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Abkiirzungsverzeichnis

ATF3 Activating Transcription Factor 3

ATF6 Activating Transcription Factor 6

CIS klinisch isoliertes Syndrom

CNS central nervous system

DDIT3 DNA damage-inducible transcript 3

EAE experimentelle Autoimmune-Enzephalomyelitis
EDSS expanded disability status scale

ER endoplasmatisches Retikulum

elF2a eukaryotic Initiation Factor 2 alpha

IgG Immunglobulin G

Irel Inositol-requiring Enzyme 1

mRNA messenger-Ribonukleinsdure

MRT Magnetresonanz-Tomographie

MS Multiple Sklerose

OPCs Oligodendrozyten Progenitor Zellen

PERK Protein Kinase RNA-like Endoplasmic Reticulum Kinase
T25FW timed 25-foot walk

UPR unfolded protein response

ZNS Zentralnervensystem
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Einleitung

Multiple Sklerose (MS) ist eine neurologische Erkrankung, die mit dem Untergang von
Oligodendrozyten, Demyelinisierung, Gliose, axonalem Schaden und der Aktivierung
von peripheren Immunzellen einhergeht. Die demyelinisierten Lisionen unterscheiden
die MS von anderen neurologischen Erkrankungen und sind somit auch von zentraler
Bedeutung in den MS Tiermodellen.

Die ersten Symptome zeigen sich meist zwischen dem 25. und 35. Lebensjahr. Die
Erkrankung betrifft doppelt so hdufig Frauen wie Ménner. Mit einer weltweiten Pravalenz
von ca. 2 Millionen Patienten, davon 150.000 Patienten in Deutschland, ist die MS eine
der hiufigsten neurologischen Erkrankung und eine héufige Ursache bleibender
Behinderungen bei jungen Erwachsenen. Etwa 30% der MS Patienten werden vorzeitig
berentet. In der Gesamtheit belaufen sich die jdhrlichen Krankheitskosten bundesweit auf
4 Milliarden Euro (Gold, 2012). Sowohl genetische Faktoren als auch Umwelteinfliisse
wirken sich auf das Erkrankungsrisiko aus (Bender, 2015).

Klinisch duBlert sich die Erkrankung durch fokal-neurologische Defizite des
Zentralnervensystems (ZNS). Dabei kann es zu Sehstorungen, motorischen Ausfillen,
Gang- und Gleichgewichtsstorungen, sensiblen Defiziten sowie vegetativen und
psychischen Storungen kommen (Bender, 2015). Die Krankheitsprogression eines
Patienten wird anhand des (engl.) ,expanded disability status scale* (EDSS) beurteilt.
Dabei nimmt die Gehstrecke, sofern sie auf unter 500m ohne Hilfsmittel reduziert ist,
eine zentrale Rolle ein (Kurtzke, 1983). Bei geringen Mobilitdtsdefiziten (Score-Bereich
0-4.5/10) fallen Stérungen aus insgesamt 8 funktionellen Systemen wie Blasenfunktion,
visuelles System oder Kleinhirnfunktion stirker ins Gewicht. Daneben wird der (engl.)
,timed 25-foot walk* (T25FW) zur weiteren Evaluation der Mobilitdt verwendet (Motl,
2017). Der 9-Loch-Steck-Test iiberpriift die Funktion der oberen Extremitét und die
Koordination feiner Bewegungen (Feys, 2017). Mehrere Arbeiten konnten zeigen, dass
Patienten von einem frithen Therapiestart profitieren. So fiihrt eine frithe Behandlung zu
weniger Schiiben und einem geringeren EDSS-Wert (PRISMS Study Group, 2001). Eine
frithe Diagnosestellung setzt sensitive diagnostische Parameter voraus, um einen frithen
Therapiestart gewéhrleisten zu kénnen.

Die MS kann klinisch in 3 verschiedene Verlaufsformen unterteilt werden: die mit 85-
90% hiufigste Form (Hafler, 2004) ist die schubféormige MS, in der es zwischen zwei
Schiiben zur vollstindigen Remission der Symptome kommt. Diese kann in eine sekundér
progressive Form {ibergehen, bei der sich der klinische Zustand progredient

verschlechtert. Sowohl Schiibe als auch Remissionen treten dabei typischerweise nicht
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mehr auf. Ein Schub wird als neu aufgetretene, zeitlich abgrenzbare klinische
Symptomatik mit mindestens 30 Tagen Abstand zum letzten Schub definiert. Dabei
diirfen die Veridnderungen weder durch Anderungen der Korpertemperatur noch durch
eine Infektion erklirbar sein (Bender, 2015). Die MS kann auch von Beginn an ohne
Schiibe primir progredient verlaufen, wobei sich der klinische Zustand stetig
verschlechtert. Die schubformige MS zeigt einige Merkmale einer klassischen
Autoimmunerkrankung, wie etwa das epidemiologische Verteilungsmuster und das
vermehrte Auftreten nach bestimmten Infektionen (z.B. symptomatische EBV-Infektion)
(Rejdak K, 2010). Diese Merkmale fehlen bei den progressiven Formen, welche eher
Gemeinsamkeiten mit neurodegenerativen Erkrankungen zeigen (Stys, 2012). Das
Krankheitsrisiko ist anndhernd gleich zwischen den Geschlechtern verteilt und der
Erkrankungsgipfel liegt im 4. bis 5. Lebensjahrzehnt, und somit 10 bis 20 Jahre spéter als
bei der schubférmigen MS.

Diagnostisch zeigen sich neben den fokal neurologischen Defiziten elektrophysiologisch
Zeichen der zentralnervosen Demyelinisierung im Sinne von Latenzverlangerungen der
evozierten Potentiale (Pihl-Jensen, 2017). In der Liquoruntersuchung zeigen sich
aullerdem liquorspezifische oligoklonale IgG-Banden. Diese stellen das laborchemische
Korrelat der intrathekalen IgG-Synthese dar (Bender, 2015). In Magnetresonanz-
Tomographie (MRT) Aufnahmen zeigen sich entziindliche demyelinisierte Lésionen, die
sowohl in der weillen als auch in der grauen Substanz lokalisiert sind (Stys, 2012). Dort
treten sie typischerweise subkortikal, periventrikuldr sowie in den Nervi optici, im
Hirnstamm und im Riickenmark auf (Nylander, 2012). Aktive Lésionen zeigen durch eine
in diesem Bereich gestorte Integritdt der Blut-Hirn-Schranke eine Aufnahme des
Kontrastmittels Gadolinium. Solche entziindlichen Verdnderungen kommen bei den
progredienten Verlaufsformen weniger haufig vor (Gold, 2012). Die 2017 iiberarbeiteten
McDonald Diagnose-Kriterien der MS setzen eine rdumliche und zeitliche Dissemination
dieser MRT-Lédsionen voraus (Thompson, 2018). Besteht eine typische Symptomatik,
allerdings ohne zeitliche Dissemination, wie es hdufig im Friihstadium der Erkrankung
der Fall ist, spricht man vom klinisch isolierten Syndrom, kurz CIS (Gold, 2012).

MS Lisionen kdnnen histopathologisch in verschiedene Stadien eingeteilt werden. Aktive
Lésionen sind hyperzelluldr und diffus von Immunzellen infiltriert. Sie lassen sich anhand
des Vorhandenseins von Myelin-Abbauprodukten, die durch die Phagozytose von Myelin
durch Mikrogliazellen/Makrophagen entstehen, in demyelinisierend und post-
demyelinisierend unterteilen. Gemischt-aktiv/inaktive Lésionen sind demyelinisiert mit
hypozelluldirem Zentrum und hyperzellulirem Randsaum aus Makrophagen und
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Mikrogliazellen. Inaktive Lasionen sind scharf begrenzt, hypozelluldr und praktisch frei
von reifen Oligodendrozyten sowie Myelin (Kuhlmann , 2016). Es kommt in den
Liasionen auBerdem zu einer Proliferation von Astrozyten und Mikrogliazellen. Die MS
fiihrt somit zu Verdnderungen aller drei Haupttypen von Gliazellen. Dabei gehen
allerdings spezifisch Oligodendrozyten unter, wihrend Astrozyten und Mikrogliazellen

im selben Mikro-Milieu proliferieren.

Oligodendrozyten bilden im ZNS die Myelinscheiden aus, die wichtig fiir die schnelle
und energieeffiziente Weiterleitung von Aktionspotentialen sind (Philips, 2017). Sie
versorgen auflerdem die Internodien mit Néahrstoffen (Fiinfschilling, 2012) und stellen
schnellen axonalen Transport sicher (Edgar, 2004). Aus den Vorlduferzellen, den
sogenannten Oligodendrozyten Progenitor Zellen (OPCs), entwickeln sich durch
verschiedene externe und interne Stimuli reife Oligodendrozyten. Diese umgeben mit
ihren Ausldufern verschiedene Axonabschnitte mit unterschiedlich dicken Schichten aus
Myelin (Mitew, 2013). Dabei durchlaufen sie ein komplexes Programm aus Proliferation,
Migration und Differenzierung bis hin zur eigentlichen Myelinisierung (Teske, 2018).
Der Prozess der Myelinisierung iiberschreitet den Zeitraum der Gehirnentwicklung bei
Weitem und setzt sich bis in das hohere Erwachsenenalter fort. Dies ist wichtig, um auch
iiber die reine Hirnentwicklung hinaus neuronale Plastizitdt zu gewéhrleisten, wie sie u.

a. fiir Lernprozesse erforderlich ist (Bergles, 2015).

Die Synthese von Phospholipiden, dem Hauptbestandteil des Myelins, findet zelluldr am
glatten endoplasmatischen Retikulum (ER) statt (Lodish, 2000). Das ER ist zeitgleich das
zentrale Zellorganell fiir die Translokation, Faltung und Modifikation sekretorischer
Proteine (Sano, 2013) sowie von Membranproteinen, wie z.B. Myelinproteinen. Im ER-
Lumen herrscht ein oxidatives Mikro-Milieu, das fiir die Ausbildung von Disulfidbriicken
wichtig ist. Disulfidbriicken sind unter anderem Voraussetzung fiir die regelhafte Faltung
von Proteinen (Xu, 2005). Um den vollstindigen Grad der Myelinisierung in einem
Gehirn zu erreichen und zu erhalten ist das ER von Oligodendrozyten hohem, und fiir

diese Zellart spezifischem Stress ausgesetzt.

Unter Stress versteht man einen meist linger andauernden Belastungszustand. Auf
zelluldarer Ebene sind verschieden Stressreaktionen bekannt, zu denen z.B. die
Stressantworten des ERs zihlen. Viele verschiedene zellschiadigende Einfliisse, wie etwa
Schwermetalle, virale Infektionen oder freie Radikale, konnen zu einer Funktionsstérung
bzw. Stressreaktion des ERs fiihren. Diese wird aufgrund des vermehrten Anfalls

fehlgefalteter Proteine als (engl.) wunfolded protein response (UPR) bezeichnet
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(Kozutsumi, 1988). Die UPR geht unter anderem mit einer vermehrten Expression
spezifischer Stressgene des ERs einher. Die klassische Kaskade wird durch 3 ER-
Transmembran-Proteine initiiert bzw. koordiniert: Inositol-requiring Enzyme 1 (Irel),
Protein Kinase RNA-like Endoplasmic Reticulum Kinase (PERK) und Activating
Transcrpiton Factor 6 (ATF6). In der Folge wird durch die Phosphorylierung des
eukaryotic Initiation Factor 2 alpha (elF2a) die globale zelluldre Translation vermindert,
wiéhrend die Translation von Chaperonen und anderen zytoprotektiven Proteinen
induziert wird (Lin, 2012). Bei anhaltendem zelluldrem Stress werden schlieflich auch
pro-apoptotische Proteine, wie der Transkriptionsfaktor DNA damage-inducible
transcript 3 (DDIT3) (Rutkowski, 2006) oder Activating Transcription Factor 3 (ATF3)
(Edagawa, 2014) induziert. Uberwiegen solche pro-apoptotischen Signale in einer Zelle
wird die Apoptose eingeleitet. Die zelluliren Mechanismen der Oligodendrozyten
Degeneration sind nur unzureichend verstanden. Sie stellen einen moglichen
therapeutischen Angriffspunkt dar, um Demyelinisierung zu verhindern bzw.

abzuschwichen.

Zur experimentellen Untersuchung der MS werden vor allem zwei Tiermodelle
verwendet. Die experimentelle Autoimmune-Enzephalomyelitis (EAE) dient als Modell
des T-Zell vermittelten, inflammatorischen Aspekts der Erkrankung (Kipp, 2017). In den
Tieren wird eine Immunantwort gegen Myelinbestandteile herbeigefiihrt. Dies fiihrt im
Verlauf zu neurologischen Ausfillen im Sinne von am Schwanz beginnenden nach
kranial aufsteigenden Paresen. Die Beurteilung des aktuellen klinischen Zustands des
Tieres sowie des Verlaufs erfolgt durch ein festgelegtes Scoring-System. Dabei werden
das Ausmall der aufsteigenden Paresen und die damit verbundenen
Mobilitatseinschrinkungen beurteilt. In diesem Aspekt ist das System @dhnlich zum
klinisch angewandten EDSS-Score. Histopathologisch kommt es bereits vor klinischen
Auffalligkeiten zu strukturellen und funktionellen Verdnderungen des Riickenmarks,
unter anderem einer Aktivierung von Astrozyten (Alvarez, 2015), einer Verminderung
der Expression von Myelin-Genen (Evangelidou, 2014) und der perivaskuldren
Ansammlung von Mikrogliazellen (Baranzini, 2005). Im zweiten Tiermodell, dem
toxischen Cuprizone Modell (bis-cyclohexanone-oxaldihydrazone), kommt es zu einer T-
Zell unabhingigen Demyelinisierung. Diese beruht auf einer priméren Oligodendrozyten
Apoptose mit begleitender Mikroglia- und Astrozytenaktivierung (Kipp, 2017).
Cuprizone filihrt dabei zu einer Erhohung des oxidativen Zellstresses., u. a. durch

Hemmung von Komplex I'V der Atmungskette (Acs, 2013). Im Cuprizone Modell kénnen
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histologisch verschiedene Phasen unterschieden werden.. In der Frithphase (bis ca. 1
Woche nach Intoxikationsbeginn) kann die Induktion von zelluldrem Stress, z.B. ER-
Stress oder pro-apoptotischen Signalen, nachgewiesen werden. Ab Woche 3 lésst sich der
Untergang von Oligodendrozyten mit folgender Demyelinisierung sowie der Aktivierung
von Mikrogliazellen und Astrozyten feststellen. Diese Verdnderungen nehmen bis Woche
5 weiter zu (Kipp, 2009). Die Ausdifferenzierung von OPCs zu reifen Oligodendrozyten
fiihrt ca. ab Woche 6 zu einem Wiederanstieg der Oligodendrozyten Zellzahl im ZNS der
Versuchstiere (Mason, 2000).

Die molekularen Mechanismen, welche im Cuprizone Modell zur Oligodendrozyten
Apoptose und Demyelinisierung fiihren, waren bisher nicht bekannt. Daher untersuchten
wir zu welchen Expressionsidnderung es im Genom durch die Cuprizone Intoxikation
kommt. Dabei zeigte sich, dass unter anderem die Expression von Genen der ER-
Stresskaskade bereits nach kurzer Intoxikationsdauer induziert wird. Die stdrkste
Expressionsdnderung konnten wir unter allen ER-Stressfaktoren fiir den pro-
apoptotischen Transkriptionsfaktor DDIT3 nachweisen. Mit Immunfluoreszenz
Doppelfarbungen untersuchten wir welche Zellen jeweils zu verschiedenen Zeitpunkten
im Tiermodell DDIT3 exprimieren. Es zeigte sich, dass DDIT3 in der Frithphase (1
Woche Cuprizone) hauptsidchlich von Oligodendrozyten exprimiert wird. Im weiteren
Verlauf (3 und 5 Wochen Cuprizone) konnte aber auch in Astrozyten eine nukleédre
DDIT3 Expression nachgewiesen werden. Die nach anfinglicher Stressreaktion folgende
Oligodendrozyten Apoptose setzt sich bis Woche 5 fort. Fiir eine funktionelle Aussage
iiber DDIT3 im Cuprizone Modell verglichen wir eine globale Ddit3”~ Maus mit dem
Wildtyp nach 3 Wochen Cuprizone Intoxikation. Hier zeigte sich bei Ddit3”~ Mutanten
eine verminderte Oligodendrozyten Apoptose, Demyelinisierung, Mikrogliose,
Astrozytose und axonaler Schaden. Somit ist DDIT3 ein wichtiger Transkriptionsfaktor
fiir den frithen Oligodendrozyten Schaden im Cuprizone Modell und fiihrt bei vermehrter

Expression zum Untergang dieser Zellart mit einhergehender Demyelinisierung.

Die zweite Publikation beschiftigt sich mit der Frage, ob in der Frithphase der
entzlindlichen Demyelinisierung im EAE-Modell Gangstérungen nachgewiesen werden
konnen. Dazu wurde in den Versuchstieren eine EAE induziert. Im Verlauf wurden neben
dem beschriebenen Scoring-System tdgliche Ganguntersuchungen durchgefiihrt. Mittels
(engl.) ,,High Speed Ventral Plane Videography* wurde das Gangbild analysiert. Es
erfolgte dabei eine Unterteilung in 39 Gangparameter der Vorderpfoten und 43

Gangparameter der Hinterpfoten. Nach Abschluss der klinischen Tests wurden die
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Versuchstiere histologisch auf das Vorliegen von entziindlichen ZNS Lédsionen
untersucht. Es zeigte sich, dass wéihrend der Entwicklung neuer inflammatorischer ZNS
Herde verschiedene Gangdefizite auftreten. Dabei kommt es unter anderem zu einer
verlangerten Schwungphase bei verkiirzter Standphase. Die Verdnderungen des
Gangmusters treten dabei auf, bevor die Versuchstiere im EAE Scoring System

Auffilligkeiten zeigen.
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Eigenleistung an beiden Publikationen
Arbeitsanteil an der ersten Publikation (Fischbach et al. ‘Cuprizone-induced graded
oligodendrocyte vulnerability is regulated by the transcription factor DNA damage-

inducible transcript 3.’; Glia):

e Beteiligung an der Durchfithrung der Tierexperimente

e Literaturrecherche

e Experimentplanung

¢ Immunhistochemie und Immunfluoreszenzstudien

e Auswertung des 3D elektronenmikroskopischen Datensatzes

e Revision einschlieBlich der nétigen Experimente, Abschlusskorrekturen und

Visualisierung der Daten

Arbeitsanteil an der zweiten Publikation (Zhan et al. ‘High Speed Ventral Plane
Videography as a convenient Tool to quantify Motor Deficits during Pre-Clinical

Experimental Autoimmune Encephalomyelitis.’; Cells):

e Beteiligung an der Durchfithrung der Tierexperimente
e Datenauswertung der Ganganalyse
e Literaturrecherche

e Abschlusskorrekturen
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1 | INTRODUCTION

Abstract

Oligodendrocytes are integral to efficient neuronal signaling. Loss of myelinating oligodendrocytes is
a central feature of many neurological diseases, including multiple sclerosis (MS). The results of neu-
ropathological studies suggest that oligodendrocytes react with differing sensitivity to toxic insults,
with some cells dying early during lesion development and some cells being resistant for weeks. This
proposed graded vulnerability has never been demonstrated but provides an attractive window for
therapeutic interventions. Furthermore, the biochemical pathways associated with graded oligoden-
drocyte vulnerability have not been well explored. We used immunohistochemistry and serial block-
face scanning electron microscopy (3D-SEM) to show that cuprizone-induced metabolic stress results
in an “out of phase” degeneration of oligodendrocytes. Although expression induction of stress
response transcription factors in oligodendrocytes occurs within days, subsequent oligodendrocyte
apoptosis continues for weeks. In line with the idea of an out of phase degeneration of oligodendro-
cytes, detailed ultrastructural reconstructions of the axon-myelin unit demonstrate demyelination of
single internodes. In parallel, genome wide array analyses revealed an active unfolded protein
response early after initiation of the cuprizone intoxication. In addition to the cytoprotective path-
ways, the pro-apoptotic transcription factor DNA damage-inducible transcript 3 (DDIT3) was induced
early in oligodendrocytes. In advanced lesions, DDIT3 was as well expressed by activated astrocytes.
Toxin-induced oligodendrocyte apoptosis, demyelination, microgliosis, astrocytosis, and acute axonal
damage were less intense in the Ddit3-null mutants. This study identifies DDIT3 as an important reg-
ulator of graded oligodendrocyte vulnerability in a MS animal model. Interference with this stress cas-

cade might offer a promising therapeutic approach for demyelinating disorders.

KEYWORDS

apoptosis, cuprizone, demyelination, multiple sclerosis, oligodendrocytes

explanation for this highly specific destruction of myelin and oligoden-

drocytes. The sequence of molecular events leading to oligodendro-

Multiple sclerosis (MS) lesions are characterized by oligodendrocyte
death, demyelination, gliosis, axonal damage, and peripheral immune
cell recruitment. The feature that distinguishes MS from other neuro-
logical disorders is the formation of confluent demyelinated plaques.

For this reason, any pathogenetic concept of MS must provide an

cyte loss, and consequently, demyelination is not fully understood,
but involved mechanisms may include oxidative stress, mitochondrial
dysfunction, protein misfolding, or inflammatory cytokine exposure. It
is important to note that viable oligodendrocytes and an intact myelin

sheath are indispensable for neuronal health. Oligodendrocytes

Glia. 2019;67:263-276.
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provide nutritional support to neurons (Funfschilling et al., 2012), and
fast axonal transport depends on oligodendrocytes (Edgar et al.,
2004). Mice deficient in mature myelin proteins show severe neurode-
generation (Uschkureit, Sporkel, Stracke, Bussow, & Stoffel, 2000). It
has been suggested that during active demyelination, distinct oligo-
dendrocyte populations are more vulnerable than others, resulting in
an asynchronous oligodendrocyte degeneration during MS lesion
development (Lucchinetti et al., 1999).

Oligodendrocyte stress may perturb the function of the endoplas-
mic reticulum (ER), resulting in ER stress. ER stress triggers an adap-
tive pathway in mammalian cells that controls the response to ER
stress through transcriptional activation of genes coding for essential
ER chaperones (Kozutsumi, Segal, Normington, Gething, & Sambrook,
1988). This adaptive response is termed the unfolded protein
response (UPR). Classically, an UPR is initiated by three ER transmem-
brane proteins: inositol requiring 1 (IRE1), protein kinase RNA-like ER
kinase (PERK), and activating transcription factor 6 (ATFé). The focal
point of UPR induction is the phosphorylation of eukaryotic initiation
factor 2 alpha, which diminishes global protein translation while selec-
tively upregulating the translation of chaperones such as heat shock
protein 5 (HSPAS5) (Kohno, Normington, Sambrook, Gething, & Mori,
1993) and other cytoprotective proteins. When cell stress persists,
components of the UPR, such as DNA damage-inducible transcript
3 (DDIT3), can mediate apoptosis (Gow & Wrabetz, 2009).

In this study, we describe that in a model of toxin-induced demy-
elination, oligodendrocyte stress is an early event that is characterized
by the expression of UPR stress factors. Histological and immunohis-
tochemical studies show that while oligodendrocyte degeneration
starts within days, the vulnerability of oligodendrocytes differs, with
some cells degenerating early and some cells being resistant for
weeks. In addition, serial block-face scanning electron microscopy
(SEM) demonstrated demyelination of selective internodes during
acute demyelination. Genome wide array analyses and functional
studies using knock-out animals showed that the transcription factor

DDIT3 is an important regulator of cuprizone-induced demyelination.

2 | MATERIALS AND METHODS

2.1 | Animals and mating strategy

For the cuprizone intoxication studies, 8-week-old C57BL/6 male
mice were purchased from Janvier Labs, Le Genest-Saint-Isle, France.
To analyze the functional relevance of DDIT3 in the cuprizone model,
Ddit3~’~ mice were obtained from The Jackson Laboratory (Bar
Harbor, Maine, USA) (005530-B6.129S[Cg]-Ddit3tm2.1Dron/J) and
were mated with C57BL/6 mice to obtain a heterozygous
F1-generation. The F1-mice were then mated to obtain Ddit3~/~ and
Ddit3*"* mice. Offspring of these F2-mice were used for experiments
for a maximum of five generations. All experimental procedures were
approved by the Review Board for the Care of Animal Subjects of the
district government (Regierung Oberbayern; reference number
55.2-154-2532-73-15; Germany). The genotyping protocols are
described elsewhere (https://www.jax.org/strain/005530).

2.2 | Cuprizone-induced demyelination and
histological evaluation

Cuprizone intoxication was performed as described previously
(Hochstrasser, Exner, Nyamoya, Schmitz, & Kipp, 2017; Slowik et al.,
2015). In brief, 0.25 g cuprizone was weighed using precision scales
and mechanically mixed with 100 g ground standard rodent chow
using a commercially available kitchen machine (Kult X, WMF Group,
Geislingen an der Steige, Germany). The chow was mixed at a low
speed and manual agitation for 1 min and was then provided within
the cage in two separate plastic Petri dishes. The number of animals
used for the different experiments is provided in the figure legends.
The following exclusion criteria were applied: severe weight loss
(>10% within 24 hr), severe behavioral deficits (decreased locomotion,
convulsions, and stupor), or infections. No single animal met the exclu-
sion criteria during this study. At the end of the experiment, mice
were deeply anaesthetized with ketamine (100 mg/kg i.p.) and xyla-
zine (10 mg/kg i.p.) and transcardially perfused with ice-cold
phosphate-buffered saline (PBS) followed by a 3.7% paraformalde-
hyde solution (PFA; pH 7.4) or tissue dissection. All histological inves-
tigations were performed with paraffin-embedded brain sections. For
the gene and protein expression studies, the tissues were manually
dissected after transcardial PBS perfusion, immediately frozen in liquid
nitrogen, and kept at —80 °C until further processing. We kept the
number of animals used to a minimum. To this end, the in vivo mate-
rials used during this study are currently being used for other studies
and will be available for other research groups upon request to the
authors.

Standard Haemotoxylin and Eosin (H&E) stains were prepared for
the evaluation of apoptosis using established morphological criteria,
such as condensed and fragmented cell nuclei (Hesse et al., 2010).
Previously established protocols were used to conduct the immuno-
histochemistry (Baertling et al., 2010; Ruther et al., 2017; Slowik et al.,
2015). In brief, sections were rehydrated, and if necessary, antigens
were unmasked with heating in Tris/ethylenediaminetetraacetic acid
(EDTA) (pH 9.0) or citrate (pH 6.0) buffer. After washing in PBS, the
sections were incubated overnight (4 °C) with the primary antibodies
diluted in blocking solution (serum of species in which the secondary
antibody was produced). A list of antibody characteristics is provided
in Supporting Information Supplementary Table S1. The next day, the
slides were incubated with biotinylated secondary antibodies for 1 hr
and then with peroxidase-coupled avidin-biotin complex (ABC kit
(Burlingame, California, USA); Vector Laboratories, Peterborough,
USA), followed by treatment with 3,3'-diaminobenzidine (DAKO,
Hamburg, Germany) as a peroxidase substrate. The stained and pro-
cessed sections were digitalized using a Nikon ECLIPSE E200 micro-
scope (Nikon Instruments, Diisseldorf, Germany) equipped with a DS-
Vil camera. If not stated otherwise, histological parameters were eval-
uated at the levels of the anterior commissure and the ventral hippo-
campus. To analyze cell densities, the area of the region of interest
(ROI) (i.e., midline of the corpus callosum) was manually outlined using
ImageJ) (NIH, Bethesda, MD), and positive cells were counted by at
least two evaluators blinded to the treatment groups, and then, the
results were averaged and given as cells/mm?. To evaluate demyelin-

ation in Luxol fast blue (LFB)-stained sections, the magnitude of
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myelination was scored in the midline of the corpus callosum between
100 and O by two blinded evaluators and the results were averaged. A
score of 100 is equivalent to the myelin status of a control mouse,
whereas zero is equivalent to a fully demyelinated corpus callosum.
Anti-Myelin proteolipid protein (PLP) stained sections were evaluated
by densitometry of the staining intensity using ImageJ) and automated
thresholding.

Immunofluorescence double-labeling experiments were per-
formed with the following combinations of primary antibodies:
(@) anti-DDIT3 (1:50; Abcam (Cambridge, UK), catalogue number
ab11419, RRID:AB_298023) combined with anti-oligodendrocyte
transcription factor 2 (OLIG2) (1:1,000; Millipore (Burlington, Massa-
chusetts, USA), catalogue number AB9610, RRID:AB_570666),
(b) anti-DDIT3 (1:200; Santa-Cruz (California, USA), catalogue number
sc-575, RRID:AB_631365) combined with either anti-ioniced calcium-
binding adapter molecule 1 (IBA1) (1:1,000; Abcam, catalogue number
ab107159, RRID:AB_10972670) or with anti-glial fibrillary acidic pro-
tein (GFAP) (1:1,000; Abcam, catalogue number ab4674, RRI-
D_AB304558), (c) anti-ATF3 (1:200; Santa-Cruz, catalogue number
sc-188, RRID:AB_2258513) combined with either anti-OLIG2 (1:100;
Millipore, catalogue number MABN50, RRID:AB_10807410), anti-
IBA1 (1:1,000; Abcam, catalogue ab107159, RRID:
AB_10972670) or anti-GFAP (1:1,000; Abcam, catalogue number
ab4674, RRID_AB304558). Appropriate Alexa Fluor-coupled second-
ary antibodies (Life Technologies, Germany) were used to visualize

number

the antigen-antibody complexes. For immunofluorescence double-
staining experiments, DDIT3 was visualized by incubating slides first
with anti-mouse biotinylated secondary antibodies (1:200; Vector,
catalogue number. BA-9200, RRID:AB_2336171) followed by Alexa
Fluor 488-coupled streptavidin antibodies (1:100;
(Carlsbad, California, USA), catalogue number $11223).

Appropriate negative controls (i.e., omission of primary antibodies

Invitrogen

or incubation with the “wrong” secondary antibody) were performed
in parallel as previously described (Baertling et al., 2010). For immuno-
fluorescence double-labeling experiments, cell nuclei were counter-
stained with Hoechst 33342 (Invitrogen, Germany). Sections were
viewed using a Leica DMI6000 B inverted microscope. Nuclear locali-
zation of DDIT3 was verified by confocal microscopy using a Zeiss
LSM 7 Duo microscope (Oberkochen, Germany).

2.3 | Ultrastructural analysis via serial block-
face SEM

Myelinated and demyelinated corpora callosa (i.e., 3 weeks cuprizone)
were analyzed by 3D-SEM. To this end, mice were perfused with
2.5% (wt/vol) glutaraldehyde and 4% PFA, the brains were removed,
stained with heavy metals, and embedded in resin as previously
described (Ohno et al., 2014). Serial block-face SEM was performed
by using a SigmaVP SEM (Carl Zeiss, Munich, Germany) equipped with
a 3View in-chamber ultramicrotome system (Gatan). Serial image
sequences were generated at 80-nm steps, providing image stacks
that were 204.54 pm x 61.36 pm wide at a resolution of 0.001 pm
per pixel. The images were processed and measured with the open
source programme Reconstruct (BU, Boston, MA). The focus of this

analysis was to detect partial axonal demyelination (i.e., demyelinated
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internodes flanked at least at one site by a myelinated internode). The
analyzed tissue volume was small enough to avoid any bias of the
results because of regional heterogeneity in oligodendrocyte suscepti-

bility against the cuprizone intoxication (Xing et al., 2014).

2.4 | Gene expression analyses

Tissues were lysed in RNAPure™ solution (peqGOLD VWR, Dresden,
Germany) using the homogenisator Precellys® 24 (VWR, Dresden,
Germany). Astrocyte cultures were directly lysed in RNAPure™ solu-
tion. After RNA isolation and cDNA synthesis, gene expression levels
were measured by real-time reverse transcription-polymerase chain
reaction (RT-qPCR; Bio-Rad, Munich, Germany) using SensiMix Plus
SYBR and fluorescein (Quantace, Bioline, Luckenwalde, Germany)
with a standardized protocol as described previously by our group
(Slowik et al., 2015). The primer sequences and individual annealing
temperatures are shown in Supporting Information Supplementary
Table S2. Relative quantification was performed using the AACt
method using Hprt and/or 18S as the reference gene. Melting curves
and gel electrophoresis of the PCR products were routinely performed
to determine the specificity of the PCR reactions (data not shown).
Negative controls were performed during the cDNA synthesis and
PCR to check for contamination of the products. For the PCR analysis
of spliced and non-spliced Xbp-1 mRNA, a primer set was designed to
simultaneously detect both mRNA variants. The presence of spliced
and non-spliced mRNA results in two distinct PCR products, which
were separated by agarose gel electrophoresis. The cDNA from
tunicamycin-exposed OliNeu cells (50 pg/ml for 24 hr; Sigma-Aldrich,
Taufkirchen, Germany) served as a positive control. Commercial fluo-
rescence in situ hybridization (ISH) kits (QuantiGene View RNA ISH
tissue assay; Affymetrix-Panomics, Waltham, MA, USA) were used for
the detection of Plp mRNA in the formalin-fixed, paraffin-embedded

tissues, following published protocols (Clarner et al., 2015).

2.5 | Western-blotting analyses

For protein expression studies, the tissues were manually dissected
after transcardial PBS perfusion, immediately frozen in liquid nitrogen,
and kept at —80 °C until further processing. The tissues were lysed in
ice-cold RIPA buffer (New England BiolLabs (Ipswich, Massachusetts,
USA), catalogue number 9806S) containing protease-inhibitor (New
England BiolLabs, catalogue number 5871S), and phosphatase-
inhibitor (New England BioLabs, catalogue number 5870S) using the
homogenisator Precellys® 24 (VWR, Germany). Lysed protein solu-
tions were subsequently centrifuged at 2,000g for 5 min at 4 °C, and
the supernatant was collected. The protein concentration of each
sample was quantified using bovine serum albumin (BSA) as an inter-
nal standard (Thermo Fisher Scientific (Waltham, MA, USA), catalogue
number 23209). A total of 20 pg of protein was denatured in Laemmli
buffer containing sodium dodecyl sulfate (SDS; pH = 6.8) and NuPage
sample reducing agent (Thermo Fisher Scientific, catalogue number
NPOOO4). The proteins were separated in an 8-14% SDS-
polyacrylamide gel electrophoresis and transferred to nitrocellulose
membranes. The blots were blocked in 5% BSA (Cell signalling tech-
nology (Danvers, MA, USA), catalogue number 9998) in Tris-buffered
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saline (TBS) and after a rinsing step, were incubated overnight (4 °C)
in primary antibodies directed against DDIT3 (1:1,000; Cell signalling,
catalogue number 2895, RRID:AB_2089254), p-actin (1:2,000; Sigma-
Aldrich (Taufkirchen, Germany), catalogue number A5060, RRID:
AB_476738), ubiquitin (1:1,000; DAKO, catalogue number Z0458,
RRID:AB_2315524), or HSPA5 diluted in 5% BSA in TBS-Tween
(TBST). The membranes were then washed three times in TBST, fol-
lowed by incubation
conjugated secondary antibodies, and diluted in 5% BSA in TBST for

2 hr at room temperature. After rinsing in TBST (three times), the sig-

in appropriate horseradish peroxidase-

nal was detected via chemiluminescence (SignalFireTM ECL Reagent;
Cell signalling, catalogue number 6883) and visualized with the

FluorChem E system (ProteinSimple; San Jose, California).

2.6 | Primary astrocyte culture

Primary astrocyte cultures from the brains of P1-P3 mice were pre-
pared as previously described with some modifications (Braun, Dang,
Johann, Beyer, & Kipp, 2009). For the propagation, cells were grown in
75-cm? plastic cell culture flasks in Dulbecco's modified Eagle's medium
(DMEM) with 4.5 g/L D-glucose, sodium pyruvate and L-glutamine
(DMEM; Gibco Life Technologies (Carlsbad, California, USA), catalogue
number 41966-029) and were supplemented with 1% penicillin/strep-
tomycin (Pen/Strep; Gibco Life Technologies, catalogue number
15140-122), and 10% fetal bovine serum (FBS; Gibco Life Technolo-
gies, catalogue number 10500-064). The cells were cultured at 37 °C in
a humidified 5% CO, atmosphere with medium replenishment every
2-3 days during cell maintenance. For the experiments, the cells were
seeded onto 9.6 cm? (~5 x 10’ cells) plastic culture dishes pre-coated
with 10 pg/ml poly-D-lysin (PDL, MW 70,000-150,000; Sigma-Aldrich
(Taufkirchen, Germany), catalogue number P6407) in modified SATO-
medium. The modified SATO was composed of DMEM with 1% N,
supplement (Gibco Life Technologies, catalogue number 17502-048),
0.1% tri-iodo-thyronine (Sigma-Aldrich, catalogue number T6397),
0.016% L-thyroxin (Sigma-Aldrich, catalogue number T1775), and
0.05% gentamicin (Gibco Life Technologies, catalogue number
15710049). For more details see (Teske et al., 2018). The purity of the
cultures was assessed by anti-IBA1 and anti-GFAP immunocytochemi-
cal stains and was greater than 90%. To analyze whether stimulation of
the primary astrocyte cultures induces the expression of Ddit3 and/or
chemokines, the following substances were applied: interferon-y (IFNy;
560 U/ml; obtained from Sigma-Aldrich, catalogue number 14777), lipo-
polysaccharide (LPS; 100 ng/ml; obtained from Sigma-Aldrich, cata-
logue number L4391) or the complex-IV inhibitor sodium azide (SA,;
10 mM; obtained from Sigma-Aldrich, catalogue number $S2002). All
toxins were prepared as stock solutions and properly stored, except of
SA, which was always freshly prepared. The cultures were maintained
in starving medium, which is composed of DMEM with 1% Pen/Strep
(Gibco, catalogue number 15140122), 24 hr before stimuli application,

and then, the stimulation lasted for 12 hr.

2.7 | Statistical analysis

All data are given as arithmetic means + standard error of the mean.

Differences between groups were statistically tested using the

software package GraphPad Prism 5 (GraphPad Software Inc., San
Diego, CA). The applied statistical procedures are provided in the fig-
ure legends. p values <.05 were considered statistically significant.
The following symbols were used to indicate the level of significance:
#*p < .05, #*p < .01, ***p < 001, ns = not significant.

3 | RESULTS

3.1 | Sequential oligodendrocyte degeneration
during cuprizone-induced demyelination

Initially, we wanted to analyze whether oligodendrocyte degeneration
is an asynchronous or simultaneous process in the cuprizone model.
To this end, we first quantified the densities of mature oligodendro-
cytes in the anti-CC1 (APC; adenomatous polyposis coli protein)
stained sections. The densities of the mature oligodendrocytes gradu-
ally declined until week 3. After week 1 of cuprizone intoxication, the
from 2,4654 + 98,5 to
403.5 + 24.4 cells/mm?, whereas oligodendrocyte densities were
79.9 + 10.3 cells/mm? at week 3 (Figure 1a). Of note, the difference

in oligodendrocyte densities between week 1 and week 3 was highly

oligodendrocyte densities declined

significant (p < .001). Comparable results were obtained if sequential
slides were evaluated for the presence of anti-OLIG2" cells, resem-
bling both mature and immature oligodendrocytes (data not shown).
Next, stressed oligodendrocytes were labeled by anti-ATF3 (activating
transcription factor 3) staining (Goldberg et al., 2013), and their densi-
ties were related to apoptotic oligodendrocyte densities. As shown in
Figure 1b-d, high densities of apoptotic cells were found between
Day 2 and week 1. At weeks 3 and 5, oligodendrocyte apoptosis was
still ongoing. Although it has been demonstrated that in the cuprizone
model oligodendrocyte apoptosis is ongoing for weeks (Hesse et al.,
2010; Sanadgol et al., 2017; Xing et al., 2018), we verified this aspect
by staining sections with anti-OLIG2 antibodies and inspecting the
corpus callosum for the presence of OLIG2" apoptotic bodies. As
demonstrated in Figure 1e, apoptotic bodies decorated by anti-OLIG2
immunoreactivity could be clearly demonstrated at week 3. In control
animals, virtually none of the CC1* mature oligodendrocytes
expressed ATF3. After 2 days of cuprizone-intoxication, densities of
the mature oligodendrocytes were comparable to the control groups,
but most of them (approximately 70%) expressed the stress marker
protein ATF3. In summary, these immunohistochemical results sug-
gest sequential rather than simultaneous degeneration of oligoden-
drocyte subpopulations.

To verify this assumption, we performed serial block-face SEM of
the corpora callosa from the control and 3 weeks cuprizone-
intoxicated mice. If demyelination indeed occurs in a sequential man-
ner, one should find axons with demyelinated internodes flanked by
intact, normally myelinated internodes (i.e., internodal demyelination).
In control animals, a node of Ranvier was always flanked on both sides
by a compact myelin sheath, whereas in cuprizone-intoxicated ani-
mals, a myelin sheath was frequently missing at one side of the node
but present at the other side (Figure 1f-h). In some cases, we
observed a demyelinated internode flanked on both sides by a myelin-
ated internode. To internodal

quantify the frequency of
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FIGURE 1 Sequential degeneration of oligodendrocytes. (a) Densities of CC1* mature oligodendrocytes during the course of cuprizone-induced
demyelination. Six biological replicates were used. Statistical comparison was conducted using a one-way analysis of variance with the obtained
p values corrected for multiple testing using the Dunnett's post hoc test. Significant differences with respect to the control animals are indicated
by *##%p < .001. (b) Densities of the apoptotic cells during the course of cuprizone-induced demyelination. At least six biological replicates were
used. (c) Relative numbers of activating transcription factor 3 (ATF3") oligodendrocytes after 2 days of cuprizone intoxication. Three biological
replicates were used. (d) Representative images illustrating the expression of ATF3 in stressed oligodendrocytes after 2 days of cuprizone
intoxication. Arrow indicates ATF3* oligodendrocytes. Arrowhead indicates an apoptotic oligodendrocyte. (e) Representative image illustrating
positive anti-OLIG2" staining of an apoptotic oligodendrocyte after 3 weeks of cuprizone intoxication. Arrowheads indicate apoptotic bodies. (f)
The 3D-reconstruction of a normal axon from a control animal. (g) The 3D-reconstruction from an axon with internodal demyelination after

3 weeks of cuprizone intoxication. Ultrastructural appearance of a node of Ranvier is shown in (h) at three consecutive planes [Color figure can be
viewed at wileyonlinelibrary.com]
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demyelination, 100 normally appearing axons (i.e., no axonal pathol-
ogy or demyelination visible in the given plane) from four different
animals were randomly selected, and their morphology was investi-
gated in the entire 3D-stack. The results showed that 48% of these
axons exhibited internodal demyelination. Taken together, these
results convincingly demonstrate that oligodendrocyte stress occurs
simultaneously, whereas degeneration of oligodendrocyte cell bodies
and myelin sheaths occurs sequentially.

3.2 | DDITS is specifically expressed by
oligodendrocytes during early cuprizone intoxication

To investigate which signaling pathways potentially orchestrate
cuprizone-induced sequential oligodendrocyte apoptosis, we reana-
lyzed gene array data (control vs. 2 days cuprizone) obtained from the
highly cuprizone-susceptible and oligodendrocyte-rich corpus callo-
sum (Krauspe et al., 2015). In addition to Atf3, the expression of the
transcription factor Ddit3, which is related to apoptosis, was found to
be highly induced (Gow & Wrabetz, 2009). Furthermore, PANTHER
GO-Slim over-representation analysis for the term “protein class”
revealed enrichment of specific aminoacyl-tRNA synthetases (8.4-fold
enrichment), which has recently been shown to be regulated by Ddit3
(Han et al., 2013).

Next, we performed immunohistochemistry to analyze DDIT3
expression levels. DDIT3" cells were almost absent in the control ani-
mals. Immunoreactivity, if visible, was mainly observed in the peri-
nuclear compartment (Figure 2e; arrow). After 4 days of cuprizone
intoxication, the densities of CC1* mature oligodendrocytes were just
marginally decreased (Figure 2a), but many DDIT3" cells were found
(Figure 2b,e). As evidenced by bright field and confocal microscopy,
most of the anti-DDIT3 signal was observed within the nuclear com-
partment, indicating the activity of this transcription factor. A more
detailed time course analysis revealed high densities of DDIT3" cells
from Day 2 until week 1, with lower densities at week 3 and week
5 (Figure 2c). A comparable Ddit3 mRNA expression pattern was
found by RT-gPCR studies (data not shown). Furthermore, higher
DDIT3 protein levels were found by western blotting at Day 4 in the
isolated corpus callosum (Figure 2d). To determine the cellular source
of DDIT3 expression, we examined 1,689 representative DDIT3"
nuclear profiles among 71 callosal ROIs derived from 12 short-term
cuprizone-treated animals. This analysis showed that ~87% of
DDIT3-positive nuclei were within the CC1" oligodendrocytes
(Figure 2f). Co-localization experiments at Day 4 with anti-NeuN anti-
bodies to label neurons, anti-IBA1 antibodies to label microglia, or
anti-GFAP antibodies to label astrocytes displayed virtually no co-

localization at this time point (Figure 2f).

3.3 | Induction of ER stress pathways during early
cuprizone intoxication

DDIT3 is known as a central regulator of ER stress responses (Gow &
Wrabetz, 2009). We next looked for the induction of ER stress in the
cuprizone model. First, gene array data (control vs. 2 days cuprizone
intoxication) were manually screened for the transcriptional induction

of genes related to ER stress. The following gene ontology terms were

» o«

included in this search strategy: “protein folding,” “endoplasmic

» o«

reticulum,” “ER overload response,” and “endoplasmic reticulum
unfolded protein response.” A number of genes related to these terms
displayed significantly higher expression levels in the corpus callosum
of cuprizone-exposed animals compared to the controls (for abbrevia-
tions and gene ID numbers, see Supporting Information Supplemen-
tary Table S3). Induced expression of the five known DDIT3 target
genes Gadd34 (Marciniak et al., 2004), Aars, Lars, Yars, and Gars (Han
et al., 2013) was verified by RT-qPCR (Figure 3a).

Another component of the ER stress response is the selective and
regulated degradation of mRNA, termed regulated IRE1-dependent
decay (RIDD) (Hollien et al., 2009; Maurel, Chevet, Tavernier, & Gerlo,
2014), which relieves ER stress by reducing the amount of the ER pro-
tein load. As shown in Figure 3b, the levels of oligodendrocyte-
specific mMRNAs were already dramatically reduced 2 days after initia-
tion of the cuprizone intoxication. The reduction of myelin-related
genes (i.e., Plp) was confirmed by ISH in a separate cohort of animals
(Figure 3c). As another indicator of an active UPR, western-blotting
experiments revealed higher protein levels of the ER resident chaper-
one BIP/HSPAS (Kohno et al., 1993) (Figure 3d, upper row). Perturba-
tion of ER homeostasis also results in protein degradation by the
ubiquitin-proteasome system (Hiller, Finger, Schweiger, & Wolf,
1996). As shown in Figure 3d (lower row), profound protein ubiquiti-
nation was found in cuprizone-intoxicated mice, indicating that
cuprizone-induced ER stress is paralleled by ubiquitin-dependent pro-
tein degradation. Finally, we looked for splicing of the transcription
factor X-box binding protein 1 (Xbp1) mRNA (Calfon et al., 2002),
another marker of ER stress. As demonstrated by qualitative PCR, nei-
ther the corpus callosum tissues of the control nor the cuprizone-
intoxicated animals contained high levels of spliced Xbp1 mRNA
(Figure 3e). In contrast, the spliced Xbp1 product was readily visible in
the tunicamycin-treated OliNeu cells. Because splicing of Xbp1 mRNA
is transient (Marciniak et al., 2004), for a more fine-grained analysis,
we quantified the ratio of spliced versus non-spliced Xbp1 by means
of the more sensitive RT-gPCR method. This analysis revealed a dou-
bling of the spliced versus non-spliced Xbp1 ratio, indicating a modest

activation of the IRE1 pathway.

3.4 | DDIT3 regulates cuprizone-induced
demyelination

Although DDITS3 is classically regarded as a mediator of pro-apoptotic
signaling cascades (Feng et al., 2003; He et al., 2012; Posey et al,,
2012), results of some studies suggest that DDIT3 can equally orches-
trate protective events (Chen, Wu, Chiang, Liao, & Liu, 2012; Engel
et al., 2013). Therefore, we investigated the relevance of DDIT3 during
cuprizone-induced sequential oligodendrocyte apoptosis. As shown in
Figure 4a, the densities of apoptotic oligodendrocytes were lower in
Ddit3-deficient compared to wild type (wt) animals after 1-week of
cuprizone exposure, which was paralleled by higher densities of
OLIG2* oligodendrocytes. Amelioration of the cuprizone-induced oli-
godendrocyte apoptosis in Ddit3~/~ mice was also reflected by less
intense microglia activation. Because chemokines orchestrate early
microglia activation in the cuprizone model (Clarner et al., 2015), we

next analyzed the expression levels of Ccl2, Ccl3, and Cxcl10. As
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FIGURE 2 Selective expression of DNA damage-inducible transcript 3 (DDIT3) in oligodendrocytes during early cuprizone intoxication.

(a) Densities of CC1* mature oligodendrocytes and (b) DDIT3" cells after 4 days of cuprizone intoxication. Six biological replicates were used.
Statistical comparison was done using an unpaired t-test. Significant differences with respect to the control animals are indicated by *p < .05 or
#ikp < 001. (c) Densities of the DDIT3™" cells during the course of the cuprizone-induced demyelination. Six biological replicates were used.
Statistical comparison was done using a one-way analysis of variance with the obtained p values corrected for multiple testing using the
Dunnett's post hoc test. Significant differences with respect to the control animals are indicated by **p < .01 or ***p < .001. (d) DDIT3-protein
levels, determined by western blotting. Four biological replicates were used. (e) Representative images illustrating DDIT3 expression in the corpus
callosum of control and cuprizone-intoxicated mice. Note that in the control animals, faint anti-DDIT3 staining can be observed around the cell
nucleus (arrowhead), whereas in the cuprizone-exposed animals, the anti-DDIT3 signal shifts into the nucleus. The arrowhead highlights an
apoptotic oligodendrocyte. (f ) Representative images illustrating that DDIT3 co-localizes with CC1* mature oligodendrocytes but not with NeuN*
neurons, IBA1* microglia, or GFAP* astrocytes after 4 days of cuprizone intoxication [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3

Induction of endoplasmic reticulum stress proteins in the cuprizone model. (a) Expression of DNA damage-inducible transcript

3 (DDIT3)-target genes after short-term cuprizone intoxication. Five biological replicates were used. Statistical comparison was done using an
unpaired t-test. Significant differences with respect to the control animals are indicated by *p < .05 or **p < .05. (b, c) Early reduction of Plp and
Mbp mRNA expression after short-term cuprizone intoxication, determined by real-time reverse transcription-polymerase chain reaction (RT-
gPCR) (b) and in situ hybridization (c, for Plp). For RT-gPCR experiments at least four biological replicates were used. Statistical comparison was
done using a one-way analysis of variance (anova) with the obtained p values corrected for multiple testing using the Dunnett's post hoc test.
Significant differences with respect to the control animals are indicated by ***p < .001. (D) Induction of HSPAS5 protein expression (upper row)
and ubiquitination of proteins (lower row). Four biological replicates were used. (e) Xbp1-splicing, determined by qualitative (upper illustration)
and quantitative (lower illustration) PCR. For the RT-qPCR experiments at least four biological replicates were used. Statistical comparison was
done using a one-way ANoVA with the obtained p values corrected for multiple testing using the Dunnett's post hoc test. Significant differences
with respect to the control animals are indicated by *p < .05 or ***p < .001 [Color figure can be viewed at wileyonlinelibrary.com]

demonstrated in Figure 4b, expression induction of all three chemo-
kines was less intense in Ddit3~/~ compared to wt animals.

To determine whether this modest reduction of oligodendrocyte
death resulted in a lasting protection from cuprizone, we examined
myelination after a 3-week exposure period. As demonstrated in
Figure 4c, demyelination was less severe in the corpus callosum of
Ddit3~/~ animals compared to the wt animals and was paralleled by a
preservation of CC1* mature oligodendrocytes. Furthermore, the
accumulation of IBA1" cells and MAC3" (MAC3/LAMP2: lysosomal

associated membrane protein 2) cells was less severe, indicating a

diminished response of microglia cells in the Ddit3~/~ mice. The
same was true for the accumulation of ALDH1L1 (Aldehyde Dehy-
drogenase 1 Family Member L1)-reactive astrocytes. Because
cuprizone-induced demyelination is paralleled by acute axonal dam-
age (Hoflich et al., 2016), we investigated the densities of APP*
(Amyloid-Precursor-Protein)-spheroids in our cohorts. As demon-
strated in Figure 4c (lower-right), the accumulation of APP* spher-

oids was almost absent in Ddit3~/~

mice. In summary, there is a clear
protective effect of the homozygous Ddit3 null mutation in the

cuprizone model.
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3.5 | DDIT3 is expressed by astrocytes and
oligodendrocytes during acute demyelination

During the course of cuprizone-induced demyelination, oligodendro-
cyte degeneration is paralleled by the activation of astrocytes and
microglia. Because innate immune responses can trigger UPR
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activation (Grootjans, Kaser, Kaufman, & Blumberg, 2016), we next
asked if during the course of cuprizone-induced demyelination DDIT3
is expressed by cell types other than oligodendrocytes. To this end,
brain sections from a separate cohort of mice were co-labeled with
anti-DDIT3 visualize either

antibodies and antibodies to
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oligodendrocytes (anti-OLIG2), microglia (anti-IBA1), or astrocytes
(anti-GFAP). In line with our previous results, at week 1, virtually all
DDIT3" cells stained positive for OLIG2 but not GFAP or IBA1. In
contrast, at weeks 3 and 5, DDIT3 was expressed by both oligoden-
drocytes and GFAP™ astrocytes. At no time point did microglia express
DDIT3 during the course of cuprizone-induced demyelination (data
not shown). Astrocytes are well known to secrete diverse chemokines
(Choi, Lee, Lim, Satoh, & Kim, 2014; Hennessy, Griffin, & Cunningham,
2015; Persidsky et al., 1999), and chemokines might amplify microglia
activation and in consequence cuprizone-induced demyelination.
Thus, we next examined whether astrocyte stimulation in vitro results
in the induction of Ddit3 expression and whether this is paralleled by
an induction of chemokine expression. As demonstrated in Figure 5e,
LPS-stimulated, but not SA- or INFy-stimulated astrocyte cultures,
expressed higher levels of Ddit3, Ccl2, and Ccl3 compared to the con-
trol cultures. However, when we compared stimuli-induced chemo-
kine expression levels in astrocyte cultures obtained from either wt or
Ddit3~/~ mice, no amelioration of stimuli-induced Ccl2 or Ccl3 expres-

/-

sion was observed in the Ddit3™'~ cultures (data not shown).

4 | DISCUSSION

This study demonstrates that oligodendrocytes display a graded vul-
nerability against toxin-induced demyelination, with some cells degen-
erating early and other cells being resistant for weeks. This graded
oligodendrocyte vulnerability is most convincingly demonstrated by
serial block-face SEM, which shows demyelinated internodes flanked
at both sides by normal myelinated internodes. Furthermore, gene
array experiments and functional studies revealed that the UPR-
related transcription factor DDIT3 regulates oligodendrocyte apopto-
sis and subsequent demyelination in this model.

Why are oligodendrocytes selectively vulnerable (i.e., subjected
to apoptosis while other cells proliferate)?

During development, myelinating cells produce an enormous
amount of membrane components that wrap around the axon
(Naughton, McMahon, & FitzGerald, 2015). In adults, the myelinating
cells are probably less metabolically active but involved in myelin
maintenance and replenishing of the myelin components that slowly
turn over (Decker et al., 2006; Xing et al., 2014; Young et al., 2013).
This renders oligodendrocytes specifically vulnerable at several differ-
ent “Achilles' heels.” First, because ATP-synthesis leads to the forma-
tion of hydrogen peroxide as a toxic by-product, oligodendrocytes are
prone to experience excessive oxidative stress. On top of this,

oligodendrocytes only have low levels of the anti-oxidative enzyme
glutathione (GSH) (Thorburne & Juurlink, 1996). Furthermore, because
of the high synthesis rate of membrane proteins, the capacity of the
ER to produce and fold proteins properly seems to be a cellular “bottle
neck.” Therefore, simply being an oligodendrocyte seems to already
put these cells at greater risk of damage under pathological condi-
tions. In line with this assumption, we see the pro-apoptotic transcrip-
tion factor DDIT3 is exclusively expressed in oligodendrocytes early
after initiation of the cuprizone intoxication. At later time points
(i.e., at weeks 3 and 5), DDIT3 is expressed by activated GFAP* astro-
cytes. Although not formally proven in this study, to the best of our
knowledge, astrocyte apoptosis has never been shown in the cupri-
zone model (Gudi, Gingele, Skripuletz, & Stangel, 2014). This means
that despite DDIT3 induction in activated astrocytes, apoptosis is not
induced in this cell population. We speculate that other pro-apoptotic
factors, such as the apoptosis-inducing factor (Veto et al., 2010) or
ATF3 (Goldberg et al., 2013; Sun et al., 2017), have to be activated to
induce apoptosis in DDIT3-expressing cells. This is best demonstrated
by our findings (a) that not all DDIT3 expressing cells undergo immedi-
ate apoptosis and (b) that DDIT3 deficiency does not entirely protect
against cuprizone-induced demyelination. Notably, it has been sug-
gested that initially oligodendrocytes die because of caspase-
3-dependent apoptosis, while later caspase-3-independent apoptosis
predominates (Gudi et al., 2014; Veto et al., 2010). Thus, it appears
that once astrocytes and/or microglia are activated, the environment
influences the apoptotic machinery of the oligodendrocytes. How-
ever, the factors regulating this process are currently unknown.
Whether the robust protective effect observed at week 3 is medi-
ated by DDIT3 deletion in oligodendrocytes or astrocytes remains to
be clarified in future studies. As demonstrated in Figure 4, oligoden-
drocytes (i.e., OLIG2* or CC1" cells) are just moderately preserved in
Ddit3~’~ mice compared to wt mice. Of note, it has recently been sug-
gested that the CC1 antigen could potentially be transiently downre-
gulated during the course of cuprizone-induced demyelination (Xing
et al., 2014). This would mean that the true extent of oligodendrocyte
degeneration is underestimated in anti-CC1 stained sections. Consid-
ering the fact that global inhibition of protein translation is one of the
protective UPR “strategies,” it might well be that the extent of oligo-
dendrocyte preservation in Ddit3~/~ mice is the best estimated by
evaluating apoptotic cell densities in H&E-stained sections. However,
it is well known that the UPR influences inflammatory cytokine pro-
duction on multiple levels, from stimulation of pattern recognition
receptors, to modulation of inflammatory signaling pathways and the
transcription  factors (Smith, 2018).

regulation of cytokine

FIGURE4 Amelioration of cuprizone-induced demyelination in Ddit3™~ mice. (a) Densities of apoptotic cells, oligodendrocytes (OLIG2) or microglia (IBA1)
after 1 week of cuprizone intoxication in wild type (wt) and Ddit3™'~ mice. Representative images are shown on the right site. At least 14 biological
replicates were used. Statistical comparison was done using an unpaired t-test. The t-test with Welch's correction was applied for the statistical comparison
of IBA1 cell densities. Significant differences with respect to the control animals are indicated by *p < .05 or **p < .01. (b) Chemokine expression after

1 week of cuprizone intoxication in wt and Ddit3™~ mice. At least five biological replicates were used. Statistical comparison was done using an unpaired t-
test. Significant differences between wt and Ddit3~/~ mice are indicated by *p < .05. (c) Myelination (LFB/PAS), densities of the mature oligodendrocytes
(CC1), microgliosis (IBA1; MAC3), astrocytosis (ALDH1L1), and the extent of acute axonal injury (APP) after 3 weeks of cuprizone intoxication in wt and
Ddit3~~ mice. At least 14 biological replicates were used. Statistical comparison was done using an unpaired t-test. The t-test with Welch's correction was
applied for the statistical comparison of IBA1, ALDH1L1, and APP cell/spheroid densities. Significant differences between wt and Ddit3~/~ mice are
indicated by *p < .05, **p < .01, or ***p < .001 [Color figure can be viewed at wileyonlinelibrary.com]
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Expression of DNA damage-inducible transcript 3 (DDIT3) in oligodendrocytes and astrocytes after cuprizone-induced demyelination,

and astrocytes in vitro. (a) Relative densities of DDIT3" oligodendrocytes during the course of cuprizone-induced demyelination. Three biological
replicates were used. White bars indicate the total densities of DDIT3 expressing cells (DDIT3"). Black bars indicate the densities of
DDIT3-expressing oligodendrocytes (DDIT3*/OLIG2"). (b) The relative numbers of DDIT3* astrocytes during the course of cuprizone-induced
demyelination. Three biological replicates were used. White bars indicate total densities of DDIT3 expressing cells (DDIT3*). Black bars indicate
densities of DDIT3-expressing astrocytes (DDIT3*/GFAP™). Note that almost half (46.9%) of the astrocytes expressed DDIT3 at week 3. (c, d)
Representative images illustrating expression of DDIT3 in oligodendrocytes and astrocytes. (E) Expression of Ddit3, Ccl2, and Ccl3 in stimulated
primary astrocyte cultures. At least five biological replicates were used. Statistical comparison was done using a one-way analysis of variance with
the obtained p values corrected for multiple testing using the Dunnett's post hoc test. Significant differences with respect to control animals are
indicated by **#p < .001 [Color figure can be viewed at wileyonlinelibrary.com]

Consequently, the UPR/ER stress responses have been increasingly
recognized in a variety of autoimmune and inflammatory diseases,
including MS. Because chemokine expression can be induced during
ER stress (Zhang et al., 2014), and astrocytes have been shown to
release demyelination promoting chemokines (Clarner et al., 2015),
DDIT3 may trigger the release of diverse chemokines by astrocytes,
which in turn promote demyelination by the activation of microglia.

Although we did not find any evidence of reduced Ccl3 or Ccl3

expression levels in Ddit3™/~ primary astrocyte cultures, a broader
screening approach would be required to address this aspect in more
detail.

What activates the UPR in cuprizone-intoxicated mice? It is sug-
gested that the Cu?* chelating agent cuprizone causes mitochondria
dysfunction leading to decreased ATP production and increased reac-
tive oxygen species (ROS) formation (Faizi et al., 2016). In support of

this assumption, we recently demonstrated that cuprizone induces the
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activation of the nuclear factor erythroid 2-related factor 2 (Nrf2)
pathways, which is the main transcriptional regulator of the anti-
oxidant stress defense (Draheim et al., 2016). In parallel, brain GSH
levels were decreased days after initiation of the cuprizone intoxica-
tion (unpublished data, own observations) indicating that cuprizone-
induced oligodendrocyte apoptosis occurs in an oxidative stress envi-
ronment. Here, we show that this metabolic disturbance induces a cel-
lular response that shares several features of an UPR (Way & Popko,
2016), including mRNA (RIDD) and protein degradation (ERAD),
increased chaperone production, and activation of ER-related apopto-
tic pathways (DDIT3). Indeed, it has been shown that Nrf2 is a critical
UPR effector (Cullinan et al., 2003; Pajares, Cuadrado, & Rojo, 2017).
The relevance of UPR activation for oligodendrocyte maintenance
and (re-) myelination appears to be context dependent. For example,
in a model of vanishing white matter disease, PERK activation in oligo-
dendrocytes during development induced oligodendrocyte and myelin
pathology (Lin et al., 2014). In contrast, moderate PERK activation in
response to ER stress preserves the viability and function of myelin-
producing cells (Lin & Popko, 2009). Another study showed that
DDIT3 induction promotes survival of ER-stressed myelinating oligo-
dendrocytes in a mouse model of Pelizaeus-Merzbacher disease
(Southwood, Garbern, Jiang, & Gow, 2002). We provide strong and
convincing evidence that in the applied metabolic oligodendrocyte
injury model, DDIT3 exerts pro-apoptotic effects and promotes demy-
elination. Notably, key markers of the UPR pathway, including DDIT3,
are upregulated in brain tissue from patients with MS (Cunnea et al,,
2011; McMahon, McQuaid, Reynolds, & FitzGerald, 2012; Mhaille
et al., 2008). Thus, our findings might well have direct relevance for
the human disease.

It is currently unknown why oligodendrocytes display a graded
vulnerability against toxin-induced demyelination; however, differ-
ences in the amount of myelin produced by a single oligodendrocyte
might render them more or less susceptible against any kind of meta-
bolic injury. For example, the length and number of internodes myelin-
ated by a single oligodendrocyte varies substantially (Young et al.,
2013). In one study, adult-born oligodendrocytes elaborated much
shorter but many more internodes than oligodendrocytes generated
during early postnatal life (Young et al., 2013). In another study, three-
dimensional analysis of optic nerve oligodendrocyte processes
showed that the number of internodes myelinated by a single mature
oligodendrocyte range from 12 to 35 and the length of internodes
ranges from 50 to 350 microns (Butt, Colquhoun, Tutton, & Berry,
1994). Furthermore, studies that have estimated the number of
sheaths maintained by individual oligodendrocytes and the internodal
lengths of individual myelin sheaths indicate an inverse relationship
with fiber diameter (Blakemore & Murray, 1981; Hess & Young, 1949;
McDonald & Ohlrich, 1971). We speculate that those oligodendro-
cytes that die early after the initiation of the cuprizone-induced demy-
elination process are the ones myelinating thicker axons and thus
providing more myelin to the axons. Future studies need to show
whether this is true and whether such oligodendrocytes are more
prone to ER-stress.

In summary, this study provides strong evidence that at least
parts of the cuprizone-induced demyelinating effects are mediated by

an active UPR, in particular by DDIT3. Manipulation of this pathway

might be an attractive therapeutic option to ameliorate oligodendro-
cyte degeneration and subsequent demyelination in various neurologi-

cal diseases, including MS.
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Supplements Veroffentlichung I

Primary an tibodies

Antigen Manu facturer Order number Host RRID Dilution Application AGR
E-Actin Sigma AS060 rabbit AB4TET3E 1:2000 ‘Western bliotting not applicable
ALDHIL1 Abcam ab-&87117 rabbit AB 10712968 1:1000 Immuna histochemistry nane
ATF3 Santa Cruz 5c-188 rabhit AB 2258513 1:200 Immuna histachemistry Citrat buffer (pH 6.0}
ATF3 Santa Cruz 5c-188 rabbit AB 2258513 1100 ence Citrat buffer (pH 6.0}
1 Millipore OPS0 mouse AB 2057371 1100 ence Trig/EDTA buffer (pH 3.0}
DDIT3 Santa Cruz 5c-575 rabbit AB 631365 1400 Immuno histochemistry Trig/EDTA buffer (pH 3.0)
DDIT3 Santa Cruz 5c-575 rabbit AB 831365 1200 ence Trig/EDTA buffer (pH 3.0)
DDIT3 Abcam ab-11413 mouse AB 298023 150 ence Trig/EDTA buffer (pH 3.0}
DDIT3 Cell Signaling 2835 mouse AB 2089254 1:1000 Western biotting not applicable
GFAP Abcam ab-4674 chicken AB 304558 1:1000 ence Tris/EDTA buffer (pH 9.0}
IBAL Abcam 2b-107159 goat AB 10972670 1:3000 Immuna histochamistry Trig/EDTA buffer (pH 9.0)
IBAL Abcam 2b-107153 goat AB 10973670 1:1000 Immuna histochamistry Trig/EDTA buffer (pH 9.0)
IBAL Wako 013-15741 rabbit AB E33504 1500 ence Trig/EDTA buffer (pH 8.0)
MAC3 BD Pharmigen 550792 rat AB 393587 1:300 Immuno histochamistry Trig/EOTA buffer (pH 9.0]
NauM Millipore MAB3T7 mousa AB 7I9BTTZ 1:2000 ance Trig/EOTA buffer (pH 9.0]
oua2 Millipore ABS510 rabbit ABS70EE6 1:2000 Immuna histochemistry Trig/EDTA buffer (pH 3.0}
oua2 Millipore ABS510 rabbit ABST0EEG 1:1000 ence Trig/EDTA buffer (pH 3.0}
oLG2 Millipore MABNSD maouss AB 10807410 1:200 Immung histochemistry Tris/EDTA buffer (pH 3.0}
oLa2 Millipore MAB NS0 mause AB 10807410 1:100 ence Tris/EDTA buffer (pH 9.0}
PLF Biorad MCABI9G maouse AB 2237138 1:5000 Immuna histochemistry nane
Ubiquiitin Dako Z0458 rabbit AB 2315524 1:1000 ‘Western blotting not applicable
Biotiny lated secondary antibodies
horse anti-mouse IgG Vector BA-2000 horse AB 2313581 1:200 not applicable
goat anti-rmabbit 16 Vector BA-1000 £oat AB 2313506 1:200 Y not z2p
goat antirat IgG Vector BA-3400 goat AB 2335202 1200 Y notzp
goat anti mouse |56 Vactor BA-9200 soat AB 2335171 1200 v/ endce not
rabbit anti-goat Ig6 Vector BA-5000 rabbit AB 2336126 1:200 Immuna histochemistry not applicable
ABC Peroxidase Kit Vectastain PK-6100 avidin biotin complex AP 2336819 150 Immuna histochamistry not applicable
goat anti-rabbit Call Signaling 7074 oat AR 2089233 1:1000 Western biotting not applicable
Zoat anti-mouse Call Signaling 7076 =oat AB_330324 1:1000 Westarn blotting not applicable
Flourescent secondary antibodies
Alexa Auor 488 Therma Fisher Sdentific A11008 goat anti-r=bbit AB 143165 1:500 Ence not applicable
Alexa Auor 488 Therma Fisher Sdentific A21206 donkey anti-=bbit AB 141708 1:500 EnNCE not applicable
Alexa Ruor 488 Therma Fisher Sdentfic A11055 donkey anti-goat AB 7534102 1500 ence not applicable
Alexa Fluor 546 Therma Fisher Sdentfic A21133 S0at ant-mouse AB 3535772 1:500 EnNCE not applicable
Alexa Auor 534 Therma Fisher Sdentfic Al1042 goat anti-chicken AB 142803 1:500 EnNCE not applicable
Alexa Auor 534 Therma Fisher Sdentific A21207 donkey anti-rabbit AB 1415837 1500 ence not applicable
Alexa Auor 534 Therma Fisher Sdentific A11058 donkey anti-goat AB 2534105 1500 ence not applicable
Alexa Auor 534 Therma Fisher Scientific A21203 donkey anti-mouse AB 141633 1500 ence not ap
Streptavidin Alexa Fluor 488 Therma Fisher Scientific 511223 streptavidin AB 2336881 1:100 ence not ap

Supplementary Table 1: List of antibodies used. Different antibodies targeting the same antigen
were used for different applications. The respective applications are provided in the
“APPLICATION” column. RRID (Research Resource Identifiers)
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pasn siawilid Jo 1517 z 3jqu Aipuawajddns

Symbal Name Synon yms SEnse anstisense ATin"C product length in bp
PpplrlSa protein phosphatase 1, regulatory fnhibitor] subunit 154 Gadd3d, Mydllé
Lars alanyh tRNA synt 5-ATG GAT GOC ACT TTA ACA GLA-3” 5-TGGE GTC GATTGT GTT TAG GAA GA-3° 63 177
Lars oyt ANA syr 5°-CAT TTG GGA CAC ACG TTT TCC-I 5-GLATAC CAG TAC AGT GLA ACC-¥ 63 108
Yars tyrosy-tRN A synt he tase S-TTATCA AAG GCACCGACT ACC A-F 5-CGT OGT GIT GTG TGA CCA C-3° 63 k]
Gars ghycyHtRN A synthetase 5-GGEA GG AGCACTTTATOL AAG- T 5°-TCG GAAGCACTC TCC GTT CT-37 63 154
Pip proteolipid protein fmyslin) 1 5-TiE6 CGA CTA CAAGAC CAC CA-3 S-GAC ACACCC GETCCA AMG AA-3 G 115
Mop mi yediin basic protein S-COC AMAGAATAL CTGGCA AGGL-J 5°-GAAGCT OGT CGGALCT CTGAG 3 56 136
18 185 ribosamal RN & 5°-CGG CTACCA CAT CCA AGG AA-3” 5°-GCT GGA ATTACC GOG GOT-T il 187
Hprtl bty po xanthine guanine phasgharibosyl transferame 1 S5-GLT GGT GAA AAG GACCTC T-37 S-CAC AGGACT AGA ACA CCT GC-37 62 249
Cel2 chemolane §-C motif] Bgand 2 MCPL S-TTAAMAACC TGG ATC GGA ACC AL-3 S-GLATTAGCT TCA GAT TTA LGS GT-3 & 120
Cdi chemolgne §-C motif]ligand 3 MiPla 5-TTC TCTGTACCATGA CAC TCT GL-3 5-CGT GGAATC TTC OGG CTG TAG-J 62 ]
Cxclld chema kine (C-X-C motif] Bgand 10 P10 5°-CCA AGT GCT GOC GTC ATT TTC-3 5-GGEC TOG CAG GGATGEA TTT CAS-3 62 157
Xbo-1 funspiiced) X-box binding protein 1 S-GAC AGA GAG TCA AAC TAA CGT GG-3° 5°-GLT CAG CAG GLA AGA AGG T-3° 59 130
Ybp-1 Eploed) X-box binding protein 1 S-AAG AAC ACG CTT GGG AAT GGE-37 5°-CTG CAC CTG CTG CGG AC-37 63 113
Xhpo-1 iguaktative PCR) X-box binding protein 1 S-ACA CGLCTTG GGA ATG GAC AC-3° 5-CCA TGG GAA GAT GTT CT6 GG-3° 59 171 and 145




Gene Gene product Gene-ID
name

Aars Alanyl-TRNA Synthetase 234734
Alg8 ALGS, Alpha-1,3-Glucosyltransferase 381903
Calu Calumenin 12321
Ccnd1 Cyclin D1 12443
Cin8 Ceroid-Lipofuscinosis, Neuronal 8 26889
Creb3i1 CAMP Responsive Element Binding Protein 3-Like 1 26427
Ddit3 DNA-Damage-Inducible Transcript 3 13198
Derl1 Derlin 1 67819
Dnaja3 Dnal (Hsp40) Homolog, Subfamily A, Member 3 83945
Edem1 ER Degradation Enhancer, Mannosidase Alpha-Like 1 192193
Eroll Endoplasmic Reticulum Oxidoreductase Alpha 30001
Fads3 Fatty Acid Desaturase 3 60527
Gusb Glucuronidase, Beta 110006
Hax1 HCLS1 Associated Protein X-1 23897
HMOX1 heme oxygenase (decycling) 1 15368
Hspa9 Heat Shock 70kDa Protein 9 (Mortalin) 15526
Moxd1 Monooxygenase, DBH-Like 1 59012
Nfe2i2 Nuclear Factor, Erythroid 2-Like 2 18024
Plcd4 Phospholipase C, Delta 4 18802
Ppplri5b | Protein Phosphatase 1, Regulatory Subunit 158 108954
Prnp Prion Protein 19122
Rab21 RAB21, Member RAS Oncogene Family 216344
Sec24a SEC24 Homolog A, COPIl Coat Complex Component 77371
Sel1l Sel-1 Suppressor Of Lin-12-Like 20338
Sgpl1 Sphingosine-1-Phosphate Lyase 1 20397
Slc24a6 Solute Carrier Family 8 (Sodium/Lithium/Calcium Exchanger), Member B1 170756
Tor3a Torsin Family 3, Member A 30935
Trp53 Tumor Protein P53 22059
Tubb6 Tubulin, Beta 6 Class V 67951
Ube2g2 Ubiquitin-Conjugating Enzyme E2G 2 22213
Uxt Ubiquitously-Expressed, Prefoldin-Like Chaperone 22294

Supplementary Table 3 List of UPR-related genes found to be induced after 2 days of cuprizone
intoxication, (UPR = unfolded protein response)
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Abstract: Experimental autoimmune encephalomyelitis (EAE) is the most commonly used multiple
sclerosis animal model. EAE mice typically develop motor deficits in a caudal-to-rostral pattern
when inflammatory lesions have already developed. However, to monitor more subtle behavioral
deficits during lesion development (i.e., pre-clinical phase), more sophisticated methods are needed.
Here, we investigated whether high speed ventral plane videography can be applied to monitor
early motor deficits during ‘pre-clinical” EAE. For this purpose, EAE was induced in C57BL/6 mice
and gait abnormalities were quantified using the DigiGait™ apparatus. Gait deficits were related
to histopathological changes. 10 out of 10 control (100%), and 14 out of 18 (77.8%) pre-clinical EAE
mice could be evaluated using DigiGait™. EAE severity was not influenced by DigiGait™-related
mice handlings. Most gait parameters recorded from day 6 post-immunization until the end of the
experiment were found to be stable in control mice. During the pre-clinical phase, when conventional
EAE scorings failed to detect any functional impairment, EAE mice showed an increased Swing Time,
increased %Swing Stride, decreased %Stance Stride, decreased Stance/Swing, and an increased Absolute
Paw Angle. In summary, DigiGait™ is more sensitive than conventional scoring approaches to study
motor deficits during the EAE pre-clinical phase.

Keywords: DigiGait™; experimental autoimmune encephalomyelitis; multiple sclerosis; gait analysis

1. Introduction

Multiple sclerosis (MS) is an autoimmune, inflammatory, demyelinating disease of the central
nervous system (CNS). On the histopathological level, MS lesions are characterized by large
inflammatory plaques of white matter demyelination. Such focal inflammatory lesions are associated
with oligodendrocyte destruction, reactive gliosis and axonal degeneration. The composition of
established inflammatory infiltrates varies between patients and/or lesion stages but commonly
includes CD8* T-lymphocytes and macrophages. In addition to focal white matter lesions, gray matter
demyelination and/or atrophy and diffuse white matter injury are frequently observed [1-3]. While
the characteristics of established lesions are well investigated, how such lesions develop is less well
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understood. On one hand, it is discussed that early during the development of inflammatory MS
lesions, autoreactive T- and B-cells invade the brain parenchyma, get reactivated, and promote the
development of inflammatory demyelination. Other authors suggest, however, that the recruitment of
peripheral immune cells is a secondary phenomenon, triggered by a local, brain intrinsic degenerative
event [4,5]. For example, one post-mortem study has shown that early MS lesions are characterized by
oligodendrocyte degeneration and microglia activation in the absence of overt peripheral immune
cells [6]. Whatever is true, imaging studies clearly demonstrate that subtle CNS pathologies can be
observed before symptoms become evident [7-9].

For the development of new therapeutic options in MS, several models are available and can
be roughly broken down into the categories of autoimmune and non-autoimmune animal models.
Experimental autoimmune encephalomyelitis (EAE) is the most commonly used animal model to
study autoimmune-mediated aspects of the disease. In this model, experimental animals (commonly
rodents) are immunized with a CNS-related antigen administered in a strong adjuvant, usually
complete Freund’s adjuvant (CFA). Following immunization, antigens are phagocytized by local
professional antigen-presenting cells, transported to local lymph nodes or the spleen, where they
trigger the development of encephalitogenic Tj,1- and Ty;7-cell immune responses. This finally leads to
inflammation within different CNS regions, mainly the spinal cord and the cerebellum [10]. On the
behavioral level, this model is characterized by an ascending paralysis that begins in the tail and
spreads to involve the hind limbs and, finally, fore limbs. Although different grading systems exist,
the disease is usually rated on a scale ranging from grades 0-5. Grade 1 is assigned to mice that have
lost tail tonicity, whereas grade 2 is assigned to mice that additionally show hind limb weakness. As the
disease progresses, through grade 3 and 4, fore limb motor dysfunction additionally develops.

In MS, especially the early stages of lesion pathophysiology are poorly understood. Several studies
were able to demonstrate that discrete histopathological changes occur within the brain parenchyma
before acute inflammatory lesions become visible. Such changes include fibrinogen deposition [11],
oligodendrocyte injury [6], focal microglia activation [12], and the downregulation of neuronal and
oligodendrocyte marker gene expression [13]. In EAE, clinical symptoms are generally applied to mark
the onset of disease, because this coincides with autoimmune effector CD4* T-cell infiltration into the
CNS parenchyma [14,15]. However, recent reports show that structural and functional changes take
place within CNS tissues before the development of clinically overt symptoms. Such observed changes
include, among others, the activation of endothelial cells and astrocytes [16], reductions in myelin
gene expression [13], or altered glutamate transmission [17]. Furthermore, in vivo imaging studies
nicely demonstrate intraluminal crawling of encephalitogenic T-cells [14] and perivascular clustering of
microglia [18] prior to the onset of clinical symptoms. In line with the observation of changes in brain
homeostasis prior to the development of overt, inflammatory lesions our group recently demonstrated
that toxic damage to the oligodendrocyte-myelin unit not just leads to glia activation but at the same
time triggers the recruitment of peripheral immune cells into the CNS in the predisposed host [4,5,19].
Together, these data strongly implicate that subclinical alterations take place in the CNS tissue during
the development of EAE that might predispose it to immunopathology.

In recent years, an extensive body of literature has demonstrated benefits of early treatment of
MS with disease modifying drugs. Specifically, research has shown that early treatment in relation
to disease onset is associated with significantly improved physical and mental outcomes, including
lower relapse rates and lower expanded disability status scale (EDSS) scores, both in the short- and
long-term [20-23]. A better understanding of the pre-clinical pathological processes would allow the
development of early and probably effective therapeutic options. This requires mechanistic studies
during the largely invisible pre-clinical disease stage. While novel and sensitive imaging modalities
are currently available to visualize pathological changes during pre-symptomatic EAE, appropriate
modalities to measure functional deficits are still missing.

In this work, we aimed to investigate whether high speed ventral plane videography is appropriate
for the quantification of pre-clinical functional deficits in EAE.
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2. Materials and Methods

2.1. Animals

For this study, 10-week-old C57BL/6 female mice (n = 40) were purchased from Janvier Labs,
Le Genest-Saint-Isle, France. All experimental procedures were approved by the Review Board for
the Care of Animal Subjects of the district government (Regierung Oberbayern; reference number
55.2-154-2532-73-15; Germany). The mice were maintained in a pathogen-free environment with a
maximum of five animals per cage and with ad libitum food and water. Cages were changed once
per week and microbiological monitoring was performed according to the Federation of European
Laboratory Animal Science Associations recommendations. Mice were acclimated at the housing
conditions for at least one week before EAE induction.

2.2. EAE Induction, Disease Scoring, and Experimental Groups

To induce the formation of encephalitogenic T-cells in peripheral lymphatic tissues, the mice were
subcutaneously immunized with an emulsion of myelin oligodendrocyte glycoprotein (MOG3s_55)
peptide dissolved in complete Freund’s adjuvant followed by intraperitoneal injections of pertussis
toxin (PTx) in PBS on the day of and the day after immunization (Hooke Laboratories, Inc., Lawrence,
USA) as previously published [4]. Disease severity was scored as follows: 1, The entire tail drops over
the observer’s finger when the mouse is picked up by the base of the tail; 2, the legs are not spread
apart but held close together when the mouse is picked up by the base of the tail, and mice exhibit a
clearly apparent wobbly gait; 3, the tail is limp and mice show complete paralysis of hind legs (a score
of 3.5 is given if the mouse is unable to raise itself when placed on its side); 4, the tail is limp and mice
show complete hind leg paralysis and partial front leg paresis, and the mouse is minimally moving
around the cage but appears alert and feeding; 5, the mouse is euthanized due to severe paralysis.
The parameter “disease onset” was defined as the day post immunization when the first clinical deficit
(see above) was observed. The parameter “maximum disease score” was defined as the highest clinical
score, reached by a mouse at any time-point during the experiment. The parameter “cumulative disease
score” was calculated by adding all clinical scores, registered during the experiment for a single mouse.

The following treatment groups were included: ControlP®#G2 mice: Non-immunized mice
were subjected to gait analyses; EAEC™Y mice: EAE was induced by MOGgs 55 immunization +
CFA/PTx, but mice were not subjected to gait analyses; EAEP®#G2it mice: EAE was induced by
MOG3;s.55 immunization + CFA/PTx, and mice were subjected to gait analyses starting at day 6 post
immunization; PTxPi8iGait mice: Mice were injected with CFA and PTx, and mice were subjected to
gait analyses starting at day 6 post immunization.

2.3. High Speed Ventral Plane Videography and Evaluation

Gait parameters were assessed using the DigiGait™ imaging system along with the DigiGait™
15.0 analysis software (Mouse Specifics, Inc.; Quincy, MA, USA) [24]. The DigiGait™ apparatus consists
of a clear plastic treadmill with a high speed under-mounted digital camera (Basler Technologies Inc.)
used for imaging paw prints. The treadmill belt was accelerated gradually to 15 cm/s. Images were
collected at a rate of 140 frames/s. and stored as audio video interleaved (AVI) files for later blinded
analyses. To improve the contrast for automated foot print analysis, the tails of the mice were colored
with black dye. The treadmill belt was cleaned with 70% (v/v) ethanol between each animal testing.
Animals were habituated to the machine one day prior to testing. Data obtained from the training
day were not included in the final data evaluation. The image analysis software digitally encoded the
individual paw area and position relative to the tread-belt. Each paw of the animal was treated as
a unique signature so that later analyses of foot movements could be performed on separate limbs.
Following this strategy, the DigiGait™ analysis software computes 39 gait parameters for the fore limbs
and 43 for the hind limbs of each animal. The minimal duration of each video sequence required for
subsequent foot-print analyses was 5 s. Runs where mice could not run at 15 cm/s for a minimum
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of 5 s were excluded from subsequent analyses. This number of strides has been validated as being
sufficient to analyze treadmill walking behavior in mice [25]. Figure 1 illustrates the principal setup of
the performed gait analyses.

.\ N Moving Direction
\\

i ) \\' > )

Braking Propulsion

q
[ ]
L

Stance Swing

Figure 1. High speed ventral plane videography using the DigiGait™ setup. (A) Setup of the DigiGait™
imaging system. (B) DigiGait™ setup with a mouse in the running chamber during ventral plane
videography recordings. (C) Representative image of a mouse during ventral plane videography
recordings. (D) Representative image of the position of the single paws extracted from the ventral plane
videography recordings by the provided analysis tool. (E) A graphical depiction of various aspects of a
single mouse stride. Each stride can be subdivided into a stance and swing part. The stance part can be
further subdivided into a braking and propulsion phase. LF: Left Fore; LH: Left Hind; RF: Right Fore;
RH: Right Hind.

To analyze gait abnormalities during the pre-clinical disease stage, we first quantified fore limb
and hind limb gait patterns in five control and 10 EAE-induced mice. This first group is referred to as
Cohort#1. To verify results of this first experiment, hind limb gait patterns were analyzed in another
cohort of five control and 10 EAE-induced mice, referred to as Cohort#2. Both cohorts were finally
evaluated by a second evaluator blinded to the treatment groups (i.e., Evaluator 2).
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2.4. Rotarod Analysis

To determine balance and motor coordination in control (ControlRetrd; n = 10) and EAE
(EAERo@rod; n = 8) mice, an accelerod system (TSE Systems, Bad Homburg, Germany) for small
rodents was used (TSE Systems, Bad Homburg, Germany) as previously published by our group [26].
The apparatus consists of a base platform and a rotating rod (30 mm diameter, 114 mm width) with
a non-skid surface. Each experimental mouse was subjected to three training sessions at a constant
rotation speed of 5 rpm (rounds per min) for 2 min. These training sessions were conducted from
day 3 to day 5 post immunization. Data obtained from the training sessions were not included in the
data evaluation. During the testing session, an accelerating modus was used, which began at 4 rpm
and accelerated to 40 rpm over a period of 300 s (i.e., 5 min). Two trials per test day were carried out,
with a 60 min rest in between each trial. For each trial and each animal, latency, maximum speed, and
walking distance before falling off were automatically recorded. The testing sessions were repeated
from day 6 to day 13 post immunization. Only data obtained during pre-clinical disease stages were
included for the final data evaluation.

2.5. Tissue Preparation and Histological Evaluation

For (immuno-) histological studies, mice were deeply anaesthetized with ketamine (100 mg-kg™
i.p.) and xylazine (10 mg-kg~! i.p.), and transcardially perfused with ice-cold phosphate-buffered saline
(PBS) followed by a 3.7% formaldehyde solution (pH = 7.4). Tissues were postfixed overnight in a 3.7%
formaldehyde solution, dissected, and embedded in paraffin. 5 um thick sections were prepared using a
slide microtome, dried at ambient temperature for at least 3 h, and subsequently dried overnight at 48 °C
before starting the different staining procedures. For immunohistochemistry, sections were rehydrated
and, if necessary, antigens were unmasked by heating in a Tris/EDTA (pH 9.0) buffer. After washing in
PBS, sections were blocked in blocking solution (serum of the species in which the secondary antibody
was produced) for 1 h. Then, sections were incubated overnight (4 °C) with primary antibodies diluted
in blocking solution. The next day, slides were incubated in 0.3% hydrogen peroxide/PBS for 1 h
and then incubated with biotinylated secondary antibodies for 1 h followed by peroxidase-coupled
avidin-biotin complex (ABC kit; Vector Laboratories, Peterborough, UK). Sections were finally exposed
to 3,3’-diaminobenzidine (DAKO, Santa Clara, CA, USA) as a peroxidase substrate. To visualize
cell nuclei, sections were briefly stained with hematoxylin solution if appropriate. Negative control
sections without primary antibodies were processed in parallel to ensure specificity of the staining.
For microglia labelling anti-ionized calcium-binding adapter molecule 1 antibodies ([IBA1] 1:5000;
Wako; #019-19741) were combined with anti-rabbit secondary antibodies (1:200; Vector; #BA-1000).
For lymphocyte labelling, anti-CD3 antibodies ([CD3] 1:500; Abcam; ab11089) were combined with
anti-rat secondary antibodies (1:200; Vector; #BA 9400). Luxol fast blue (LFB)/periodic acid-Schiff (PAS)
stains were performed following standard protocols. Stained and processed sections were digitalized
using a Leica DM6 B automated microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany)
equipped with a DMC6200 camera.

To analyse the extent of inflammatory demyelination in the spinal cord among ControlPi#iGait,
EAEOYY, and EAEP8iGait mice, the entire white matter was outlined in the digitalized images of
LFB/PAS stained sections, and the areas of infiltrated white matter were measured using the open
source program Image] 1.50. The measurements were conducted by one evaluator (J.Z.), blinded to the
treatment groups. The areas of infiltrated white matter were then divided by the entire white matter
area of the respective spinal cord section, and the result is given as relative infiltrated white matter
area (in %). Representative images are shown in Figure 2C.
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Figure 2. Manipulation during DigiGait™ recordings does not ameliorate EAE severity. (A) Schematic
depiction of the experimental setup. D = days post immunization. The yellow circles indicate
time points when EAE scoring was performed. The green triangles indicate time points when
DigiGait™-measurements were performed. Note that at day 5 post immunization (D5), one DigiGait™
training session was conducted. (B) Clinical course and evaluation of the disease parameters disease
onset, maximum score, and cumulative score in EAEPGait (n = 10) and EAEC™ (n = 10) mice. Note that
8 EAEDPi8Gait and 6 EAEO™Y mice, which developed clinical disease, were included to calculate the
parameter disease onset. Data from all mice were included to calculate the parameters maximum score and
cumulative score. Statistical comparison was done using an unpaired t-test. (C) Extent of inflammatory
demyelination among ControlPi8iGait, EAEPIgIGat and EAEC™Y mice evaluated in LFB/PAS stained
sections (n = 72 sections). Black boxes highlight the inflammatory foci. Statistical comparison was done
using a one-way analysis of variance with the obtained p-values corrected for multiple testing using
the Dunnett’s post hoc test. (D) Cumulative map of the spatial distribution of microgliosis in the CNS
of EAEDigiGait 534 EAEONlY mice, visualized by anti-IBA1 stains. Twenty sections from 10 individual
animals were included per group. Each black dot shows the position of a focal IBA1* lesion which was
identified by both evaluators (J.Z. and H.K.). (E) Representative anti-IBA1 stain demonstrating IBA1*
lesions in an EAEP®81Gait mouse. Scale bar (C) = 300 um; Scale bar (E) = 1 mm. EAE: Experimental
Autoimmune Encephalomyelitis; LFB/PAS: Luxol fast blue/periodic acid-Schiff; CNS: Central Nervous
System; IBA1: ionized calcium-binding adapter molecule 1. *** p < 0.001, ns = not significant.
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To analyse the spatial distribution of microgliosis in mid-sagittal brain sections from EAEO™Y
and EAEP®Gait mice, sections were stained with anti-IBA1 antibodies and microgliosis sites were
highlighted in a brain-template adopted from the Allen Mouse Brain Atlas [27]. Each black dot
represents a single lesion per individual mouse (Figure 2D). These analyses were conducted by two
evaluators blinded to the treatment groups (J.Z. and H.K.).

2.6. Statistical Analyses

All data are given as the arithmetic means + SEM. Differences between groups were statistically
tested using the software package GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA).
The D’Agostino and Pearson test was applied to test for Gaussian distribution of the data. The definite
statistical procedure applied for the different analyses is provided in the figure legends. p-value < 0.05
were considered statistically significant. The following symbols are used to indicate the level of
significance: * p < 0.05, ** p < 0.01, *** p < 0.001, ns = not significant.

3. Results

3.1. Manipulation of DigiGait™ Does Not Decrease EAE Severity

Previous studies have shown that stress might impact on EAE disease development [28]. Since
the handling of the mice during DigiGait™ recordings might lead to additional stress, in a first step
we systematically compared EAE severity in MOGg3s 55-induced EAE mice which were subjected to
DigiGait™ (n = 10; EAEDigiGait) recordings or not (n = 10; EAEO™). After immunization, the mice were
evaluated daily for the occurrence and severity of clinical symptoms based on conventional evaluation
protocols (see materials and methods section). The gait patterns were recorded daily starting six days
post immunization until the mice reached an EAE score of > 2 (equals hind limb paresis), or until day
16 post immunization (i.e., end of the experiment). A schematic depiction of the experimental setup is
shown in Figure 2A.

As demonstrated in Figure 2B, both, EAEOMY and EAEPi8IGait mijce, exhibited motor behavioral
deficits which are typical for MOGg3s.55-induced EAE in C57BL/6 mice, starting with a limp tail and
progressing towards hind limb paralysis. In the EAEONly group, 6 out of 10 and in the EAEDIigiGait
group 8 out of 10 mice developed clinical deficits, respectively. Although the clinical symptoms in
EAEP8IGat mice tended to be more severe compared to EAEO™Y mice, no significant differences were
observed for the parameters time of disease onset (EAEP18IGait, 12.38 + 0.5650 days versus EAEO™Y,
10.83 + 0.7923 days; p = 0.1286, just including mice which developed clinical disease), maximum disease
score (EAEP8IGait 1,950 + 0.4913 days versus EAEC™Y, 1.050 + 0.3452; p = 0.1512), and cumulative
disease score (EAEP'8Gait) 7500 + 2.053 days versus EAEO™Y, 4.200 + 1.379 days; p = 0.1988) (Figure 2B).
Next, we analyzed the extent of inflammatory infiltrates in EAEP!8/Gait and EAEO™Y mice to correlate
functional deficits with histopathological changes. For this purpose, three spinal cord sections (cervical
to lumbar level) were collected in a random fashion for each mouse and the inflamed white matter
area in relation to the entire spinal cord white matter area was quantified in LFB/PAS stained sections.

As demonstrated in Figure 2C, no significant difference was observed in the extent of inflammatory
demyelination between EAEP8IGat and EAEC™Y mice (EAEP®IGat) 23 28% + 3.549% versus EAEOMY,
13.99% + 3.205%). Spearman’s correlation analysis, including data from both experimental groups,
revealed a highly significant correlation between spinal cord white matter inflammation and the
extent of clinical deficits (r = 0.7221; r* = 0,52; 95% confidence interval = 0.59 to 0.82; p-value
(two-tailed) < 0.0001). Furthermore, we analyzed the spatial distribution of microgliosis in the brains
of EAEP8iGait and EAEOMY mice. As demonstrated in Figure 2D,E, focal microgliosis was found in
diverse brain regions such as the cerebellum, dorsal midbrain (arrow in Figure 2D), ventral medulla
oblongata around the inferior olivary complex (arrowhead in Figure 2D), and to some extent around
the third ventricle. In summary, both cohorts demonstrate widespread CNS inflammation with no
quantitative differences in the extent of CNS lesion formation.
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Beyond, we analyzed the densities of CD3* lymphocytes in the spinal cord dorsal column
and the white matter of the cerebellum. As demonstrated in Figure 3, lymphocyte densities
were low in ControlP8iG2it, but high in EAEP8G2it and EAEC™Y mice (Spinal cord dorsal column,
ControlP8iGait 10.87 + 4.180 cells/mm?, versus EAEPIgIGait 134 5 + 1920 cells/mm? versus EAEOMY,
129.9 + 21.00 cells/mm?: Cerebellum white matter, ControlP8iGait 1 367 + 0.7197 cells/mm?, versus
EAEDIgiGait 292 9 + 56.61 cells/mm? versus EAEOMY, 2259 + 65.31 cells/mm?). Of note, no significant
differences were observed between EAEP8iGait and EAEC™Y mice.

A Contro]Pisicait EAEDigiGait EAEOzly

CD3 in Spinal cord dorsal column

Trr
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Figure 3. Lymphocyte densities in the spinal cord and cerebellar white matter. (A) Numbers of CD3*
lymphocytes in the dorsal column of the spinal cord (n = 75 sections) in ControlPigiGait g AEDigiGait 454
EAEO™Y mice. (B) Numbers of CD3* lymphocytes in the white matter of the cerebellum (n = 25 sections)
in ControlPi8iGait, EAEDiSIGait and EAEO™Y mice. Statistical comparison was done using a one-way
analysis of variance with the obtained p-values corrected for multiple testing using the Dunnett’s post
hoc test. Note that no significant difference has been observed between EAEP18/Gait and EAEO™Y mice.
Scale bar (A) = 150 um; Scale bar (B) = 300 um. ** p < 0.01, *** p < 0.001, ns = not significant.

3.2. Most Gait Parameters Are Stable in Control Mice

Next, we investigated the reliability of the gait analysis procedure. To this end, gait analyses
were conducted in control mice (n = 10, two separate experiments), and the coefficient of variation
(CV), which is defined as the ratio of the standard deviation to the mean (SD/mean), was calculated.
The term “high variability parameters” was defined as gait parameters which had a CV of higher
than 30% [29]. As described in the materials and method section of this manuscript, the DigiGait™
computes 39 gait parameters for the fore limbs and 43 for the hind limbs, respectively. As listed in
Table 1, 10 out of 39 (25.6%) fore limb, and 13 out of 43 (30.2%) hind limb parameters showed a high
variability in control mice. This, on the one hand, indicates that not all of the gait parameters evaluated
by the DigiGait'™ software are adequate for the detection of a pathological gate, at least in mice at
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the applied experimental settings. However, a significant proportion of gait parameters (i.e., 30) can
reliably be measured using the DigiGait™ apparatus.

Table 1. High variability parameters in control mice. List of gait parameters which were found to be
highly variable in control animals. High variability parameters were defined as gait metrics which
show a coefficient of variation (CV) of more than 30% in control mice [29]. For more information, see
the materials and methods section of this manuscript.

Parameters with High Variability

Absolute Paw Angle (Sum)
Stride Width Variability
Step Angle Variability
Stance Width CV
Step Angle CV
Paw Area Variability at Peak Stance (Average)
Overlap Distance (Average)
Paw Placement Positioning (Average)
Paw Angle (Left fore limb)
Paw Angle (Right fore limb)

Fore Limbs
(10 out of 39 parameters)
25.6%

Stride Length Variability (Average)
Stride Width Variability
Stride Length CV (Average)
Stance Width CV
Step Angle CV
Hind Limbs Paw Area Variability at Peak Stance (Average)
(13 out of 43 parameters) Paw Placement Positioning (Average)
30.2% Tau-Propulsion (Average)
Overlap Distance (Average)
Ataxia Coefficient (Average)
Paw Angle (Left hind limb)
Paw Angle (Right hind limb)
Paw Drag (Average)

3.3. Mice Show Gait Abnormalities in Hind Limbs during the EAE Pre-Clinical Phase

In a next step, we asked whether gait abnormalities can be quantified during the pre-clinical
EAE phase. For this purpose, we systematically compared changes of the gait parameters in control
(referred to as ControlP8iG2it; n = 10) and MOGgs.55-immunized (referred to as EAEPi8Gait; n = 18)
mice. As it has been shown that the running speed can influence gait parameters in rodents [30], we
used a constant speed of 15 cm/s.

As demonstrated in Figure 4, 18 out of 20 immunized animals developed clinical EAE. EAE was
severe in some animals (#2 and #9 with a score of five) but moderate in others (for example, #6 with a
transient score of one). MOGss 55 immunization severely influenced the success rate of gait analysis
recordings. Just 3 out of 18 animals could be daily evaluated until the day of disease onset (i.e., mice
#7,#17, and #18), whereas 6 out of 18 animals could be daily evaluated until the day BEFORE disease
onset (#3, #11, and #12, additionally to the mice #7, #17, #18). Four animals could not be evaluated at
any time point after MOGg3s.55 immunization (#4, #5, #9, and #14).
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As outlined in the materials and method section, gait analyses were initiated at day 6 post
immunization and continued daily until the animals (i) either reached a score of > 2, (ii) were not
able to run on the treadmill at the given velocity (i.e., 15 cm/s), or (iii) until day 16 post immunization.
Following this strategy and pooling the data from two independent experiments, 105 gait analyses were
performed in control animals for the different time points with a success rate of 100%. 121 gait analyses
were performed in MOGg3s_55-immunized mice with a success rate of 51% (equals 62 completed gait
analyses). These results already suggest that although conventional EAE scoring protocols fail to detect
overt changes (i.e., paralysis of the tail), the motor performance is already impaired at this ‘pre-clinical’
disease stage.

Blinded evaluations of the high speed ventral plane videography recordings were performed in
two separate cohorts of animals, referred to as cohort#1 (five control animals and eight EAE animals)
and cohort#2 (five control animals and 10 EAE animals). Only data obtained during the pre-clinical
disease stages were included. In a first step, fore limb and hind limb gait parameters were evaluated
in the cohort#1 mice and statistically compared. As one would expect in a model of ascending
paralysis [31,32], more gait parameters were altered in the hind limbs (n = 15) compared to the fore
limbs (n = 9) during the pre-clinical disease stage. As demonstrated in Table 2, 15 distinct hind limb
gait metrics were found to be increased or decreased in EAEP8G4it compared to ControlP®#1Gait mice
during the pre-clinical disease stage. To verify these findings, the gait parameters which were found to
be significantly different in the cohort#1 mice were re-evaluated in our cohort#2 mice. For the fore
limb parameters, none of the 9 parameters were verified in the cohort#2 mice. In contrast, from the
15 gait parameters found to be different in the hind limbs of cohort#1 mice, 7 were verified in the
second cohort. These were the gait metrics Swing Time (Average), %Swing Stride (Average), % Stance
Stride (Average), Stance/Swing (Average), Paw Angle-Left Hind, Paw Angle-Right Hind, and Absolute Paw
Angle (Sum).

As demonstrated in the materials and methods section, the gait signals provided by the software
requires some manual, thus subjective, adjustments. To verify that our results are indeed valid, another
independent evaluator performed the analyses of cohort#1 and cohort#2 video sequences in a blinded
manner. As demonstrated in Table 2, all 7 gait parameters were approved by the second evaluator.

Next, we were interested whether gait abnormalities during pre-clinical EAE can as well be detected
using the Rotarod test which is widely used to evaluate the motor coordination of rodents [33,34].
To this end, performance in the rotarod test was compared between 10 control (ControlR°tarod) mice
and 8 pre-clinical EAE mice (EAER?®@d) As demonstrated in Figure 5, EAER®@d mijce showed
comparable values in the Rotarod parameters latency (EAER??4, 2127 + 8.617 s versus ControlRotrod,
195.7 + 7.033 s; p = 0.1106), maximum speed (EAER®?d 29 39 + 1.036 rpm. versus ControlRotarod,
27.41 + 0.8427 rpm.; p = 0.1367), and walking distance (EAER®2r0d 5935 + 0.3887 m versus ControlRotarod,
5.239 + 0.3128 m; p = 0.1169) when compared with ControlRetarod pjee.
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Table 2. Gait abnormalities during pre-clinical EAE. Summary of gait parameters found to be altered during pre-clinical EAE. Two independent experiments were

performed, referred to as Cohort#1 and Cohort#2. Gait parameters were evaluated by two independent observers, referred to as Evaluator 1 and Evaluator 2. Arrows

indicate whether gait metrics were increased or decreased during the pre-clinical EAE phase. During pre-clinical EAE, 9 fore limb gait parameters were found to

be different in Cohort#1 mice, but not in Cohort#2 mice (indicated by ns = not significant). In contrast, 15 hind limb gait parameters were found to be different in

Cohort#1 mice, and 7 of these were found to be as well different in the Cohort#2 mice (indicated by the respective p-value). All of these 7 parameters were verified by

the Evaluator 2 (last column). The D’Agostino and Pearson test was applied to test for normal distribution of the data. p-values for the effect of EAE treatment were
calculated using t-test or Mann-Whitney test according to data distribution. All videos were analyzed by two evaluators (J.Z. and V.Y.) blinded for the experimental
groups. * p <0.05, ** p < 0.01, *** p < 0.001, ns = not significant, 7: increased; |: decreased.

Evaluator 1

Evaluator 1

Evaluator 2

Parameter Number Parameters Cohort#1 Cohort#2 Cohort#1 and Cohort#2
(Change, Significance, p-Value) (Change, Significance, p-Value) (Change, Significance, p-Value)
#1 Paw Angle Variability (Average) 1,%,0.0483 1, ns, 0.7092
#2 Stance Width 1,%* 0.0241 1, ns, 0.8720
#3 Stride Length Variability (Average) 1, %, 0.0008 T, ns, 0.5670
#4 Stride Width Variability 1, ***,0.0001 1, ns, 0.5056
Fore Limbs #5 Stride Length CV (Average) 1,%,0.0101 1, ns, 0.3456
#6 Stance Width CV 1, ***, < 0.0001 1, ns, 0.6412
#7 Paw Area at Peak Stance (Average) T, %, 0.0486 T, ns, 0.1747
#8 Paw Area Variability at Peak Stance (Average) 1, **,0.0097 1, ns, 0.2705
#9 Ataxia Coefficient (Average) 1, **,0.0082 1, ns, 0.2659
#1 Swing Time (Average) 1, % 0.0239 1T, ***, < 0.0001 T, ***,<0.0001
#2 %Swing Stride (Average) 1,% 0.0278 1T, ***, < 0.0001 T, ***,<0.0001
#3 %Stance Stride (Average) 1,%,0.0278 1, #**, <0.0001 1, #%,<0.0001
#4 Stance/Swing (Average) 1, %, 0.0274 1, **,<0.0001 1, **,0.0002
#5 Paw Angle-Left Hind T, ***, < 0.0001 T, ***,0.0006 1T, ***, < 0.0001
#6 Paw Angle-Right Hind T, **, < 0.0001 1, **,0.005 1T, ***, < 0.0001
#7 Absolute Paw Angle (Sum) T, ***, < 0.0001 1T, ***,0.0002 1T, ***, < 0.0001
Hind Limbs #8 Stride Width Variability 1, **,0.0071 1, ns, 0.5056
#9 Stance Width CV 1, **,0.0073 1, ns, 0.6412
#10 Paw Area at Peak Stance (Average) 1, %, 0.0005 T, ns, 0.4922
#11 Paw Area Variability at Peak Stance (Average) 1, %, 0.0403 1, ns, 0.2317
#12 MAX dA/dT (Average) 1, **,0.0010 1, ns, 0.2313
#13 Tau-Propulsion (Average) 1,%,0.0198 1, ns, 0.2448
#14 Midline Distance (Sum) T, ***, < 0.0001 1,%,0.0442
#15 Paw Drag (Average) T, ***,0.0001 T, ns, 0.7821
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Figure 5. Gross locomotor ability in the Rotarod assay during pre-clinical EAE. Gait parameters were
assessed in ControlR®rod (n = 10) and EAERotrod (n = 8) mice. Both cohorts were tested for their
ability to run on a rotating cylinder that accelerated its speed with time (440 rpm in 300 s). Latencies
to fall from the accelerating cylinder (i.e., latency), the maximum speed mice were able to run, and the
walking distance on the rotating cylinder are presented as mean + SEM. The D’Agostino and Pearson
test was applied to test for normal distribution of the data. p-values for the effect of EAE treatment
were calculated using t-test or Mann-Whitney test according to data distribution. ns = not significant.

3.4. Gait Abrnoramilties in Mice Sub-Immunized with CEA and PTx

Our analyses so far suggest that during pre-clinical EAE, motor abnormalities can be quantified
using high speed ventral plane videography. Severe inflammation is characteristic for the clinical
but not pre-clinical EAE phase. We, thus, assumed that diffuse, innate immune driven pathological
processes account at least in part for the observed gait abnormalities. To mimic diffuse innate immune
activation, we systematically investigated gait abnormalities in control mice and mice injected with CFA
and PTx without the MOGg35_55 peptide (referred to as sub-immunization). Various studies have shown
that the administration of CFA and PTx without the MOGgs5_55 peptide induces diffuse innate immune
activation in the CNS of mice [35-38]. In particular, we analyzed whether or not the identified gait
metrics found to be altered during pre-clinical EAE are as well different in sub-immunized mice. We
excluded the two parameters “paw-angle of the left hind limb” and “paw angle of the right hind limb”
because both were found to be highly variable in control animals (see Table 1). Among the remaining
five abnormal gait parameters during the EAE pre-clinical phase, we found that Swing Time (Average)
was significantly different between sub-immunized (PTxPigiGaity and fully immunized (EAEDPigiGait)
mice. In contrast, such a difference was not observed for the other 4 gait parameters suggesting that
most of the observed gait differences are due to diffuse innate immune system activation (Figure 6).



Cells 2019, 8, 1439 14 of 21

- .
—— —
0.15 ns * - ns
— - —fp—————q
:M!m e 40 ——
s 0l Z
3 5
Z T 20
- = w
ﬂh 0.05 ]
5 z 10
0.00 T T v - 0 . _ :
¢ & & & & %,
& e g & & &
& % < & < &7
w o
HER . - wok
| —— —_— H —
3 b
= 80 }}_ = = 1s .nm- o0 ok 03
& W R ——— E——————— 3 ——— ———j
w 60 s, I Iﬁl E " T -T
= < - |_I =
2 I = I
T 40 £ E,
5 <
Z =
S 1 E 20
2 n
g 20 £ =
Z z B
T ! : o-— _ : : ol _ ,
& & & = " " -
& s & o e o < o o o3
o o o ¢ & & $ o E
> <> & & &~ » & & >
) u»r,.ﬁ ) & m.a.v % o & < 4
<
T 0.154 b
- 5
5 Z
2 3
2 .
£ 0.104" z
E &
T —
5 =
— T Wtr————T—T—T—T— T
AR R RN - R S o Ao.; PUIV N O
aQ? 004 Oh.»f n_hav aQ? arj,f ah.»f an.a. < FFFFFFIFTITFITE &

YStance Stride (Average)
Stance/Swing (Average)

Absolute Paw Angle (Sum)/degree

Figure 6. Effect of EAE sub-immunization on gait parameters. (A) Differences of the gait metrics in
ControlPigiGait pTxDigiGait and EAEPiSIGAt mice. D’ Agostino and Pearson test was applied to test for
normal distribution of the data. p-values generated using one-way ANOVA with Bonferroni post-test
for multiple comparisons of individual pairs of treatment. Note that the gait parameter Swing Time is
significantly different between sub-immunized (PTxPigiGaity and fully immunized (EAEDPi8IGaity mice.
(B) Gait parameters over time in fully immunized (EAEPigiGaity mjce. Don = day of onset, Don-1 =1
day before onset, etc. * p < 0.05, ** p < 0.01, *** p < 0.001, ns = not significant.

4. Discussion

The most commonly used behavioral evaluation method in EAE is based on the severity of motor
deficits, which is mainly driven by spinal cord pathology. In most studies, each mouse is graded daily
and given a score ranging from 0 to 5 [39—41]. Parameters include limp tail or hind limb weakness when
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EAE is mild and partial or complete hind limb and fore limb paralysis in severe EAE cases. Of note,
this evaluation approach is neither very sensitive nor objective. Therefore, in order to detect minor
motor deficits, more accurate and reliable EAE evaluation methods are urgently needed. In this study,
we used the high speed ventral plane videography system DigiGait™ to characterize and quantify a
set of different gait metrics during pre-clinical EAE. We were able to show (1) that manipulation during
DigiGait™ measurements does not decrease EAE severity; (2) that many gait parameters are stable in
control mice; (3) that the mice show hind limb gait abnormalities during pre-clinical EAE and, (4) that
most of the observed gait abnormalities during pre-clinical EAE are probably driven by an interplay of
innate and adaptive immune activation.

The expanded disability status scale (EDSS), which is the most commonly used measure of
disability for MS, ranges from 0 to 10 in 0.5 unit increments that represent higher levels of disability
and is based on the individual, subjective examination by a neurologist. EDSS steps 1.0 to 4.5 refer
to people with MS who are able to walk without any aid and are based on measures of impairment
in eight functional systems, among motor disturbances. Other measures of motor disability in MS
include the timed 25 foot walk, which assesses ambulatory function, or walking [42], and the 9 hole
peg test, which measures upper body function and manual dexterity [43]. Indeed, gait impairment is a
hallmark of MS which significantly impacts on the quality of life of the individual [44]. Comparable
to the human disease, MS models are characterized by gait abnormalities [4,5]. As already stated
above, there is no standard EAE scoring system which research groups would use to measure EAE
severity [45]. The use of different EAE scoring systems prohibits direct comparison of clinical EAE data
published from different laboratories. Furthermore, the applied scoring systems rely on subjective
rather than objective evaluations. An objective and quantitative approach would, therefore, be of great
interest for pre-clinical trials using the EAE model.

Different automatic or semi-automatic systems have been applied to quantify gait abnormalities
in different EAE models, among the CatWalk™ XT system. The CatWalk™ System consists of a
glass walkway that is illuminated by fluorescent light. When the paw is in contact with the upper
surface of the walkway, the print light is reflected, which is detected by an appropriate high speed
color camera and detection software. Of note, the animal walks across the glass plate voluntarily which
is different to the system applied in the current study. This method has been performed in the EAE
model using different species such as Lewis rats [46], Brown Norway rats [47], or C57BL/6 mice [48].
In our study, we observed that MOGs5.55 immunization severely influenced the success rate of gait
analysis recordings. Just 3 out of 18 animals could be daily evaluated until the day of disease onset,
whereas 6 out of 18 animals could be daily evaluated until the day BEFORE disease onset. This result
clearly demonstrates that running at a velocity of 15 cm/s displays a motor-performance challenge
which cannot be met by most of the mice during pre-clinical EAE. Bernardes et al. noted in their study
that with disease progression, some animals were not able to cross the CatWalk™ walkway after
established EAE [48]. During pre-clinical EAE all animals were able to perform the gait analysis task
which is in contrast to our results. However, one major difference between the CatWalk™ and the
DigiGait™ system is that in the former, mice gait is voluntary whereas in the latter, mice are forced
to walk by the motorized treadmill. It is, thus, possible that forced movements are more demanding
compared to voluntary ones. Nevertheless, in line with our results the authors found a decrease in
Swing Speed which equals the observed increase of the Swing Time in our study.

In this study, we applied high speed ventral plane videography to analyze gait abnormalities during
pre-clinical EAE. High speed ventral plane videography has been shown to be a useful approach to
quantify subtle locomotors abnormalities in mouse models of neurodegenerative movement disorders,
such as Amyotrophic lateral sclerosis (ALS), Huntington or cerebellar ataxia [49]. For example, altered
hind limb movement, accompanied by some changes in coordination and stability characterized the gait
abnormalities in SOD1 G93A transgenic mice, which is a model of ALS [49], whereas Stride Length and
Stride Frequencies were found to be altered in a model of Parkinson’s disease [50]. Gait analyses were as
well found to be useful in non-neurological disorders such as in collagen-induced arthritis [51] or in a
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model of muscular dystrophy [52]. We followed an exploratory approach (analyzing 39 different gait
parameters for the fore limbs and 43 for the hind limbs) to study gait abnormalities during pre-clinical
EAE. As many gait parameters change with running speed [30], the analyses were performed in this
study at a constant speed of 15 cm/s (see Materials and Methods Section). Based on this extensive
dataset, we identified a small set of relevant gait parameters which were different in pre-clinical EAE
compared to control mice. These parameters, namely Swing Time, %Swing Stride, %Stance Stride,
Stance/Swing, Paw Angle-Left Hind, Paw Angle-Right Hind, and Absolute Paw Angle, may be used in
following studies to assess potential therapeutic effects during pre-clinical EAE. The definition of these
parameters, as provided by the manufacturer of the DigiGait™ system are as follow: Swing Time—Time
duration of the swing phase (no paw contact with belt) given in seconds; % Swing Stride—Percent
of the total stride duration that the paw is in the air (swing phase); %Stance Stride—% of the total
stride duration that the paw is in any contact with the belt; Stance/Swing—Ratio of stance phase time to
swing phase time; Paw Angle-Left or Right Hind—The angle that the paw makes with the long axis of
the direction of motion of the animal; Absolute Paw Angle—Absolute value of the paw angle. Having
these definitions in mind it is not surprising to find the parameters Swing Time and %Swing Stride to
be increased while the gait parameter %Stance Stride is decreased. However, this particular finding
nicely demonstrates the reliability of the used evaluation method. Worth to note that, in line with our
findings of an increased Paw Angle, these gait deficits were found to be associated with ataxia, spinal
cord injury, and demyelinating disease [53].

One major finding of the present study is that gait abnormalities during the pre-clinical EAE phase
can be quantified. Such alterations have as well been observed by others. For example, Leva et al.
found in SJL/] mice immunized with proteolipid protein (PLPy39_;51) that the CatWalk™ gait parameter
Maximum Contact Area decreased three days post immunization, at a time point were conventional
disease scoring protocols failed to detect any disease activity [54]. Similar observations were reported
by Silva et al. [46], as well using the CatWalk™ System in Lewis rats [46]. Of note, the gait parameter
Maximum Contact Area, which is called Paw Area at Peak Stance in the DigiGait™ environment, was
found to be decreased for the hind limbs in Cohort#1 animals, however, we were not able to reproduce
this finding in Cohort#2 mice. In the later study, Silva et al. observed, besides a reduced Maximum
Contact Area of the paw, reductions of the so-called Regularity Index (RI) during pre-clinical EAE. RI
represents a gait metrics for motor coordination. For fully coordinated locomotion, each paw is placed
exactly once every four steps. There are a total of six possible step sequence patterns that can be
used by a rodent while walking. These patterns can be categorized into three groups: Alternate (Aa:
[RF: Right front-RH: Right hind-LF: Left front-LH: Left hind]: RF-RH-LF-LH, Ab: LF-RH-RF-LH);
cruciate (Ca: RF-LF-RH-LH, Cb: LF-RF-LH-RH); and rotary (Ra: RF-LE-LH-RH; Rb: LF-RF-RH-LH).
The Ab pattern is the most commonly observed. The larger the number of missteps intersperse
between regular step patterns, the lower is the RI [55]. The same gait parameter is not evaluated by
the DigiGait™ software. However, it includes the metrics Gait Symmetry which computes the ratio of
forelimb stepping frequency to hind limb stepping frequency. It has been shown that the parameter
Guait Symmetry declines with age and treadmill training counteracted the decline of Gait Symmetry [56].
Of note, no differences with respect to the parameter Gait Symmetry were found during the pre-clinical
EAE phase in our current study.

In a recent study, Kappos et al. analyzed the validity and reliability of the CatWal system
as a static and dynamic gait analysis tool for the assessment of functional nerve recovery in small
animal models [55]. They found that among different gait parameters, Swing Duration was the most
reliable and valid gait parameter. In our study, Swing Time, which is essentially the same as Swing
Duration, was found to be increased in both experimental cohorts and the difference was verified by
two independent observers. Of note, it has been shown that Swing Duration increases with pain [57-59],
and pain, which is a frequent and disabling symptom in MS patients, as well characterizes EAE animals
to some extent [60]. Of note, a recent study showed that pain can as well be observed during the
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pre-clinical EAE phase [61]. It is, thus, possible that pain is the underlying mechanism of the observed
increased Swing Time in our EAE mice. Further studies are needed to verify or reject this hypothesis.

Another important finding of our study is that sub-immunization of the mice with CFA and PTx
is sufficient to induce moderate gait abnormalities in the experimental mice. In animal models of
EAE, the disease is induced actively by immunization with myelin protein peptides, such as MOG
or PLP peptide dissolved in CFA, or passively by activated neuroantigen-specific T-cells transfer.
The incidence and severity of the disease induced by neuroantigens in CFA is promoted by PTx
co-injection [62]. Although PTx has been widely used in EAE induction of rodents, the exact role of
PTx in initiating EAE remains controversial. Historically, it was thought that this microbial product
facilitates EAE by breaking down the blood-brain barrier and thereby helps pathogenic T-cells to
migrate into the CNS. Further studies have shown that PTx increases the expression of endothelial
adhesion molecules which triggers leukocyte infiltration into the brain [37]. PTx could also facilitate
EAE induction through modulating the interaction between the innate and adaptive immune system
in the response to self-antigens [36]. Moreover, PTx has other biological functions that could contribute
to its activity in EAE such as inducing maturation of dendritic cells [38], enhancing T effector cells’
cytokine production as well as reducing T regulatory cells” activity [63,64]. Murugesan et al. showed
that CFA/PTx alone could cause widespread gene alterations that could prime the choroid plexus to
unlock the CNS to T-cell infiltration during neuroinflammatory disease [65]. In this study, we used
sub-immunization to uncover whether autoreactive T-cells are required to induce the observed gait
abnormalities. As demonstrated in Figure 6A, the extent of gait alterations was found to be more
severe in fully immunized mice compared to sub-immunized animals. These results suggest that both,
innate and adaptive immunity, act in concert to induce gait abnormalities during pre-clinical EAE.

One major advantage of semi-automated gait analyses in EAE and other neurodegenerative
diseases is that such metrics can be directly compared with measurement obtained during clinical
trials. In a recent trial, Liparoti et al. investigated gait patterns in minimally disabled RRMS patients
applying a three dimensional-gait analysis approach. They could show that, compared to healthy
controls, RRMS show an increase of Swing Time [66]. Beyond, Novotna et al. were able to show that MS
patients with no apparent disability (EDSS 0-1.5) showed abnormalities in the GAITRite gait analysis
instrument [67], suggesting that particular aspects of human gait abnormalities can be investigated
in mice.

Another important advantage of the DigiGait™ analysis system is the semi-automated analysis
approach. Although some manual adjustments have to be performed during the video analysis
procedure, false negative or positive results due to experimenter bias are less likely to occur.
Nevertheless, blinding during the video analysis procedure is mandatory.

5. Conclusions

In summary, DigiGait™ is more sensitive than conventional scoring approaches to study motor
deficits during the EAE pre-clinical phase. To evaluate such abnormalities we suggest to either quantify
the numbers of successful runs on the treadmill and/or to quantify the gait parameters Swing Time,
% Swing Stride, %Stance Stride, Stance/Swing ratio, or Absolute Paw Angle. Early detection of gait
abnormalities in the EAE model may accelerate the development of therapies for MS.
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Zusammenfassung

Im Rahmen meiner Promotion beschéftigte ich mich mit zwei Aspekten der MS: Zum
einen, welche Rolle eine Stressreaktion des ERs bei Oligodendrozyten Degeneration und
Demyelinisierung spielt. Zum anderen, ob in der Frithphase einer inflammatorischen

Demyelinisierung Gangdefizite nachgewiesen werden kdnnen.

Fir die Beantwortung der ersten Fragestellung wurde das toxische
Demyelinisierungsmodell Cuprizone verwendet. Es zeigte sich, dass bereits frith im
Verlauf des Tiermodells die Expression verschiedener ER-Stress assoziierter Proteine,
unter anderem des Transkriptionsfaktors DDIT3, induziert wird. Dabei ist die DDIT3
Expression in der Frithphase spezifisch fiir Oligodendrozyten. Auf funktioneller Ebene
konnte nachgewiesen werden, dass Ddit3-defiziente Tiere teilwiese gegen eine durch

Cuprizone induzierte Demyelinisierung geschiitzt sind.

Fiir die Beantwortung der zweiten Fragestellung wurde das autoimmun vermittelte MS
Tiermodell EAE verwendet. Die Analyse des Gangmusters erfolgte mittels (engl.) ,,High
Speed Ventral Plane Videography“. Es konnte gezeigt werden, dass wihrend der
Entwicklung neuer, inflammatorischer Herde im ZNS der Versuchstiere verschiedene
Gangdefizite auftreten, wie beispielsweise eine verldngerte Schwungphase bei verkiirzter
Standphase. Interessanterweise waren diese Verdnderungen des Gangmusters noch vor
dem Auftreten anderer motorischer Defizite, wie etwa einer Ldhmung des Schwanzes,

feststellbar.

Zusammenfassend beschéftigen sich beide Arbeiten mit der Frithphase zweier gingiger
MS Tiermodelle. In der friilhen Phase des EAE Modells kommt es zur Entstehung
entziindlicher ZNS Lisionen. Gangdefizite stellen zu diesem Zeitpunkt einen sensitiven
klinischen Parameter dar. In der frithen Phase des Cuprizone Modells kommt es zu
zelluldrem Stress. Da DDIT3 dabei die Oligodendrozyten Apoptose reguliert, ist die
zugehorige Signalkaskade ein moglicher Therapieansatz. Sollte es moglich sein, die
Entstehung von ER-Stress in Oligodendrozyten zu verhindern, konnte dies eine

Demyelinisierung verhindern bzw. abschwéchen.
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Summary

During my doctoral studies I dealt with two aspects of MS: First, the role of ER stress
response in oligodendrocyte degeneration and demyelination. Secondly, whether gait

deficits can be detected in the early phase of inflammatory demyelination.

The toxic demyelination model Cuprizone was used to answer the first question. It was
shown that the expression of various ER stress associated proteins, including the
transcription factor DDIT3, are induced early in the animal model. DDIT3 expression in
the early phase is specific for oligodendrocytes. On a functional level it could be shown
that Ddit3-deficient animals are partially protected against Cuprizone induced

demyelination.

The autoimmune MS animal model EAE was used to answer the second question. The
analysis of the gait pattern was performed by ‘High Speed Ventral Plane Videography’.
It could be shown that during the development of new inflammatory lesions in the CNS
of the experimental animals various gait deficits occur, such as a prolonged swing phase
with a shortened stance phase. Interestingly, these changes in gait pattern were observed

before other motor deficits, such as tail paralysis, occurred.

In summary, both studies deal with the early phase of two common MS animal models.
In the early phase of the EAE model, inflammatory CNS lesions develop. Gait deficits
are a sensitive clinical parameter at this stage. Cellular stress occurs in the early phase of
the Cuprizone model. Since DDIT3 regulates the oligodendrocytes apoptosis, the
associated signaling cascade is a possible therapeutic approach. If it is possible to prevent
the development of ER stress in oligodendrocytes, this could prevent or at least weaken

demyelination.
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