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2. Abkürzungsverzeichnis 

 
ARE  antioxidant response element 

ATF3   activating transcription factor 3 

ATF4   activating transcription factor 4 

ATF6   activating transcription factor 6 

CNS  central nervous system 

DDIT3  DNA damage inducible transcript 3 protein ‐

eIF2a   eukaryotic initiation factor 2 alpha 

ER  Endoplasmatisches Retikulum 

GDF15 growth/differentiation factor 15 

Grp94   glucose-regulated protein 94 

IL-6  Interleukin 6 

IL-8  Interleukin 8 

IRE1  inositol requiring 1 

ISR  integrated stress response 

KEAP1 Kelch ECH associated protein 1 ‐

MS  Multiple Sklerose 

NOS2   nitric oxide synthase-2 

NRF2   nuclear factor (erythroid-derived 2)-like 2 

OPC  Oligodendrozyten-Progenitorzelle 

PERK   protein kinase RNA-like endoplasmic reticulum kinase 

ROS  reactive oxygen species 

UPR  unfolded protein response 

XBP1   X-box binding protein 1 

ZNS  Zentralnervensystem 

  



 
 

7 

3. Publikationsliste 

 

1. Nico Teske, Annette Liessem, Felix Fischbach, Tim Clarner, Cordian Beyer, Chris-

toph Wruck, Athanassios Fragoulis, Simone C. Tauber, Marion Victor and Markus 

Kipp, Chemical hypoxia-induced integrated stress response activation in oligodendro-

cytes is mediated by the transcription factor nuclear factor (erythroid-derived 2)-like 2 

(NRF2)., Journal of Neurochemistry 144:285–301. doi: 10.1111/jnc.14270, (2018). 

 

2. Miriam Scheld, Athanassios Fragoulis, Stella Nyamoya, Adib Zendedel, Bernd De-

necke, Barbara Krauspe, Nico Teske, Markus Kipp, Cordian Beyer and Tim Clarner, 

Mitochondrial Impairment in Oligodendroglial Cells Induces Cytokine Expression and 

Signaling, Journal of Molecular Neuroscience, doi: 10.1007/s12031-018-1236-6, 

(2018). 

 

  



 
 

8 

4. Einleitung 

 
Oligodendrozyten sind die myelinisierenden Zellen des Zentralnervensystems (ZNS). Sie un-

terliegen einer komplexen Zellproliferation, -migration und -differenzierung, die in der Ausbil-

dung der Myelinscheide der Axone zentraler Neurone endet. Um die Versorgung und Erre-

gungsleitung  der  Axone  des  ZNS  sicherzustellen,  sind  Oligodendrozyten  dazu  in  der  Lage 

durch einen extrem gesteigerten Metabolismus jeden Tag große Mengen Myelin zu produzie-

ren. Auf Grund der komplexen Differenzierung und einzigartigen Physiologie stellen sie eine 

vulnerable Zellpopulation im ZNS dar (Bradl & Lassmann 2010). Störungen dieser Zelllinie 

sind mit einer Vielzahl von Erkrankungen des ZNS assoziiert, unter anderem mit der Multiplen 

Sklerose (MS) (Barnett & Prineas 2004; Prineas & Parratt 2012; Kipp et al. 2017), dem Schlag-

anfall (Pantoni et al. 1996; di Penta et al. 2013), Rückenmarksverletzungen (Li et al. 1999), der 

Schizophrenie (Vostrikov et al. 2008) und bipolar-affektiven Störungen (Uranova et al. 2001). 

Oxidativer Stress stellt eine der vielen Ursachen für Oligodendrozytensterben dar (Haider et al. 

2011; di Penta et al. 2013; Rosenzweig & Carmichael 2013; Liu et al. 2014). In humanen MS-

Läsionen konnte post mortem gesteigerter Zelltod von reifen Oligodendrozyten nachgewiesen 

werden (Prineas & Parratt 2012). In Biopsien von humanen MS-Läsionen konnte gesteigerter 

Zelltod  von  Oligodendrozyten-Progenitorzellen  (OPC)s  nachgewiesen  werden  (Cui  et  al. 

2013). Oligodendrozyten-Progenitorzellen sind maßgeblich am Prozess der Remyelinisierung 

beteiligt. OPC Aktivierung, Proliferation und Migration hin zu demyelinisierten Axonen stellen 

dabei notwendige Schritte dar. Vor Ort differenzieren die Progenitorzellen aus und remyelini-

sieren Axone, deren Myelinscheiden geschädigt wurden. In MS Patienten ist diese endogene 

Remyelinisierung meist unvollständig (Patrikios et al. 2006). Zudem nimmt die Effektivität im 

Alter ab (Sim et al. 2002). Die Remyelinisierung stellt eine effektive Möglichkeit der Gewe-

bereparatur dar. Ihr werden neuroprotektive Effekte zugeschrieben (Bramow et al. 2010; Bruce 

et al. 2010), weshalb sie intensiv im Hinblick auf neue therapeutische Strategien erforscht wird 

(Plemel et al. 2017). Ein besseres Verständnis von OPC-Pathologien und beteiligter Signalwege 

ist unabdingbar mit diesen Strategien verbunden. 

 

Ein Beispiel für eine solche Signalkaskade ist die unfolded protein response (UPR), eine Reihe 

adaptiver Signalwege, die zusammen bei einer Ansammlung un- oder fehlgefalteter Proteine 

innerhalb des endoplasmatischen Retikulums (ER) zur Expressions-Induktion spezifischer ER 

Chaperone führen (Kozutsumi et al. 1988). Diese Signalkaskade kontrolliert die ER-Homöo-

stase, welche insbesondere in sekretorisch aktiven Zellen, wie Plasmozyten, Hepatozyten und 
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pankreatischen b-Zellen eine wichtige Rolle spielt. Die UPR kann durch drei verschiedene ER-

Transmembranproteine aktiviert werden: inositol requiring 1 (IRE1), protein kinase RNA-like 

endoplasmic reticulum kinase (PERK) und activating transcription factor 6 (ATF6). IRE1 ak-

tiviert den Transkriptionsfaktor X-box binding protein 1 (XBP1), ATF6 den Transkriptionsfak-

tor ATF6 (N). Beide Signalzweige führen zu einer selektiven Expressions-Induktion von zyto-

protektiven Proteinen. PERK phosphoryliert eukaryotic initiation factor 2 alpha (eIF2 a). Dies 

führt zum einen zu einer selektiven Expressions-Induktion von zytoprotektiven Proteinen und 

Chaperonen wie zum Beispiel glucose-regulated protein 94 (Grp94) (Liu & Li 2008). Zum an-

deren führt die Phosphorylierung von eIF2 a zu einer gehemmten Translation und damit zu 

einer verminderten Proteinbiosynthese  (Smith & Mallucci 2016). Bei persistierendem Zell-

stress  führen  DNA  damage-inducible  transcript  3  protein  (DDIT3)  (Rutkowski  et  al.  2006; 

Puthalakath et al. 2007) und activating transcription factor 3 (ATF3) (Edagawa et al. 2014) zur 

Apoptose.  

 

Eine gestörte Proteinfaltung stellt jedoch nicht den einzigen Weg der Aktivierung einer un-

folded protein response dar. Verschiedene zelluläre Veränderungen, wie zum Beispiel ein Man-

gel  von  Aminosäuren  oder  Glucose  oder  aber  eine  Hypoxie,  können  vor  allem  über  PERK 

ebenfalls  eine  UPR  Aktivierung  induzieren,  weshalb  man  hier  von  einer  integrated  stress 

response (ISR) spricht (Pakos-Zebrucka et al. 2016). Oxidativer Stress wird ebenfalls mit der 

ISR in Verbindung gebracht. So konnte gezeigt werden, dass die Redox-Homöostase eine wich-

tige Rolle in Faltungsprozessen von Proteinen spielt (van der Vlies et al. 2003; Cao & Kaufman 

2014) und die Produktion reaktiver Sauerstoffspezies (reactive oxygen species; ROS) von Tei-

len der ISR ausgelöst werden könnte (Santos et al. 2009). Zudem zeigte sich, dass die Zellpro-

tektion bedingt durch Ddit3 Deletion teilweise auf Änderungen der Redox-Homöostase im ER 

zurückzuführen ist (Marciniak et al. 2004). Wenngleich ER-Stress und oxidativer Stress häufig 

in zellulären Pathologien gemeinsam vorkommen, ist bisher unklar in welchem Ausmaß oxida-

tiver Stress und die ISR in Oligodendrozyten in Verbindung stehen. 

Oxidativer Stress spielt eine bedeutende Rolle in der Pathogenese vieler neurodegenerativer 

und neuroinflammatorischer Erkrankungen, zum Beispiel dem Morbus Parkinson, dem Morbus 

Alzheimer (Lin & Beal 2006) oder der MS (Witte et al. 2014; Ohl et al. 2016). Dabei wird 

oxidativer Stress als ein Ungleichgewicht zwischen oxidierenden und reduzierenden Reaktio-

nen innerhalb einer Zelle definiert, bei dem die oxidierenden Reaktionen überwiegen und die 

Produktion von ROS begünstigt wird. Obwohl ROS in geringen Konzentrationen physiologi-

sche  Funktionen  als  sekundäre  Botenstoffe  erfüllen  können  (Reth  2002),  führen  höhere 
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Konzentrationen, welche die antioxidative Kapazität der Zelle übersteigen, zum Zusammen-

bruch der zellulären Redox-Homöostase. Die Folgen sind Schäden an Zellstrukturen wie Lipi-

den, Proteinen und Nukleinsäuren, die zur Beeinträchtigung zellulärer Abläufe und letztendlich 

zum Zelltod führen können. 

 

Um oxidativem Stress entgegenzuwirken und sich vor Pro-Oxidantien zu schützen, haben alle 

Zellen  intrinsische  Mechanismen  entwickelt,  die  überschüssige  ROS  neutralisieren  können. 

Diese  als  oxidative  stress  response  zusammengefassten  Mechanismen  werden  maßgeblich 

durch den Transkriptionsfaktor nuclear factor (erythroid-derived 2)-like 2 (NRF2) reguliert. Im 

Ruhezustand wird NRF2 durch Kelch ECH associated protein 1 (KEAP1) im Zytosol gebun-‐

den, ubiquitiniert und folglich abgebaut. Oxidativer Stress induziert Konformationsänderungen 

in KEAP1, wodurch NRF2 freigesetzt wird und in den Zellkern translozieren kann. Dort bindet 

es die DNA am sogenannten „antioxidant response element (ARE)“ und führt zu einer Tran-

skriptions-Induktion antioxidativer Enzyme und Phase II Detox-Enzyme (Draheim et al. 2016; 

Itoh et al. 2003; Wakabayashi et al. 2003). 

 

Gestresste Oligodendrozyten können unter anderem in der normal erscheinenden weißen Sub-

stanz (normal-appearing white matter) von MS Patienten gefunden werden. Dort kommen sie 

in so genannten „präaktiven Läsionen“ ((p)reactive lesions) zusammen mit Mikrogliaknötchen, 

kleinen Anhäufungen der residenten Immunzellen des ZNS, vor (De Groot et al. 2001; Zeis et 

al. 2009). Man geht davon aus, dass zumindest einige solcher präaktiven Läsionen den späteren 

aktiv-demyelinisierenden MS-Läsionen, die eine Störung der Blut-Hirn-Schranke und Infiltra-

tion von Lymphozyten aufzeigen, vorausgehen (Wuerfel et al. 2004; van der Valk & Amor 

2009). Ruhende Mikrogliazellen können durch eine Vielzahl pathologischer Veränderungen im 

ZNS, z.B. durch Lymphozyten-Infiltration oder Anwesenheit von Mikroorganismen, aktiviert 

werden (Gehrmann et al. 1995; Perry et al. 1993). In vivo Modelle zeigen, dass das Ausmaß 

der Demyelinisierung zentraler Axone positiv mit der Anzahl aktivierter Mikrogliazellen kor-

reliert (Clarner et al. 2012). Da in präaktiven Läsionen die Demyelinisierung, Leukozyten-In-

filtration und weitere histopathologische Merkmale der klassischen MS-Läsionen fehlen (Gay 

et al. 1997; Barnett & Prineas 2004; van der Valk & Amor 2009), könnten in solchen Läsionen 

die  gestressten  Oligodendrozyten  eine  Rolle  in  der  Mikrogliazell-Aktivierung  spielen.  Oli-

godendrozyten können eine Vielzahl von Signalmolekülen, die einen Einfluss auf immunolo-

gische Prozesse haben, sezernieren (Cannella & Raine 2004; Balabanov et al. 2007; Okamura 

et  al.  2007;  Tzartos  et  al.  2008;  Moyon  et  al.  2015).  Beispiele  hierfür  sind  die  humane 
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Oligodendrozyten  Zelllinie  MO3.13,  die  die  Cytokine  Interleukin-6  (IL6)  und  Interleukin-8 

(IL8) in Anwesenheit von Borrelia burgdorferi sezerniert (Ramesh et al. 2012), oder primäre 

Ratten  Oligodendrozyten,  die  eine  gesteigerte  Expression  der  Chemokine  CXCL10,  CCL2, 

CCL3 und CCL5 als Antwort auf Interferon-g Behandlung zeigen (Balabanov et al. 2007).  

 

4.1 Fragestellung 
 
Die übergeordnete Fragestellung, welche die einzelnen Originalarbeiten miteinander verbindet, 

beschäftigt sich mit der Auswirkung von Oligodendrozyten-Pathologien in neurodegenerativen 

und neuroinflammatorischen Erkrankungen, insbesondere im Hinblick auf die Pathophysiolo-

gie von MS. Dabei sind sowohl die molekularbiologischen Zusammenhänge von oxidativem 

Stress und ER-Stress in Oligodendrozyten und ihren Vorläuferzellen, als auch die Auswirkun-

gen dieser gestressten Zellen auf benachbarte Mikrogliazellen im Rahmen der Entstehung von 

MS-Läsionen von besonderem Interesse. 

 

Im Rahmen der ersten Originalarbeit „Chemical hypoxia-induced integrated stress response ac-

tivation in oligodendrocytes is mediated by the transcription factor nuclear factor (erythroid-

derived 2)-like 2 (NRF2)“ wurde untersucht, ob Komponenten der ISR durch experimentelle 

Inhibition der Atmungskette aktiviert werden können. In einem weiteren Schritt sollte heraus-

gefunden werden, ob diese Aktivierung unter Kontrolle von NRF2 steht. Dafür wurden die im-

mortalisierten Oligodendrozyten-Zelllinien OLN93 und OliNeu als Modellsysteme verwendet. 

Das mitochondriale Membranpotenzial und ROS-Level wurden durchflusszytometrisch gemes-

sen und dienten als Kontrolle für eine suffiziente Inhibition der Atmungskette. ER-Stress wurde 

durch  Expressions-Induktion  von  Atf3,  Atf4  und  Ddit3  gemessen.  Mittels  lentiviralem  Gen-

Silencing von Nrf2 und Keap1 wurde die Rolle von NRF2 in der integrated stress response 

untersucht. Es konnte gezeigt werden, dass Hauptelemente der ISR, hier Atf3, Atf4 und Ddit3, 

in OPCs sowohl durch experimentelle ISR-Induktion als auch durch Inhibition der mitochond-

rialen  Atmungskette  (chemische  Hypoxie)  aktiviert  werden.  Zudem  konnte  gezeigt  werden, 

dass die Expression von ATF3 und DDIT3 in dem in vivo Remyelinisierungsmodell Cuprizone 

(Slowik et al. 2015; Draheim et al. 2016) induziert wird. Die Expression von Atf3, Atf4 und 

Ddit3 durch Inhibition der Atmungskette zeigte sich ohne eine Aktivierung von Chaperonen 

(z.B. Grp94). NRF2 Überaktivierung mittels Keap1-Knockdown in OliNeu Zellen führte zu 

einer gesteigerten ISR-Aktivierung, wohingegen ein Nrf2-Knockdown eine reduzierte ISR-Ak-

tivierung zeigte. Diese Ergebnisse zeigen eine funktionelle Verbindung zwischen dem 
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NRF2/ARE und dem ISR-Signalweg in OPCs auf. Daraus kann man schließen, dass oxidativer 

Stress eine ISR in Oligodendrozyten aktiviert und so möglicherweise die Degeneration von 

Oligodendrozyten in MS und anderen neurologischen Erkrankungen steuert.  

 

Im Rahmen der zweiten Originalarbeit „Mitochondrial impairment in oligodendroglial cells in-

duces cytokine expression and signaling“ wurde untersucht, welche Signalmoleküle von Oli-

godendrozyten unter oxidativem Stress sezerniert werden. Im nächsten Schritt wurde überprüft, 

ob die Signalmoleküle zu einer Mikrogliazell-Aktivierung führen und so die Entstehung präak-

tiver MS-Läsionen begünstigen können. Dafür wurden die Oligodendrozyten-Zelllinie OLN93 

und die Mikroglia-Zelllinie BV2 als Modellsysteme verwendet. Oxidativer Stress wurde durch 

die  Inhibition  der  Atmungskette  mittels  Sodium  azide  induziert.  Mikrogliazell-Aktivierung 

wurde  durch  die  Expressions-Induktion  von  nitric  oxide  synthase-2  (NOS2),  einem  proin-

flammatorischen  Marker,  und  Arginase  1,  einem  antiinflammatorischen  Marker,  gemessen. 

Weiterhin wurde das Remyelinisierungsmodell Cuprizone verwendet, um die Genexpression 

von Oligodendrozyten in vivo zu untersuchen. Es konnte gezeigt werden, dass Oligodendrozy-

ten-Progenitorzellen, nach Inhibition der mitochondrialen Atmungskette, eine selektiv gestei-

gerte Expression einer Vielzahl immunmodulierender Signalmoleküle  aufzeigen. Oxidativer 

Stress  induzierte  unter  anderem  die  Expression  von  IL-6,  growth/differentiation  factor  15 

(GDF15) und einer Reihe weiterer Chemokine in vitro. IL-6 und GDF15 Expressions-Induktion 

konnte zudem in Gewebeschnitten von Cuprizone-behandelten Mäusen in dem in vivo Remyeli-

nisierungsmodell Cuprizone nachgewiesen werden. Fluoreszenz-in-situ-Hybridisierung zeigte, 

dass unter anderem Oligodendrozyten für die IL-6 Expressions-Induktion im in vivo Modell 

verantwortlich sind. Inkubation von Mikrogliazellen mit konditioniertem Medium von gestress-

ten Oligodendrozyten führte zu einer gesteigerten Expression von NOS2 und Arginase 1. IL-6-

Antikörper vermittelte Blockierung von IL-6 unterdrückte diese Aktivierung unvollständig, so-

dass von weiteren Signalmolekülen ausgegangen werden muss, die zu einer Mikrogliazell-Ak-

tivierung durch OPCs beitragen. Daraus kann man schließen, dass Oligodendrozyten das Po-

tenzial haben Mikrogliazellen mit Hilfe verschiedener Cytokine und Chemokine zu aktivieren 

und auf diese Weise in der Entstehung von präaktiven MS-Läsionen eine Rolle spielen könnten. 

 

4.2 Eigenanteil an der Arbeit 
 

Bei der ersten Publikation mit dem Titel: „Chemical hypoxia-induced integrated stress response 

activation in oligodendrocytes is mediated by the transcription factor nuclear factor (erythroid-



 
 

13 

derived 2)-like 2 (NRF2)“ setzte sich der Beitrag des Doktoranden an der Arbeit aus der Pla-

nung der Studie, der Durchführung der Experimente, der Datenauswertung, der Interpretation 

der Ergebnisse sowie der Verfassung der Veröffentlichung zusammen. Neben der Etablierung 

der Oligodendrozyten Zellkultur in der Anatomischen Anstalt München (Lehrstuhl 2 – Neuro-

anatomie), wurden die Zellviabilitäts-Assays, die Messungen der reaktiven Sauerstoffspezies 

und des Mitochondrienmembranpotenzials eigenständig durch den Doktoranden durchgeführt 

und ausgewertet. Der Doktorand wurde von seinen korrespondierenden Autoren bei der Daten- 

und  Statistikerhebung  der  Zelltransfektions-Experimente,  Genexpressionsanalysen,  Western 

Blots und in vivo Experimente, sowie der Überarbeitung des Manuskripts unterstützt. Zusätz-

lich hatte der Doktorand regelmäßigen Kontakt mit seinem betreuenden Doktorvater, der ihm 

bei speziellen Fragestellungen sowie der Korrektur des Manuskripts unterstützt hat. Aus diesem 

wesentlichen Anteil ergibt sich die Stellung als Erstautor dieser Publikation. 

 

Bei der zweiten Publikation mit dem Titel: „Mitochondrial impairment in oligodendroglial cells 

induces cytokine expression and signaling“ setzte sich der Beitrag des Doktoranden an der Ar-

beit aus der Anwendung der bereits etablierten Methoden der Zellkultur, der Datenauswertung, 

der Interpretation der Ergebnisse sowie der Überarbeitung des Manuskripts zusammen. Dabei 

wurden die CellTiter-Blue® Zellviabilitäts-Assays und die CytoTox 96® Zelltoxizitäts-Assays 

selbstständig vom Doktoranden durchgeführt (Scheld et al. 2018, Fig. 1a). Daraus ergibt sich 

die Stellung der Ko-Autorenschaft in dieser Publikation. 
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5. Zusammenfassung 

Die  genauen  pathophysiologischen  Mechanismen  vieler  neurodegenerativer  und  neuroin-

flammatorischer Erkrankungen sind nach wie vor nicht hinreichend geklärt. Dazu zählen unter 

anderem die Entstehung von Läsionen im Rahmen der Multiplen Sklerose sowie die unvoll-

ständige Remyelinisierung entmarkter Läsionen in MS Patienten. Oligodendrozyten-Patholo-

gien scheinen in beiden Szenarien eine entscheidende Rolle zu spielen. Insbesondere Beein-

trächtigungen  von  Oligodendrozyten-Progenitorzellen  sind  im  Prozess  der  unvollständigen 

Remyelinisierung involviert und können unter anderem durch oxidativen Stress ausgelöst wer-

den. 

Die beiden Publikationen dieser kumulativen Dissertation beschäftigen sich mit den moleku-

larbiologischen Mechanismen von Oligodendrozyten und ihren Vorläuferzellen in diesem Zu-

sammenhang. Die erste Publikation konnte zeigen, dass Hauptelemente einer integrated stress 

response, hier Atf3, Atf4 und Ddit3 in Oligodendrozyten-Progenitorzellen sowohl durch expe-

rimentelle ISR-Induktion als auch durch Inhibition der mitochondrialen Atmungskette (chemi-

sche Hypoxie) aktiviert werden. Konstitutive Überaktivierung des Transkriptionsfaktors NRF2 

mittels Keap1-Knockdown in OliNeu Zellen führte zu einer gesteigerten ISR-Aktivierung, wo-

hingegen ein Nrf2-Knockdown eine reduzierte ISR-Aktivierung zeigte. Im Rahmen der zweiten 

Publikation untersuchten wir die Expression von Signalmolekülen durch Oligodendrozyten, die 

zu einer Mikrogliazell-Aktivierung in präaktiven MS-Läsionen führen könnten. Oligodendro-

zyten-Progenitorzellen,  deren  mitochondriale  Atmungskette  experimentell  inhibiert  wurde, 

zeigten eine selektiv gesteigerte Expression von immunmodulierenden Signalmolekülen, unter 

anderem von Interleukin 6. Eine gesteigerte IL-6 Expression durch Oligodendrozyten konnte 

ebenfalls in einem in vivo Remyelinisierungsmodell nachgewiesen werden. In vitro führte die 

Inkubation von Mikrogliazellen mit konditioniertem Medium von gestressten Oligodendrozy-

ten zu einer gesteigerten Expression von nitric oxide synthase-2 und Arginase 1, zwei Markern 

für eine Mikrogliazell-Aktivierung. 

Zusammenfassend konnten wir in Rahmen der beiden vorgelegten Arbeiten zeigen, dass (1) 

oxidativer Stress eine ISR in Oligodendrozyten aktiviert, und dass (2) diese gestressten Oli-

godendrozyten das Potenzial haben Mikrogliazellen mit Hilfe verschiedener Signalmoleküle zu 

aktiveren und so möglicherweise die Degeneration von Oligodendrozyten und die Entstehung 

von präaktiven Läsionen bei der Multiple Sklerose gesteuert wird.  
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6. Summary 

The precise pathophysiological mechanisms underlying neurodegenerative and neuroinflam-

matory disorders among multiple sclerosis (MS) are still poorly understood. In MS, the patho-

genesis of lesion formation in patients and their incomplete remyelination, respectively, are of 

great interest. In both scenarios, oligodendrocyte pathologies appear to be involved. Injury to 

oligodendrocyte progenitor cells caused by cellular disturbances like oxidative stress can be a 

contributing factor for such incomplete remyelination.  

Both publications describe the molecular biological mechanisms in oligodendrocyte patholo-

gies in this context. The first publication showed that the induction of distinct elements of an 

integrated stress response, namely activating transcription factor 3 and 4 and DNA damage‐

inducible transcript 3 protein, is activated in oligodendrocyte progenitor cells as a result of ex-

perimental ISR induction as well as inhibition of the respiratory chain (chemical hypoxia). Hy-

peractivation of NRF2 by Keap1 knockdown led to an increased ISR activation. Nrf2 deficient 

cells, however, showed decreased ISR activation. The second publication describes the expres-

sion of signaling molecules by oligodendrocytes, which could potentially lead to a microglia 

activation in preactive MS lesions. Oligodendrocyte progenitor cells, stressed by inhibition of 

the respiratory chain, showed expression induction of distinct immune modulating molecules, 

such as interleukin 6. IL-6 expression induction by oligodendrocytes was also demonstrated in 

a in vivo remyelination model. In vitro, microglia incubation with oligodendrocyte conditioned 

medium led to expression induction of nitric oxide synthase-2 und arginase 1, both key markers 

for microglia activation. In conclusion, the publications could show that (1) oxidative stress 

activates an ISR in oligodendrocytes and (2) stressed oligodendrocytes are capable of activating 

microglia by means of a cytokine mixture, thus contributing in oligodendrocyte degeneration 

and preactive lesion formation in MS.  
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Abstract
The extent of remyelination in multiple sclerosis lesions is
often incomplete. Injury to oligodendrocyte progenitor cells can
be a contributing factor for such incomplete remyelination. The
precise mechanisms underlying insufficient repair remain to be
defined, but oxidative stress appears to be involved. Here, we
used immortalized oligodendrocyte cell lines as model sys-
tems to investigate a causal relation of oxidative stress and
endoplasmic reticulum stress signaling cascades. OLN93 and
OliNeu cells were subjected to chemical hypoxia by blocking
the respiratory chain at various levels. Mitochondrial mem-
brane potential and oxidative stress levels were quantified by
flow cytometry. Endoplasmic reticulum stress was monitored
by the expression induction of activating transcription factor 3

and 4 (Atf3, Atf4), DNA damage-inducible transcript 3 protein
(Ddit3), and glucose-regulated protein 94. Lentiviral silencing
of nuclear factor (erythroid-derived 2)-like 2 or kelch-like ECH-
associated protein 1 was applied to study the relevance of
NRF2 for endoplasmic reticulum stress responses. We
demonstrate that inhibition of the respiratory chain induces
oxidative stress in cultured oligodendrocytes which is paral-
leled by the expression induction of distinct mediators of the
endoplasmic reticulum stress response, namely Atf3, Atf4, and
Ddit3. Atf3 and Ddit3 expression induction is potentiated in
kelch-like ECH-associated protein 1-deficient cells and absent
in cells lacking the oxidative stress-related transcription factor
NRF2. This study provides strong evidence that oxidative
stress in oligodendrocytes activates endoplasmic reticulum
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stress response in a NRF2-dependent manner and, in conse-
quence, might regulate oligodendrocyte degeneration in mul-
tiple sclerosis and other neurological disorders.

Keywords: chemical hypoxia, ISR, multiple sclerosis, Nrf2,
oligodendrocytes.
J. Neurochem. (2018) 144, 285--301.

Oligodendrocytesare the myelinating cells of the central
nervous system (CNS).They have to undergo a complex
program of proliferation, migration, differentiation, and
myelination to finally produce the axonal myelin sheaths.
Because ofthis complex differentiation program and their
unique metabolism/physiology, oligodendrocytes represent a
vulnerable cellpopulation within the CNS. Disturbance of
oligodendrocyte development and maintenance is associated
with major diseases of the CNS including multiple sclerosis
(MS) (Barnett and Prineas 2004;Prineas and Parratt2012;
Kipp et al. 2017), stroke (Pantoniet al. 1996; Fern et al.
2014), spinal cord injury (Li et al. 1999), schizophrenia
(Vostrikov et al. 2008), and bipolar psychiatric disorders
(Uranova et al. 2001). Underlying mechanismscausing
oligodendrocytedamageare manifold including hypoxia
(Scheueret al. 2015), inflammation (di Penta etal. 2013;
Rosenzweig and Carmichael 2013), glutamate excitotoxicity
(Pitt et al. 2000; Matute et al. 2007), and oxidative stress
(Haider et al. 2011; di Penta etal. 2013; Rosenzweig and
Carmichael 2013; Liu etal. 2014). Of note, in MS which is
the best studied disease related to oligodendrocyte pathology,
mature oligodendrocytes (Prineas and Parratt2012) as well
as oligodendrocyte progenitor cells (Cuiet al. 2013) show
increased cell death. Preservation of both cell entities is still
an unmet medical need.

Remyelination is one of the best documented and most
robust examples of tissue repair in the CNS. Although in the
adult brain, the regeneration ofdestroyed neurons is very
limited, lost myelin sheaths can principally very effectively
be repaired. On the cellular levels, steps involved in
remyelination include the activation and proliferation of
oligodendrocyte progenitorcells (OPCs), the migration of
these OPCs toward the demyelinated axon,and the interac-
tion of OPCs with the axon, which culminates in OPC
differentiation and finally remyelination. The beneficial
effects of remyelination are well known and include the
restoration of axonal conduction propertiesthat are lost
following demyelination (Honmou etal. 1996) as well as
axonal protection (Funfschilling etal. 2012; Moore et al.
2013; Schampelet al. 2017). For reasons thatare not well
understood,remyelination is incomplete in most of MS
patients (Patrikios etal. 2006), and remyelination efficacy
decreases with age (Sim etal. 2002). Because of the believed
neuroprotectiveeffect of remyelination (Patrikios et al.
2006; Bramow et al. 2010; Bruce etal. 2010), new thera-
peutic strategiesaimed at promoting remyelination are
currently intensively tested.Although it has been shown

that the impairmentof both, OPC recruitmentand differen-
tiation, might be attributable to the failure of remyelination in
MS patients and its animal models (Chang etal. 2000, 2002;
Sim et al. 2002), OPC death during the remyelination
process has been suggested to contribute to remyelination
failure (Natarajan etal. 2013; Simonishvili et al. 2013;
Maus etal. 2015; Moore etal. 2015; Dincman etal. 2016).
Since successfulremyelination within the injured CNS is
largely dependenton the survival of OPCs, a better
understanding ofpathways involved during OPC injury is
urgently needed.

A groundbreaking study that was published more than two
decades ago highlighted the existence of an adaptive pathway
in mammalian cells that controls response to protein folding
stress through the transcriptional activation of genes coding for
essential endoplasmic reticulum (ER) chaperones (Kozutsumi
et al. 1988). This adaptive response was termed unfolded
protein response (UPR).In consequence,the UPR has been
associated with the maintenance of cellularhomeostasis in
specialized secretory cells,including plasmocytes,hepato-
cytes,and pancreatic b-cells in which the secretory protein
folding burden constitutes a constant source of stress. Classi-
cally, UPR is initiated by three ER transmembrane proteins:
inositol requiring 1, protein kinase RNA-like endoplasmic
reticulum kinase (PERK), and activating transcription factor 6.
The focalpoint of UPR induction is the phosphorylation of
eukaryotic initiation factor 2 alpha (eIF2a), diminishing global
translation while selectively up-regulating the translation of
chaperones such as glucose-regulated protein 94 (Grp94) (Liu
and Li 2008) and other cytoprotective proteins. If cell stress
persists,DDIT3 (Rutkowski et al. 2006; Puthalakath etal.
2007) and other componentsof the UPR such as ATF3
(Edagawa etal. 2014) can mediate apoptosis.

Cellular responses controlled by the UPR signaling branches
are notsolely restricted to protein folding stress.Especially
activation of the PERK signaling pathway can occur in
response to a range of physiological changes and pathological
conditions, including amino acid deprivation, glucose depri-
vation, or hypoxia (Pakos-Zebrucka etal. 2016), and was
therefore termed integrated stress response (ISR).The com-
mon point of convergence for all the stress stimuli that activate
the ISR is the phosphorylation of eIF2a on serine 51.

Several studies support the view that, for example,
oxidative stress has a strong connection with the ISR.In
support of this assumption,it has been demonstrated that
redox homeostasis is crucialfor the protein folding process
and disulfide bond formation within the ER (van der Vlies
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et al. 2003). Furthermore,exogenousoxidants such as
reactive oxygen species (ROS) producers,peroxides,metal
ions, and lipid oxidation products may activate ISR branches
(reviewed in (Cao and Kaufman 2014; Santos etal. 2009)).
Finally, it has been shown that Ddit3 deletion protects cells
partially by changing redox conditions within the ER
(Marciniak etal. 2004).To what extentsuch an oxidative-
ISR crosstalk exists in oligodendrocytes is notwell under-
stood.

Oxidative stress plays a major role in the pathogenesis of
neurodegenerative and neuroinflammatory disorders among
MS (Witte et al. 2014; Ohl et al. 2016). Oxidative stress
arises when the production of ROS overwhelms the intrinsic
antioxidant defense machinery. Principally, ROS play
importantroles as second messengers in many intracellular
signaling cascades aimed atmaintaining cellular homeosta-
sis. At higher levels,ROS can cause indiscriminate damage
to biological molecules leading to loss of function and even
cell death. Thus, oxidative stress reflects an imbalance
between the systemic manifestation of ROS and the ability of
biological system to readily detoxify the reactive intermedi-
ates or to repair the resulting damage (Ohl etal. 2016).All
cells are equipped with an intrinsic mechanism that neutral-
izes excess ROS and protects againstoxidative injury. This
so-called oxidative stress response is mainly, but not
exclusively, controlled by the transcription factor nuclear
factor (erythroid-derived 2)-like 2 (NRF2).Under quiescent
conditions, NRF2 is retained and degraded in the cytosol by
Kelch ECH-associated protein 1 (KEAP1). If oxidative stress
is present within a cell,NRF2 is released from KEAP1 and
translocates into the nucleus where it binds to the antioxidant
response element (ARE), thereby activating the transcription
of antioxidantand detoxifying enzymes (Itoh etal. 2003;
Wakabayashi etal. 2003; Draheim etal. 2016).

In this work, we show that key elements of an ISR, namely
Atf3, Atf4, and Ddit3, are induced in OPCs through
experimentalISR induction and, equally, by inhibition of
respiratory chain activity (i.e.,chemicalhypoxia), which is
paralleled by ROS accumulation.Furthermore,ATF3 and
DDIT3 are expressed in OPCs in the in vivo remyelination
model cuprizone.Induction of Atf3,Atf4, and Ddit3 expres-
sion by mitochondrialchain inhibitors occurred despite the
absence of chaperone induction (i.e.,Grp94). Hyperactiva-
tion of NRF2-signaling by Keap1 knockdown boosted ISR
induction, whereas blocking of the oxidative stress response
by Nrf2 knockdown prevented ISR induction in cultured
oligodendrocytes.These results illustrate a functional cross-
talk between the NRF2/ARE and ISR pathways in OPCs.

Material and methods
OLN93 cellculture and treatment
We received cells of the oligodendrogliallinage cell line OLN93
from Dr C. Richter-Landsberg (RRID:CVCL_5850;Oldenburg,

Germany) (Richter-Landsberg and Heinrich 1996).Cell lines were
not authenticated prior to experiments. None of the cell lines used in
these experiments are listed as a commonly misidentified cell line by
the InternationalCell Line Authentication Committee.For propa-
gation, cells were grown in 75 cm2 plastic cell culture flasks in
Dulbecco’s modified Eagle’s medium with 4.5 g/L D-Glucose,
sodium pyruvate and L-glutamine (DMEM, Gibco, Rockville, MD,
USA, order numb. 41966-029),and were supplemented with 1%
penicillin/streptomycin (Gibco Life Technologies,order numb.
15140-122), and 10% fetal bovine serum (FBS, Gibco Life
Technologies,order numb. 10500-064).Cells were cultured at
37°C in a humidified, 5% CO2 atmosphere with medium replenish-
ment every 2–3 days during cell maintenance.For experiments,
cells were seeded onto 1.9 (~5 9 104 cells) or 9.6 cm2 (~5x105

cells) plastic culture dishes pre-coated with 10 lg/mL poly-D-lysin
(MW 70 000–150 000,Sigma,St Louis, MO, USA, order numb.
P6407) in modified SATO medium. Modified SATO is composed of
DMEM with 1% N2 supplement (Gibco Life Technologies,order
numb. 17502-048), 0.1% Tri-Iodo-thyronine (Sigma-Aldrich, Tauf-
kirchen, Germany, order numb. T6397), 0.016% L-thyroxin (Sigma-
Aldrich, order numb.T1775), and 0.05% gentamicin (Gibco Life
Technologies,order numb. 15710049). For more details, see
Table 1.

To analyze whether blocking of mitochondrialrespiratory chain
activity induces ISR activation,the following toxins were applied:
rotenone (complex-I inhibitor; diluted in dimethyl sulfoxide;
obtained from Sigma-Aldrich, order numb. R8875), antimycin
(complex-III inhibitor; diluted in ethanol; obtained from Sigma-
Aldrich, order numb. A8674),sodium azide (complex-IV inhibitor;
diluted in H2O; obtained from Sigma-Aldrich, order numb.
S2002), and oligomycin (ATPase inhibitor; diluted in ethanol;
obtained from Sigma-Aldrich,order numb.75351).Mitochondrial
chain inhibitors were dissolved according to the manufacturer’s
instructions in ultrapure water (obtained from Invitrogen,Carlsbad,
CA, USA, order numb. 10977-035), ethanol (obtained from
Sigma-Aldrich, order numb. 34923), or dimethyl sulfoxide
(obtained from Sigma-Aldrich,order numb.D2438).Tunicamycin
(diluted in ethanol; obtained from Sigma-Aldrich, order numb.
T7765) which inhibits protein N-glycosylation was used to
stimulate ISR activation. All toxins were prepared as stock
solutions and properly stored, except sodium azide, which was
always prepared freshly.Concentrations used forexperiments are
shown in the respective figure legends.No randomization was
performed during celltreatment.

Primary oligodendrocyte cell culture
Primary rat oligodendrocyte cultures were established as published
previously (Clarner etal. 2011). To verify that ISR induction is not
an artifact in oligodendrocyte cell lines, primary rat oligodendrocyte
cultures were treated with sodium azide (10 mM) or tunicamycin
(25 lg/mL) for 24 h, and Atf3 and Ddit3 mRNA expression levels
were determined by RT rt-PCR.

Cell viability assays
Lactate dehydrogenase (LDH)release wasdetermined using the
CytoTox 96 non-radioactive cytotoxicity assay (Promega, Germany,
order numb.G1780) according to the manufacturer’s instructions.
Three wells per experiment were treated for 1 h with a lysis solution
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containing Triton X-100 to obtain maximum LDH release.Results
are given as percentage LDH release related to maximum LDH
release(i.e., Triton X-100 application). Metabolic activity was
determined using the CellTiter-Blue cellviability assay (Promega,
order numb. G8080). Treatment with lysis solution served as
negative control. The average of fluorescence intensity of Triton X-
100-treated cells was subtracted from fluorescence values obtained
from cultured cells.Interference of Triton X-100 with fluorescence
signals was excluded.Data are given in % of control absorbance
values. No blinding was performed for the evaluation of these data.
Experiments were performed with at least five biological and three
technical replicates.

Gene expression analyses
For gene expression analyses, cells were treated for 24 h in modified
SATO medium (see Table 1). Gene expression levels were measured

using the reverse transcription real time-PCR technology (RT rt-PCR;
Bio-Rad, Munich, Germany), SensiMix Plus SYBR plus Fluorescein
(Quantace,Bioline, Luckenwalde,Germany,order numb.QT615-
05), and a standardized protocol as described previously by our group.
Experiments were performed with at least four biological and three
technical replicates.Primer sequencesand individual annealing
temperaturesare shown in Table 2. Relative quantification was
performed using the DDCtmethod which results in ratios between
target genes and the housekeeping reference gene cyclophilin A.
Stable expression of this housekeeping geneunder the shown
experimentalconditions was verified in pilotexperiments.Melting
curves and gelelectrophoresis of the PCR products were routinely
performed to determine the specificity of the PCR reaction (data not
shown). No blinding was performed for the evaluation of these data.

For kinetic studies in OLN93 cells, cultures were treated for up to
24 h with sodium azide. Since no difference was observed for Atf3

Table 2 Primer sequences with appropriate annealing temperature and product size for the analysis of rat or mouse samples

Gene Protein
Forward primer sequence

AT [°C] Product [bp]Reverse primer sequence

Ddit3 CHOP 50-CGGAACCTGAGGAGAGAGTG-30 59 200
50-ATAGGTGCCCCCAATTTCAT-30

Atf3 ATF3 50-GACTGGTATTTGAAGCCAGTG-30 60 109
50-GGACCGCATCTCAAAATAGC-30

Atf4 ATF4 50-GTTGGTCAGTGCCTCAGACA-30 57 109
50-CATTCGAAACAGAGCATCGA-30

Hspb90a1 (= Grp94) GRP94 50-TCTGGAACCAGCGAGTTTCT-30 63 205
50-TTGGGTCAGCAATCACAGAG-30

Keap1 Keap1 50-GGCAGGACCAGTTGAACAGT-30 60.5 138
50-CATAGCCTCCGAGGACGTAG-30

Nrf2 Nrf2 50-CCCAGCAGGACATGGATTTGA-30 60.5 106
50-AGCTCATAGTCCTTCTGTCGC-30

AT, annealing temperature; bp, base pairs

Table 1 Composition of modified SATO medium

Supplements Components Preparation
Stock
concentration

Volume for
100 mL medium

Final
concentration

DMEM 98.8 mL
N2 Supplement (1009) 1 mL 1%

Human
transferrin (Holo)

10 000 mg/L 100 mg/L

Insulin recombinant
full chain

500 mg/L 5 mg/L

Progesterone 0.63 mg/L 6.3 lg/L
Putrescine 1611 mg/L 16.11 mg/L
Selenite 0.52 mg/L 5.2 lg/L

Tri-Iodo-Thyronine (TIT) 100 mg TIT dissolved in
297 mL EtOH

0.5 mM 100 lL 0.5 lM

L-Thyroxine 100 mg L-Thyroxine
dissolved in 40 mL 0.13 M
NaOH 70% EtOH

3.2 mM 16 lL 512 nM

Gentamicin 10 mg/mL 50 lL 5 lg/mL
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and Ddit3 mRNA expression levels for early (2 h) and late (24 h)
control cultures, values we pooled and statistically compared versus
treatment groups.

Western blotting analyses
After treatment with thapsigargin (1 h; 300 nM), tunicamycin (2 h;
50 lg/mL), or sodium azide (2 h; 100 mM), OLN93 cells were
rinsed with sterile phosphate-buffered saline (PBS) and lysed with
ice-cold RIPA buffer (New England BioLabs,USA, order numb.
9806S) containing protease-inhibitor (New England BioLabs, order
numb. 5871S)and phosphatase-inhibitor(New England BioLabs,
order numb. 5870S). The protein concentration of each sample was
semi-quantified using bovine serum albumin (BSA) as an internal
standard (Thermo Fisher Scientific, München, Germany, order
numb. 23209). Twenty microgram of protein were denatured in
Laemmli buffer containing sodium dodecylsulfate (pH = 6.8) and
NuPage sample reducing agent(Thermo Fisher Scientific, order
numb. NP0004). Proteins were separated in a 8–14% SDS-Page and
transferred to nitrocellulose membranes.Blots were blocked in 5%
BSA (Cell Signaling Technology, Beverly, MA, USA, order numb.
9998) in Tris-buffered saline (TBS) and after a rinsing step,
incubated overnight(4°C) in primary antibodies directed against
PERK (1 : 1000; Cell signaling, order numb. 3192, RRID:
AB_2095847), phospho-PERK (1 : 1000; Cell signaling, order
numb. 3179, RRID:AB_2095853), ATF4 (1 :1000; Cell signaling,
order numb. 11815, RRID:AB_2616025),eIF2a (1 : 1000; Cell
signaling,order numb.9722,RRID:AB_2230924),phospho-eIF2a
(1 : 1000; Cell signaling, order numb. 9721, RRID:AB_330951), b-
Tubulin (1 : 1000; Cell signaling, order numb. 2146, RRID:
AB_2210545), or NRF2 (1 : 1000; Gentex, Irvine, CA, USA,
order numb. GTX103322, RRID:AB_1950993) diluted in 5% BSA
in TBS-Tween (TBST). Membranes were washed three times in
TBST, followed by incubation in horseradish peroxidase-conjugated
secondary anti-rabbitantibodies(1 : 1000; Cell signaling, order
numb. 7074, RRID:AB_2099233), diluted in 5% BSA in TBST for
2 h at 19!C. After rinsing in TBST (three times), the signal was
detected via chemiluminescence (SignalFireTM ECL Reagent;Cell
signaling,order numb.6883),and visualized with the FluorchemE
(ProteinSimple;San Jose,CA, USA). Because of the shortened
treatment interval, higher toxin concentrationswere used (see
respective figures).

Measurement of oxidative stress and mitochondrialmembrane
potential levels
Oxidative stress levels were quantified using the MuseTM Oxidative
Stress Kit (Merck, Germany, order numb. MCH100111) together with
the benchtop flow cytometry device Muse CellAnalyzer (Merck,
Germany).Mitochondrial membrane potential was quantified using
the MuseTM MitoPotential Kit (Merck, Germany, order numb.
MCH100110).To this end, cells were seeded onto 1.9 (~5 9 104

cells; oxidative stress levels) or 9.6 cm2 (~5 9 10 5 cells; membrane
potential levels) plastic culture dishes pre-coated with 10 lg/mL poly-
D-lysin in modified SATO medium. After 47 h, cells were exposed to
the different respiratory chain inhibitors or tunicamycin for another
60 min and then harvested using TrypLETM (Thermo Fisher Scientific,
München,Germany)Express enzyme solution (Gibco Life Tech-
nologies, order numb. 12604039). Thereafter, cells were stained and
flow cytometry analyses were performed according to the

manufacturer0s instruction. To avoid any bias, gating of the different
cell populations was performed in a blinded manner.Experiments
were performed with three biologicaland one technicalreplicate.
Because of the shortened treatment interval, higher toxin concentra-
tions were used (see respective figures).

In vivoexperiments
Cuprizone-induceddemyelination was performed as published
previously by our group (Slowik et al. 2015; Draheim et al.
2016). In brief, 0.25 g cuprizone was weighed using precision scales
and mechanically mixed with 100 g ground standard rodentchow
using a commercial available kitchen machine (Kult X, WMF
Group, Geislingen an der Steige, Germany). The chow was mixed at
low speed and manual agitation for 1 min and was provided within
the cage in two separate plastic Petri dishes. Experiments have been
approved by Regierung Oberbayern (reference number55.2-154-
2532-73-15).A total of ten 7–8-week-old male C57Bl6J mice
(Janvier,France;order numb.SC-CJ-8S-M;RRID: not registered)
were used. Animals were allocated to groups applying the following
procedure. First, animals were distributed across cages (five animals
per cage; cage area 435 cm2) in a manner that each group consisted
of mice with comparable weight.Then,we picked cards numbered
either 1 or 2 for the respective experimentalgroup (1 = control,
2 = 5 weeks cuprizone).The number on the picked card randomly
assigned the cages to the respective group.

Animals were kept under standard laboratory conditions (12 h light/
dark cycle, controlled temperature23 ! 2°C and 55% ! 10%
humidity) with access to food and water ad libitum.It was ensured
that researchers and technicians did not use any light during the night
cycle period. Nestlets were used for environmental enrichment.

The following exclusion criteria were applied: severe weight loss
(> 10% within 24 h), severe behavioral deficits (decreased locomo-
tion, convulsions,stupor),or infections.No single animalmet the
exclusion criteria during the study.

For histological and immunohistochemicalstudies,mice were
deeply anesthetized with ketamine (100 mg/kg i.p.)and xylazine
(10 mg/kg i.p.) and transcardially perfused with ice-cold PBS
followed by a 3.7% paraformaldehyde solution (pH 7.4).We did
choose ketamine and xylazine because this combination provides an
appropriate depth of anesthesia and analgesia withoutaffecting
important study parameters.No additional medication was given
during experiments.We kept the number of animals used to a
minimum. To this end, the in vivo material used during this study is
currently used for other studies,and will be available for other
research groups upon request to the authors. Brains were post-fixed
overnight in paraformaldehyde, dissected, embedded in paraffin, and
then coronal sections (5 lm) were cut.For immunohistochemistry,
sections were rehydrated and, if necessary, antigens were unmasked
with Tris/EDTA buffer (pH 9.0) or citrate (pH 6.0) heating.After
washing in PBS, sections were incubated overnight (4°C) with anti-
proteolipid protein antibodies to detect myelin [(PLP) 1 :5000; Bio-
Rad Laboratories,Hercules,CA, USA/AbD Serotec ordernumb.
MCA839G, RRID:AB_2237198], with anti-adenomatous polyposis
coli antibodiesto detect mature oligodendrocytes([APC; CC1]
1 : 200; Milipore, Burlington, Massachusetts,USA, order numb.
OP80, RRID:AB_2057371), or with anti-oligodendrocyte transcrip-
tion factor 2 antibodies to detect OPCs and mature oligodendrocytes
([OLIG2] 1 : 2000; Milipore, order numb. AB9610, RRID:
AB_570666). The next day, slides were incubated with biotinylated
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secondary antibodiesfor 1 h and then with peroxidase-coupled
avidin-biotin complex (ABC kit; Vector Laboratories, Peterborough,
UK) and treated with 3,30-diaminobenzidine (DAKO, Hamburg,
Germany) as a peroxidase substrate.

Immunoflourescencedouble labeling experimentswere per-
formed with the following combination of primary antibodies:(i)
anti-OLIG2 (1 : 1000; Milipore, order numb. AB9610, RRID:
AB_570666) combined with anti-DDIT3 (1 : 50; Abcam, Cam-
bridge, UK, order numb. ab11419, RRID:AB_298023), or (ii) anti-
OLIG2 (1 : 100; Millipore, order numb. MABN50, RRID:
AB_10807410) combined with anti-ATF3 (1 : 200; Santa Cruz
Biotechnology,Santa Cruz,CA, USA, order numb.sc-188,RRID:
AB_2258513). Appropriate Alexa Fluor-coupled secondary
antibodies(Life Technologies, Germany)were used to visualize
the antigen-antibody complexes.To visualize DDIT3, we com-
bined the anti-mousebiotinylated secondary antibody (1 : 200;
Vector, order numb. BA-9200, RRID:AB_2336171) with Alexa
Fluor 488-coupled Streptavidin (1 :100; Invitrogen, order numb.
S11223).

Cell transfection experiments
The murine oligodendroglialcell line OliNeu (RRID:CVCL IZ82)
was cultured in SATO medium containing 2% FBS. SATO is
composed of DMEM with 1% bovine serum albumin (BSA,Carl
ROTH, order numb. CP84.2), 1% N2 supplement (Gibco Life
Technologies, order numb. 17502-048), 1% penicillin/streptomycin
(Gibco Life Technologies, order numb. 15140-122), 0.1%
N-acetylcystein (Sigma-Aldrich,order numb.A9165), and 0.002%
biotin (Sigma-Aldrich, order numb. B4639). Cell lines were not
authenticated prior to experiments.

Nrf2 and Keap1 gene expression weresilenced by lentiviral
shRNA delivery. For that purpose, we used commercially
available pLKO.1 vectors encoding shRNA sequences foreither
Nrf2 (TRC clone ID: TRCN0000054659)or Keap1 (TRC clone
ID: TRCN0000099447).These vectors are partof the MISSION!

(Sigma-Aldrich, Taufkirchen, Germany) shRNA contingent dis-
tributed by Sigma-Aldrich (Munich,Germany).For virus produc-
tion, HEK 293T cells (ATCC ! CRL-11268TM) were co-transfected
with the shRNA expression vectorpLKO.1, the VSV-G envelope
expressing pMD2.G construct(addgene,order numb. 12259) and
the second generation lentiviral packaging plasmid psPAX2
(addgene,order numb. 12260).Transfection was conducted using
jetPEI! (Polypus TransfectionTM, order numb. 101) transfection
reagentaccording to the manufacturer0s instruction. For transduc-
tion, cells were plated on poly-D-lysin-coated culturedishes in
SATO supplemented with 2% FBS.The cells were exposed to the
virus containing supernatantfor 24 h. After 72 h, puromycin (Carl
ROTH, order numb. 0240.1)was constantly supplemented to the
medium at a concentrationof 2 lg/mL to assurea sufficient
selection of transduced cells.Control cells were transduced with a
pLKO.1 construct expressinga shRNA without any target in
mammals(pLKO.1-shNonTarget)to avoid data misinterpretation
based on transduction side effects.Transfection efficacy was tested
by analyzing Nrf2 and Keap1 mRNA expression levels by RT rt-
PCR, as described above. Primer sequencesand individual
annealing temperaturesare shown in Table 2. Beyond, NRF2
protein levels were determined by western blotting analysesas
described above.

Statistical analyses
Statistical analyseswere performed using Prism 5 (GraphPad
Software Inc.,San Diego,CA, USA). If not stated otherwise,at
least two independentexperiments were performed.All data are
given as arithmetic means ! SEMs. A p value of ≤ 0.05 was
considered to be statistically significant. Applied statistical tests are
given in the respective figure legends.No outliers were excluded
from the analyses.No sample size calculation was performed.

Results
Inhibition of the respiratory chain in cultured
oligodendrocytes induces cell death
In a first set of experiments, we have exposed the oligoden-
drocyte cell line OLN93 to different concentrationsof
respiratory chain inhibitors to receive information about
their cell toxicity, and to select toxin concentrations which do
not result in cell death during the exposure period, but might
be high enough to cause chemicalhypoxia-induced oligo-
dendrocyte stress.Viability of OLN93 cells was determined
by analysis of LDH release into the cell culture supernatant
and by measuring the metabolic activity in the same wells.
As shown in Fig. 1, the application of all four inhibitors
increased LDH release and decreased metabolic activity in
higher concentrations,both indicating significant celldeath.
Concentrations exceeding 1 lM rotenone (Fig.1a), 10 lM
antimycin (Fig. 1b), 1 mM sodium azide (Fig. 1c), or
10 lM oligomycin (Fig. 1d) significantly reduced OLN93
metabolic activity, indicating an impaired cell metabolism at
these concentrations.

Inhibition of the respiratory chain in cultured
oligodendrocytes induces expression of ISR mediators
Next, we wanted to know whether inhibition of the
respiratory chain in oligodendrocytes induces the activation
of an ISR. To test for this, the respiratory chain was blocked
at various levels,and the mRNA expression of four distinct
ISR-related factors (i.e.,Atf4, Atf3, Ddit3, and Grp94) was
analyzed by RT rt-PCR.Based on our cell viability studies,
the following toxin concentrations were applied:rotenone
(1 lM), antimycin (10 lM), sodium azide (10 mM), and
oligomycin (10 lM) (see arrows in Fig. 1). Furthermore,
cells were treated with tunicamycin (50 lg/mL), which
inhibits the formation of N-glycosidic linkages in glycopro-
tein synthesis and thus induces an ISR (Gillet al. 2002).
Since no significant difference of gene expression levels
could be detected between control or vehicle-treated cultures
(i.e., ethanolor dimethyl sulfoxide), values we pooled and
statistically compared versus treatment groups.As shown in
Fig. 2a, Atf4 mRNA expression was induced by all four
respiratory chain inhibitors (rotenone+295 ! 29%; anti-
mycin +563 ! 51%; sodium azide +381 ! 11%; oligomy-
cin +491 ! 15%). The magnitudes of Atf4 mRNA
expression induction were comparableto the effects of
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tunicamycin (+774 ! 13%). Atf3 mRNA expression was
significantly induced by rotenone (+622 ! 45%), antimycin
(+1852 ! 331%), sodium azide (+463 ! 15%), and oligo-
mycin (+29823 ! 4636%). Atf3 mRNA expression induc-
tion was as well pronounced in tunicamycin-treated cultures
(+7741 ! 387%), but less intense compared to oligomycin
(p < 0.01 oligomycin vs. tunicamycin). Ddit3 mRNA
expression was significantly induced by antimycin
(+2774 ! 323%), sodium azide (+1566 ! 104%), and
oligomycin (+1950 ! 203%). Ddit3 mRNA expression
was as well induced in rotenone (+918 ! 58%)-treated
cultures, however, this differences was statistically not
significant. The most pronounced effecton Ddit3 mRNA
expression was observed for tunicamycin (+21894 !
1026%). In contrast to Atf3, Atf4, and Ddit3, inhibition of
the respiratory chain did notregulate the expression of the
heat-shock protein Grp94. As expected, tunicamycin
robustly induced Grp94 mRNA expression in cultured
oligodendrocytes (+2006 ! 115%).

To test, whether ISR induction is a fast event, OLN93 cells
were treated for up to 24 h with sodium azide, RNA isolated,
and Ddit3 and Atf3 mRNA expression levels were determined
at various time points. Since no difference was observed for
Atf3 and Ddit3mRNA expression levels for early (2 h) and late
(24 h) control cultures,values we pooled and statistically
compared versustreatmentgroups. As shown in Fig. 2b,
expression levels of Atf3 mRNA were increased as early as 2 h

after sodium azide application,peaked at4 h and thereafter
steadily declined till24 h post application.Ddit3 showed a
similar, yet shifted course of expression induction. Expression
of Ddit3 mRNA was increased as early as 4 h after sodium
azide application, peaked at 12 h and thereafter declined till
24 h post application.

Inhibition of the respiratory chain in cultured
oligodendrocytes induces mitochondrial membrane
depolarization and oxidative stress
To verify that inhibition of the respiratory chain indeed blocks
mitochondrial activity, we measured mitochondrialmem-
brane potential (DΨm) after sodium azide treatment, which is
critical for maintaining the physiological function of the
respiratory chain to generate ATP. As shown in Fig. 3,
numbers of depolarized cells after 1 h sodium azide treatment
were significantly higher compared to control cultures.

Next, we verified that inhibition of the respiratory chain
results in oxidative stress in cultured oligodendrocytes. To this
end, OLN93 cells were treated for 1 h with the different
inhibitors, and levels of ROS were quantified via flow
cytometry based on the intracellular detection of superoxide
radicals. As shown in Fig.4, intracellular superoxide radical
levels were significantly increased in rotenone (+193 ! 4%),
antimycin (+267 ! 7%), sodium azide (+162 ! 11%), and
oligomycin (+176 ! 6%) treated cultures.No accumulation
of superoxide radicallevels was observed in tunicamycin-

Fig. 1 Chemical hypoxia induces oligodendrocyte cell death. Effect
of toxin administration (24 h) on metabolic activity and lactate
dehydrogenase (LDH) release into the supernatant of cultured
OLN93 cells. One representative experiment is shown (four culture
wells; one representative experiment). Arrows highlight the toxin
concentrations which were used in the following gene expression

experiments. Comparison of cell viability measurements between
control and treated cultures was done using one-way ANOVA with
the obtained p-values corrected for multiple testing using the
Dunnett’s post hoc test. Significant differences with respect to
control cultures are indicated by *p < 0.05, **p < 0.01, or
***p < 0.001.
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exposed cultures (data not shown). These results suggest that
accumulation of intracellular ROS might result in the induction
of ISR elements in oligodendrocytes.

Atf3 and Ddit3 is induced in primary oligodendrocytes and
an in vivoremyelination model
Next, we wanted to know whether Atf3 and Ddit3 induction
is an artifact of the applied oligodendrocyte cell line, or
relevantfor the in vivo situation. To this end, primary rat
oligodendrocyte cultures were treated with sodium azide for
24 h and Atf3 and Ddit3 mRNA expression levels were
determined by RT rt-PCR. As shown in Fig. 5a, Ddit3
mRNA expression was induced by sodium azide
(+309 ! 28%), and to a higher extent by tunicamycin
(+1306 ! 115%). A comparable expression induction was
observed for Atf3 mRNA (sodium azide +471 ! 56%;
tunicamycin +1438 ! 156%). Second,male C57Bl6 mice
were intoxicated for 5 weeks with the copper chelator
cuprizone (Kipp etal. 2009), and DDIT3 protein expression
was analyzed by immunofluorescencestaining. After a

5-week cuprizone intoxication period,early remyelination
is ongoing, as shown by severalgroups (Kipp etal. 2009;
Slowik etal. 2015). In line with previous reports, the midline
of the corpus callosum was severely demyelinated after
5 weeks of cuprizone intoxication (see Fig.5b). At this time
point, numbers of APC+ (767 ! 70.0 cells/mm2) oligoden-
drocytes were low, but high numbers of OLIG2+ cells
(1346 ! 86.5 cells/mm2) were found in the midline of the
corpus callosum, indicating early remyelination. As shown in
Fig. 5c, numerous OLIG2+ cells expressed DDIT3 during
early remyelination.

Complex-IV inhibition induces eIF2a-phosphorylation and
ATF4 induction
Oxidative stress has been shown to promote eIF2a phos-
phorylation in different cell lines (Rajesh et al. 2015).
Beyond,an important property of PERK and p-eIF2a is the
adaptation of cells to oxidative stress caused by ROS
formation in the intracellular environment(Harding et al.
2003; Back et al. 2009). In a next step, we, therefore,

Fig. 2 Chemical hypoxia induces the expression of key integrated
stress response transcription factors. (a) Atf3, Atf4, Ddit3, and Grp94
mRNA expression in OLN93 cells, stressed with different respiratory
chain inhibitors and the N-linked glycosylation inhibitor tunicamycin.
The following concentrations were used: rotenone (1 lM), antimycin
(10 lM), sodium azide (10 mM), oligomycin (10 lM), tunicamycin
(50 lg/mL). Comparison of expression levels between control (10
culture wells; one representative experiment) and treated cultures (at

least four culture wells; one representative experiment) was done
using one-way ANOVA with the obtained p-values corrected for multiple
testing using the Dunnett’s post hoc test. Significant differences with
respect to control cultures are indicated by *p < 0.05, **p < 0.01, or
***p < 0.001. (b) Ddit3 and Atf3 mRNA expression in OLN93 cells,
stressed for different periods with the complex-IV inhibitor sodium
azide (10 mM; at least three culture wells; one representative
experiment). Note the different scaling of the y-axis.
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analyzed by western blotting experiments whether the
PERK-eIF2a-ATF4 pathway is active in sodium azide-
treated oligodendrocyte cultures. As demonstrated in Fig.6,
PERK phosphorylation was evident in thapsigargin
(300 nM) (b), but not in sodium azide-exposed cultures
(p = 0.26). In contrast, sodium azide did promote eIF2a
phosphorylation (p = 0.027). Furthermore, higher ATF4
protein levels were observed in sodium azide-exposed
OLN93 cells.

NRF2-activation induces ISR in oligodendrocytes
To investigate a possible causal relationship between oxida-
tive stress and ISR induction, stable lentiviral-based gene
silencing in OliNeu cells was performed to knockdown either
Keap1 or Nrf2 expression.We have chosen OliNeu cells

rather than OLN93 cells for these experiments because in our
hands,a more stable transfection efficiency was obtained
with this particular oligodendrocytecell line. First, we
verified efficacy of the applied siRNA protocol. As shown in
Fig. 7a, Nrf2 mRNA expression levels were significantly
reduced (!63%) in cultures exposed to Nrf2 but not to
Keap1 targeting siRNA, respectively. The opposite was true
for Keap1 mRNA expression, which was significantly
reduced in cultures exposed to Keap1 (!62%),but not to
Nrf2 targeting siRNA, respectively.Furthermore,we deter-
mined NRF2 protein levels by western blotting experiments.
As shown in Fig.7b, a profound reduction in NRF2 protein
levels was observed in cultures exposed to Nrf2,but not to
Keap1 targeting siRNA. After having verified sufficient
transfection efficacy, we can assume that while in Keap1!/!

Fig. 3 Sodium azide treatment induces loss of mitochondrial mem-
brane potential (DΨm). (a) Mitochondrial membrane potential in
OLN93 cells after 1 h sodium azide (100 mM) exposure. Comparison
of expression levels between control (six culture wells; one repre-
sentative experiment) and treated cultures (three culture wells; one
representative experiment) was done using t-test. Significant differ-
ences with respect to control cultures are indicated by *p < 0.05,
**p < 0.01, or ***p < 0.001. (b) Representative illustration of the
applied gating strategy. The upper plots show the threshold marker
for eliminating debris based on cell size. The lower plots show the

gated cells with four distinct cell populations: dead cells with a
putative unspecific intact mitochondrial membrane potential (upper
right); dead cells with a breakdown of the mitochondrial membrane
potential (upper left); viable cells with an intact mitochondrial
membrane potential (lower right); viable cells with a breakdown of
the mitochondrial membrane potential (lower left). Note that in (a) the
sum of viable and dead cells with a breakdown of the mitochondrial
membrane potential was statistically compared. Thresholding was
performed in a blinded manner and identical in control and treated
cultures.
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cells, the NRF2-dependantcytoprotective machinery is
constitutively activated, Nrf2!/! cells are insufficient to
respond to cellular oxidative stress. Next, Keap1!/! , Nrf2!/! ,
and non-target transfected cells were treated with the
complex-IV inhibitor sodium azide (24 h;1 mM), and the
mRNA expression of Atf3 and Ddit3 was analyzed by RT rt-
PCR. As expected, Atf3 (+204 " 15%) and Ddit3
(+177 " 6%) expression were induced in sodium azide
treated non-target transfected cells (Fig.7c). The magnitude
of Atf3 (p < 0.01) and Ddit3 (p < 0.001) mRNA expression
was higher in Keap1!/! compared to non-target transfected
cells. Of note, Atf3 (p < 0.001) and Ddit3 p < 0.001)
expression induction was almostabsentin Nrf2 !/! versus
non-targettransfected cells.

Discussion
In this work, we demonstratedthat inhibition of the
respiratory chain atvarious levels induces oxidative stress
in cultured oligodendrocytes which is paralleled by the

expression induction of distinct ISR members,namely Atf3,
Atf4, and Ddit3. Atf3 and Ddit3 expression induction is
potentiated in Keap1!/! cells and absent in cells lacking the
oxidative stress-relatedtranscription factor NRF2. Even
though regulation of the ISR components were notverified
on the protein level in this study,our results provide strong
evidence thatoxidative stress in oligodendrocytes activates
an endoplasmic reticulum stress responsein a NRF2-
dependentmanner and, in consequence,might regulate
oligodendrocyte degeneration in MS and other neurological
disorders.

Mitochondria produce ATP (adenosine triphosphate)
through the process ofrespiration and oxidative phospho-
rylation thereby acting as the primary source ofenergy in
almost all cells. The process ofoxidative phosphorylation
involves coupling of both redox and phosphorylation
reactions in the innermembrane ofmitochondria resulting
in effective ATP synthesis. During this process,electrons
from NADH (nicotinamide adenine dinucleotide) or
FADH2 (flavin adenine dinucleotide) are transported

Fig. 4 Chemical hypoxia induces oxidative stress in OLN93 cells. (a)
Mean fluorescence intensity after dihydroethidium staining in control
(six biological replicates) and stressed oligodendrocytes (1 h; six
culture wells; two independent experiments), determined by flow
cytometry analysis. (b) Representative plots from Muse ! Oxidative
Stress Assay. Plots show the histograms of gated cells with two
markers providing data on two cell populations: reactive oxygen

species (ROS ! ) and ROS + cells. Thresholding was performed in a
blinded manner and identical in control and treated cultures.
Comparison of fluorescence intensity levels between control and
treated cultures was done using t-test. Significant differences with
respect to control cultures are indicated by *p < 0.05, **p < 0.01,
***p < 0.001, or ****p < 0.0001. Six wells were included per
treatment group.
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through the electron transportchain, comprising of com-
plexes I–IV, to create a proton gradient acrossthe inner
mitochondrial membrane (Fig.8). The consequentmove-
ment of protons from the mitochondrial matrix to the
intermembrane space createsan electrochemicalgradient.
This electrochemicalgradient consists of a pH gradient
(DpH) and an electrical gradient (Dw) that drives the
synthesis of ATP from ADP (adenosine diphosphate)
through the enzyme ATP synthase (complex-V).As shown
in Fig. 3, treatment of cultures with sodium azide induces a
rapid breakdown of the mitochondrialinner transmembrane
potential, showing that the applied sodium azide concen-
tration indeed impairs oxidative phosphorylation in OLN93
cells. Interestingly,we observed the same in oligodendro-
cytes cultured in human liquor (unpublished observation),
strongly suggesting thatthis is not an effectbecause of the
applied culture conditions.Although we have not tested the
electrochemicalgradient across the mitochondrial mem-
brane in cultures exposed to the other respiratory chain
blockers (i.e., rotenone, antimycin, or oligomycin), one
should anticipate, based on published work (Kalbacova
et al. 2003; Moon et al. 2005; Han et al. 2008), that all

four blockers induce mitochondrialmembrane depolariza-
tion. Mitochondrialmembrane potentialchanges have been
implicated in apoptosis, necrotic cell death, and caspase-
independent cell death processes (Gillissen etal. 2017; Liao
et al. 2017). Depolarization of the inner mitochondrial
membrane potential is, thus, a reliable indicator of
mitochondrialdysfunction.

It is well known that mitochondria are the major sites for
generation ofROS in cells. Since the respiratory chain is
‘leaky’, electrons can escape from the respiratory chain and
reduce O2, resulting in the generation of superoxide,the
primary ROS. As shown in Fig. 4, the inhibition of the
respiratory chain resulted in a robust accumulation of
superoxide radicalsunder the applied culture conditions.
How exactly respiratory chain inhibition results in oxidative
stress in notknown but alpha-ketoglutarate dehydrogenase
might be involved in this process. Alpha-ketoglutarate
dehydrogenase represents a key Krebs cycle enzyme and is
also able to produce ROS (Starkov et al. 2004). ROS
formation by alpha-ketoglutarate dehydrogenase is regulated
by the NADH/NAD+ ratio, suggesting that this enzyme
could substantially contribute to generation of oxidative

Fig. 5 Oligodendrocyte progenitor cells express DDIT3 and ATF3
in vitro and in vivo. (a) Ddit3 and Atf3 mRNA expression in primary
rat oligodendrocyte cultures stressed with the respiratory chain
inhibitor sodium azide or the N-linked glycosylation inhibitor
tunicamycin. The following concentrations were used: sodium
azide (10 mM), tunicamycin (25 lg/mL). Comparison of expression
levels between control (five culture wells; one independent exper-
iment) and treated cultures (five culture wells; one independent
experiment) was done using Welch’s t-test. Significant differences

with respect to control cultures are indicated by *p < 0.05,
**p < 0.01, or ***p < 0.001. (b) Demyelination [anti- proteolipid
protein (PLP)], loss of mature oligodendrocytes (anti-APC), but
accumulation of oligodendrocyte progenitor cells (anti-OLIG2) in
the midline of the corpus callosum after acute cuprizone-induced
demyelination (5 weeks cuprizone; 0.25%). (c) Immunofluores-
cence double-labeling to demonstrate DDIT3 expression in OLIG2 +

oligodendrocyte progenitor cells (five animals per group; one
independent experiment).
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stressbecause of inhibition of the respiratory chain and
subsequentNADH accumulation within the mitochondrial
matrix. Of note, increased ROS levels were not observed in
OLN93 cells stressed by tunicamycin (data not shown),
which inhibits protein N-glycosylation,showing thataccu-
mulation of ROS is not because of ER stress but rather as a
result of mitochondrial deficiency.

ROS accumulation was paralleled by the robust induction
of well-known ISR marker genes,namely Atf3, Atf4, and
Ddit3. The fact that states of oxidative stress can activate
the ISR is not new. For example,it has been shown that
under conditions of moderatehypoxia, ROS induce the
ISR, thereby promoting energy and redox homeostasis and
enhancing cellular survivalof mouse embryonic fibroblasts
(Liu et al. 2008). Comparably,exposure of human diploid
fibroblasts or HeLa cells to hypoxia led to phosphorylation
of eIF2a and ATF4 induction in a PERK-dependent manner
(Koumenis etal. 2002; Blais etal. 2004). Increase in Ddit3
expression during experimentalhypoxia has as well been
reported to occur, for example, in mouse islets cells

(Bensellam etal. 2016) and cardiomyocytes(Gao et al.
2016). This is, however,to the bestof our knowledge,the
first report showing ISR induction caused by ‘chemical
hypoxia’, and linking this induction to the KEAP1/NRF2
pathway. Since NRF2 is a direct PERK substrate, and
NRF2 nuclear translocation is independent of eIF2a
phosphorylation (Cullinan etal. 2003), future studies have
to show whether NRF2 directly regulatesAtf3, At4, and
Ddit3 expression.Indeed,it has been suggested thatPERK
signaling,via activation of the NRF2 and ATF4 transcrip-
tion factors,coordinates the convergence of ER stress with
oxidative stress signaling (Cullinan and Diehl 2006).
Furthermore,it has been show thatNRF2 transcriptionally
up-regulatesAtf3 expression in astrocytes (Kim et al.
2010).

During hypoxia, there is an elevation in reducing equiv-
alents (mostly NADH and FADH2) that build up, particu-
larly in the mitochondria,when insufficientO2 is available
for reduction by the electron transport chain. This buildup of
reducing equivalents also makes electrons more available for

Fig. 6 Chemical hypoxia-induced integrated stress response (ISR)
activation. (a) Representative western blot of sodium azide-treated
(2 h; 100 mM) OLN93 cells. (b) Representative western blot of
thapsigargin-treated (2 h; 300 nM) OLN93 cells. (c) Semi-quantifica-
tion of western blot experiments (five culture wells; one representative
experiment) by densitometrical analyses. Phosphorylated-PERK
(p-PERK) and phosphorylated eIF2a (p-eIF2a) levels were semi-
quantified relative to entire PERK or eIF2a-levels, respectively. ATF4,
non-phosphorylated PERK, and non-phosphorylated eIF2a protein

levels were semi-quantified relative to ß-tubulin concentrations. The
ratio of phosphorylated eIF2a/PERK relative to total eIF2a/PERK was
determined by densitometry and was set to 100 in untreated cells.
Comparison of protein expression levels between different groups was
done using t-test. Significant differences with respect to control
cultures are indicated by *p < 0.05, **p < 0.01, or ***p < 0.001. Note
the absence of PERK phosphorylation, but presence of eIF2a
phosphorylation, paralleled by increased ATF4 protein levels in sodium
azide-exposed cultures.
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reduction reactions such as the reduction of O2 to superoxide.
By this mechanism,tissue hypoxia might lead to ROS
accumulation and in consequenceISR induction. ROS
accumulation can as wellbe caused by ‘chemicalhypoxia’
which results from poisoning of the electron transport system
as done in this study. Both, chemicalhypoxia and tissue
hypoxia, lead to elevations in reducing equivalents butin
chemical hypoxia, sufficient O2 is presumably always
available for reduction,whereas in tissue hypoxia,as one
approaches anoxia, oxygen availability can become a critical
substrate forproduction of ROS. Thus, chemicalhypoxia
might result in higher ROS levels compared to tissue hypoxia
and thus be very potent in ISR induction. In this context, the
term ‘virtual hypoxia’ is of particular interest (Trapp and Stys
2009). Pathological studies using MS tissues have implicated

reactive oxygen and nitrogen species in lesion formation and
have suggested thatsuch agents may impair mitochondrial
metabolism,resulting in a tissue energy deficiency (Aboul-
Enein and Lassmann 2005).Thus, virtual hypoxia might
induce massive ROS accumulation and in consequence ISR
activation in MS tissues. Notably, ER stress markersare
expressed in inflammatory MS lesions (Mhaille etal. 2008;
Cunnea et al. 2011), in experimental autoimmune
encephalomyelitis (Lin etal. 2007) and the cuprizone model
(Goldberg etal. 2013), both preclinical animal models for
MS.

One of the factors induced by mitochondrial chain
inhibition is the transcription factor DDIT3 which is
classically regarded pro-apoptotic.Studies using Ddit3!/!

mice have established the role of DDIT3 during stress-

Fig. 7 Chemical hypoxia-induced integrated stress response (ISR)
activation is NRF2-dependant. (a) Nrf2 and Keap1 mRNA expression in
non-template transfected (NT-control), Nrf2 targeting siRNA (Nrf2
siRNA), and Keap1 targeting siRNA (Keap1 siRNA) transfected OliNeu
cells. Comparison of gene expression levels between different groups
(four culture wells; one independent experiment) was done using
Welch’s t-test. Significant differences with respect to control cultures are
indicated by *p < 0.05, **p < 0.01, or ***p < 0.001. (b) Representative
western blot to demonstrate reduction in NRF2 protein levels in

transfected OliNeu cells. ß-ACTIN levels were used as internal loading
control. (c) Ddit3 and Atf3 mRNA expression levels after treatment with
the complex-IV inhibitor sodium azide (24 h; 1 mM) in the murine
oligodendrocyte cell line OliNeu, in which Nrf2 or Keap1 gene expression
was silenced by lentiviral shRNA delivery. Comparison of gene expres-
sion levels between different groups (12 culture wells; two independent
experiments) was done using t-test. Significant differences with respect
to control cultures are indicated by *p < 0.05, **p < 0.01, or
***p < 0.001. Abbreviations: NT (non -target), SA (sodium azide).
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induced apoptosis in a number of disease models including
renal dysfunction (Zinszner et al. 1998), diabetes(Song
et al. 2008), ethanol-induced hepatocyte injury (Ji et al.
2005), experimentalcolitis (Namba etal. 2009), advanced
atherosclerosis(Thorp et al. 2009), and cardiac-pressure
overload (Fu et al. 2010). Furthermore, there is strong
evidence thatDDIT3 regulates cell death in neurodegen-
erative and neuroinflammatory disorders including Parkin-
son’s disease (Silva etal. 2005), subarachnoid hemorrhage
(He et al. 2012), Alzheimer’s disease (Prasanthi et al.
2011), multiple system atrophy (Makioka etal. 2010), and
spinal cord injury (Ohri et al. 2011). However, the
relevance of DDIT3 for survival of myelinating cells
(i.e., oligodendrocytesand Schwann cells) is controver-
sially discussed.On one hand, deleting the Ddit3 gene in a
model for Pelizaeus–Merzbacherdisease reduces lifespan

and increasescell death indicating that DDIT3 or its
targets are adaptive and act as pro-survival factors
(Southwood etal. 2002). On the other hand, ablation of
Ddit3 in a model for Charcot–Marie–Tooth disease type
1B completely rescues motor deficits and ameliorates
active demyelination (D’Antonio et al. 2013) indicating
that in Schwann cells, DDIT3 is indeed pro-apoptotic. In
experimental autoimmune encephalomyelitis,one of the
most commonly used MS animal models, the role of
DDIT3 appears to be redundant(Deslauriers etal. 2011).
These contrasting results suggest that the role of DDIT3 in
myelinating cells is strongly contextdependent.While we
have not investigated whetherDDIT3 induction regulates
oligodendrocyte injury in this in vitro model, a recent
study from our group showed thatmetabolic oligodendro-
cyte degeneration in a MS animalmodel is paralleled by

Fig. 8 Chemical hypoxia – mode of action. Chemicalhypoxia induces
loss of mitochondrial membrane potential (DΨm) (a). ‘Leaky’electrons
can escape from the respiratory chain and reduce O2, resulting in the
generation of superoxide, the primary ROS (b). As a consequence,

NRF2 is released from KEAP1 and translocates into the nucleus where
it binds to the antioxidant response element (ARE), thereby activating
the transcription of Atf3 and Ddit3 (C).
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oxidative injury, and that hyperactivation of the NRF2/ARE
system (via Keap1 knockdown) ameliorates oligodendrocyte
degeneration and in consequence demyelination (Draheim
et al. 2016). In the very same model, stressed oligodendro-
cytes clearly demonstrate ISR activation (Goldberg etal.
2013). It would now be interesting to show whether Ddit3!/!

mice (Zinszner etal. 1998) are protected from cuprizone-
induced oligodendrocyte apoptosis.

In summary, this study provides strong evidence that
oxidative stress in oligodendrocytes activates an ISR and in
consequence might regulate oligodendrocyte degeneration in
MS and other neurological disorders.
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Abstract
Widespread inflammatory lesions within the centralnervous system grey and white matter are major hallmarks of multiple
sclerosis. The development of full-blown demyelinating multiple sclerosis lesions might be preceded by preactive lesions which
are characterized by focal microglia activation in close spatial relation to apoptotic oligodendrocytes. In this study, we investi-
gated the expression of signaling molecules of oligodendrocytes that might be involved in initial microglia activation during
preactive lesion formation. Sodium azide was used to trigger mitochondrial impairment and cellular stress in oligodendroglial
cells in vitro. Among various chemokines and cytokines, IL6 was identified as a possible oligodendroglial cell-derived signaling
molecule in response to cellular stress. Relevance of this finding for lesion development was further explored in the cuprizone
model by applying short-term cuprizone feeding (2–4 days) on male C57BL/6 mice and subsequent analysis of gene expression,
in situ hybridization and histology. Additionally, we analyzed the possible signaling of stressed oligodendroglial cells in vitro as
well as in the cuprizone mouse model. In vitro, conditioned medium of stressed oligodendroglial cells triggered the activation of
microglia cells. In cuprizone-fed animals, IL6 expression in oligodendrocytes was found in close vicinity of activated microglia
cells.Taken together,our data support the view that stressed oligodendrocytes have the potential to activate microglia cells
through a specific cocktail of chemokines and cytokines among IL6. Further studies will have to identify the temporal activation
pattern of these signaling molecules, their cellular sources, and impact on neuroinflammation.

Keywords Oligodendrocytes. Cytokines. Multiple sclerosis. Preactive lesions. IL6 . Microglia

Introduction

Stressed oligodendrocytes in close proximity to foamy mac-
rophages and clustered microglia expressing HLA-DR are
found widespread within the normal appearing white matter
of multiple sclerosis (MS) patients (De Groot et al. 2001; Zeis
et al. 2009). These preactive lesions are thought to precede the
developmentof full-blown demyelinating MS lesions (De
Groot et al. 2001; Wuerfel et al. 2004; van der Valk and
Amor 2009).Therefore,it seems reasonable to assume that
the initial microglia activation and clustering as observed in
preactive lesions mightbe triggered by oligodendrocyte-
derived signaling molecules. It has been shown that oligoden-
drocytes are able to secrete a variety of signaling molecules
such as chemokines and cytokines and other regulatory pro-
teins which are known to be involved in the regulation of
immunological processes (Cannella and Raine 2004;
Balabanov et al. 2007; Kummer et al.2007; Okamura et al.
2007; Tzartos et al. 2008; Merabova et al. 2012; Ramesh et al.
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2012; Moyon et al. 2015). For example, IFNγ-treated primary
rat oligodendrocytes significantly induced the expression of
the chemokines CXCL10, CCL2, CCL3, and CCL5
(Balabanov et al. 2007). Furthermore, the cytokines IL6 and
IL8 and the chemokine CCL2 were significantly induced in
the human oligodendrocyte cell line MO3.13 when
confronted with Borrelia burgdorferi.Exposure to the same
bacteria caused the induction of IL8 and CCL2 in a dose-
dependentmanner in primary human oligodendrocytes
(Ramesh et al. 2012).

So far, it is not completely understood which processes
trigger oligodendrocyte stress and subsequentexpression of
signaling molecules.One factor leading to oligodendrocyte
stress, impaired mitochondrial functions, and increased levels
of reactive oxygen species (Wang et al.2013) might be the
accumulation of mutations within the mitochondrial genome.
It is known that the mtDNA is prone to mutations with a
mutation rate that is about tenfold higher than chromosomal
DNA (Linnane et al. 1989). In comparison to other cell pop-
ulations, oligodendrocytes have a reduced capacity to repair
their mtDNA, possibly due to particularities in the expression
of factors involved in DNA repairing mechanisms
(Hollensworth etal. 2000).With respectto demyelination
and oligodendrocyte pathology, both mutations in mitochon-
drial genes as wellas oxidative stress play a role in lesion
formation and disease progression in MS and MS-related an-
imal models (Mahad et al.2008; Mao and Reddy 2010; Su
et al. 2013; Draheim et al. 2016).

As the sentinels and injury sensors of the centralnervous
system (CNS),microglia can be activated by many kinds of
mechanicalinjury and pathologicaldisturbances within the
CNS (Perry etal. 1993;Gehrmann etal. 1995).In MS, the
magnitude of myelin loss during demyelinating events positive-
ly correlates with the number of activated microglia cells
(Clarner et al. 2012). Furthermore, microgliosis can be induced
by leukocyte infiltration into the CNS (Scheld etal. 2016;
Ruther et al. 2017). However, the listed factors are rather unlike-
ly to contribute to the activation of microglia cells during the
formation of preactive lesions, since the affected brain regions
lack any signs of demyelination, leukocyte infiltration,
astrogliosis or inciting agents such as viral or bacterial antigens
(Gay etal. 1997;De Grootet al. 2001;Barnettand Prineas
2004;Marik et al. 2007;van der Valk and Amor 2009).A
growing body of evidence suggests that stressed oligodendro-
cytes might be active contributors to MS lesion formation by
initiating microglia reactivity. Barnett and Prineas have reported
areas with an extensive oligodendrocyte apoptosis and concom-
itant microgliosis in the absence of infiltrating immune cells in
the normal appearing white matter of MS patients, thus indicat-
ing that oligodendrocyte loss precedes inflammatory demyelin-
ation (Barnett and Prineas 2004).

In this study, we use the oligodendroglial cell line OLN93
to screen for oligodendrocyte-derived chemokines and

cytokines that are potentially able to activate microglia cells.
Subsequentculture experiments with the microglia cellline
BV2 show that IL6, which is robustly expressed by stressed
oligodendroglial cells, is a constituent of a cocktail of secreted
proteins, which are responsible for microglia activation.
Finally, IL6 expression was explored in the cuprizone model,
which recapitulates distinct but important aspects of early MS
lesion formation.

Materials and Methods

Cell Culture

Cells of the oligodendrogliallinage cell line OLN93 were
r e c e i v e d f r o m D r.C . R i c h t e r- L a n d s b e rg ( R R I D :
CVCL_5850; Oldenburg,Germany) and chosen as a model
system because of strong similarities to primary oligodendro-
cytes regarding morphology and gene expression (Richter-
Landsberg and Heinrich 1996).BV2 cell line was cultured
according to Dr. E. Blasi (RRID: CVCL_0182; Modena,
Italy) and chosen as a model system because of its suitability
to study molecular mechanisms thatcontrol induction and
expression of biologicalactivities in microglia (Blasiet al.
1990). Cell lines were not authenticated prior to experiments.
None of the cell lines used in these experiments is listed as a
commonly misidentified cellline by the InternationalCell
Line Authentication Committee. OLN93 oligodendroglial cell
line and BV2 microglial cell lines were maintained in
Dulbecco’s Modified Eagle Medium supplemented with 5%
(OLN93) and 10% (BV2) heat-inactivated fetal bovine serum,
penicillin G (10,000 units/mL), and streptomycin (10,000 μg/
mL). For experiments,cells were seeded into 6-well dishes,
10 cm culture dishes or 75 cm2 flasks at densities of 3 × 105,
5 × 106, and 2.3 × 106 cells per well, respectively. Before treat-
ment, cells were cultivated for 24 h in starving medium
(OLN93: SATO with 1% penicillin G/streptomycin;BV2:
DMEM supplemented with 0.5% fetal calf serum and 0.5%
penicillin G/streptomycin). Cells were cultivated in a humid-
ified atmosphere of 5% CO2 at 37 °C.

Oligodendroglial Cell-Conditioned Medium (OCM)

OLN93 cells were treated with 10 mM sodium azide (SA,
Sigma Aldrich) or vehicle (UltraPure Distilled Water;
Thermo Fisher Scientific) for 24 h. After washing twice with
1× phosphate buffered saline (PBS), cells were incubated with
starving medium for a 24 h secretion period. The medium of
each treatmentgroup was pooled,centrifuged,and filtered
through a 20 μm cell strainer. BV2 microglia were incubated
with OCM from SA-treated cells (OCM-SA) for 6 h.
Oligodendroglialstarving medium and OCM from vehicle
groups (OCM-vehicle) served as control. OCM was
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additionally used for ELISA analysis (see supplementary
figure A for experimental overview).

Cell Viability and Metabolic Activity Assay

To investigate the toxic effects of the applied SA concentra-
tions, CytoTox 96® Non-Radioactive Cytotoxicity Assay and
CellTiter-Blue® Cell Viability Assay (Promega G1780,
G8081) were performed according to the manufacturer’s in-
structions.Briefly, cells were seeded into an opaque-walled
96 tissue culture plate and treated with SA and vehicle for
24 h. Treatment of cells with a lysis solution served as a nega-
tive control as all cells are dead; medium without cells served as
blank. Cells were incubated with CellTiter-Blue reagent until a
change of color was observed; fluorescence was measured at
560/590 nm with the Tecan infinite M200 plate reader and
processed with i-control 1.10 software.Medium of cells was
incubated for 30 min with CytoTox96 reagent and the reaction
was stopped with stop solution. Absorbance was measured at
490 nm with Tecan i-control software. Data are given in % of
controlfluorescence and absorbance values,respectively.No
blinding was performed for the evaluation of these data.
Experiments were performed with eightbiologicaland two
technical replicates.

Enzyme-linked Immunosorbent Assay

IL6 ELISA was conducted using cell culture supernatants of
vehicle and SA-treated OLN93 cells (OCM) according to the
manufacturer’s protocol (Quantikine ELISA, R&D Systems).
Color development of substrate solution (stabilized hydrogen
peroxide and stabilized chromogen (tetramethylbenzidine))
was monitored with a Tecan infinite M200 plate reader at
450 nm with a wavelength correction at 540 nm and processed
with i-control 1.10 software. IL6 protein levels are displayed
as absolute values in pg/ml. Experiments were performed with
two biological and two technical replicates.

Animals and Cuprizone Intoxication

C57BL/6J male mice (19 ± 2 g) were obtained from Janvier and
housed under standard laboratory conditions in the animal fa-
cility of the Uniklinik Aachen according to the Federation of
European Laboratory AnimalScience Association’s recom-
mendations.Mice were maintained with food and water ad
libitum in a 12 h light/dark cycle atcontrolled temperature
a n d h u m i d i t y ( 2 3 ± 2 ° C ;5 5 % ± 10 % h u m i d i t y ) .
Experimentalprocedures,i.e., cuprizone feeding,were ap-
proved by the Review Board for the Care of Animal Subjects
of the district government (Nordrhein-Westfalen, Germany). At
noon, mice received a diet containing 0.25 % cuprizone (bis-
cyclohexanone-oxaldihydrazone,Sigma Aldrich; choice of
concentration via established protocols) for up to 2 days mixed

into a ground standard rodent chow. The control group was fed
with standard rodent chow. Animals were allocated to groups
applying the following procedure:Animals were distributed
across cages (three animals per cage; cage area 435 cm2) and
each group consisted of mice with comparable weight. We used
cards numbered from 1 to 2 for the respective experimental
group (1 = control, 2 = 2 days cuprizone). The number on the
card randomly assigned the cages to the respective group. Re-
evaluation of cDNA samples of 1–4 days cuprizone-treated
mice were performed using previously published work from
our research group (Krauspe et al.2015).Size of groups for
each experiment is given in the appropriate figure legends and
an experimental overview is shown in supplementary figure B.

Tissue Preparation

Mice were anaesthetized with ketamine/xylazine (100 mg/kg
and 10 mg/kg; i.p. with 100 μl/10 g body weight) and
transcardially perfused with either PBS or 3.7% formalin in
PBS. Brains were removed to isolate RNA of the corpus
callosum (CC) for gene expression analysis or whole brains
were post-fixed in 3.7% formalin and subsequently embedded
into paraffin for immunohistological analysis following
established protocols (Clarner et al. 2015).

Immunohistological Staining and Fluorescence
Labeling

For fluorescence and immunohistological analysis, 5 μm thick
brain slides were cut with a microtome. Rabbit anti-IL6
(Abcam ab7737),mouse anti-OLIG2 (Millipore MABN50),
donkey-anti-rabbit 488, and donkey-anti-mouse 594 were used
for fluorescence labeling (Life Technologies A21206,
A21203). Signal specificity was validated by incubating slices
with the respective secondary antibody without pre-incubation
with the first antibody (see supplementary figure C).
Furthermore, cross reactivity of secondary antibodies with each
other or the false primary antibody was additionally excluded
(data not shown). For chromogen double labeling, anti-GFAP
(Santa Cruz sc-6170),anti-IBA-1 (Millipore MABN92),and
anti-APC (Millipore OP80) antibodies were visualized with a
horseradish peroxidase enzyme (Vector Labs) and DAB sub-
strate (Dako); anti-IL6 (Abcam ab6672) was visualized with an
alkaline phosphatase (Zytomed Systems) and an AP Blue sub-
strate that emits at 680 nm (Vector Laboratories).

In Situ Hybridization

Commercial fluorescence in situ hybridization kits
(QuantiGene View RNA in situ hybridization tissue assay;
Affymetrix-Panomics) were used for double labeling of forma-
lin-fixed, paraffin-embedded tissue,following the manufac-
turer’s recommendations. Protease digestion time was adjusted

J Mol Neurosci (2019) 67:265–275 267



 
 

38   

to 20 min. Probes directed against Olig2 and Il6 were purchased
from Affymetrix (Affymetrix-Panomics).Confocal images
were captured using the LSM710 laser-scanning microscope
station (Carl Zeiss).

Chemokine and Cytokine Array

RNA isolation was performed with RNeasy Micro Kit (Qiagen
74004). Cells were directly lysed with RLT buffer and homog-
enized with Precellys homogenizer.Further isolation proce-
dures such as washing and DNA digestion were conducted in
MinElute spin columns.RNA concentration was measured
with NanoDrop 1000 spectrometer.Five hundred nanograms
of RNA were reverse-transcribed with RT2 First Strand Kit
(Qiagen 330404).Genomic DNA was eliminated and RNA
reverse-transcribed according to the manufacturer’s instruc-
tions. Cytokine & Chemokine RT 2 Profiler PCR Array
(Qiagen PARN-150ZD)was performed with RT2 SYBR
Green Mastermix and processed with Bio-Rad CFX connect
cycler.PCR cycling program was composed of one 10 min
95 °C hot start cycle and 40 cycles of 95 °C 15 s and
60 °C 1 min to perform fluorescence data collection.Results
were analyzed using the Data analysis center from Qiagen
(https://www.qiagen.com/de/shop/genes-and-pathways/data-
analysis-center-overview-page).β-Actin, β-2 microglobulin,
hypoxanthine phosphoribosyltransferase 1, lactate dehydroge-
nase A,and ribosomalprotein large P1 served as reference
genes.Furthermore,the array contained one genomic DNA
control, three replicate reverse-transcription controls to test
reverse-transcription efficiency,and three replicate positive
PCR controls to testPCR efficiency.Experiments were per-
formed with one biological and one technical replicate.

Gene Expression Analysis

RNA for array validation and microglia gene expression anal-
ysis was isolated by using peqGold TriFast(Peqlab) and
reverse-transcribed in a 20 μL reaction volume using a
reverse-transcription kit(Thermo Fisher Scientific 28025-
021). cDNA levels were then analyzed by qPCR using
SensiMix SYBR® & Fluorescein Kit (Bioline QT615-05)
and Bio-Rad CFX connect cycler. The expression levels were
calculated relative to the reference genes coding for glyceral-
dehyde 3-phosphate dehydrogenase or cyclophilin A using
the ΔΔCt method.Primer sequences are given in Table 1.
No blinding was performed for the evaluation of these data.
Experiments were performed with at least six biological and
two technical replicates if not stated otherwise. Furthermore, a
gene array (Affymetrix) from the corpus callosum (CC) of
control animals and animals that were fed cuprizone for 2 days
was re-evaluated with respect to those genes identified in the
OLN93 gene expression study (Krauspe et al. 2015).

Statistical Analysis

Statistical analysis was performed using JMP10 and GraphPad
Prism 5. Data are presented as arithmetic means ± SEM. To test
for equal variances, Bartlett test was performed. Data transfor-
mations via Boxcox for homoscedasticity are indicated if nec-
essary. Shapiro-Wilk test was used to test for normal distribu-
tion. Parametric data were analyzed with one-way ANOVA
followed by Tukey’s post hoc test for multiple comparisons or
with Student’s t test. Non-parametric data were analyzed with
Kruskal-Wallis test followed by the Dunn’s multiple compari-
son or Mann-Whitney U test. p < 0.05 was considered statisti-
cally significant. The following symbols were used to indicate
the level of significance: *p < 0.05, **p < 0.005, ***p < 0.001;
ns indicates not significant. No outliers were excluded from the
analyses. No sample size calculation was performed.

Results

Sodium Azide Induces Stress in Oligodendroglial Cells

SA is a potent inhibitor of the mitochondrial respiratory chain
and inhibits the mitochondrial complex IV which is responsible
for the transfer of cytochrome c to an oxygen molecule (Bennett
et al. 1996; Teske et al. 2018). To induce a breakdown of the
mitochondrialinner transmembrane potential(i.e., sub-lethal
mitochondrialstress reaction),the oligodendroglialcell line
OLN93 was stimulated with 10 mM sodium azide (SA) for
24 h as previously described by Teske et al. (2018).
Afterwards,cells were keptin culture for additional24 h to
produce OCM (oligodendroglialcell-conditioned medium).
To confirm that the used SA concentration was not inducing
immediate cell death, lactate dehydrogenase (LDH) cytotoxic-
ity assay and celltiter blue (CTB) viability assay were per-
formed after 24 h of SA-treatment. Results are shown in Fig.
1a. LDH levels in the cell culture supernatants were significant-
ly increased after SA treatment compared to vehicle, indicating
cell death; LDH levels of lysis control were significantly in-
creased compared to both treatment groups (left histogram in
Fig. 1a).SA-induced LDH release was paralleled by a trend
towards lower levels of metabolic activity in these cells (right
histogram in Fig. 1a); however, this difference was not statisti-
cally significant. Additionally, 10 mM SA-treated OLN93 cells
did not show major morphological changes or loss of cell num-
bers at the microscopic level (Fig. 1b). DDIT3 and ATF3 are
members of the integrated stress response which is closely con-
nected to oxidative stress.Gene expression analysis of Ddit3
(Rutkowskiet al. 2006; Puthalakath etal. 2007) and Atf3
(Edagawa et al.2014) was measured after the 24 h secretion
phase via qPCR to confirm endoplasmic reticulum stress in SA-
treated cells on the transcriptional level (Fig. 1c).
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Stressed Oligodendroglial Cells Secrete Various
Cytokines and Chemokines

In a next step, we aimed to analyze the gene expression of secret-
ed molecules that oligodendroglial cells produce upon SA-
induced mitochondrial stress. To get a first hint about the possible
identity of such signaling molecules, we performed PCR arrays
that screened for mRNA expression levels of 84 cytokines and
chemokines with one sample (n = 1). Out of the 84 investigated
genes, 13 were induced by at least twofold when comparing the
SA group with the vehicle group. Those 13 genes are displayed in
Fig. 2a. IL6 and GDF15 were most robustly induced in stressed
oligodendroglial cells compared to cells treated with vehicle. To
confirm validity of the path finding gene array, we performed
qPCR in independent samples from two additional experiments
with each n = 6 for IL6, GDF15, and three randomly assigned
genes (Fig. 2b). As indicated in Fig. 2b, IL6 gene expression and
GDF15 gene expression were found to be induced > 12-fold in
qPCR analysis in SA-treated OLN93 cells. Differences in be-
tween the gene expression measured in array analysis versus
qPCR are likely due to different evaluation strategies, i.e., differ-
ent reference genes and subsequent software analysis and the
measuring of only one sample in the PCR array. In comparison,
genes for SPP1, LIF, and CSF1 were induced 2.5- to 4-fold. In a
next step, the relevance of the identified factors in vivo was in-
vestigated. Since short-term cuprizone intoxication mimics early
lesion formation and induces stress in oligodendroglial cells, we
re-evaluated gene array data from the CC of 2-day cuprizone-fed
and control animals (Krauspe et al. 2015). Results of this evalu-
ation are shown in Fig. 2c. Out of the 13 investigated genes, 7
were significantly induced. Although GDF15 and CCL7 were
highest induced in the tissue samples from cuprizone-fed ani-
mals, oligodendroglial cells might be responsible—at least in
part—for the increased IL6 expression in vivo. In a next step,
we investigated whether oligodendroglial cells secrete IL6 on the
protein level. Therefore, sandwich ELISA was performed using

OCM from SA-treated and vehicle-treated oligodendroglial
cells. Results are shown in Fig. 2e and demonstrate a fourfold
increase in IL6 levels upon SA-treatment. Our data show that
stressed oligodendroglial cells express various signaling mole-
cules that potentially activate microglia cells. To further investi-
gate this hypothesis, the activation state of microglia cells was
evaluated in OCM-stimulated BV2 microglia. Morphologically,
no differences were found between cells growing in control me-
dium (DMEM 0.5 %) and those cells grown in OCM-SA.
Representative pictures after 6 h incubation time are shown in
Fig. 2d. Additionally, performed arborization analysis and
counting of bipolar cells did not reveal morphological changes
in response to OCM-SA (supplementary figure E).

Expression levels of typical pro- and anti-inflammatory mi-
croglia markers were measured by means of qPCR 6 h after
beginning of treatment(see supplementary figure A for
experimentaloverview). Results of these experiments are
shown in Fig.2f. Gene expression of the anti-inflammatory
marker arginase 1 was induced when BV2 microglia cells were
treated with OCM from SA-treated oligodendroglial cells com-
pared to OCM-vehicle-treated BV2 microglia. One factor that
is known to be induced in microglia cells upon pro-
inflammatory stimulation is NOS2 (Kempurajet al. 2016).
OCM-SA-treated BV2 microglia displayed an induced expres-
sion of NOS2 compared to control. Blocking of IL6 with anti-
IL6 antibody only partly counteracted OCM-SA effects (Fig.
2g), and none of the used concentrations of IL6 protein (10, 30,
and 50 ng/ml) was sufficient to show BV2 microglia responses
with respect to the gene expression of both Nos2 and Arg1,
indicating that other secreted molecules contribute to microglia
activation in this scenario (supplementary figure F).

Oligodendrocytes are a Source of IL6 In Vivo

To investigate whether oligodendrocytes mightbe a relevant
source of signaling molecules in vivo, we included short-term

Table 1 Forward and reverse
primer sequences used for qPCR
analysis

Name Forward sequence 5′-3′ Reverse sequence 5′-3′

Arg1 mouse CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
Atf3 rat ACTGCGTTGTCCCACTCTGT TCATCTGAGAATGGCCGGGA
Csf1 rat AGCAAGGAAGCGAACGAAC ATGTGGCTACAGTGCTCCGA
Cyca rat GGCAAATGCTGGACCAAACAC TTAGAGTTGTCCACAGTCGGAGATG
Ddit3 rat TGTTGAAGATGAGCGGGTGG GCTTTCAGGTGTGGTGGTGT
Gapdh mouse TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGA
Gdf15 rat TCAGCTGAGGTTCCTGCTGTTC GCTCGTCCGGGTTGAGTTG
Il6 mouse GATACCACTCCCAACAGACCTG GGTACTCCAGAAGACCAGAGGA
Il6 rat TCTCTCCGCAAGAGACTTCCA ATACTGGTCTGTTGTGGGTGG
Lif rat TTTGCCGTCTGTGCAACAAG TGGACCACCGCACTAATGAC
Nos2 mouse ACATCGACCCGTCCACAGTAT CAGAGGGGTAGGCTTGTCTC
Spp1 rat CCAGCCAAGGACCAACTACA TCTCCTCTGAGCTGCCAAAC
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cuprizone-intoxicated mice (up to 4 days cuprizone) in the
study. Since IL6 was highly induced in oligodendroglial cells
in vitro, we focused on this molecule in this part of the study.
Immunohistochemistry, qPCR, and in situ hybridization were
performed on brain slices of cuprizone-intoxicated animals.
After 2 days of cuprizone intoxication,IBA-1 immunohisto-
chemistry revealed that microglia display an activated cell mor-
phology in the CC (i.e.,less ramified,swollen somata) com-
pared to control mice (Fig. 3a). Similar morphological changes
as well as an increase in microglia cellnumbers in early
cuprizone-induced lesions have been published previously by
our group after a 2-day exposure to cuprizone (Clarner et al.
2015; Krauspe et al. 2015). Re-evaluation via qPCR revealed
that IL6 gene expression was increased about fivefold in the CC
after 2 days of cuprizone intoxication ((Krauspe et al.2015),
Fig. 3b, n ≥ 3). This induction further increased up to 17-fold
after 4 days of cuprizone intoxication.In situ hybridization
showed an increase ofIL6 mRNA signals in the CC of
cuprizone-intoxicated animals compared to controls (Fig.3c,
left panel). Double in situ hybridization (Fig.3c, right panel)
and validation by fluorescence double labeling of Olig2 and
IL6 proteins (Fig.3d) as well as double chromogen labeling
of APC and IL6 proteins (Fig.3e) revealed oligodendroglial
cells as one source of IL6 at this early time point (see
supplementary figure B for experimental overview). Although

APC labels astrocytes and neurons in the brain as well,the
double-positive cellin Fig. 3e resembles morphologically
strongly an oligodendrocyte. Three cuprizone-fed animals were
investigated and IL6/Olig2- and IL6/APC-positive cells were
found in the CC in all three animals.Since confocal Z-stack
analysis was necessary to undoubtedly identify double-positive
cells, no quantification of the number of these cells could be
performed. Note that oligodendrocytes are not the sole source
of IL6 but also other glial cells such as astrocytes express IL6
after 2 days of cuprizone feeding (see supplementary figure D).
Tezuka and colleagues also identified astrocytes as a source of
IL6 in this model (Tezuka et al. 2013).

Discussion

The contribution of stressed oligodendrocytes to the formation
of inflammatory CNS lesions is only incompletely under-
stood. Here, we induced oligodendrocyte stress by using the
mitochondrial inhibitor SA in vitro and cuprizone intoxication
in vivo. In vitro, this treatment caused a selective increase in
the oligodendroglial expression of a variety of immune-
modulatory factors such as IL6,GDF15,and a number of
chemokines.The expression of IL6 in the in vivo situation
was explored by qPCR analysis, ELISA, in situ hybridization,
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reveal obvious signs of cell loss or death (× 20 magnification).c Gene

expression analysis of Ddit3 and Atf3 (BoxCox-Y transformed) in
vehicle- and SA-treated oligodendroglial cells indicating metabolic stress
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50 μm
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and immunohistologicalstaining of tissue from short-term
cuprizone-intoxicated mice.Fluorescence double-labeling
and in situ hybridization of OLIG2/APC and IL6 identified
oligodendrocytes as a possible source of this molecule in vivo
(Ramesh et al. 2012). These results indicate that our in vitro
data obtained from SA-treated oligodendroglial cells might be
relevant for the in vivo situation. It has to be mentioned at this
point, that oligodendrocytes are not the sole source of these
molecules in vivo. With respect to IL6, astrocytes and microg-
lia have been shown to be additionalsources in cuprizone
intoxication. We would like to point out that due to the high
number of possibly involved molecules and the highly com-
plex interplay of different glia cells in the formation of early
inflammatory lesions,knock-outmice deficient for single
molecules would be of limited use to further investigate the
role of oligodendrocytes in this scenario.

Regarding the role of IL6 in CNS inflammation and regen-
eration in general,it has been shown thaton one hand,it is
neuroprotective via accelerating nerve regeneration following
trauma or spinalcord injury (Hirota etal. 1996;Yang etal.
2012) and protects mice from demyelination in the cuprizone
model by inducing a specific activation state in microglia
(Petkovic et al. 2017). On the other hand, IL6 supports chronic
inflammatory processes in disorders such as Alzheimer’s dis-
ease (Swardfager et al. 2010). In active demyelinating MS le-
sions, IL6 expression by astrocytes and macrophages is relevant
for the preservation of oligodendrocytes (Schonrock etal.
2000).IL6 signaling and mitochondrial functions are closely
linked, since IL6 protects cells against a loss of mitochondrial
complex IV after bacterial infection in mice (Maiti et al. 2015).
In the liver, IL6 is necessary for the repair of mitochondrial
mutations caused by ethanol intoxication (Zhang et al. 2010).
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counteracted by anti-IL6 antibody in the media.ns, not significant;
*p < 0.05; **p < 0.005; ***p < 0.001; vehicle, up H2O; scale bars, 30 μm
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The physiological IL6 concentration in blood plasma samples
from healthy humans is about 1–1.5 pg/ml, whereas the con-
centration in inflammatory conditions is highly increased and
might reach up to 1,000 pg/ml in sever inflammation (Damas
et al. 1992; Seino et al. 1994; Ridker et al. 2000). This is com-
parable to the concentrations we measured in the medium of
stressed oligodendroglial cells (app. 800 pg/ml). Regarding the
IL6 concentrations within the brain,both in healthy and in-
flamed tissue,only little is known.Therefore,further studies
will have to show the localIL6 concentrations and precise
source within brain tissue in distinct pathologies. With respect
to microglia cells,it has been shown that a concentration of
100 ng/ml does activate Nos2 mRNA expression in BV2 mi-
croglia (Matsumoto et al. 2018). Furthermore, IL6 (50 ng/ml)
increases the mitochondrial Ca2+ levels in a STAT3-dependent

manner in CD4+ T cells (Yang et al. 2015). By using Luciferin-
expressing mice, we recently demonstrated that cuprizone in-
toxication causes an early induction of Nrf2-ARE signaling
within the brain (Draheim et al.2016).Since Nrf2 has been
shown to regulate IL6 expression (Wruck et al. 2011), the in-
crease in oxidative stress and subsequent Nrf2-activation might
be a possible mechanism by which IL6 expression is initially
triggered in oligodendrocytes in this model.Further studies
including Nrf2-deficient mice will have to show the link be-
tween oxidative stress and Nrf2 activity on one hand and the
expression of IL6 in oligodendrocytes on the other hand. Given
this data, we consider this early IL6 expression by oligodendro-
cytes during preactive lesion formation as a potential first Bcall
for help^ by metabolically dysfunctional or oxidatively chal-
lenged oligodendrocytes.
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Fig.3 a IBA-1 + microglia cells display an activated morphology upon
short-term cuprizone intoxication compared to control mice (scale bars
50 μm). b IL6 gene expression was increased in the CC after 2, 3, and
4 days of cuprizone intoxication compared to untreated animals (re-eval-
uation of cDNA of short-term cuprizone-fed mice;BoxCox-Y trans-
formed).c At 2 days of 0.25% cuprizone intoxication,the signalfor
IL6 mRNA was increased compared to the control. In situ hybridization

of OLIG2 and IL6 identified oligodendrocytes as a source of IL6 produc-
tion after short-term cuprizone intoxication (scale bars for IL6 20 μm; for
IL6/OLIG2 5 μm), which was further validated via d fluorescence
double-labeling of OLIG2 and IL6 (scale bars for control 25 μm; for 2-
day cup 10 μm). e Double labeling of IL6 and APC (scale bars 10 μm)
(three animals per group, one experiment for figure a–e). ns, not signif-
icant; *p < 0.05; **p < 0.005; ***p < 0.001
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Another member of the IL6 cytokine family that was induced
upon SA-stimulation in this study is LIF, which signals through
the JAK/STAT pathway as well. It is required for the induction of
inflammatory responses of microglia and astrocytes to brain
damage (Holmberg and Patterson 2006).Furthermore,it has
been shown thatLIF plays a role in the initialinfiltration of
inflammatory cells into the CNS and in the neuronal response
to brain injury (Sugiura et al.2000).Another highly induced
molecule in our study was GDF15, also known as macrophage
inhibitory cytokine-1.Bonaterra etal. showed that GDF15 is
functionally linked to IL6 signaling since it regulates inflamma-
tory IL6-dependent processes in vascular injury (Bonaterra et al.
2012). A study on the tumorigenesis of prostate carcinoma indi-
cated that the expression of GDF15 is upregulated by IL6 (Tsui
et al. 2012). Despite these links to IL6 signaling, GDF15 plays a
major role in regulating inflammatory pathways in injured tissues
and is involved in pathological processes such as cancer, cardio-
vascular disorders, ischemia, and atherosclerosis (Schlittenhardt
et al. 2005; Kempf et al. 2006; Jiang et al. 2016).

A number of chemokines were induced in SA-treated
OLN93 cells that are known to be involved in microglia acti-
vation, including CXCL1 and CCL5 (Škuljec et al. 2011). The
cytokine-like glycoprotein SPP1, also known as osteopontin,
was induced about fourfold in stressed oligodendroglial cells.
Osteopontin has been implicated in the pathogenesis of sever-
al autoimmune diseases such as rheumatoid arthritis, autoim-
mune hepatitis,and MS (Chabas etal. 2001;Yumoto et al.
2002; Mochida et al. 2004). Furthermore, osteopontin activity
is found in MS lesions (Chen et al. 2009). It has been shown
that the treatment of mixed cortical cultures with osteopontin
leads to a stimulation of myelin basic protein expression and
the formation of myelin sheaths indicating a putative role in
remyelination and recovery (Selvaraju et al.2004). CSF1,a
macrophage colony-stimulating factor, was induced 2.5-fold
in SA-stressed oligodendroglial cells and is involved in the
proliferation, differentiation, and chemotactic activity of
monocytes and macrophages.Interestingly,the survivalof
adult murine microglia cells seems to be fully dependent upon
CSF1 receptor signaling, since all microglia cells can be elim-
inated from the CNS through CSF1R inhibitor administration
(Elmore et al. 2014).

All of the abovementioned signaling molecules might
account—either alone or in combination—for the effects,we
observed in OCM-treated microglia cells. Our data indicate that
not a sole oligodendroglial cell-derived molecule but rather a
combination of different factors account for the activation of
microglia cells.

In summary, our data supports the view that stressed oligo-
dendrocytes have the potentialto activate microglia cells
through a specific cocktail of chemokines and cytokines such
as IL6. Further studies will have to identify the temporal

activation pattern of these signaling molecules, their cellular
sources and their impact on neuroinflammation.
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