % Tri-
ton X-100 (Sigma Aldrich, Cat#85111) and 10 % BSA.
Primary antibodies for astrocytes were diluted in block-
ing buffer with following concentrations: Chicken anti-
glial fibrillary acid protein (Gfap; 1:500, Aves labs,
Cat#SKU:Gfap; RRID: AB_2307313); Rabbit anti-com-
plement 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).
Primary antibody incubations were performed over-
night. Secondary antibodies were all used at 1:500 [anti-
rabbit AlexaFluor 594 (Cat#A32740; RRID:
AB_2762824); anti-chicken AlexaFluor 488
(Cat#A32931; RID:AB_2762843); anti-rat AlexaFluor
488 (Cat#A-11006; RRID:AB_2534074)]; all from
Thermo Fisher Scientific). 40,60-diamino-2-phenylindole
(Dapi, Roche diagnostic GmbH) was applied at a con-
centration of 5 mM nuclear dye. Secondary antibodies
and dye incubation were performed for 120 min. Cover-
slips were mounted with Immu-mount (Thermo Fisher
Scientific, Cat#1900331) on a glass-slide for subse-
quently confocal microscopy.
RNA preparation, cDNA synthesis and quantitative RT-
PCR analysis
Total RNA purification from OPC and astrocyte monocul-
tures was done using 350 mL 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 quantita-
tive real-time polymerase chain reaction (qPCR), reverse
transcription with 250 ng RNA measured using a
www.thelancet.com Vol 83 Month , 2022
NanoDropND 1000 was done using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scien-
tific, Cat# N8080234). Gene expression levels were deter-
mined on a 7900HT sequence detection system (Applied
Biosystems, Thermo Fisher Scientific), applying Sybr-
Green 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 GCA C, rev- CCC GTA GCC
AGC TGC CGA G; rtCNPase: fwd- GCC GTT GTG GTA
CTT CTC CA, rev- GCC CGA AAA AGC CAC ACA TT.
For astrocytes rtHprt: fwd- CAG TCC CAG CGT CGT
GAT TA, rev- ATG GCC TCC CAT CTC CTT CA (as refer-
ence 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 GCC TTT GTC
TTT CTT TCT G; rtLcn2: 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; rtC1qa: fwd- CAG AAC CCA CCG 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; rtPtx3: fwd- GGC CAA AAG TCA
CCC TGT TC, rev- CCA TTC TTT TCT TGG CCA ATCT;
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).
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. Animals were
randomized into treatment arms, whilst making sure
that the sex matched between groups. Our analyses
were based on two arm-randomizations and two-tailed
statistical tests to assess how medrysone affected spon-
taneous remyelination. During the last five days of CPZ
feeding, mice received daily intraperitoneal injections of
500 mL 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 DMSO]. 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
5
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three weeks of normal food (saline 1/3 WPC respec-
tively); (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: 0.745mm to
-1.25mm) analysing the corpus callosum junction
(Figure 1C’ area 1), adjacent corpus callosum (a-CC;
Figure 1C’ area 2) and the d-SVZ (Figure 1C’ area 3;
divided into three micro-domains: 3.1-medial dorsal-
SVZ; 3.2-middle d-SVZ and 3.3-dorsal-horn SVZ). For in
vivo investigations we used at least n=4 animals per
experimental group. Experiments were previously deter-
mined using a G*power analysis. This analysis was also
necessary to have animal experiments legally granted by
the authorities (The Review Board for the Care of Ani-
mal Subjects of the district Government (LANUV,
North-Rhine Westphalia, Germany).
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 50mm thick sections using a vibration micro-
tome. 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 milli-
pore, Cat#OP80, RRID: AB_2057371); rabbit anti-gluta-
thione S-transferase-pi (GSTp; 1:500, Enzo,
Cat#ADIMSA101, RRID: AB_10615079); rabbit anti-oli-
godendrocyte transcription factor 2 (Olig2; 1:500, Milli-
pore, Cat#AB9610, RRID:AB_570666); mouse anti-
contactin associated protein 1 (Caspr; 1:400, anti-Caspr-
paranodin, neuroxin-IV, clone k65/35, Neuromab,
Cat#75-001, RRID: AB_10671175); rabbit anti-sex-deter-
mining 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 proteoli-
pid protein (PLP; 1:250, kind gift from Dr. B. Trapp,
Department of Neurosciences, Cleveland Clinic, Ohio,
United States; Chen et al., 2015); goat anti-tissue metal-
lopeptidase 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).
Antigen retrieval disrupts the GFP signal, thus, it was
used only for anti-MBP, anti-Olig2 (Figure 1), anti-
Sox10 (Figures 1 and 6) and anti-PLP (Figure 6) stain-
ing. For this purpose, sections were rinsed in 0.1 M
phosphate buffer (pH 7.4) for 3£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 phos-
phate buffer (pH 7.4) for 3£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 sec-
ondary 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 Alexa-
Fluor 488 (Cat#A32931; RID:AB_2762843); anti-mouse
AlexaFluor 647 (Cat#A32728; RRID:AB_2633277), Don-
key anti-goat AlexaFluor 594 (Cat#A32758; RRID:
AB_2762828), all Thermo Fisher Scientific]. Subse-
quently, sections were washed in DPBS and mounted
onto glass slides (Superfrost Ultra Plus, Thermo Fisher
Scientific).

All sections were analysed using a confocal laser scan-
ning microscope (CLSM) 510 (Zeiss, 510, Carl Zeiss AG,
Oberkirchen, Germany). Rostral, middle and coronal sec-
tions each 50 mm thick were utilized for cell quantification
for each individual, totalizing an area of observation of
150 mm in a z-stack orientation. For quantification, areas
corresponding to 150 mm of the junction corpus callosum
and to 100mm 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-ImageJ version 1.4739 using a virtual line
traced around the region of interest (ROI) to determine
fluorescence units. No normalization of ROIs was per-
formed within the histogram algorithm. By using the
ImageJ software, a square of 280 µm £ 220 µm (standar-
dised by using the ImageJ dimension rule) was drawn on
each picture obtained for MBP and PLP quantification.
Moreover, by using the histogram algorithm the
www.thelancet.com Vol 83 Month , 2022
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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 orien-
tation.
Statistical analysis
Data are shown as mean values § standard error of the
mean (mean § SEM). GraphPad Prism 7.0.2 (Graph-
Pad Prism, San Diego, CA, RRID: rid_000081) was
used for statistics and graphics collection. To assess the
absence of Gaussian distribution, Shapiro�Wilk nor-
mality test was used for all datasets. Student’s t-test was
applied for comparing two groups and two-way analysis
of variance (ANOVA) with Bonferroni post-test for mul-
tiple 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 values are defined as follows: *
represents p�0.05; ** represents p�0.01; *** repre-
sents p�0.001. Asterisks absence means no statistically
significant difference was observed. Absent bars in cer-
tain groups indicate that the respective cell subtype was
not found, these groups were not considered for the sta-
tistical analysis. A priori sample size calculation for the
in vivo experiments was performed using the G*Power
3.1.9.2 software40 (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 dis-
trict Government (LANUV, North-Rhine Westphalia,
Germany). The number of animals per analysis was at
least n=10 per experiment for in vitro/cell culture analy-
ses, given that primary cells are generally generated
from 10 neonatal rats and then pooled. Nevertheless,
reproduction and statistical evaluation of such experi-
ments was then undertaken by performing 3-4 different
and independent experiments. Sample sizes for our in
vitro/cell culture experiments are based on our (pub-
lished) experience with primary neural cell types.
Role of funders
The funding source had no role in study design, collec-
tion, analysis and interpretation of data or in manu-
script writing
Results

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
www.thelancet.com Vol 83 Month , 2022
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 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 injec-
tion 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 mm rostrocaudal coronal sections (1
rostral section, 1 middle section and 1 caudal section per n;
Figure 1b) analysing the corpus callosum junction (CCJ;
Figure 1c’ area 1), the corpus callosum adjacent to d-SVZ
(a-CC; Figure 1c’ area 2) and the d-SVZ (Figure 1c’ 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 count-
ing 150 mmwere analysed along the z-axis for all anatomic
niches (Figure 1c’). For the CCJ an area of interest of
150 mm along the x/y-axis and, for d-SVZ an area of inter-
est of 100 mm along the x/y-axis were analysed in terms of
cell counts.
Remyelination and nodes of Ranvier recovery are
improved by medrysone
We aimed at evaluating the potency of medrysone to
improve remyelination in chronically demyelinated
mice induced by a prolonged CPZ application. Looking
at the CCJ (see Figure 1c) we found after 9 weeks of
CPZ diet a diminished MBP expression (Figure 2s) as
well as lower numbers of early-stage mature (GSTp pos-
itive) oligodendrocytes (OL), mature (Olig2/CC1 double-
positive) OL and of active myelinating OL (Sox10/Bcas1
double-positive cells; Figure 2t,2u,2v; see Figure 2x for
OL maturation stages and representative markers).
Adjacent localization of MBP and Caspr was used to
identify nodes of Ranvier by their juxtaposition
(Figure 2x’). Of note, the number of which was found to
be reduced in response to demyelination (Figure 2w)
confirming myelin loss. On the contrary, quantitative
analysis revealed that medrysone significantly promoted
the recovery of MBP expression (Figure 2s), of early-
stage mature OL- (Figure 2t), of mature OL (Figure 2u)
and of active myelinating OL numbers (Figure 2v), as
well as of nodes of Ranvier numbers (Figure 2w) reach-
ing levels similar to healthy controls at 1 and 3 weeks
post CPZ, respectively.
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
7



Figure 2. Medrysone promotes oligodendrocyte recovery and remyelination at the corpus callosum junction. Representative
pictures of the corpus callosum junction (CCJ, Figure 1c) stained for MBP, GSTp, 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 early time point (1 WPC). (t, u, v) Similarly, the numbers of GSTp positive, Olig2/CC1- and Sox10/Bcas1 double-positive cells
recovered upon medrysone application accompanied by improved generation of nodes of Ranvier (w). (x) Oligodendrocyte matura-
tion 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 num-
bers per mm2 § 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). Exact p-values according to sequence from left to
right: s: (p= 0.000000383874685, p=0.000000935915998, p=0.000001608060795, p=0.000000637203217, p=0.000000164768189,
p=0.000004042884687, p=0.000001570954253, p=0.000000394110251). t: (p=0.001937648865078, p=0.003177866419346). u:
p=0.045380409230564, p=0.012638408327068, p=0.00011622977178, p=0.036252296508041, p=0.000318271010733,
p=0.011713553263055). v: (p=0.023166172011608, p=0.04065251019751, p=0.000116654567343, p=0.000261656183587,
p=0.001371706447911). w: (p=0.000125063209522, p=0.000773952216255, p=0.018530905333733, p=0.000384534736556,
p=0.001076299627656, p=0.002472602001283, p=0.007086659102636).
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or beneficial effects which determines or influences
remyelination efficacies.41,42 After CPZ-mediated
chronic demyelination, we found that the degree of
GFP-positive cells at the CCJ did not change signifi-
cantly between groups/pathophysiological stages
(Figure 3g). However, when looking at the a-CC, a
higher number of GFP-positive cells versus all groups
was found in the demyelination, followed by still ele-
vated levels in the medrysone 3 WPC group (Figure 3n),
however, without difference to the control. Interest-
ingly, in the d-SVZ, medrysone treated animals at 1
WPC displayed significantly elevated number of trans-
genic cells which sharply dropped below control levels
at 3 WPC (Figure 3o).
Medrysone fosters Stat3 and S100a10 expression in
C3d+ astrocytes in the remyelinated CCJ
Depending on the phenotype, astroglial cells can promote
demyelination or remyelination.25,43,44 Quantification of
transgenic cells expressing C3d and signal transducer and
activator of transcription 3 (Stat3), revealed that medrysone
treatment leads to an increase of C3d+/Stat3+/GFP+ astro-
glial subpopulation at the CCJ (Figure 4n) andmore exclu-
sively at dorsal horn SVZ (Figure S3h). In contrast,
demyelination led to an increased number of C3d express-
ing cells devoid of Stat3 (C3d+/Stat3-/GFP+) which were
subsequently reduced or fully depleted in the recovery
phase after both saline and medrysone treatment, respec-
tively (Figure 4m). Senescence naturally induces astro-
cytes to express S100a10.45 Nonetheless, during disease,
S100a10 expression identifies astrocytes within remyeli-
nated lesions in MS26 as well as upon experimental demy-
elination.47 We performed triple staining for C3d,
S100a10 and GFP aiming at identifying reactive astrocytes
at the CCJ (Figure 4g-4l). C3d+/S100a10-/GFP+ cells were
significantly induced by demyelination (Figure 4o, 4h,
4h’) with medrysone counteracting this effect leading to
decreased numbers of C3d+/S100a10-/GFP+ cells at both
investigated time points (Figure 4o). Our findings revealed
that C3d+/S100a10+/GFP+ astrocytes (Figure 4p) appear
after demyelination and saline or medrysone treatment
but were not detectable in healthy control tissue. Medry-
sone treatment significantly promoted the C3d+/S100a10
+/GFP+ phenotype at 1 WPC which further increased at 3
WPC. Furthermore, C3d-/S100a10+/GFP+ were identified
at the CCJ of healthy controls which decreased by demye-
lination and were not found in saline treated 1 WPC mice,
however, it re-appeared at 3 WPC independent of whether
animals were saline or medrysone treated (data not
shown).
C3d+/Stat3+ and C3d+/S100a10+ astrocytes were
regulated at the a-CC throughout remyelination
As a next step, quantification of C3d/Stat3 double-posi-
tive, C3d+/S100a10+/GFP+ and C3d-/S100a10+/GFP+
www.thelancet.com Vol 83 Month , 2022
astrocytes in the a-CC (see Figure 1c, 1c’) was conducted.
C3d+/Stat3-/GFP+ cell numbers were only induced dur-
ing demyelination then decreasing at saline 1 WPC and
being absent in all other groups (Figure 5m; red bars).
C3d+/Stat3+/GFP+ cells were not present in control
and demyelinated mice (Figure 5a, 5b, 5m), were moder-
ately induced in saline treated animals (Figure 5c, 5d,
5m) and strongly induced upon medrysone treatment at
both time points (Figure 5e, 5f, 5m; purple bars). C3d
+/S100a10-/GFP+ astrocytes were strongly upregulated
upon demyelination and at both remyelination time-
points in saline treated mice (Figure 5h, 5i, 5j, 5n; green
bars). However, a robust reduction of this phenotype
was observed in medrysone treated mice (Figure 5n).
C3d+/S100a10+/GFP+ astrocytes rarely appeared over
demyelination (blue bars; Figure 5h, 5n). 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 5k, 5l, 5n; blue bars).
Demyelination at a-CC was accompanied by DRA or
RRA throughout the recovery phase
Chronic demyelination can also decrease levels of mye-
lin proteolipid protein (PLP) and of active myelinating
OLs (Sox10+/Bcas1+) in the a-CC, with a weak recovery
over saline-treatment (Figure 6e, 6j) and an enhanced
recovery upon medrysone treatment (Figure 6d, 6e, 6i,
6j). Lipocalin 2 (Lcn2) it is known for its detrimental
activities upon myelin disruption46 which acts by con-
trolling inducible nitric oxide synthase (iNOS) expres-
sion in glial cells.48�50 We found astrocytes co-
expressing Lcn2 and iNOS, identified as demyelination
related astrocytes (DRA), which were only found at the
a-CC (Figure 1c’). DRA (Lcn2+/iNOS+/GFP+) numbers
were significantly increased upon demyelination
(Figure 6l, 6m, 6o) with medrysone neutralizing this
effect leading to a decreased DRA numbers at both
investigated time points (Figure 6n, 6o). Timp1 is a
metallopeptidase inhibitor that has been reported as
one of the critical factors released by astrocytes able to
promote white matter recovery after demyelination.51�53

We therefore investigated whether reactive astrocytes
expressed Timp1 during recovery phases. By means of
Timp1/C3d/GFP triple staining we identified C3d-nega-
tive control astrocytes expressing Timp1 in healthy tis-
sue. These astrocytes were exclusively found in the a-CC
whereas no Timp1 positive cells were observed at d-
SVZ and its micro-domains as well as the CCJ.
Moreover, this phenotype was completely absent
upon demyelination, during remyelination and in
presence of medrysone (data not shown). C3d+ reac-
tive astrocytes expressing Timp1, however, 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
9
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Figure 3. Quantification of hGFAP-GFP positive cells in the corpus callosum junction and dorsal SVZ. (a-m) Representative pic-
tures of 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, o), n=7 (n).
Exact p-values according to sequence from left to right: n: (p=0.000388398742168; p=0.000104914644292, p=0.000001511008705,
p=0.000077138716235, p=0.019669035728742, p=0.028226088991489). o: (p=0.006937732126289, p=0.005565374980289,
p=0.000255068999518).
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medrysone treated mice (Figure 6s, 6t). As this phe-
notype was exclusively observed over the recovery
phase these cells were hence designated as remyeli-
nation related astrocytes (RRA). Of note, none of the
C3d/Timp-1 double-positive cells expressed S100a10
(data not shown), indicating that C3d+/S100a10
+/GFP+ astrocytes were probably not participating at
this trophic process.
www.thelancet.com Vol 83 Month , 2022
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Figure 4. Dynamics of different astroglial subpopulations in the de- and remyelinating corpus callosum. (a-f) Representative pictures of the corpus callosum co-stained for C3d, Stat3
and GFP. (g-l, g’-l’) 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. (o) 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’-l’). Abbreviations: Lateral ventricle (LV). Bars corre-
spond 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=5 (m-p). Exact p-values according to sequence from left to right: m: (p=0.000001939212634, p=0.000000093452992. n:
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Figure 5. Numbers of C3d+/S100a10+ and C3d+/S100a10- astrocytes change in the adjacent corpus callosum over time and
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 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=5 (m, n). Exact p-values according to
sequence from left to right: m: red bars: (p=0.000410710343508). purple bars: (p=0.000056496386376, p=0.000003680985889,
p=0.031174401322527) . n : b lue bars : (p=0.002451376341613 , p=0.00060730463184 , p=0.033987226291329,
p=0.009878307898806). green bars: (p=0.000005242490508, p=0.000000000000286, p<0.000000000000001, p=0.00147922066168,
p=0.000000000243146, p=0.00000000000024, p=0.015520259581564, p=0.000070506774492).
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Discussion
Medrysone is an FDA-approved corticosteroid, desig-
nated as a topical anti-inflammatory agent for oph-
thalmic use.54,55 Details on its activity in a
neurological context are scarce and limited to a
positively regulated MBP expression in cultured Oli-
neu cells.56 Nevertheless, medrysone was recently
identified as an oligodendrogenesis promoting mole-
cule in a pharmacogenomic study aiming at NSCs
lineage manipulation.33
www.thelancet.com Vol 83 Month , 2022



Figure 6. Medrysone treatment accompanies PLP recovery and remyelination-related astrogliosis at the corpus callosum
adjacent to the dorsal SVZ. (a-d) Representative pictures showing PLP expression at the a-CC. (e) Quantification of PLP fluores-
cence intensity units revealed a demyelination induced decrease of PLP expression and a medrysone enhanced recovery of PLP lev-
els. 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. (o) Quantification of DRA shows enhancement of this
phenotype over demyelination and saline 1 WPC. (p-s) Representative photomicrographs of RRAs (C3d+/Timp1+/GFP+). (t) Quantifi-
cation 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 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=5 (e, j, o), n=4 (t). Exact p-values according to sequence from left to right:
e: (p=0.000006352482916, p=0.000002232001001, p=0.002400718707233, p=0.000115165255505, p=0.002114723859805,
p=0.000711683124652, p=0.000036763007099, p=0.00062825077472). j: (p=0.003491161340599, p=0.003020739853541,
p=0.000026903857775, p=0.000581789413022, p=0.03812643142709). o: (p=0.000012264417485, p=0.000006109495876,
p=0.00006100471827, p=0.000023087347467, p=0.000008980415351, p=0.000029360883258, p=0.000011341827324,
p=0.000004504968109). t: (p=0.006949092405986, p=0.006949092405986).
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We here describe that medrysone application in vivo
promotes myelin repair activities in a chronic demyelin-
ation set-up leading to an accelerated and more efficient
restoration of mature cell numbers, nodal structures
and myelin content. Of note medrysone also restored
body weight of treated animals (data not shown).
Although in most cases such a regenerative activity is
linked to direct effects on resident OPCs, our investiga-
tions using primary OPCs failed in demonstrating any
promotion of oligodendroglial maturation at different
levels (morphology, gene expression, myelin protein
production; see Figure S1) which contradicts earlier
findings using the Oli-neu cell line population.56 More-
over, medrysone did not affect cultured primary OPC
cell numbers or proliferation rates (data not shown).
Apart from providing evidence that the medrysone-
mediated remyelinating effects are most likely not
directly attributed to resident oligodendroglia these
observations also question the validity of functional
screening approaches performed using immortalized
cell lines. It rather supports the notion that for a transla-
tional output primary cells derived from different spe-
cies are better suited56 as recently shown by us.32,38

We subsequently monitored astrocytes and SVZ-
dependent astrogenic progeny at different sites within
and adjacent to the corpus callosum and found a
dynamic regulation of different cellular subpopulations
to occur and to contribute to myelin repair. Our observa-
tions revealed that the numbers of GFP-positive cells
(corresponding to either resident Gfap expressing astro-
cytes or stem cell derivates) did not change over time in
CCJ, while at a-CC and d-SVZ sites (see Figure 1c for
anatomic guidance), cell numbers were more variable
(Figure 3), thus suggesting a prominent contribution
from the niche. This is additionally confirmed by
medrysone rescuing and enhancing type B cell num-
bers (Egfr+/GFP+) at the d-SVZ of demyelinated mice
(Figure S5). Moreover, we set-out to understand the het-
erogeneity across reactive astrocyte subpopulations
within these tissues and their possible co-relation with
de- or remyelination. Prior to the here presented in vivo
approach, we also investigated medrysone’s effects on
rat cortex astrocyte polarization and activation. This
clearly revealed that astrocytes can sense medrysone,
that there is no reaction in terms of cell numbers but
that this corticosteroid effectively decreases the number
of neurotoxic astrocytes (Gfap+/C3d+) in response to
TNF-a (Figure S2e, S2f) accompanied by decrease of
A1/neurotoxic transcripts such as C3, and IL-6 (Figure
S2h), thus indicating that also in vivo astrocytes are key
to its mode of action.

Indeed, reactive astrogliosis and myelin damage
occur simultaneously during acute demyelination57�60

and ablation of astrogliosis can be beneficial for remyeli-
nation59 by either diminishing CPZ toxicity or via
reduction of NF-kB activation in astrocytes.61 However,
over time reactive astrocytes were also found to be
crucial for myelin clearance and hence facilitating oligo-
dendrocyte and myelin replacement43,62�65; (Figures
4�6, S3). Of note, Lcn2 ablation in experimental auto-
immune encephalomyelitis (EAE) animals was found to
reduce demyelination, via diminishing metallopepti-
dases production.66 We found that CPZ-diet also
induced demyelination at the a-CC (Figure 6), which is
recovered by medrysone earlier at 1 WPC. Over CPZ
diet, demyelination related astrocytes (DRA; Lcn2
+/iNOS+/GFP+) will exclusively populate the demyeli-
nated a-CC (Figures 6g, 6j). Moreover, DRAs were
strongly reduced upon medrysone treatment
(Figure 6j). During the recovery phase, astrocytes were
naturally losing such signatures or presented a hybrid
phenotype simultaneously expressing neurotoxic and
neuroprotective proteins (C3d, Stat3, S100a10 and
Timp1, respectively.28,29 Medrysone application, on the
one hand, reduced numbers of neurotoxic-like astro-
cytes (C3d+/S100a10-) while it simultaneously
enhanced cell numbers with a neuroprotective character
described below.

Astrocytic Stat3 signalling appears to be mandatory
for reactivity in a myriad of neurodegenerative
diseases,67,68 reducing inflammation and the spread of
lesion during demyelination.29,68�70 C3d/Stat3 co-
expressing astrocytes were found to be enhanced by
medrysone at the dorsal horn SVZ (Figure S3), CCJ
(Figure 4) and a-CC (Figure 5m) during the early recov-
ery phase. S100a10 is a key A2 marker, identifying pro-
remyelinating astrocytes in MS lesions.69 Nonetheless,
neither in MS lesion astrocytes26 nor in regenerated
areas of the spinal cord70 co-localization of C3d and
S100a10 was reported, which is in contrast to the
described presence of cells with a hybrid profile at CCJ,
a-CC and middle d-SVZ in response to medrysone
(Figure 5) indicating a strong and natural repair pro-
cesses-exceeding effect of this corticosteroid. The
recently published nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) and transcription factor Mafg (Mafg), both
being correlated to an anti- and pro-inflammatory signa-
ture in astrocytes, respectively,2,74,76 were also investi-
gated. Two subtypes, Mafg-/Nrf2+ and Mafg+/Nrf2-
cells were found at the a-CC of control and saline 1
WPC groups, respectively (Figure S4). In the context of
the anatomic domains investigated (see Figure 1c), these
astrocyte subtypes were observed at the a-CC, only. Of
note, this does not exclude the possibility that such
astrocytes might also emerge from other brain areas.

An additional hybrid phenotype characterized by the
presence of Timp1 (RRA; C3d+/Timp1+/GFP+) was
identified and found to be enhanced in response to
medrysone particularly at the a-CC (Figure 6t). Timp1 is
naturally expressed by astrocytes,31,45 was recently
shown to induce a myelinating profile in transplanted
NSCs72,71, is expressed by astrocytes in demyelinated
white matter MS lesions and revealed to be down-regu-
lated during CPZ-dependent demyelination.53
www.thelancet.com Vol 83 Month , 2022
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Moreover, remyelination in acute and chronic demyeli-
nated animals was shown to depend on astrocytic
Timp1.51,52 It is therefore conceivable that the here
observed Timp1 expressing reactive astrocytes, yet in a
minor number and only localized at the a-CC, can con-
tribute to myelin repair as evoked by medrysone (Fig-
ures 6s, 6t). Further investigations will be necessary to
describe additional trophic entities related to here-pre-
sented astrocyte subpopulations that are also involved
in the overall repair process. Future investigations upon
the microglia-astrocyte axis following medrysone-treat-
ment could illuminate if astrocyte heterogeneity occurs
in co- or interdependency of microglia stimulation.25

This will also include investigations of medrysone act-
ing directly on microglial cells as this has not being car-
ried out so far. However, other corticosteroids have
previously been shown to rescue an anti-inflammatory
signature in these cells.73�75 Likewise, a future investi-
gation of medrysone on the EAE-clinical score [i.e., loss
of tail tone, paralysis and cerebellar demyelination,
which recapitulates MS disease features,76,77 will be
able to strengthen the inclusion of medrysone into
upcoming clinical examinations.

Indeed, we here demonstrate that in a chronic demy-
elination set-up the application of the corticosteroid
medrysone induces a robust myelin regeneration
response marked by regulated astrocyte polarization
and trophic factor expression. This study also suggests
that this drug may be of use as a potential treatment for
late-stage MS where regenerative processes increasingly
fail.1,32,77 Our study is currently limited to the fact that
no interpretation of medrysone’s anti-inflammatory
effects on white matter repair could be considered.
Additionally, it must be kept in mind that not all NSCs
and astrocyte subtypes within the adult brain are fully
covered by the GFAP-GFP driver. Finally, for a success-
ful biomedical translation of these findings medrysone
dependent responses of human brain cells need to be
determined.
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