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1. AbkUrzungsverzeichniss

bzw. beziehungsweise

cC Corpus Callosum

CcD [engl.] cluster of differentiation

DNS Desoxyribonukleinsaure

EAE Experimentelle autoimmune Enzephalomyelitis
engl. englisch

GPR17 [engl.] G-Protein-Coupled Receptor 17,

dt. G-Protein-gebundener Rezeptor 17

IBA1 [engl.] lonized Calcium-Binding Adapter Molecule one
IF Immunfluoreszenz

IHC Immunhistochemie

KIS klinisch isoliertes Syndrom

LFP [engl.] Luxol Fast Blue

LPC Lysophosphatidylcholin

MBP [engl.] myelin basic protein

MRT Magnetresonanztomographie

MS Multiple Sklerose

mtDNS mitochondriale Desoxyribonukleinsaure
OLIG2 Oligodendrozyten-Transkriptionsfaktor 2
OPC [engl.] oligodendrocyte progenitor cells,

dt. Oligodendrozyten Vorlauferzellen

PAS [engl.] Periodic Acid-Schiff Reaction

PLP Proteolipid-Protein

PPMS primar-progrediente Multiple Sklerose

RRMS schubférmig-remittierende Multiple Sklerose

rt RT-PCR [engl.] real time reverse transcription polymerase chain reaction
SPMS sekundar-progrediente Multiple Sklerose

ZNS zentrales Nervensystem oder Zentralnervensystem



2. Publikationsliste

2.1 Englischsprachige Orginalarbeiten

Nyamoya S, Leopold P, Becker B, Beyer C, Hustadt F, Schmitz C, Michel A, Kipp M: G-Protein-
Coupled Receptor Gprl7 Expression in Two Multiple Sclerosis Remyelination Models.
Molecular Neurobiology, 2019. PMID: 29873041; DOI: 10.1007/s12035-018-1146-1

Leopold P, Schmitz C, Kipp M: Animal Weight Is an Important Variable for Reliable
Cuprizone-Induced Demyelination. Journal of molecular neuroscience, 2019. PMID:
30937629; DOI: 10.1007/s12031-019-01312-0

Fischbach F, Nedelcu N, Leopold P, Zhan J, Clarner T, Nellessen L, Beif3el C, van Heuvel Y,
Goswami A, Weis J, Denecke B, Schmitz C, Hochstrasser T, Nyamoya S, Victor M, Beyer C,
Kipp M: Cuprizone-induced graded oligodendrocyte vulnerability is regulated by the
transcription factor DNA damage-inducible transcript 3. Glia, 2019. PMID: 30511355; DOI:
10.1002/glia.23538

2.2. Posterprasentation

Leopold P, Nyamoya S, Kipp M: Demyelination, but not inflammation triggers
oligodendrocyte progenitor activation. 113" Annual Meeting der Anatomischen
Gesellschaft; 25. — 28. September 2018; Rostock, Germany



3. Einleitung

3.1 Multiple Sklerose

Die Multiple Sklerose (Enzephalomyelitis disseminata, MS) ist eine neurodegenerative und
chronisch entziindliche Erkrankung des Zentralnervensystems (ZNS). Charakteristisch sind
der Untergang von Oligodendrozyten, Demyelinisierung, Gliose, axonaler Schaden und die
Rekrutierung und Aktivierung peripherer Immunzellen. Dies geschieht sowohl in der grauen
wie auch in der weifSen Substanz von Gehirn und Riickenmark und fiihrt je nach Lokalisation
zu unterschiedlichen fokalen neurologischen Ausfallen [1].

Weltweit sind mit einer Pravalenz von 30 pro 100 000 Personen mehr als zwei Millionen
Menschen an MS erkrankt. Die ersten Symptome treten meist in der dritten oder vierten
Lebensdekade auf, wodurch MS bei jungen Menschen den haufigsten Grund fir
neurologische Beeintrichtigungen darstellt. Die Atiologie der Erkrankung ist noch nicht
ausreichend geklart. Derzeit wird von einer Kombination aus Umweltfaktoren und
verschiedenen immunologischen und genetischen Einflussfaktoren ausgegangen. Frauen
erkranken etwa doppelt bis dreifach so haufig wie Manner [2]. Beobachtungen zufolge
haben Menschen in Europa oder Nordamerika im Vergleich zu dquatorndaheren Regionen
ein deutlich hoheres Erkrankungsrisiko. Durch eine verminderte Sonnenlichtexposition wird
weniger Vitamin D gebildet. Entsprechend verschiedener Studien wird das Risiko, an MS zu
erkranken, durch einen erhéhten Vitamin-D-Spiegel im Blut gesenkt [3]. Weitere mogliche
Pradilektionsfaktoren stellen beispielsweise Adipositas in jungen Jahren, Infektionen mit
dem Epstein-Barr-Virus oder das Rauchen dar [4, 5].

Klinisch treten bei der MS vier Verlaufsformen auf: Zu Beginn der Erkrankung manifestiert
sich haufig nur ein klinisch isoliertes Syndrom (KIS), welches auf eine fokale oder multifokale
entziindliche Demyelinisierung schlieRBen lasst, aber die Diagnosekriterien der MS noch
nicht vollstandig erfillt [6, 7]. Typische Friihsymptome sind pl6tzliche Sehstérungen in Form
einer unilateralen Optikusneuritis, Sensibilitatsstorungen oder Hirnstammsymptome wie
beispielsweise Gangunsicherheiten [8]. Fisniku und Kollegen zeigten 2008, dass ein KIS in
Kombination mit Gehirnlasionen in der Magnetresonanztomographie (MRT) das Risiko, im
weiteren Verlauf an MS zu erkranken, um {iber 80 Prozent erh6ht [9]. Die schubformig-
remittierende MS (RRMS) ist mit 85 bis 90 Prozent die haufigste Verlaufsform [8]. Ein Schub
ist definiert als mindestens 24 Stunden andauerndes, neuaufgetretenes oder sich deutlich
verschlechterndes Symptom ohne Nachweis von Fieber oder einer akuten Infektion.
Patienten mit RRMS sind zwischen den Schiiben neurologisch stabil und es kommt immer
wieder zur Riickbildung der Schubsymptomatik [6]. Eine zu Beginn als RRMS diagnostizierte
MS kann in eine sekundar-progrediente MS (SPMS) ilbergehen. Die Schiibe treten bei
diesen Patienten in der Regel nicht mehr auf und es kommt zu einer progredienten
Verschlechterung der klinischen Symptomatik. Der Ubergang ist im Regelfall schleichend.
Bisher konnten keine klinischen, bildgebenden, immunologischen oder pathologischen
Kriterien fur eine Konversion zur SPMS gefunden werden [7]. Etwa 10 bis 15 Prozent der

Patienten leiden von Beginn an unter einem progredienten, sich verschlechternden Verlauf
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ohne Schiibe. Diese Form der MS wird priméar-progrediente Multiple Sklerose (PPMS)
genannt. Diese Patienten sind bei Symptombeginn im Durchschnitt 10 Jahre dlter als bei
RRMS oder SPMS und die Geschlechterverteilung ist anndhernd gleich [10]. Bei der PPMS
scheintim Vergleich zur schubférmigen MS eine intakte Blut-Hirn-Schranke vorzuliegen. Die
Invasion von Leukozyten durch die defekte Blut-Hirn-Schranke ist mit Merkmalen einer
klassischen Autoimmunerkrankung vereinbar, wahrend bei der PPMS eher von einer
neurodegenerativen Erkrankung ausgegangen werden muss [11, 12].

Die MS zeigt je nach Ort der ZNS-Ldsion ein sehr heterogenes Krankheitsbild. Die
fokalneurologischen Defizite kdnnen beispielsweise Sensibilitatsstorungen, Sehstérungen,
motorische  Ausfille, Gang-, Gleichgewichts- oder Koordinationsstorungen,
Hirnstammsymptome, vegetative Funktionsstorungen und/oder psychische Storungen sein
[5, 13]. Im klinischen Alltag wird der Krankheitsverlauf eines Patienten mit dem von John F.
Kurtzke [14] entwickelten [engl.] expanded disability status scale (EDSS) bewertet. Die acht
funktionellen Systeme (Pyramidenbahn, Kleinhirn, Hirnstamm, Sensorium, Blasen- und
Mastdarmfunktion, Sehfunktion, zerebrale Funktion und sonstiges) und die Gehfahigkeit
Uber 500 Meter werden getrennt voneinander evaluiert. In der Gesamtschau erhalt der
Patient einen Wert von null bis zehn, wobei null gesund und zehn dem Tod durch MS
entspricht. Patienten mit einem Wert bis 4,5 sind Gber 500 Meter selbstandig mobil, ab
einem Wert von finf nimmt die Einschrankung der Geh- und Bewegungsfahigkeit eine
immer groRere Rolle ein.

Die Diagnosefindung erfolgt in der Regel durch eine Kombination aus Anamnese, klinischen
Symptomen, MRT Bildgebung, den Laborergebnissen der Liquorpunktion und
gegebenenfalls einer elektrophysiologischen Untersuchung. Gehirnldsionen bei MS sind
meist Uber drei Millimeter groB, asymmetrisch und treten Giberwiegend in der weil3en, aber
auch in der grauen Hirnsubstanz auf. Typische Lokalisationen sind periventrikular, kortikal
beziehungsweise (bzw.) juxtakortikal, infratentoriell, im Riickenmark und die Nervi optici.
Aktive MS-Herde nehmen das Kontrastmittel Gadolinium auf und zeigen sich sowohl im T1
als auch im T2 gewichteten MRT hyperintens, wahrend dltere MS-Herde nur in der T2
Sequenz hyperintens erscheinen [15]. Fir die 2017 Uberarbeiteten McDonald-Diagnose-
Kriterien der MS [6, 16] muss eine zeitliche und ortliche Dissemination der Lasionen
vorliegen und die vorliegenden Befunde dirfen durch keine andere Erkrankung besser
erklart werden konnen. In der isoelektrischen Fokussierung des Liquors liegen bei tiber 90%
der Patienten mit MS oligoklonale Banden vor [17]. Diese Banden entsprechen einer
intrathekalen Immunglobulin-G-Synthese und kdnnen auch bei anderen akuten oder
chronischen Entziindungen des ZNS auftreten. Bei einem neu aufgetretenen KIS verdoppeln
oligoklonale Banden das Risiko fiir einen zukiinftigen Schub [18]. Zur Unterstiitzung der
Diagnosefindung oder als Verlaufsparameter kénnen evozierte Potenziale mittels
elektrophysiologischer Testung abgeleitet werden [19].

Eine friihe Diagnosestellung und somit ein friiher Therapiebeginn sind ausschlaggebend fiir
den weiteren Krankheitsverlauf. Die Behandlung der MS stiitzt sich nach den Leitlinien der
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Deutschen Gesellschaft fir Neurologie auf drei Saulen: die Behandlung der
Erkrankungsschiibe (Schubtherapie), die verlaufsmodifizierende Therapie mit Basis- und
Eskalationstherapie und die Behandlung der MS-Symptome (symptomatische Therapie) [5].
Der akute MS-Schub wird mit einer Glukokortikosteroid-StoRtherapie behandelt. Bei
therapierefraktarer Schubsymptomatik trotz wiederholter hoch- bis ultrahochdosierter
Glukokortikosteroid-Pulstherapie muss als Krisenintervention eine Plasmapherese bzw.
Immunabsorption erwogen werden. Bei der schubférmigen MS und beim KIS werden als
Basistherapie vorwiegend Interferon-beta-Praparate oder Glatirameracetat eingesetzt. Als
Eskalationstherapie stehen bei diesen Patienten beispielsweise Fingolimod oder
Natalizumab zur Verfiigung. Neben Natalizumab wurden in den letzten Jahren mehrere
therapeutische Antikorper, wie beispielsweise Rituximab, Alemtuzumab oder Ocrelizumab,
fiir den Einsatz in der MS-Therapie zugelassen. Ocrelizumab hat beispielweise als eines der
wenigen Therapeutika eine Zulassung fir den Einsatz bei PPMS. Neben der
Immunmodulation und Immunsuppression ist die symptomatische Therapie zur
Verbesserung der Lebensqualitat wichtiger Bestandteil der MS-Behandlung. Hierbei stehen
vor allem Beschwerden wie Spastik, Ataxie, Tremor, Fatigue, kognitive Stoérungen,
Blasenstdrungen und sexuelle Dysfunktion im Vordergrund. Aktuell ist eine Heilung von MS
nicht moglich [20].

3.2 Oligodendrozyten

Jean-Martin Charcot beschrieb bereits 1868 eine krankhafte Entziindung des Gewebes,
welches die Nervenzellen umhiillt [21, 22]. Unter diesem Gewebe versteht man die Mark-
oder Myelinscheide, die im ZNS von den Oligodendrozyten ausgebildet wird. Die
Myelinscheiden stellen eine Art Isolationsschicht um die Axone dar, wodurch die
Nervenleitgeschwindigkeit schneller und effizienter wird und die Axone mit Nahrstoffen
versorgt werden [23, 24].

Den embryonalen Ursprung der Oligodendrozyten stellen die Neuroepithelzellen dar. Diese
entwickeln sich im Rahmen der Neuro- und Gliogenese weiter zu radialen Gliazellen, welche
sich Uber intermedidre Vorlauferzellen zu Oligodendrozyten Vorldauferzellen, [engl.]
oligodendrocyte progenitor cells (OPCs), Astrozyten oder Neuronen ausdifferenzieren [25].
Wahrend ihrer Entwicklung verteilen sich die OPCs im gesamten ZNS [26] und
differenzieren entweder zu myelinbildenden Oligodendrozyten aus oder persistieren im
adulten Gehirn als residierende OPCs. OPCs sind im Gegensatz zu Oligodendrozyten in der
Lage zur Zellproliferation und zur Gewebemigration und reagieren dementsprechend auf
Gehirnschdaden und Demyelinisierung [27]. Somit sind OPCs mit ihrer Mdoglichkeit zur
Ausdifferenzierung zu myelinbildenden Oligodendrozyten ein wichtiger Ansatz fir die
Remyelinisierung und die Verhinderung von axonalem Schaden.



3.3 Hirnlasionen

Pathologische Merkmale der MS sind scharf begrenzte, fokal entziindliche Hirnldasionen mit
Demyelinisierung, axonaler Degeneration und reaktiver Gliose. Diese Lasionen k&nnen
sowohl in der weiBen wie auch in der grauen Hirnsubstanz des gesamten ZNS auftreten.
Histopathologisch lassen sich die MS-Lasionen nach Kuhlmann und Kollegen [28] in
verschiedene Stadien einteilen.

Aktive Lasionen finden sich meist bei Patienten im frihen Krankheitsstadium.
Charakterisiert sind sie durch eine hyperzellulare Infiltration von Immunzellen, welche
diffus Uber die gesamte Lasion verteilt sind. Makrophagen und Mikrogliazellen
phagozytieren Myelin, sodass je nach Vorhandensein der Abbauprodukte in
demyelinisierende und post-demyelinisierende aktive Lasionen unterschieden werden
kann. Das frihe Stadium der aktiven demyelinisierenden Hirnldsionen wurde von
Lucchinetti und Kollegen [29] in vier verschiedene Demyelinisierungs-Muster unterteilt:
Muster | und Il zeigen eine durch T-Lymphozyten und Makrophagen dominierte
Entziindung. Bei Muster Il zeigt sich auBerdem eine deutliche Komplement- und
Immunglobulin-Aktivierung. Beide Muster sind vorwiegend perivaskuldar lokalisiert.
Demyelinisierungs-Muster Il ist durch Apoptose-typische, fragmentierte Oligodendrozyten
mit kondensiertem Nukleolus charakterisiert. Bei Muster IV kommt es hingegen zu nicht-
apoptotischer Degeneration der Oligodendrozyten mit Fragmentierung der
Desoxyribonukleinsdure (DNS). Interessanterweise wies jede Autopsie ausschliefRlich ein fiir
den Patienten typisches Demyelinisierungs-Muster auf.

Bei gemischt aktiv/inaktiven Lasionen liegt ein hypozelluldres Zentrum mit einem
Randsaum aus Makrophagen und Mikrogliazellen vor. Die Ladsionen sind bereits
demyelinisiert und kommen vermehrt bei Patienten mit einem Krankheitsverlauf von liber
zehn Jahren vor.

Inaktive Lasionen sind hypozelluldr, scharf begrenzt und fast komplett frei von reifen
Oligodendrozyten. Eine ausgepradgte Degeneration der Axone kann neben dem nahezu
vollstandigen Myelinverlust beobachtet werden. Der Gewebeschaden wird in der Regel
durch eine von Astrozyten gebildete Gliosenarbe ersetzt. In allen Stadien der Hirnldsionen
kann es zur Remyelinisierung kommen. Diese ist hdaufig am Rand der Lasion lokalisiert und
meist unvollstandig ausgepragt [28].
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3.4 Pathomechanismen der Demyelinisierung und Remyelinisierung

Die chronisch-entziindliche Demyelinisierung sowie die neuronale Schadigung sind zentrale
Merkmale der MS. Der genaue Pathomechanismus fiir den Gewebeuntergang ist jedoch
noch nicht geklart, wobei verschiedene Moglichkeiten/Prozesse diskutiert werden:

Durch eine Aktivierung autoreaktiver, peripherer, myelinspezifischer [engl.] cluster of
differentiation (CD) 4* T-Lymphozyten und durch ein Zusammenspiel verschiedener
Adhasionsproteine und Liganden kommt es zur Durchwanderung der Blut-Hirn-Schranke,
so dass diese T-Zellen in das zerebrale Parenchym eindringen. Dort werden die T-
Lymphozyten durch [engl.] myelin basic protein (MBP) prasentierende Makrophagen und
Mikrogliazellen erneut aktiviert und schiitten proinflammatorische Zytokine aus, wodurch
es zu einem weiteren Verlust der Blut-Hirn-Schranke und zu einer ausgepragten
Entziindungsreaktion mit Demyelinisierung kommt [30, 31]. Im entzlindlichen Infiltrat von
MS-Lasionen lassen sich auRerdem zytotoxische CD8* T-Zellen finden. Diese kénnen auf
Oligodendrozyten direkt zytotoxisch wirken und deren Apoptose einleiten [32]. Neben den
T-Zellen spielen autoreaktive B-Zellen eine wichtige Rolle in der Pathogenese der MS.
Beispielsweise tragen sie durch die Bildung von Autoantikérpern gegen verschiedene
Bestandteile von Myelin, Axonen und Neuronen und die Co-Stimulation von T-Zellen
wesentlich zur Demyelinisierung und zur axonalen Schadigung bei [33].

Axonale Schadigung ist ein Hauptfaktor fiir Behinderungen bei MS. Bereits bei friihen
Lasionen lasst sich ein deutlicher axonaler Schaden beobachten [34]. Bitsch und Kollegen
zeigten, dass es unabhangig vom Grad der De- oder Remyelinisierung zu einer Schadigung
der Axone in MS-Lasionen kommt. Das AusmaR des axonalen Schadens korrelierte mit der
Anzahl an Makrophagen, Mikrogliazellen und CD8" T-Lymphozyten, nicht aber mit der
Anzahl der CD4" T-Lymphozyten und der Menge an den Entziindungsmediatoren
Tumornekrosefaktor alpha und Nitrooxid. Somit ist davon auszugehen, dass die axonale
Schadigung auch unabhangig von der Demyelinisierung ablauft und nicht nur als
Konsequenz von dieser auftritt [35]. Allerdings ist das AusmalR der axonalen Schadigung am
héchsten in Lasionen mit starker Demyelinisierung und Mikroglia-Aktivierung [36]. Scheld
und Kollegen konnten auBerdem nachweisen, dass Neurodegeneration ein bedeutender
Ausloser fur die Rekrutierung von peripheren Immunzellen in das ZNS und somit flr die
Bildung von neuen, entziindlichen, demyelinisierten MS-Lasionen darstellt [37].

Ein weiterer Ansatz beschaftigt sich mit oxidativem Zell-Stress als zentrale Ursache der
Demyelinisierung und des Gewebeuntergangs bei MS. In den Mitochondrien der Zellen
findet an der Atmungskette die oxidative Phosphorylierung von ATP statt. Dieser Vorgang
ist sauerstoffabhangig und dient zur Energiegewinnung. Sauerstoffradikale wie
Stickstoffmonoxid blockieren kompetitiv die Bindung von Sauerstoff am vierten Komplex
der Atmungskette, so dass es zu einer Fehlfunktion der Atmungskette kommt [38]. In MS-
Lasionen konnten hochgradige Veranderungen an Komplexen der Atmungskette von
Oligodendrozyten, Axonen und Astrozyten festgestellt werden [39]. Es ist aullerdem
bekannt, dass die mitochondriale DNS (mtDNS) sehr anfallig gegenliber Mutationen ist,
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sodass es zu einer Akkumulation des mutierten mitochondrialen Genoms kommen kann
[40]. Oligodendrozyten haben im Vergleich zu anderen Gliazellpopulationen schlechtere
Reparaturmechanismen der mtDNS und sind anfilliger gegenliber oxidativem Stress und
mtDNS Schaden [41]. Unter Stress stehende Oligodendrozyten sezernieren Chemokine und
Zytokine wie Interleukin 6, die in die Signalkaskaden zur Aktivierung von Mikrogliazellen
involviert sind [42]. An verschiedenen Stellen der normal erscheinenden weilRen
Hirnsubstanz von MS-Patienten werden apoptotische Oligodendrozyten, begleitet von
einer starken Mikroglia-Aktivierung, beobachtet, wahrend das Gewebe so gut wie frei von
Lymphozyten und von myelinphagozytierenden Makrophagen ist. Demzufolge kdnnte die
Apoptose von Oligodendrozyten der entziindlichen Demyelinisierung vorausgehen [43].

Zusammenfassend wird MS im Gegensatz zu friiheren Annahmen nicht mehr als reine
Autoimmunkrankheit angesehen, sondern man geht von einem dualen Konzept der
Pathogenese aus. Einerseits kommen autoimmun-entziindliche und andererseits oxidative
Prozesse als Grundlage einer initialen Demyelinisierung mit Neurodegeneration in Frage [1,
30].

Bei Autopsien kann in etwa 20 Prozent der MS-Lasionen eine deutliche Remyelinisierung
nachgewiesen werden. Diese zeigt sich sowohl bei friihen wie auch bei dlteren Hirnlasionen
in allen Verlaufsformen und ist bei manchen Patienten stark ausgepragt, wahrend sie bei
anderen fast gar nicht vorkommt [44]. Im Rahmen der Remyelinisierung kommt es zu einer
Aktivierung und Proliferation von OPCs, Wanderung dieser OPCs in Richtung
demyelinisiertes Axon und schlieflich zu einer OPC-Axon-Interaktion mit
Ausdifferenzierung der OPCs und Remyelinisierung. Der genaue molekularbiologische
Mechanismus der Remyelinisierung und auch der Grund fir die unzureichende
Remyelinisierung bei der MS sind allerdings noch nicht abschlieRend geklart [45].

3.5 G-Protein-gebundener Rezeptor 17 (GPR17)

Entsprechend vorangegangener Studien ist der G-Protein-gebundene Rezeptor 17 (GPR17)
ein wichtiger Regulator in der Entwicklung und im Reifeprozess von Oligodendrozyten und
der Remyelinisierung [46, 47]. In friihen Entwicklungsstadien der OPCs ldsst sich nahezu
keine Expression von GPR17 nachweisen. Beim Ausreifen der OPCs nimmt die GPR17-
Expression kontinuierlich zu und erreicht ein Plateau in reifen Pra-Oligodendrozyten.
Wahrend der finalen Ausdifferenzierung ist die GPR17-Expression wieder riicklaufig, bis sie
in ausgereiften Oligodendrozyten nicht mehr nachweisbar ist. Die GPR17 Expression wird
begleitet von der Expression spezifischer Pra-Oligodendrozyten-Marker-Proteine wie etwa
von [engl.] neural/glial antigen 2 (NG2), nicht aber von Markern fiir reife Oligodendrozyten
wie z.B. Proteolipid-Protein (PLP) und MBP. Somit scheint GPR17 fiir den Beginn des
Differenzierungsprozesses der OPCs notwendig, muss allerdings zur endgiiltigen Ausreifung
der Oligodendrozyten und demzufolge zur Myelinisierung herunterreguliert werden. [48].
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3.6 Tiermodelle

Verschiedene Tiermodelle stehen zur experimentellen Untersuchung der MS zur Verfiigung,
wobei keines der Modelle die MS in ihrer gesamten Komplexitat darstellen kann. Vielmehr
werden mit den verschiedenen Mausmodellen ausgewahlte Versuche durchgefiihrt, um
gezielte Pathomechanismen und Reparaturmechanismen der MS zu untersuchen [49].

Toxininduzierte Demyelinisierung mit anschlieBender Remyelinisierung kann entweder
lokal durch eine Injektion oder durch systemische Gabe eines Toxins hervorgerufen werden.
Fir die lokale Injektion wird meistens Lysolecithin, auch Lysophosphatidylcholin (LPC)
genannt, verwendet. LPC fungiert als Membrandetergent mit einer hohen Affinitdat zum
MBP. Die Myelinscheiden werden abgebaut und innerhalb von wenigen Tagen kommt es in
der betroffenen Region zur akuten Demyelinisierung [50, 51]. Remyelinisierung tritt in
diesem Modell etwa zwei bis drei Wochen nach der Demyelinisierung auf [52, 53].

Fir die systemische Intoxikation wird der Kupferchelator Cuprizone verwendet.
Mitochondriale Enzyme der Atmungskette werden durch Cuprizone gehemmt, wodurch es
zu oxidativem Zellstress kommt. Dieser fuhrt zu primarer Oligodendrozytenapoptose mit
begleitender Mikroglia- und Astrozyten-Aktivierung [1]. Die Behandlung mit Cuprizone fihrt
bei Mausen zu einer sehr gut reproduzierbaren Demyelinisierung von bestimmten
Gehirnregionen. Unter diesen stellt das Corpus Callosum (CC) die am haufigsten
untersuchte Region dar. Nach fiinf bis sechs Wochen Cuprizone-Intoxikation ist das CC fast
vollstandig demyelinisiert, begleitet von massiver Mikrogliose, Astrogliose und axonalem
Schaden. Dieses Verfahren wird akute Demyelinisierung genannt. Chronische
Demyelinisierung kann durch eine verlangerte Cuprizonegabe Gber zwolf Wochen induziert
werden. Bereits wahrend der akuten Demyelinisierung kommt es zu einer Proliferation von
OPCs, Migration in Richtung demyelinisierter Regionen und Ausdifferenzierung zu reifen
Oligodendrozyten mit der Folge der Remyelinisierung. Wenn die Versuchstiere nach akuter
Demyelinisierung wieder normales, Cuprizone-freies Futter erhalten, kann eine vollstandige
und schnelle Remyelinisierung beobachtet werden. Bei fortlaufender Cuprizone-
Intoxikation oder nach chronischer Demyelinisierung ist die Remyelinisierung unzureichend
oder bleibt komplett aus [49, 53].

Das Modell der experimentellen autoimmunen Enzephalitis (EAE) wird verwendet, um
Entziindungen und autoimmunvermittelte Erkrankungen im ZNS zu untersuchen. Dieses ist
im Gegensatz zu den toxininduzierten Modellen von einer T-Zell-Aktivierung und einem
Zusammenbruch der Blut-Hirn-Schranke gekennzeichnet. Die Versuchstiere werden mit
Myelinbestandteilen immunisiert, wodurch es zu einer t-zellvermittelten Immunantwort
gegen das Myelin kommt. Die T-Lymphozyten dringen tber die Blut-Hirn- und Blut-Liquor-
Schranke in das Gehirn ein und |6sen eine Entziindung im Rickenmark, im Kleinhirn und in
den Nervi optici aus, wahrend GrolRhirn, CC und subcortikale Strukturen weitgehend
ausgespart bleiben. In den entziindeten Lasionen lasst sich neben blander Demyelinisierung
ein akuter axonaler Schaden nachweisen [1, 54]. Die Remyelinisierung ist in diesem
Mausmodell stark limitiert [53].
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3.7 Darstellung des Forschungsvorhabens

Die meisten Behandlungskonzepte fiir die MS adressieren das Immunsystem und sind
wahrend der progressiven Phase der Erkrankung weniger effektiv oder sogar wirkungslos.
Eine vielversprechende Strategie fiir neue MS-Medikamente ist daher der Schutz von
Oligodendrozyten und die Verbesserung der Remyelinisierungsfahigkeit. Ein erster Schritt
in Richtung promyelinisierender Therapie ist die Identifikation von Genen bzw. Proteinen,
deren Expression wahrend der De- und Remyelinisierung verandert ist.

Die erste Publikation charakterisiert detailliert die GPR17-Expression in weien und grauen
Hirnlasionen wahrend experimenteller De- und Remyelinisierung. Die verwendeten
Mausmodelle sind die klassischen Remyelinisierungsmodelle Cuprizone und LPC und
zusatzlich das EAE-Modell. Die GPR17-Expression wurde auf Proteinebene mit
Immunhistochemie (IHC) und Immunfluoreszenz (IF) und auf Ebene der Genexpression mit
in-situ-Hybridisierung und [engl.] real time reverse transcription polymerase chain reaction
(rt RT-PCR) analysiert. Nahezu alle GPR17-positiven Zellen exprimierten zusatzlich den
Oligodendrozyten-spezifischen Oligodendrozyten-Transkriptionsfaktor 2 (OLIG2). Die
Ergebnisse unserer Studie zeigen, dass die Induktion der GPR17-Expression mit akuter
Demyelinisierung und endogener Remyelinisierung korreliert. Diese Induktion scheint
allerdings zumindest im Cuprizone-Modell auf die weille Gehirnsubstanz beschrankt.
Gerade bei akuter Demyelinisierung ist dort eine starke Induktion der GPR17-Expression
und ein vergleichsweise gutes Remyelinisierungspotenzial zu beobachten. Bei chronischer
Demyelinisierung ist sowohl die Zahl der GPR17-positiven Zellen wie auch das
Remyelinisierungspotenzial deutlich niedriger. Eine Modulation dieses Rezeptors und
seiner Signalkaskade konnte somit eine mogliche therapeutische Konsequenz bei der
Unterstiitzung der endogenen Remyelinisierung haben [45].

Grundlage eines Forschungsvorhabens an molekularbiologischen Mechanismen der
Remyelinisierung im ZNS ist eine vorher stattgefundene und reproduzierbare
Demyelinisierung. Die toxininduzierte Demyelinisierung beim Cuprizone-Mausmodell hat
sich in der MS-Forschung fiir Studien mit Remyelinisierungsprozessen des ZNS etabliert [49,
53]. Neben der MS-Forschung wird das Neurotoxin Cuprizone fiir die Erforschung von
Schizophrenie verwendet [55]. Neue Erkenntnisse und deren Studien miissen
nachvollziehbar und auch fir andere Labore wiederholbar sein. Somit ist der Wert des
Modells abhadngig von guten Protokollen, dem Wissen Uber alle seine quantifizierbaren
Eigenschaften und einer genauen Kenntnis aller identifizierbaren Fehlerquellen und
Storfaktoren. In vorangegangenen Studien wurden bereits wichtige Faktoren fir eine
reproduzierbare Cuprizone-induzierte Demyelinisierung identifiziert. Dabei handelt es sich
unter anderem um das Geschlecht der Versuchstiere [56], ihre Geschlechtschromosomen
[57], den genetischen Hintergrund [56] oder den Spiegel der zirkulierenden Sexualhormone
[58]. Die Variable ,,Gewicht” wurde bisher nie als einflussreicher Faktor fir eine zuverlassige
Demyelinisierung untersucht.
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Die zweite Publikation beschaftigt sich aus diesem Grund mit dem Startgewicht der
Versuchstiere als Einflussfaktor auf die durch Cuprizone vermittelte Demyelinisierung und
die Reproduzierbarkeit der Ergebnisse. Hierfiir priften wir systematisch, ob eine
Korrelation zwischen der Variablen ,,Gewicht am ersten Tag der Cuprizone-Intoxikation”
und den Variablen , Apoptose der Oligodendrozyten®, , Aktivierung von Mikrogliazellen”
und ,, Demyelinisierung” besteht. Insgesamt wurden 21 Mause in die Studie eingeschlossen,
wobei neun nach einer und zwdélf nach drei Wochen Cuprizone-Intoxikation transkardial
perfundiert wurden. Die Gehirnschnitte wurden anschlieRend histologisch untersucht.
Nach einwdchiger Cuprizone-Intoxikation zeigte sich weder bei der Dichte der
apoptotischen Zellen noch bei den [engl.] lonized Calcium-Binding Adapter Molecule one
(IBA1) -positiven Mikrogliazellen eine Korrelation mit dem Startgewicht. Des Weiteren
konnten wir zu diesem Zeitpunkt keine Korrelation zu der Anzahl der OLIG2 exprimierenden
Oligodendrozyten nachweisen. Die Cuprizone-Intoxikation scheint nach einer Woche
unabhangig vom Startgewicht zu einer profunden Apoptose der Oligodendrozyten mit
begleitender Mikroglia-Aktivierung zu fiihren. Histopathologisch werden erste Zeichen der
Demyelinisierung nach drei Wochen Cuprizone-Intoxikation sichtbar. Durch [engl.] Luxol
Fast Blue (LFB) und [engl.] Periodic Acid-Schiff Reaction (PAS) oder durch eine Farbung mit
anti-PLP kann intaktes und beschadigtes Myelin visualisiert werden. Hier zeigte sich eine
signifikant positive Korrelation zwischen dem Startgewicht der Versuchstiere und der anti-
PLP Farbeintensitdt, sowie einen dazu parallelen, noch nicht signifikanten Trend bei der
LFB/PAS Farbeintensitat. In einem weiteren Versuch mit mannlichen M&usen konnte eine
stark positive Korrelation zu der LFB/PAS Farbeintensitat nachgewiesen werden. Zwischen
dem Startgewicht und den IBA1l-positiven Mikrogliazellen stellten wir in der manuellen
Auszahlung eine signifikant negative Korrelation und in der Densitometrie einen noch nicht
signifikanten parallelen Trend fest. Somit ist nach drei Wochen Cuprizone-Intoxikation die
zu beobachtende initiale Demyelinisierung und die Mikrogliazell-Aktivierung starker, je
niedriger das Startgewicht der Mduse war. Die Studie zeigt nach unserem Wissen als erste,
dass eine negative Korrelation zwischen dem Ausmal} der durch Cuprizone induzierten
Demyelinisierung und dem Startgewicht der Tiere besteht. Demyelinisierung und Mikroglia-
Aktivierung sind bei leichten Mausen starker als bei schweren Mausen. Dies sollte in
zukUnftigen Studiendesigns berlicksichtigt werden [59].
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3.8 Eigenanteil an der Arbeit

Die vorliegende kumulative Dissertation umfasst zwei Publikationen.

Die erste Publikation (Nyamoya et al. G-Protein-Coupled Receptor GPR17 Expression in Two
Multiple Sclerosis Remyelination Models. Molecular Neurobiology, 2018) stellt eine
Zweitautorenschaft mit folgendem Arbeitsanteil dar:

Literaturrecherche
Immunhistochemie der Gehirnschnitte
Datenerhebung und Auswertung
Grafische Darstellung der Ergebnisse
Abschlusskorrekturen

Die zweite Publikation (Leopold et al. Animal Weight Is an Important Variable for Reliable
Cuprizone-Induced Demyelination. Journal of molecular neuroscience, 2019) stellt eine

Erstautorenschaft mit folgendem Arbeitsanteil dar:

Durchfiihrung der Tierexperimente inklusive Cuprizone-Intoxikation, Kafigwechsel
und Toétung der Tiere mittels kardialer Perfusion und Extraktion der Gehirne
Literaturrecherche und Design der Studie

Immunhistochemie der Gehirnschnitte

Datenerhebung und Auswertung

Grafische Darstellung und Ausarbeitung der Ergebnisse

Abschlusskorrekturen und Revision
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4. Zusammenfassung

Im Rahmen meiner wissenschaftlichen Arbeit beschaftigte ich mich mit Multiple Sklerose
Mausmodellen.

Das Ziel der ersten Publikation war, die Expression des G-Protein-gebundenen Rezeptors 17
(GPR17) zu analysieren und diese in Relation zur De- und Remyelinisierung zu setzten. Wir
verwendeten die toxininduzierten De- und Remyelinisierungsmodelle Cuprizone und LPC
und das autoimmunvermittelte EAE-Model. GPR17 wird als ein wichtiger Regulator in der
Entwicklung und im Reifeprozess von Oligodendrozyten verstanden. So exprimierten
nahezu alle GPR17-positiven Zellen den spezifischen Oligodendrozyten-Marker OLIG2. Wir
konnten zeigen, dass die GPR17-Expression mit akuter Demyelinisierung und suffizienter
endogener Remyelinisierung korreliert. Zumindest im Cuprizone-Modell war diese auf die
weille Hirnsubstanz des Corpus Callosums beschrankt.

In der zweiten Publikation beschaftigten wir uns mit der Fragestellung, ob das Gewicht der
Mause bei Beginn der Cuprizone-Intoxikation einen Einfluss auf eine zuverldssige und
reproduzierbare Demyelinisierung hat. Hierzu untersuchten wir die Variablen , Apoptose
der Oligodendrozyten®, , Aktivierung von Mikrogliazellen und ,Demyelinisierung”. Nach
einer Woche Cuprizone-Intoxikation war kein Einfluss des Startgewichtes erkennbar,
wahrend nach drei Wochen eine negative Korrelation zwischen den Variablen ,,Ausmal} der
durch Cuprizone induzierten Demyelinisierung” und ,Startgewicht” festgestellt wurde. Die
Demyelinisierung und Mikroglia-Aktivierung waren in leichten Mdusen ausgepragter als in
schweren Mausen.

Zusammenfassend wird in dieser Studie deutlich, dass in Tiermodellen auch bei
vermeintlich unbedeutenden Parametern auf Homogenitadt innerhalb der Versuchstiere
geachtet werden sollte, da es sonst zu einer Fehlinterpretation moglicher Ergebnisse
kommen kann. Unsere Ergebnisse sind somit hoch relevant fir das Design zuklinftiger
Studien mit dem Cuprizone-Tiermodell. Besonders durch dieses Modell konnten in der
ersten wissenschaftlichen Arbeit neue Erkenntnisse Uber die Expression von GPR17
wahrend der De- und Remyelinisierung gewonnen werden. Diese Daten untermauern das
Interesse, zu evaluieren, ob die pharmakologische Modulation der GPR17-Signalkaskade
den Remyelinisierungsprozess verbessern kénnte.
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5. Summary

Within the scope of my scientific work, | investigated multiple sclerosis mouse models.

The aim of the first publication was to analyze the expression of the G-protein-coupled
receptor 17 (GPR17) and to relate it to de- and remyelination. We used the toxin-induced
de- and remyelination models cuprizone and LPC and the autoimmune mediated EAE
model. GPR17 is understood as an important regulator in the development and maturation
process of oligodendrocytes. Almost all GPR17 positive cells expressed the specific
oligodendrocyte marker OLIG2. We were able to show that GPR17 expression correlates
with acute demyelination and sufficient endogenous remyelination. At least in the
cuprizone model, this was limited to the white matter of the corpus callosum.

In the second publication we addressed the question of whether the weight of the mice at
the onset of cuprizone intoxication has an influence on reliable and reproducible
demyelination. For this, we examined the variables "oligodendrocytes apoptosis",
"microglia activation" and "demyelination". After one week of cuprizone intoxication, no
influence of the starting weight was detectable, while after three weeks a negative
correlation between the variables "extent of cuprizone-induced demyelination" and "start
weight" was found. Demyelination and microglia activation were more pronounced in low
weight than in heavy weight mice.

In summary, this study clearly shows that in animal models, homogeneity within the
experimental animals should be ensured even in the case of supposedly insignificant
parameters, as otherwise a misinterpretation of possible results may occur. Our results are
therefore highly relevant for the design of future studies using the cuprizone animal model.
This model in particular enabled the first scientific study to gain new insights into the
expression of GPR17 during de- and remyelination. These data support the interest in
evaluationg wether A pharmacological modulation of the GPR17 signaling cascade to
support the remyelination process would have to be evaluated in future studies.
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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.

Keywords CNS - Multiple sclerosis - Gprl7 - Cuprizone - LPC - Remyelination

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-
clination 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]. It s,
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 Gpr17, 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
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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 puL 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 uL 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 pL), 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 puL/min. Control
animals (n = 10) received 0.75 uL 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 MOG3;s_ss5 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-um-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; (ii) 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 x 5 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
PDGFR« ab51875 AB 870652 abcam, UK
PLP MCAR839G AB 2237198 Biorad, Puchheim, Germany
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Table 2 Secondary antibodies
used in this study

Order number  RRID Supplier

Horse anti-mouse 1gG 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 ImagelJ, 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 QVTO0012) was used for single label-
ing of formalin-fixed, paraffin-embedded tissues, according to
the manufacturer’s recommendations. Protease digestion time

24

was adjusted to 20 min. The probe for Gpri7 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 ImageJ 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 0of<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 S-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 TAA CAGTCC 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 it ~ 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

(A) experimental setup (D) = 100 cc < 10 x
>
% &0 g 8o
) g 2
/ £ 60 £ 60
/ E E
5 weeks cuprizone [+ E’ 40 g 40 by
£ £
Group Il ] T
|5 weeks cuprizone | 7 days | : 20 z 20
a o T & ol - B
5 60 KX 2 ’;\b & f’o,q : ;\b
RS
o o o o«
(©)
L
co 1000 pm 5 wks / Swks+7d

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, GPR17" 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
(C)). Densitometric evaluation revealed increased anti-GPR 17

Swks+7d

X

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
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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.

o 8 5 3 8
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GPRI7 staining intensity (%] o
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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, Gpri7
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 Gprl7 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 Gpri17" 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/mm?) 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/mm?; 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
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investigated time points (co 3 +3 cells/mm?; 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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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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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
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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?>; »<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 PDGFRo" 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 Gprl7
mRNA expression was observed by rt 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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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 Gpri7 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. values corrected for multiple testing using Dunnett’s post hoc test;
Representative anti-PLP (A), anti-GPR17 (B), and anti-PDGFR« stains *iekp < (0.001. (E) Quantification of PDGFRoc* cell numbers in the white
of control mice and mice intoxicated with cuprizone for 5 or 12 weeks. matter corpus callosum (five biological replicates each). Differences be-

(D) Quantification of GPR17* cell numbers in the white matter corpus tween groups (5 and 12 weeks) were statistically tested using unpaired ¢
callosum (five biological replicates each). Differences between groups test; **p<0.01
were statistically tested using one-way ANOVA with the obtained p

slowly, resulting in a delay in remyelination relative to the  corpus callosum and, there, contribute to oligodendrogenesis
corpus callosum [12]. Xing and colleagues were recently able ~ [8]. Delay of cortical remyelination might, therefore, simply

to show that in cuprizone-challenged mice, substantial num-  be due to a failure of neural precursor cells to migrate the long
bers of neural precursor cells migrate into the demyelinated  distance from the subventricular zone into the cortex. To what

(A) LFB/PAS | &

&

GR17/ Q)

control

1000 pm 100 pm- - white matter

(H) Rl

EAE

_ white matter -

Fig.8 GPR17 expression in the spinal cord of EAE mice. Representative motorneurons. (D, H) show the spinal cord white matter in higher mag-
LFB/PAS stains of spinal cord sections from control (A) and EAE (E) nification. Arrowheads highlight GPR17" oligodendrocyte progenitor

mice. Arrowheads in (E) highlight inflammatory spinal cord white matter cells. The dotted line in (H) delineates the border of an active inflamma-
lesions. Representative anti-GRP17 stains of spinal cord sections from tory white matter lesion. Note that densities of GPR17* cells appear
control (B) and EAE (F) mice. (C, G) show the ventral spinal cord gray increased in such areas

matter in higher magnification. Arrowheads highlight GPR17*
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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 PDGFRo*
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
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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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Abstract

An elegant model to study mechanisms operant during oligodendrocyte degeneration and subsequent demyelination is the
cuprizone model. In that model, mice are intoxicated with the copper chelation agent cuprizone which results in early oligoden-
drocyte stress, oligodendrocyte apoptosis, and, finally, demyelination. Here, we systematically investigated to what extent the
animals’ weight at the beginning of the cuprizone intoxication period is critical for the reproducibility of the cuprizone-induced
pathology. We can demonstrate that a negative correlation exists between the two variables “extent of cuprizone-induced
demyelination” and “starting weight.” Demyelination and microglia activation were more severe in low weight compared to
heavy weight mice. These findings are highly relevant for the experimental design using the cuprizone model.

Keywords Cuprizone - Oligodendrocyte degeneration - Weight - Correlation

Introduction

Multiple sclerosis (MS), a neurodegenerative and inflamma-
tory disorder of the central nervous system (CNS), is associ-
ated with the development of demyelinated plaques, oligoden-
drocyte destruction, and axonal degeneration. These patholog-
ical processes are paralleled by the activation of astrocytes and
microglia, as well as the recruitment of peripheral immune
cells into the CNS (van der Valk and De Groot 2000).
Oligodendrocytes are the myelin-forming cells in the CNS,
are essential for the propagation of action potentials along
axons, and additionally serve to support neurons by, for ex-
ample, providing nutritional support (Funfschilling et al.
2012). Initially, MS lesions were thought to result from focal
inflammation causing a rapid loss of oligodendrocytes and
myelin. In contrast to that view, several authors noted the
presence of oligodendrocytes in early MS lesions (Lassmann
1983; Raine et al. 1981). To date, several underlying mecha-
nisms leading to oligodendrocyte degeneration in MS are
discussed, among pore-forming proteins released by

P4 Markus Kipp
Markus kipp@med.uni-rostock.de

Institute of Anatomy, Rostock University Medical Center,
18057 Rostock, Germany

Department of Anatomy II, Ludwig-Maximilians-University of
Munich, 80336 Munich, Germany

@ Springer

lymphocytes such as perforin (Scolding et al. 1990), antibod-
ies (Genain et al. 1999), oxidative injury/stress (Fischbach
et al. 2018; Lassmann and van Horssen 2016; Licht-Mayer
et al. 2015), or mitochondrial dysfunction (Mahad et al.
2008). Of note, there is no oligodendrocyte-based treatment
of MS and all the available disease-modifying agents target
exclusively immune mechanisms, providing little direct pro-
tection to oligodendrocytes and their myelin sheaths
(Behrangi et al. 2019). A better understanding of oligodendro-
cyte degeneration in MS is, therefore, urgently needed.

One elegant model to study mechanisms operant during
oligodendrocyte degeneration and subsequent demyelination
is the cuprizone model (Kipp et al. 2017; Zendedel et al.
2013). In that model, mice are intoxicated with the copper
chelation agent cuprizone which results in early oligodendro-
cyte stress (Goldberg et al. 2013), oligodendrocyte apoptosis
(Hesse et al. 2010), and, finally, demyelination (Schmidt et al.
2013). A number of signaling cascades have been described to
regulate demyelination in this model including chemokines
(Clarner et al. 2015), steroid hormones (Acs et al. 2009),
stress-associated transcription factors (Fischbach et al.
2018), and energy metabolism regulators (Xing et al. 2018).
In most studies, the cuprizone intoxication is realized by per
os administration by mixing the pulverized cuprizone either
with ground rodent chow or by oral gavage of solubilized
cuprizone. While sex and genetic background of the animals
have been identified as important variables for the reproduc-
ibility and the extent of cuprizone-induced pathological
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changes, the variable “weight” as a critical variable for reli-
able and consistent demyelination has so far not been system-
atically addressed. However, it is likely that systemic concen-
trations of the cuprizone toxin are higher in low weight com-
pared to heavy weight mice, and that pronounced differences
in the variable “weight” might impact on experimental
outcomes.

In this study, we therefore systematically investigated the
correlation of the variable “weight at the first day of cuprizone
intoxication” with the variables “oligodendrocyte apoptosis,”
“microglia activation,” and “demyelination.”

Materials and Methods
Animals, Experimental Groups, and Tissue Sampling

Six- to 10-week-old C57BL/6 mice (17-27 g) were used from
the animal facility of the LMU Munich University (Max von
Pettenkofer Institute). Microbiological monitoring was per-
formed according to the Federation of European Laboratory
Animal Science Associations recommendations. A maximum
of five animals were housed per cage (cage area 435 cm?).
Animals were kept under standard laboratory conditions (12-h
light/12-h dark cycle, controlled temperature 22 °C+2 °C,
and 50% + 10% humidity) with access to food and water ad
libitum. It was assured that researchers and technicians did not
use any light during the night cycle period. All experiments
were formally approved by the Regierung Oberbayern (refer-
ence number 55.2-154-2532-73-15). Cuprizone intoxication
was performed for 1 (n=9) or three (n =7 for females; n=15
for males) weeks as described previously in detail
(Chrzanowski et al. 2019; Hochstrasser et al. 2017). Control
animals received a diet of standard rodent chow for the entire
duration of the study. For histological and immunohistochem-
ical studies, mice were anesthetized with ketamine
(100 mg kg™" i.p.) and xylazine (10 mg kg ' i.p.), and then
transcardially perfused with ice-cold PBS followed by a 3.7%
formaldehyde solution (pH 7.4). Brains were postfixed over-
night in a 3.7% formaldehyde solution at 4 °C, dissected, and
embedded in paraffin, and then coronal sections (5 um) were
prepared (Acs et al. 2009; Clarner et al. 2012).

Immunohistochemistry/Histochemistry
and Evaluation

For immunohistochemistry, sections were rehydrated and, if
necessary, antigens were unmasked by heating in Tris/EDTA
(pH 9.0) or citrate (pH 6.0) buffer. After washing in PBS,
sections were blocked in blocking solution (serum of the spe-
cies in which the secondary antibody was produced) for 1 h.
Then, the sections were incubated overnight (4 °C) with pri-
mary antibodies diluted in blocking solution. Primary and
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secondary antibodies used in this study are listed in Table 1.
The next day, slides were incubated in 0.3% hydrogen
peroxide/PBS for 30 min and then incubated with biotinylated
secondary antibodies for 1 h followed by peroxidase-coupled
avidin-biotin complex (ABC kit; Vector Laboratories,
Peterborough, UK). Sections were finally exposed to 3,3'-di-
aminobenzidine (DAKO, Santa Clara, CA, USA) as a perox-
idase substrate. To visualize cell nuclei, sections were stained
with hematoxylin solution. Negative control sections without
primary antibodies were processed to ensure specificity of the
staining. Luxol fast blue (LFB)/periodic acid-Schiff (PAS)
stains were performed following standard protocols (Nack
et al. 2019; Nyamoya et al. 2018). The stained and processed
sections were digitalized using a Nikon ECLIPSE 50i micro-
scope (Nikon, Nikon Instruments, Diisseldorf, Germany)
equipped with a DS-2Mv camera. The open-source program
Image]J 1.48v (NIH, Bethesda, MD, USA) was used to deter-
mine cellular densities (cells/mm?) and to evaluate staining
intensity using semi-automated densitometrical evaluation af-
ter threshold setting. In brief, acquired images were converted
to gray scale images, and a global thresholding algorithm was
used for dividing each image 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 considered the other class. Relative staining in-
tensity was then quantified in binary converted images, and
the results are presented as percentage area.

Statistical Analyses

Statistical analyses were performed using Prism 5 (GraphPad
Software Inc., San Diego, CA, USA). All data are given as
arithmetic means = SEMs. Correlation analyses between the
variable “weight” and histological parameters were performed
by calculating Pearson’s correlation coefficient 7, R? and a
two-tailed p value. A p value of <0.05 was considered to be
statistically significant. No outliers were excluded from the
analyses. The Shapiro-Wilk test was applied to test for normal
data distribution.

Results

First, we were interested whether the weight of the animals
before the initiation of the cuprizone intoxication is an impor-
tant factor for the severity of early oligodendrocyte apoptosis
and concomitant microglia activation. Therefore, in a first
step, animals were intoxicated with cuprizone for 1 week,
and the densities of apoptotic oligodendrocytes (H&E) and
microglia cells (anti-IBA1) were analyzed in the corpus
callosum at the level of the rostral hippocampus (see
Fig. 1a). After 1 week of cuprizone intoxication, all mice lost
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Table 1 Primary antibodies and secondary antibodies used
Antigen Host Dilution  Antigen retrieval ~ Purchase number =~ RRID Manufacturer
Primary antibodies
PLP Mouse  1:5000 None MCAR839G AB Bio-Rad Laboratories Inc., Germany
2237198
IBA1 Rabbit  1:5000 Tris/EDTA 019-19741 AB_839504 Wako, USA
OLIG2 Rabbit 1:2000 Triss EDTA Ab9610 AB_570666 Merck-Millipore, Germany
Biotinylated secondary
antibodies
Goat anti-rabbit IgG Goat 1:200 Not applicable BA-1000 AB_ Vector Laboratories, Burlingame, USA
2313606
Goat anti-mouse [gG~ Goat 1:200 Not applicable BA-9200 AB_ Vector Laboratories, Burlingame, USA
2336171

weight ranging from 19.9 to 1.5% (data not shown). Neither
the densities of apoptotic bodies (Pearson’s correlation coef-
ficient »=—0.08466; R*=0.007167; two-tailed p value =
0.8286) nor the densities of IBA1" microglia cells (Pearson’s
correlation coefficient »=—0.2022; R’= 0.04090; two-tailed
p value = 0.6018) correlated to the weight of the animals (see
Fig. 1b, c). Furthermore, we did not find any correlation be-
tween the densities of OLIG2-expressing oligodendrocytes
(Pearson’s correlation coefficient »=—0.04941; R*>=
0.002441; two-tailed p value = 0.8996) and the starting weight
of the animals (see Fig. 1d). These results suggest that irre-
spective of the animal weight, cuprizone intoxication results
in profound oligodendrocyte apoptosis with concomitant mi-
croglia activation.

Next, we focused on week 3 at the time at which first signs of
demyelination can be observed on the histopathological level.
After week 3, all mice showed a reduced weight compared to
their starting weight ranging from 12.1 to 1.0%. Anti-PLP stain-
ing intensity positively correlated with the weight of the animals
(Pearson’s correlation coefficient = 0.5661; R*=0.3205; two-
tailed p value=0.0348). As higher the starting weight at the
beginning of the cuprizone intoxication period, as less severe loss
of anti-PLP staining intensity was observed (see Fig. 2a). A
similar yet non-significant trend was observed for LFB/PAS-
stained sections (Pearson’s correlation coefficient »=0.5516;
R*=0.3042; two-tailed p value=0.1993) (see Fig. 2b). To fur-
ther substantiate our observation that the cuprizone-induced pa-
thology is more severe in animals with a low starting weight, we
assessed microgliosis by either counting the densities of IBA1*
cells, or by measuring the optical density in anti-IBA1-stained
sections. As demonstrated in Fig. 2¢, d, we found a significant
negative correlation between the densities of IBA1* cells per
square millimeter and the starting weight (Pearson’s correlation
coefficient »=—0.8660; R>= 0.7500; two-tailed p value =
0.0117). A similar yet non-significant trend was observed if mi-
croglia activation was assessed by optical densitometry measure-
ments (Pearson’s correlation coefficient r=—0.6196; R* =
0.3839; two-tailed p value =0.1378). Finally, we repeated these
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experiments with male mice to study a potential gender bias in
our results. LFB staining intensity strongly correlated with the
weight of the animals in male mice (Pearson’s correlation coef-
ficient 7=0.9669; R>=0.9349; two-tailed p value=0.072).
Furthermore, a similar, yet not significant and moderate correla-
tion was observed between IBA1™ cell densities and the animals’
weight (Pearson’s correlation coefficient r=—0.5201; R*=
0.2705; two-tailed p value =0.1512) (see Fig. 2e).

Discussion

The neurotoxin cuprizone is increasingly used to study cell-cell
interactions and molecular pathways mediating CNS demyelin-
ation and remyelination. Such studies are usually performed to
understand disease-relevant pathologies operant in MS patients
or, more recently, to understand schizophrenia-relevant abnor-
malities (Valeiras et al. 2014). The value of this model for such
studies on the one hand depends on an accurate description of its
quantifiable features, on the other hand on reliable protocols to
induce consistent and reproducible demyelination. A number of
variables have been identified in the past to be important for such
a reproducible demyelination, among gender (Taylor et al. 2009;
Valeiras et al. 2014), sex chromosomes (Moore et al. 2013),
genetic background (Taylor et al. 2009), or the level of circulating
sex hormones (Patel et al. 2013). Surprisingly, the variable
weight was never systematically analyzed as an important factor
for reliable cuprizone-induced demyelination.

This study clearly demonstrates that animal weight is an im-
portant variable for reliable cuprizone-induced demyelination at
week 3. It is currently not clear why we did observe a correlation
between the cuprizone-induced pathology and the starting weight
at week 3, but not at week 1. As demonstrated in Fig. 1, the
densities of apoptotic oligodendrocytes (quantified in H&E-
stained sections), the extent of early microglia activation, or the
densities of (surviving) oligodendrocytes (quantified in anti-
OLIG2-stained sections) did not correlate with the starting
weight of the animals. We have recently shown that
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Fig. 1 Animals of different weight are equally vulnerable to cuprizone-
induced oligodendrocyte apoptosis at week 1. a Schematic illustrating the
brain level analyzed during the study. The two black lines outline the
lateral borders of the mCC (medial corpus callosum). b Representative
H&E stain illustrating apoptotic cells in control mice and after 1-week
cuprizone intoxication is shown at the left, and a scatterplot of the two
variables “weight” and “apoptotic cells per mm?” is shown at the right.
The best fit regression line is included. ¢ Representative anti-IBA1 stains

oligodendrocytes react with differing sensitivity to the toxic in-
sult, with some cells dying early during lesion development and

illustrating microglia densities in control mice and after 1-week cuprizone
intoxication. A scatterplot of the two variables “weight” and “IBA1* cells
per mm>” is shown at the right. The best fit regression line is included. d
Representative anti-OLIG2 stains illustrating oligodendrocyte densities in
control mice and after 1-week cuprizone intoxication. A scatterplot of the
two variables “weight” and “OLIG2" cells per mm*>” is shown at the right.
The best fit regression line is included

some cells being resistant for weeks (Fischbach et al. 2018). We
assume that the highly vulnerable oligodendrocyte population,
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Fig. 2 Animals with higher weight are less vulnerable to cuprizone-
induced pathology at week 3. a Representative anti-PLP stain
illustrating myelination in control mice and after 3-week cuprizone
intoxication is shown at the left, a scatterplot of the two variables
“weight” and “myelination” is shown at the right. The best fit
regression line is included. b Representative LFB/PAS stains illustrating
myelination in control mice and after 3-week cuprizone intoxication is
shown at the left, and a scatterplot of the two variables “weight” and
“myelination” is shown at the right. The best fit regression line is
included. ¢ Representative anti-IBA1 stains illustrating microglia
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densities in control mice and after 3-week cuprizone intoxication. A
scatterplot of the two variables “weight” and “IBA1" cells per mm®” is
shown at the right. The best fit regression line is included. d Scatterplot of
the two variables “weight” and “IBA1" staining intensity.” The best fit
regression line is included. Note that female mice were used for the results
shown in a—d. e Scatterplot of the two variables “weight” and
“myelination” is shown at the left, and scatterplot of the two variables
“weight” and “IBA1" cells per mm?” is shown at the right. The best fit
regression line is included. Note that male mice were used for these
results
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which is subjected to apoptosis during the first week, is vulner-
able even if cuprizone concentrations within the brain are low. In
such a scenario, we might miss any correlation between weight
and oligodendrocyte vulnerability at week 1 because of too high
cuprizone intoxication levels. The situation might be different at
week 3. Those oligodendrocytes which are more resistant against
the systemic cuprizone intoxication protocol probably require
higher cuprizone concentrations to be subjected to apoptosis. In
such a scenario, a correlation can be detected. Alternatively, it
might be that the activation of microglia cells, which phagocyto-
se myelin during the course of the cuprizone intoxication period,
is not merely activated by the dying oligodendrocytes but addi-
tionally by high systemic cuprizone concentrations as suggested
by Pasquini and colleagues (Pasquini et al. 2007). However,
whether this is true or not requires further studies.

This is, to the best of our knowledge, the first study dem-
onstrating that a negative correlation exists between the two
variables “extent of cuprizone-induced demyelination” and
“starting weight” (i.e., the weight of the animal at the begin-
ning of the cuprizone intoxication). Given the fact that much
higher concentrations of cuprizone have to be used to induce
demyelination in rats compared to mice (Love 1988; Omotoso
etal. 2018), such a finding is maybe not surprising, but highly
relevant for the experimental design of future studies. In our
hands, we obtain best results if we order male mice at an age of
6—7 weeks with a weight ranging from 18 to 20 g. Of note, the
weight of the animals should be determined after 1 week of
rest because, due to the transport-induced stress, the mice
show considerable weight loss.

The results shown in this study are obtained from wild-type
mice used to analyze the relevance of an endoplasmic reticu-
lum stress cascade for cuprizone-induced demyelination
(Fischbach et al. 2018). Especially in animal facilities with
place limitations, it is in many cases not possible to design
the experiment in a way that all mice have a similar weight at
the beginning of a cuprizone intoxication period. In such a
case, one should try to balance the weight between the differ-
ent study groups in a way that light weight and heavy weight
mice are equally distributed among the groups. Of note, a
negative correlation between starting weight and the extent
of demyelination at week 3 has as well been observed in the
knockout mice, showing that such an effect is not restricted to
wild-type animals.
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