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Abstract

In multiple sclerosis patients, demyelination is prominent in both the white and gray matter. Chronic clinical deficits are
known to result from acute or chronic injury to the myelin sheath and inadequate remyelination. The underlying molecular
mechanisms of remyelination and its failure remain currently unclear. Recent studies have recognized G protein-coupled
receptor 17 (GPR17) as an important regulator of oligodendrocyte development and remyelination. So far, the relevance of
GPR17 for myelin repair was mainly tested in remyelinating white matter lesions. The relevance of GPR17 for gray matter
remyelination as well as remyelination of chronic white matter lesions was not addressed so far. Here, we provide a
detailed characterization of GPR17 expression during experimental de- and remyelination. Experimental lesions with
robust and limited endogenous remyelination capacity were established by either acute or chronic cuprizone-induced
demyelination. Furthermore, remyelinating lesions were induced by the focal injection of lysophosphatidylcholine
(LPC) into the corpus callosum. GPR17 expression was analyzed by complementary techniques including immunohisto-
chemistry, in situ hybridization, and real-time PCR. In control animals, GPR17" cells were evenly distributed in the corpus
callosum and cortex and displayed a highly ramified morphology. Virtually all GPR17* cells also expressed the
oligodendrocyte-specific transcription factor OLIG2. After acute cuprizone-induced demyelination, robust endogenous
remyelination was evident in the white matter corpus callosum but not in the gray matter cortex. Endogenous callosal
remyelination was paralleled by a robust induction of GPR17 expression which was absent in the gray matter cortex.
Higher numbers of GPR17" cells were as well observed after LPC-induced focal white matter demyelination. In contrast,
densities of GPR17" cells were comparable to control animals after chronic cuprizone-induced demyelination indicating
quiescence of this cell population. Our findings demonstrate that GPR17 expression induction correlates with acute
demyelination and sufficient endogenous remyelination. This strengthens the view that manipulation of this receptor might
be a therapeutic opportunity to support endogenous remyelination.
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Main Points

1. Cortical remyelination is delayed in the cuprizone model.

2. GPR17 expression is induced in the white but not gray matter.
3. GPR17 expression is induced in acute, but not chronic lesions.
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Introduction

Multiple sclerosis (MS) is an inflammatory disease of the
central nervous system (CNS) associated with the develop-
ment of large demyelinated plaques, oligodendrocyte destruc-
tion, and axonal degeneration. This pathology is paralleled by
the activation of astrocytes and microglia as well as the re-
cruitment of peripheral immune cells to the site of tissue inju-
ry. The feature, which distinguishes MS from other inflamma-
tory and neurodegenerative disorders, is the formation of con-
fluent plaques of primary demyelination. The sequence of
molecular events leading to oligodendrocyte loss and conse-
quently demyelination are not fully understood, but different
stressors are known which can induce oligodendrocyte degen-
eration including oxidative stress, mitochondrial dysfunction,
nitric oxide, protein misfolding, or inflammatory cytokine
exposure [1, 2]. Of note, viable oligodendrocytes and an
intact myelin sheath are indispensable for neuronal health.
Oligodendrocytes provide nutritional support to neurons
[3], fast axonal transport depends on oligodendrocytes
[4], and mice deficient for mature myelin proteins display
severe neurodegeneration [5].

Remyelination is one of the best-documented and most
robust examples of tissue repair in the human adult CNS.
Approximately 20-30% of postmortem MS tissues demon-
strate remyelination, which can occur early and late during
the course of the disease [6, 7]. Steps involved in this regen-
erative approach include activation and proliferation of oligo-
dendrocyte progenitor cells (OPCs), migration of these OPCs
towards the demyelinated axons, and OPC-axon interactions
resulting in OPC differentiation and remyelination. Of note,
the source of such OPCs might be manifold including progen-
itor cells dispersed in the brain parenchyma or located within
neurogenic niches such as the subventricular zone [8].
Although the underlying mechanisms are poorly understood,
remyelination is widespread in some MS patients, while in
others it is sparse. A differentiation block of OPCs appears
to be a major determinant of remyelination failure in chronic
MS lesions [9]. Understanding why a relatively robust regen-
erative process should lose momentum is an important prereq-
uisite for developing an effective therapeutic approach.
Furthermore, while recent studies clearly showed that
remyelination of the gray and white matter might be differen-
tially regulated in both, MS [10] and its toxin-induced demy-
elination animal models [10-12], the underlying mechanisms
are poorly understood.

Recent studies have recognized G protein-coupled recep-
tors (GPCRs) as important regulators of oligodendrocyte de-
velopment and maturation. At the most basic level, all GPCRs
are characterized by the presence of seven membrane-
spanning «-helical segments separated by alternating intracel-
lular and extracellular loop regions. GPR17, in particular, is a
G protein-coupled receptor that has been identified as
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regulator of remyelination [13—16]. Although the actual acti-
vating ligands for and some functions of this receptor are
disputed, GPR17 has been reported to be activated by
cysteinyl leukotrienes [17] and by purines such as ATP [18]
or UDP [15]. GPR17 expression is almost absent in early
OPCs, gradually increases in more mature precursors, reaches
a plateau in immature/pre-oligodendrocytes, and then gradu-
ally decreases during terminal differentiation. In line with
these findings, GPR17 is co-expressed with the early oligo-
dendrocyte marker NG2 and markers of pre/immature oligo-
dendrocyte phenotype but is downregulated in cells express-
ing myelin proteins such as myelin basic protein [18, 19]. Itis,
thus, believed that GPR17 is required for initiating the differ-
entiation of OPCs but has to be downregulated to allow cells
to undergo terminal maturation.

The consequence of GPR17 activation for oligodendrocyte
differentiation and in consequence (re-)myelination appears to
be context dependent. GPR17 transgenic mice with persistent
GPR17 overexpression in specifically oligodendrocytes
showed failure of proper developmental myelination, and in
vitro Gprl7 overexpression inhibited oligodendrocyte differ-
entiation and maturation. Conversely, Gpr!7 knockout mice
showed early onset of oligodendrocyte myelination suggest-
ing that the loss of GPR17 function accelerates OPC differen-
tiation and myelination [20]. In line with this finding, chemi-
cal activation of GPR17 inhibited the maturation of primary
oligodendrocytes from heterozygous but not GPR17" mice
in culture, as well as in cerebellar slices [21, 22], whereas
inhibition of GPR17 activity with pranlukast promoted OPC
differentiation in vitro. Beyond, the deletion of Gpr!7, either
globally or specifically in the oligodendrocyte lineage, result-
ed in an earlier onset of remyelination in a model of focally
lysophosphatidylcholine-induced demyelination [13]. The hy-
pothesis that deactivation of GPR17 is needed for oligoden-
drocyte maturation is further supported by the recent finding
that GPR17 desensitization by G-protein receptor kinase
phosphorylation and subsequent internalization are necessary
events for terminal differentiation of OPCs [22]. Taken togeth-
er, these data suggest that GPR17 acts to negatively regulate
terminal oligodendrocyte differentiation and myelination. In
contrast to these results, it has been reported that GPR17 ac-
tivation by natural agonists can promote OPC differentiation
in vitro [16, 19].

The most commonly used animal models used to study
MS-related aspects of remyelination are toxin models. In
principal, toxin-mediated demyelination with subsequent
remyelination can be induced by either focal injection or
systemic administration of the toxin. While focal demye-
lination is usually induced by injection of lysolecithin (also
called lysophosphatidylcholine; LPC), the copper chelator
cuprizone is used for systemic intoxication [23, 24]. LPC
acts as a membrane detergent, resulting in rapid myelin
sheath disassembly and, finally, demyelination in a matter
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of days. In the cuprizone model, demyelination is due to a
metabolic insult of oligodendrocytes. Cuprizone-induced
primary oligodendrocyte apoptosis leads to almost com-
plete demyelination in a matter of weeks (i.e., 5-6 weeks).
In both models, endogenous remyelination is robust and
occurs within weeks after induction of experimental demy-
elination [25, 26]. In contrast, endogenous remyelination is
limited after prolonged cuprizone exposure (i.e., chronic
demyelination) [24, 26].

In the current study, we aimed to analyze expression of
GPR17 in different MS animal models and relate its expres-
sion to de- and remyelination.

Material and Methods
Animals

Seven- to 8-week-old C57BL/6 male and 8-week-old female
mice were purchased from Janvier Labs, Le Genest-Saint-Isle,
France. Microbiological monitoring was performed according
to the Federation of European Laboratory Animal Science
Associations recommendations. Animals were randomly allo-
cated to the different experimental groups. A maximum of five
animals were housed per cage (cage area 435 cm?). Animals
were kept under standard laboratory conditions (12 h light/
dark cycle, controlled temperature 23 °C+2 °C and 55% +
10% humidity) with access to food and water ad libitum. It
was assured that researches and technicians did not use any
light during the night cycle period. Nestlets were used for
environmental enrichment. All cuprizone experiments were
formally approved by Regierung Oberbayern (Bayern,
Germany; reference number 55.2-154-2532-73-15). All
lysophosphatidylcholine-induced experiments were per-
formed according to the guidelines of the European
Directive 2010/63/EU and Belgian legislation. The ethical
committee for animal experimentation from UCB
Biopharma SPRL (LA1220040 and LA2220363) approved
the experimental protocols.

Induction of Experimental Demyelination

Systemic demyelination was induced by feeding male mice with
ground standard rodent chow (Ssniff, Soest, Germany) contain-
ing 0.25% cuprizone [bis(cyclohexanone)oxaldihydrazone;
Sigma-Aldrich Inc., St Louis, MO, USA] for the indicated treat-
ment period. Control groups were fed standard rodent chow. In
summary, 71 mice were used for the cuprizone experiments.
Focal demyelination was induced by stereotactic injection
of the membrane detergent lysophosphatidylcholine (LPC;
n=9). All surgical procedures were performed under general
anesthesia by intraperitoneal injections of ketamine (50 mg/kg
body weight; Nimatek, Eurovet Animal Health B.V.) and

medetomidine (0.5 mg/kg body weight; Domitor Orion
Corporation). Mice recovery was accelerated with one injec-
tion of 2.5 mg/kg atipamezole (Antisedan, Orion
Corporation). In order to prevent dehydration, mice were sub-
cutaneously injected with 500 pL of Ringer’s solution (B.
Braun, Germany). For the stereotactic surgery, mice were
fixed in a standard stereotaxic frame (model 900 and mouse
adaptor model 922; Kopf CA, USA). The scalp was incised,
and two drill holes were made at the following coordinates
relative to the bregma to target the corpus callosum in both
hemispheres: anterior-posterior — 1.10 mm, medial-lateral +
0.90 mm, and dorsal-ventral — 1.45 from the skull (mm) [27,
28]. A 1% LPC solution (two administrations of 0.75 pL of
10 pg/uL LPC from bovine brain; Ref L1381, Cas Number
9008-30-4, Sigma-Aldrich; Germany in saline) was injected
with a syringe needle (1702 (25 uL), 33 gauges, 8 mm length;
Hamilton, Bonaduz, Switzerland), protected from light with
aluminum, and connected to a syringe pump (Model Legato
130, KD Scientific), at a flow rate of 0.2 pL/min. Control
animals (n = 10) received 0.75 pL of saline as a vehicle solu-
tion instead. To ensure complete diffusion and avoid spillage
into neighboring structures, the needle was left in place for
2.5 min before being slowly retracted. The animals were mon-
itored daily after surgery and finalized after 5 days by
transcardial perfusion.

Induction of experimental autoimmune encephalomyelitis
(EAE) in female mice was induced by injection of an
emulsion of MOG;5_s55 peptide dissolved in complete
Freund’s adjuvant followed by injection of pertussis toxin
in PBS according to the manufacturer’s recommendations
(Hooke Laboratories, USA). Disease severity was scored
as published previously [29]. The animals were monitored
daily and finalized 14 days after immunization (i.e., at
peak of the disease).

Tissue Preparation

For histological and immunohistochemical studies (IHC),
preparation of tissues was performed as previously described
[30]. In brief, mice were transcardially perfused with ice-cold
PBS followed by a 3.7% paraformaldehyde solution (PFA; pH
7.4). After overnight post-fixation in the same fixative, the
brains were dissected and embedded in paraffin, and coronal
or medio-sagittal 5-pm-thick sections were prepared for im-
munohistochemistry or in situ hybridization. The spinal cords
were incubated in EDTA (ethylenediaminetetraacetic acid) for
48 h at 37 °C (changed once) prior to paraffin embedding.
Coronal slices were analyzed at the level 265 (i.e., ventral
hippocampus) according to the mouse brain atlas published
by Sidman et al. (http://www.hms.harvard.edu/research/brain/
atlas.html). For gene expression studies, mice were
transcardially perfused with ice-cold PBS and corpus
callosum, cortex, and spinal cord tissues were manually
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dissected and snap-frozen in liquid nitrogen. Samples were
then kept at — 80 °C until further processing.

Immunohistochemistry (IHC) and (Densitometric)
Analysis

For immunohistochemistry, sections were rehydrated and, if
necessary, antigens were unmasked with heating in Tris/
EDTA (pH 9.0) or citrate (pH 6.0) buffer. After washing in
PBS, sections were incubated overnight (4 °C) with anti-
proteo-lipid antibodies to detect myelin ([PLP] 1:5000), or
with anti-G protein-coupled receptor 17 antibodies to detect
pre-myelinating oligodendrocytes ((GPR17] 1:200). The next
day, slides were incubated either with biotinylated secondary
antibodies [(i) horse anti-mouse IgG, 1:50; (i) goat anti-rabbit
IgG, 1:50] for 1 h and then with peroxidase-coupled avidin—
biotin complex (ABC-HRP kit; order number PK-6100,
RRID AB 2336819, Vector Laboratories, Burlingame, USA)
and treated with 3,3'-diaminobenzidine (order number K3468,
DAKO, Hamburg, Germany) as a peroxidase substrate. Some
slides were incubated with the EnVision System-HRP
Labeled Polymer [(iii) goat anti-mouse; (iv) goat anti-rabbit].
A detailed list of applied antibodies are given in Table 1 and
Table 2.

Stained and processed sections were digitalized using a
Nikon Eclipse 80i microscope (Nikon, Nikon Instruments,
Germany) equipped with a DS-2MV camera. The open source
program ImagelJ 1.48v (NIH, Bethesda, MD, USA) was used
to evaluate staining intensity using semi-automated
densitometrical evaluation after threshold setting. In brief, ac-
quired images were converted to gray scale images, and a
global thresholding algorithm was used for dividing each im-
age into two classes of pixels (black and white, i.e., binary
conversion). Global thresholding works by choosing a value
cutoff, such that every pixel less than that value is considered
one class, while every pixel greater than that value is consid-
ered the other class. Relative staining intensity was then quan-
tified in binary converted images, and results are presented as
percentage area.

Stained sections of a different cohort of mice were addi-
tionally scanned using the Nikon Eclipse E200 microscope
(Nikon Instruments, Germany) equipped with a Basler
acA1920-40um camera (Basler AG, Ahrensburg, Germany)

and a manual scanning software (manualWSI software,
Microvisioneer, Miinchen, Germany). Cell numbers were
quantified after manually delineating the region of interest
(ROI) using the program ViewPoint (PreciPoint GmbH,
Freising, Germany).

Luxol Fast Blue (LFB) Periodic Acid-Schiff (PAS) Stain

For validation of the myelination data, intact and damaged
myelin was additionally visualized using LFB/PAS histo-
chemical stains. To this end, slides were deparaffinized in
4 x5 min xylene, rinsed 3 x 3 min in 100% ethanol, followed
by 2 X 5 min in 96% ethanol. Sections were then subsequently
incubated in LFB solution (0.1 g Luxol fast blue (order num-
ber 7709, Carl Roth, Germany) in 100 mL 96% ethanol plus
500 uL acetic acid (order number 3738, Carl Roth, Germany),
overnight at 60 °C. On the next day, sections were dipped
in 96% followed by water and processed in a lithium car-
bonate solution (0.05 g lithium carbonate [order number
1.05680.0250, Merck, Germany] in 100 mL aqua dist.).
Sections were further differentiated in 70% ethanol for a
few seconds and rinsed in water. Afterwards, oxidation
was performed in periodic acid (0.5 g periodic acid [order
number 1.00524.0025, Merck, Germany] in 100 mL aqua
dist.). Sections were rinsed followed by incubation in
Schiff’s reaction (order number 1.09033.0500, Merck,
Germany) for 15 min, then rinsed in warm tap water for
5 min and counterstained with hematoxylin (order number
1.04302.0025, Merck, Germany) for 1 min. Sections were
dehydrated and subsequently mounted in Depex (order
number 18243, Serva, Germany) for further analyses.

Immunofluorescence Double Labeling

For immunofluorescence double labeling, sections were
rehydrated, unmasked with Tris/EDTA buffer (pH 9.0) and
heating, blocked with PBS containing 2% heat-inactivated
fetal calf serum ([FCS], order number A15-152, PAA,
Germany) and 1% bovine serum albumin ([BSA], order num-
ber 0163, Carl Roth, Germany), and incubated overnight
(4 °C) with the combination of primary antibodies diluted in
blocking solution. Anti-GPR17 (1:100) was either combined
with anti-OLIG2 (1:1000) to visualize oligodendrocytes, with

Table 1 Primary antibodies used

in this study Order number RRID Supplier
GFAP ab10062 AB 296804 abcam, UK
GPRI17 10136 AB 10613826 Cayman chemicals, Michigan, USA
NeuN MAB377 AB 2298772 Millipore, Germany
OLIG2 MABNS50 AB 10807410 Millipore, Germany
PDGFRx ab51875 AB 870652 abcam, UK
PLP MCAS839G AB 2237198 Biorad, Puchheim, Germany
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Table 2 Secondary antibodies
used in this study

Order number  RRID Supplier

Horse anti-mouse IgG BA-2000 AB 2313581  Vector Laboratories, Burlingame,
USA

Goat anti-rabbit IgG BA-1000 AB 2313606  Vector Laboratories, Burlingame,
USA

Alexa Fluor 488 goat IgG anti-rabbit A11008 AB 143165 Invitrogen, USA

Alexa Fluor 546 goat IgG anti-rabbit A11010 AB 2534077  Invitrogen, USA

Alexa Fluor 546 goat IgG anti-mouse A21133 AB 2535772  Invitrogen, USA

Alexa Fluor 488 donkey IgG anti-mouse ~ A21202 AB 141607 Invitrogen, USA

Alexa Fluor 488 donkey IgG anti-mouse ~ A21208 AB 2535794  Invitrogen, USA

EnVision System- HRP Labeled K4003 AB 2630375 DAKO, Hamburg, Germany

Polymer goat anti-rabbit
EnVision System-HRP Labeled K4001 DAKO, Hamburg, Germany

Polymer goat anti-mouse

anti-GFAP (1:1000) to visualize astrocytes, with anti-PDGF
receptor alpha (1:100) to visualize oligodendrocyte progenitor
cells, or with anti-NeuN (1:2000) to visualize neurons.
After washing, sections were incubated in a combination
of fluorescent anti-rabbit secondary antibodies (1:500,
Alexa Fluor) and fluorescent anti-mouse secondary anti-
bodies (1:500, Alexa Fluor), or fluorescent anti-rat sec-
ondary antibodies (1:500, Alexa Fluor) both diluted in
blocking solution. Subsequently, sections were incubated
with Hoechst 33342 solution (1:10000, order number
H3570, Life Technologies, USA) diluted in PBS for the
staining of cell nuclei. A detailed list of applied antibodies
is given in Table 1 and Table 2.

To rule out unspecific binding of the fluorescent secondary
antibodies to primary antibodies, appropriate negative con-
trols were performed by first incubating sections with the pri-
mary antibodies and subsequently incubating these sections
with switched fluorescent secondary antibody. Unspecific sec-
ondary antibody binding to the tissue itself was checked by
performing negative controls by incubating sections with each
of the fluorescent secondary antibodies alone (data not
shown). Stained and processed sections were documented
with the Leica microscope DMI6000B (Leica Microsystems,
Germany). Cell numbers were quantified after manually
delineating the corpus callosum using the open source pro-
gram ImageJ 1.48v (NIH, Bethesda, MD, USA). For a clearer
demonstration, colors were digitally adjusted using ImageJ, in
order to use an identical color code in the representative
figures.

In Situ Hybridization

A commercial fluorescence in situ hybridization kit
(ViewRNA® in situ hybridization tissue assay, Affymetrix-
Panomics, order number QVT0012) was used for single label-
ing of formalin-fixed, paraffin-embedded tissues, according to
the manufacturer’s recommendations. Protease digestion time

was adjusted to 20 min. The probe for Gpr!7 was purchased
from Affymetrix (Affymetrix-Panomics, VB1-13617 Type 1).
Fluorescence images were captured using the Leica micro-
scope DMI6000B (Leica Microsystems), and cell numbers
were quantified using open source program Imagel] 1.48v
(NIH, Bethesda, MD, USA) after manually outlining the
corpus callosum.

Gene Expression Analyses

Gene expression levels were analyzed using cDNA from the
isolated tissues, with real-time reverse transcription-PCR
(Bio-Rad, Germany) using SensiMix SYBR and Fluorescein
(Bioline, Germany). Primer sequences and individual anneal-
ing temperatures are shown in Table 3. Results were normal-
ized to B-actin as the reference gene and target gene expres-
sion was calculated using the AACt method. Melting curves
were analyzed and PCR products were routinely separated by
gel electrophoresis to determine the specificity of the PCR
reaction (data not shown).

Statistical Analysis

Statistical analyses were performed using Prism 5 (GraphPad
Software Inc., San Diego, CA, USA). All data are given as
arithmetic means + SEMs. A p value of <0.05 was considered
to be statistically significant. Applied statistical tests are given
in the respective figure legends. Normal distribution was as-
sumed. No outliers were excluded from the analyses.

Results

In the cuprizone model, demyelination is robust after a 5-week
intoxication period. After termination of intoxication,
endogenous remyelination occurs and is complete within
3 to 4 weeks. In a first step, we investigated changes of
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Table 3 Sequence of primers ]
used in this study Sense Antisense bp AT

Gprl7  GCT TAC TCT GAG CAATGC GGA  GTG ATA AAC CAA CCG GGTAGG 222 62
B-actin ~ GTA CCA CCATGT ACC CAG GC AAC GCA GCT CAG TAACAGTCC 247 60

Gprl7 expression during acute demyelination and early  the medial (mCC) and caudal (cCC) part of the corpus callosum
remyelination. To this end, one cohort of mice was sacrificed  was readily visible after 5 weeks cuprizone intoxication.
after 5 weeks cuprizone intoxication, whereas another was ~ Demyelination was as well present within the rostral part of
sacrificed after 7 days recovery and compared to control ani-  the corpus callosum (rCC), even though loss of anti-PLP stain-
mals (see Fig. 1 (A) for the experimental setup of this part ofthe ~ ing was incomplete there. In line with previous reports [31],
study). Gpri7 mRNA expression levels were analyzed by rt  demyelination was as well extensive in the gray matter cortex
RT-PCR and in situ hybridization, whereas GPR17 protein ex- (see star in Fig. 1 (C)). Other regions were resistant to the
pression was investigated by immunohistochemistry. To verify 5 weeks cuprizone intoxication period such as the anterior com-
de- and remyelination, respectively, mid-sagittal sections were ~ missure (ac), or diverse midbrain structures (mid). After 7 days
processed for anti-PLP immunohistochemistry. Anatomical  of recovery, semi-maximal remyelination was evident in the
landmarks in the mid-sagittal plane are shown in Fig. 1 (B).  previously demyelinated structures. While pronounced recov-
As demonstrated in Fig. 1 (C, C’), profound demyelination of  ery of anti-PLP staining loss was evident in the caudal corpus
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Fig. 1 Cuprizone-induced de- and remyelination. (A) Schematic commissure. (C, C’) Expression of PLP, visualized by anti-PLP immu-
depicting the experimental setup. Group I was sacrificed after 5 weeks nohistochemistry. (D) Quantification of anti-PLP staining intensity by
normal chow (control), group II after acute demyelination (5 weeks densitometric analysis (two biological replicates each). Note the severe
cuprizone; 0.25%), and group III after early remyelination (5 weeks demyelination of the caudal and medial corpus callosum and gray matter
cuprizone, followed by 7 days recovery). (B) Anatomical landmarks in cortex (star in C). As well, note the ongoing remyelination in the CC, but

the mid-sagittal plane: cCC caudal corpus callosum, mCC medial corpus not in the cortex region
callosum, rCC rostral corpus callosum, mid midbrain, ac anterior
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callosum (co 96.39+1.37%; 5 weeks 3.005+2.325%;
5 weeks + 7 days 70.02 £ 16.36%), recovery of anti-PLP stain-
ing intensity was minor in the gray matter cortex (co 37.4 +
5.49%; 5 weeks 2.235+0.925%; 5 weeks+ 7 days 6.38+
0.63%) (see Fig. 1 (D)). Demyelination and early remyelination
of the corpus callosum was as well observed in LFB/PAS-
stained sections (data not shown).

Next, we aimed to correlate de- and remyelination with
GPR17 expression. Anti-GPR17 immunohistochemistry in
control animals revealed numerous GPR17" cells evenly
distributed within the white matter corpus callosum and
gray matter cortex. Especially in the cortex, GPR17" cells
displayed a multipolar morphology with multiple, fine-
branched processes, reminiscent of pre-myelinating oligo-
dendrocytes (see insert in Fig. 2 (A)). In the white matter
corpus callosum, GPR177 cells as well displayed fine pro-
cesses; however, these appeared to be aligned in parallel to
axonal fiber bundles. After 5 weeks cuprizone intoxication,
a profound accumulation of GPR17" cells was found, espe-
cially in the rostral and caudal part of the corpus callosum
(arrows), less so in its medial portion (see Fig. 2 (B)). This
accumulation persisted during the recovery period (see Fig. 2
(O)). Densitometric evaluation revealed increased anti-GPR 17

(A) GPR17

€0 1000 pm

Swks+7d

[0 ccC

Fig. 2 Cuprizone-induced demyelination leads to GPR17* cell
accumulation in the corpus callosum but not in the cortex region.
Expression of GPR17, visualized by anti-GPR17 immunohistochemistry,
in control (A), 5 weeks (B), and 5 weeks cuprizone, followed by 7 days
recovery groups (C, sagittal plane). Inserts in the upper row depict the
morphology of a gray and white matter GPR17" cell, respectively. (D)
Quantification of anti-GPR17 staining intensity by densitometric analysis
in the white matter corpus callosum and gray matter cortex (two biological
replicates). (E) Quantification of GPR17" cell numbers in the gray matter

staining intensity in the corpus callosum of cuprizone-treated
mice (co 18.12+3.015%; 5 weeks 81.16+5.77%;
5 weeks + 7 days 74.71 £9.2%). In contrast, GPR17 stain-
ing intensity was not increased in the demyelinated and
remyelinating cortex (co 72.54+£26.99%; 5 weeks 49.39
+23.37%; 5 weeks + 7 days 84.98 +8.17%) (see Fig. 2
(D)). For a more detailed analysis, we quantified numbers
of GPR17* cells in the gray matter cortex. As shown in
Fig. 2 (E), numbers of GPR17" cells slightly decreased
after 5 weeks cuprizone intoxication (co 19.5+1.5 cells/
mm?; 5 weeks 14.5+2.5 cells/mm?) and remained at this
reduced level after 7 days remyelination (5 weeks + 7 days
15.5+2.5 cells/mm?). Since GPR17 expression in oligo-
dendrocyte progenitor cells has been shown to be down-
regulated during terminal oligodendrocyte differentiation
[19], an additional cohort of mice was analyzed after a
11-day remyelination period. As demonstrated in Fig. 2
(F, G), numerous GPR17* cells were found in the corpus
callosum at week 5, but numbers were significantly lower
after prolonged remyelination. Comparable to our observa-
tion at day 7, while there was sufficient remyelination of
the white matter corpus callosum, remyelination of the
gray matter cortex was delayed at day 11.
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cortex (two biological replicates). Note the induction of GPR17 in the
corpus callosum, but not in the cortex region. (F, G) Representative anti-
PLP and anti-GPR17 immunohistochemistry of the midline of the corpus
callosum (coronal plane) after 5 weeks cuprizone (F) and 5 weeks
cuprizone followed by 11 days recovery (G). (H) Quantification of anti-
GPR17 staining intensity by densitometric analysis in the white matter
corpus callosum (at least six biological replicates each). CC corpus
callosum, Cx cortex. Differences between groups were statistically tested
using a two-tailed # test; **#p <0.001
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To verify our results obtained on the protein level, Gprl7
mRNA expression was additionally analyzed in a parallel co-
hort of mice. As shown in Fig. 3 (A), rt RT-PCR analysis with
isolated corpus callosum tissues revealed Gpri7 expression
induction after 5 weeks cuprizone intoxication (co 100 =+
19.57% vs 5 weeks 611.3 £180.6%). Increased Gpri7
mRNA expression levels remained stable during the 7 days
recovery period (5 weeks + 7 days 526.2 £251.4%). Minor
expression induction was as well found in isolated cortex tis-
sues (co 100£11.14%; 5 weeks 147 £21.57%; 5 weeks +
7 days 120.7 £8.719%); however, this induction failed to
reach statistical significant levels. In line with these observa-
tions, higher numbers of Gpr17" cells were as well observed
in the corpus callosum by in situ hybridization (co 76 £27.77
cells/mm?; 5 weeks 254.5 + 88.15 cells/mm?>; 5 weeks + 7 days
190.5 +17.32 cells/mm?) (see Fig. 3 (B, C)). To verify that
GPR17* cells belong to the oligodendrocyte lineage, sections
were processed for OLIG2/GPR17, GFAP/GPR17, and
NeuN/GPR17 immunofluorescence double labeling (see
Fig. 4). As shown in Fig. 4 (A), and in line with our results
presented above, densities of OLIG2*/GPR17* cells (yellow)
were low (34+1 cells/mmz) in control animals, but high at
week 5 (142 +9 cells/mm?) and after 7 days of remyelination
(137.5 +28.5 cells/mm?). Densities of OLIG2*/GPR17 " cells
(red) were higher compared to the OLIG2*/GPR17* cell pop-
ulation, most likely representing OLIG2" mature oligodendro-
cytes (co 1203 £118 cells/mmz; 5 weeks 623.5+119.5 cells/
mm?; 5 weeks + 7 days 1318 +183 cells/mm?). Of note,
OLIG2 /GPR17* cells (green) were virtually absent at all

(A) 1000 cc 1000 x
800 800

600: 600:

400

400

% of control
% of control

200:

100 pm

control

Fig. 3 Cuprizone-induced demyelination induces Gprl7 mRNA
expression in the corpus callosum but not in the cortex region. (A)
Gprl7 mRNA expression in the isolated corpus callosum of control,
5 weeks cuprizone, and 5 weeks cuprizone followed by 7 days recovery
groups (at least three biological replicates). Differences between groups
were statistically tested using one-way ANOVA with the obtained p
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5 wks

investigated time points (co 3 +3 cells/mmz; 5 weeks 7.5+
7.5 cells/mm?; 5 weeks + 7 days 1.5+ 1.5). In line with these
findings, almost no GFAP*/GPR17" cells were found in
the corpus callosum of control and cuprizone-intoxicated
mice (see Fig. 4 (B)). Double labeling experiments for
NeuN and GPR17 showed that some cells in the cortex
stained positive for both antigens (see Fig. 4 (C)). Of
note, none of these GPR17/NeuN double-positive cells
displayed the characteristic morphology of OPCs.

Next, we investigated at what time point GPR17 expres-
sion induction occurs in the cuprizone model. To this end,
another cohort of mice was fed cuprizone for up to 5 weeks,
processed at different time points for immunohistochemistry,
and compared to control animals. As shown in Fig. 5 (A), a
profound demyelination of the medial part of the corpus
callosum was readily visible after 5 weeks cuprizone intoxi-
cation. Demyelination was not evident at week 1 or 3.
Densitometric evaluation of the anti-GPR 17 staining intensity
revealed a significant increase of GPR17 expression in the
corpus callosum at week 5 (co 31.76 £5.392% vs 5 weeks
80.92 +8.332%; p<0.001) (see Fig. 5 (C)). In line with this
finding, a significant higher number of GPR17" cells were
found in the corpus callosum (co 45.98 +3.517 cells/mm? vs
5 weeks 205.4 +33.62 cells/mm?; p<0.001) but not in the
cortex region (co 21.28 +1.829 cells/mm? vs 5 weeks 25.23
+1.368 cells/mm?) after 5 weeks cuprizone intoxication
(Fig. 5 (D, E)).

Next, we were interested whether induction of GPR17 ex-
pression is restricted to the cuprizone model, or is as well
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values corrected for multiple testing using Dunnett’s post hoc. (B)
Quantification of Gpr17* cell numbers in the corpus callosum visualized
by in situ hybridization (two biological replicates). (C) Representative
images of Gprl7 in situ hybridization experiments in the mid-sagittal
plane. Dotted line, border of the caudal corpus callosum; blue, Hoechst;
red, Gprl7
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Fig. 4 GPR17" cells belong to the oligodendrocyte lineage.
Representative double immunofluorescence stains of the caudal corpus
callosum of control, 5 weeks cuprizone, and 5 weeks cuprizone followed
by 7 days recovery groups (left side) and quantification of distinct cell
populations (right side; two biological replicates each). The dotted line
delineates the border of the caudal corpus callosum towards the

evident in another model of experimental demyelination with
robust remyelination. To this end, we induced focal demyelin-
ation by stereotactic injection of the membrane detergent
lysophosphatidylcholine (LPC) into the corpus callosum [32,
33]. Five days after bilateral lesion induction (indicated by
orange lines in Fig. 6 (A)) with either vehicle or LPC, brains
were processed for immunohistochemistry. As shown in
Fig. 6 (A), LFB/PAS stains revealed profound demyelination
of the midline of the caudal corpus callosum in LPC-injected
(stars) but not vehicle-injected mice (co 99.4+0.4% vs LPC
4.333+0.333%; p<0.001) (see Fig. 6 (C)). Vehicle-injected
mice showed small GPR17* cells with thin and ramified pro-
cesses (see Fig. 6 (B)). Densitometric quantification of GPR17
staining intensity revealed a highly significant increase of
GPR17 expression within the LPC-injected compared to the
vehicle-injected corpus callosum (co 9.208 = 1.063% vs LPC
39.28£3.769%; p <0.001) (see Fig. 6 (B)).

Next, we wanted to investigate GPR17 expression in an
experimental setting with limited endogenous remyelination
capacity. To this end, a separate cohort of animals was intox-
icated with cuprizone for 5 weeks (i.e., acute demyelination)
or 12 weeks (i.e., chronic demyelination), and numbers of
GPR17 cells were quantified in the midline of the corpus
callosum and compared to control animals. As demonstrated
in Fig. 7 (A), severe demyelination was evident at weeks 5 and

Swks+7d

neocortex; white arrows highlight GPR17" cells expressing as well
OLIG2. Green, GPR17; red, OLIG2 (A), GFAP (B), NeuN (C); blue,
Hoechst. Note that virtually all GPR17" cells as well express the oligo-
dendrocyte marker protein OLIG2 (A). Almost no GPR17* cells express
the astrocytic GFAP marker protein (B). Further, note that some neocor-
tical NeuN" neurons express GPR17 (see arrowheads)

12. In line with our previous findings, numbers of GPR17"
cells in the corpus callosum were significantly increased after
a 5-week cuprizone intoxication period (co 44 +9.597 vs
5 weeks 245+ 16.66 cells/mm?>; p<0.001). The number of
GPR17" cells was low after chronic cuprizone-induced demy-
elination (12 weeks 68.80+2.107 cells/mm?). To clarify if
low GPR17 expression in chronic lesions is due to loss of
OPCs, subsequent sections were stained for the OPC marker
protein platelet-derived growth factor receptor alpha
(PDGFR«). As demonstrated in Fig. 7 (C), densities of
PDGFR«x-expressing cells were low in control animals, high
after acute, and intermediate after chronic cuprizone-induced
demyelination, respectively. Statistical comparison revealed
significant lower densities of PDGFR«" cells after chronic
(112.2 +34.35 cells/mm?) compared to acute demyelination
(340 +37.07 cells/mm?; p<0.01).

Finally, we wanted to investigate GPR17 expression in an
autoimmune model of MS, namely, experimental autoimmune
encephalomyelitis (EAE). As demonstrated in Fig. 8, in both
spinal cord sections of control and EAE mice, GPR17" cells
what appeared to be motoneurons were found in the ventral
horn (see arrowheads in Fig. 8 (C, G)). Similar to what we
found in the forebrain, GPR17" cells with a multipolar mor-
phology and multiple, fine-branched processes were found in
the gray and white matter spinal cord (see arrowhead in Fig. 8
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Fig. 5 GPR17 induction in the course of cuprizone-induced demyelin-
ation. (A) Representative anti-PLP stains of control mice and mice intox-
icated with cuprizone for 1, 3, and 5 weeks. (B) Representative anti-
GRP17 stains of control mice and mice intoxicated with cuprizone for
1, 3, and 5 weeks. High-power views show the midline of the corpus
callosum (mCC). (C) Quantification of anti-GPR17 staining intensity
by densitometric analysis in the white matter corpus callosum (at least

(D)). It appeared that the densities of such GPR17%, small,
ramified cells was higher in inflammatory white matter spinal
cord lesions of EAE mice; however, no induction of Gpri7
mRNA expression was observed by 1t RT-PCR in a separate
cohort of animals (co 100+ 18.04%; EAE 81.57+10.05%;
data not shown).

Discussion

Because most therapeutic strategies for MS target the immune
system and are less effective or even ineffective in the pro-
gressive phase of the disease, preservation of oligodendro-
cytes or increasing their remyelinating capacity is a promising
strategy for novel MS treatments. A first step towards devel-
oping potential promyelinating therapies is to identify genes
whose expression is affected during demyelination and subse-
quent remyelination. In this study, we used two commonly
applied remyelination models, namely, the cuprizone and the
LPC model, to study expression of the G-protein-coupled re-
ceptor Gprl7 on the mRNA and protein level. GPR17 was
previously found to be expressed in OPCs and premature ol-
igodendrocytes [19], and it has been proposed to have a role in
OPC differentiation and developmental myelination [14, 20,
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four biological replicates). (D) Quantification of GPR17* cell numbers in
the corpus callosum (at least four biological replicates). (E) Quantification
of GPR17" cell numbers in the cortex (at least four biological replicates).
Differences between groups were statistically tested using one-way
ANOVA with the obtained p values corrected for multiple testing using
Dunnett’s post hoc test; *p <0.05 or ***p <0.001

34]. These studies showed that GPR17 inhibits OPC differen-
tiation in vitro and delays myelination during development in
vivo. Furthermore, GPR17 activation inhibited oligodendro-
cyte survival in the LPC model [13]. The same authors
showed that inhibition of GPR17 promoted oligodendrocyte
differentiation and remyelination. Pharmacological inhibition
of GPR17 could, therefore, be considered as a potential
therapeutic approach for enhancing myelin repair.

In a first step, we investigated the expression of GPR17 in
the cuprizone model. After 5 to 6 weeks of cuprizone intoxi-
cation, specific parts of the corpus callosum are almost
completely demyelinated, a process called “acute
demyelination.” Acute demyelination is followed by sponta-
neous remyelination during subsequent weeks when mice are
fed normal chow. In contrast, endogenous remyelination is
highly restricted when cuprizone administration is prolonged
(12 weeks or longer), a process called “chronic
demyelination” [24, 26]. In line with the results from other
groups, our immunohistochemical stains using anti-GPR17
antibodies showed that GPR17" cells are present in similar
numbers in the white matter, corpus callosum, and gray matter
cortex [35]. Consistent with previous reports, by immunohis-
tochemistry, we observed two distinct cortical GPR17* cell
populations: first, non-neuronal cells labeled with single
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LFB/PAS

®

Fig. 6 Focal demyelination leads to GPR17* cell accumulation. (A)
Representative LFB/PAS staining of vehicle (upper row) or LPC-
injected (lower row) mice. The orange lines illustrate the theoretical po-
sition of the needles during the bilateral stereotactic LPC injection. The
midline of the corpus callosum is shown on the right in higher magnifi-
cation. Note the complete demyelination of the midline of the corpus
callosum (stars and high-power view). (B) Expression of GPR17 in ve-
hicle (upper picture) and LPC-injected (lower picture) mice, visualized by

intracellular spots or a staining on the whole cell membrane.
These cells were characterized by a small, heavily stained cell
soma and a network of highly branched cellular processes.
The processes extended into all directions with no obvious
preferential spatial orientation. Although not formally proven
in this study, we propose that these GPR17" cells resemble
NG2-glia [34]. Second, we observed faintly stained GPR17*
cells what appeared to be (pyramidal) neurons. Expression of
GPR17 in neocortical neurons was further verified by immu-
nofluorescence double labeling experiments using anti-NeuN
antibodies (see Fig. 4). Beyond, cells what appeared to be
spinal cord motoneurons strongly expressed GPR17 (see
Fig. 8). Whether or not such observed neuronal staining pat-
tern are specific remains to be clarified in future studies. In this
context, a recent study should be mentioned demonstrating
that GPR17 can drive the fate of neural precursor cells by
instructing precursors towards the neuronal lineage [36].
That the applied antibody principally is valid was verified by
our follow-up gene expression studies: both in situ
hybridization and rt RT-PCR analyses verified Gprl7 expres-
sion induction in the demyelinated corpus callosum. It is
tempting to speculate about the potential function of these
stellate GPR17" cells. The morphology is somewhat reminis-
cent of resting, ramified microglia cells [37]. With their highly
branched processes and protrusions, microglial cells continu-
ously screen the extracellular space in a seemingly random
fashion and at a high turnover rate [38]. A similar function
might fulfill GPR17* OPC. With their highly developed net-
work of cellular processes, GPR17* OPC might survey their
environment for a potential demyelinating insult to initiate
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anti- GPR17 immunohistochemistry. (C) Quantification of LFB/PAS
staining intensity by blinded evaluation of the white matter corpus
callosum (at least nine biological replicates). (D) Quantification of anti-
GPR17 staining intensity by densitometric analysis in the white matter
corpus callosum (at least nine biological replicates). Differences between
groups were statistically tested using unpaired ¢ test; ***p <0.001. Note
the intense accumulation of GPR17-expressing cells in the demyelinated
corpus callosum

OPC activation, proliferation, and finally remyelination. In
fact, it has been suggested that GPR17 may act as a “sensor”
that is activated upon brain injury and may play a key role in
orchestrating local remodeling/repair responses [16]. In an
elegant study, Vigano and colleagues were able to show, by
using a GPR17-iCreER(T2) mouse line for fate mapping stud-
ies, that virtually all GPR17 expressing cells co-express the
oligodendrocyte-specific transcription factor OLIG2. No
GFP* neurons, astrocytes, or microglia were detected [34].
Comparably, we observed that almost all GPR17* cells are
OLIG2"* and do not express GFAP. GPR17-expressing cells
therefore most likely resemble adult OPCs. Due to their com-
parable densities in the white matter corpus callosum and gray
matter cortex region, the potential for endogenous
remyelination of both areas should be comparable.

In this context, it is interesting to note that the expression of
GPR17 is induced in the white matter corpus callosum, but not
in the gray matter cortex after experimental demyelination.
Our data are in line with the findings from another cuprizone
study showing accumulation of NG2* cells in the corpus
callosum but not in the cortex [39]. The same group demon-
strated a lower remyelination potential of the cortex compared
to the white matter corpus callosum [11].

But why should cortical remyelination be less effective
or slower, respectively? Using the cuprizone model, it has
recently been shown that the temporal dynamics of OPC
differentiation varies significantly between white and gray
matter regions. While OPCs rapidly repopulate the corpus
callosum and mature into myelinating oligodendrocytes,
OPC differentiation in the gray matter occurs much more
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Fig. 7 GPR17 expression in acute and chronic cuprizone lesions.
Representative anti-PLP (A), anti-GPR17 (B), and anti-PDGFR« stains
of control mice and mice intoxicated with cuprizone for 5 or 12 weeks.
(D) Quantification of GPR17" cell numbers in the white matter corpus
callosum (five biological replicates each). Differences between groups
were statistically tested using one-way ANOVA with the obtained p

slowly, resulting in a delay in remyelination relative to the
corpus callosum [12]. Xing and colleagues were recently able
to show that in cuprizone-challenged mice, substantial num-
bers of neural precursor cells migrate into the demyelinated

(A) LFB/PAS | &
’l:", p’

\

control \ X

1000 pum

v

SO e e

Fig. 8 GPR17 expression in the spinal cord of EAE mice. Representative
LFB/PAS stains of spinal cord sections from control (A) and EAE (E)
mice. Arrowheads in (E) highlight inflammatory spinal cord white matter
lesions. Representative anti-GRP17 stains of spinal cord sections from
control (B) and EAE (F) mice. (C, G) show the ventral spinal cord gray
matter in higher magnification. Arrowheads highlight GPR17*
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values corrected for multiple testing using Dunnett’s post hoc test;
#ikp < (0.001. (E) Quantification of PDGFRoc™ cell numbers in the white
matter corpus callosum (five biological replicates each). Differences be-
tween groups (5 and 12 weeks) were statistically tested using unpaired #
test; **p<0.01

corpus callosum and, there, contribute to oligodendrogenesis
[8]. Delay of cortical remyelination might, therefore, simply
be due to a failure of neural precursor cells to migrate the long
distance from the subventricular zone into the cortex. To what

>
A

(H)

Cgreymatter

sy _ white matter
motorneurons. (D, H) show the spinal cord white matter in higher mag-
nification. Arrowheads highlight GPR17* oligodendrocyte progenitor
cells. The dotted line in (H) delineates the border of an active inflamma-
tory white matter lesion. Note that densities of GPR17" cells appear
increased in such areas
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extent GPR17" cells differentially contribute to white versus
gray matter remyelination is currently unknown. However,
our observation of GPR17 induction in the white but not gray
matter suggests an important role of GPR17 for delayed cor-
tical remyelination in this model.

MS was long considered a disease of the white matter, but
recent magnetic resonance imaging (MRI) and pathology
studies have revealed extensive gray matter pathology in MS
patients [40]. Since both white and gray mater demyelination
significantly contribute to disease burden in MS, it is of vital
importance to understand the factors that may hinder or aide
successful remyelination in these regions. Obviously, mecha-
nisms operant during white matter remyelination are not nec-
essarily active during gray matter demyelination.

Another interesting outcome of this study is that while
GPR17 induction is pronounced at week 5 (i.e., acute demy-
elination), numbers of GPR17* cells did not significantly dif-
fer from control animals after a 12-week cuprizone intoxica-
tion period (i.e., chronic demyelination). Whether this is due
to a loss of OPCs in chronic lesions or due to loss of GPR17
expression by OPC remains to be clarified in future studies.
However, our finding that lower densities of GPR17" cells in
chronic lesions is paralleled by lower densities of PDGFR«*
OPCs suggests that OPCs are less abundant in chronic lesions,
where remyelination is insufficient.

Of note, GPR17 might not simply be involved in terminal
OPC differentiation but potentially regulates oligodendrocyte
physiology and pathology in a broader context. Ou and col-
leagues [13], for example, were able to demonstrate that over-
expression or activation of GPR17 in vitro resulted in in-
creased LPC-induced oligodendrocyte apoptosis, whereas
GPR17 inhibition reduced oligodendrocyte apoptosis, respec-
tively. At the cellular scale, oligodendrocyte damage can prin-
cipally spread “centrifugally” (i.e., from the oligodendrocyte
cell body to myelin) or “centripetally” (i.e., from myelin to the
soma) [41]. In the LPC model and in the inflammatory exper-
imental autoimmune encephalomyelitis model, changes in ol-
igodendrocyte morphology proceed from the myelin sheath to
the cell body [41], whereas in the cuprizone model, oligoden-
drocyte damage spreads centrifugally. It would, thus, be inter-
esting to see whether pharmacological manipulation of
GPR17 ameliorates cuprizone-induced apoptosis and whether
interference with the GPR17 signaling cascade modulates
remyelination in the cuprizone model.

Naturally occurring GPR17 agonists are cysteinyl leu-
kotrienes (CysLTs) such as LTD4 or LTC4 and uracil nu-
cleotides such as UDP, UDP-glucose, and UDP-galactose
[16]. It has been suggested that uracil nucleotides can be
released from glia cells [42, 43]. Microglia and astrocyte
activation are characteristic histopathological hallmarks of
MS and its animal models [44—47]. In this context, one
might speculate that microglia and astrocyte communicate
the presence of brain damage via GPR17 activation to

OPCs and by this cell-cell communication network initi-
ate early regenerative processes such as remyelination.

In summary, we were able to demonstrate the expansion of
the GPR17* OPC pool in two different models of toxin-
induced demyelination and that this expansion, at least in the
cuprizone model, is restricted to the white matter corpus
callosum. These data support the interest to evaluate if the
pharmacological modulation of the GPR17 signaling cascade
could accelerate the remyelination process as already
suggested in GPR17 null mice.
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