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3. Abkurzungsverzeichnis

Abb. — Abbildung

APP — Amyloid precursor protein

Bzw. — beziehungsweise

CNPase — 2,3-zyklische Nukleotid-3-Phosphodiesterase
CT - Computertomographie

EAE — experimentelle autoimmune Enzephalitis
GFAP — glial fibrillary acidic protein

kDa - Kilodalton

MAG — myelin associated glycoprotein

MOG — Myelin-Oligodendrozyten-Protein

MS — Multiple Sklerose

PET — Positronen Emissions Tomographie

PLP — Proteolipid Protein

PPMS — primary progressive Multiple Sclerosis
RRMS - relapsing remitting Multiple Sclerosis

s. Abb. — siehe Abbildung

SPMS — secondary progressive Multiple Sclerosis
TSPO — translocator protein

u. —und

u.a. — unter anderem

ZNS — Zentrales Nervensystem
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5. Einleitung

5.1 Allgemein

Die Multiple Sklerose (MS) ist eine chronisch inflammatorische Erkrankung des
Zentralnervensystems (ZNS). Die Inzidenz der MS liegt in Europa und Nordamerika
bei Uber 0,1%.. Allein von 2008 bis 2013 ist die Pravalenz der Erkrankten weltweit um
10% gestiegen (Atlas of MS).

Neben Demyelinisierung, Lymphozyteninfiltration und neuronaler Schadigung sind
eine Mikrogliose und Astrozytose typische histopathologische Merkmale der
Erkrankung. Durch Sekretion von neuronalen Wachstumsfaktoren, Zytokinen und
weiteren inflammatorischen Mediatoren verstarken Gliazellen den
Entziindungsprozess [1]. Dem pathologischen Verlust der Myelinscheide innerhalb
einer entzundlichen Lasion folgt in der Regel eine Remyelinisierung [2].

Klinisch imponieren die entzlindlichen Lasionen haufig erstmalig durch Seh- oder
Sensibilitatsstdrungen. Letztere kénnen je nach Lokalisation der Entzindung an

unterschiedlichen Kérperregionen auftreten.

Grundséatzlich werden bei der MS drei verschiedene klinische Verlaufsformen
unterschieden:

Bei der schubférmig, remittierenden MS (engl. relapsing remitting; RRMS) treten
einzelne entzindliche Lé&sionen in Schiben auf. Die Patienten zeigen nach einem
Schub einen partiellen oder vollstdndigen Ruckgang der klinischen Symptome.
Zwischen den einzelnen Schiben kommt es zu keiner weiteren Kklinischen
Verschlechterung. 80% der Patienten stellen sich initial mit dieser Verlaufsform vor.
Anders als bei der RRMS handelt es sich bei den weiteren beiden Arten um
progrediente Formen der MS.

Die sekundéar progrediente MS (SPMS) entwickelt sich in der Regel aus einer
bestehenden RRMS und ist durch eine voranschreitende axonale Schadigung sowie
Neurodegeneration gekennzeichnet. Klinisch zeigt sich ein zunehmender
Behinderungsgrad, der weitestgehend unabhéngig von entzindlichen Schiben
auftritt. Die SPMS ist durch diffuse Neurodegeneration sowohl der weiBen als auch

der grauen Substanz gekennzeichnet.



Die dritte klinische Verlaufsform wird als priméar progrediente MS (PPMS) bezeichnet.
Ab Beginn der Erkrankung wird eine zunehmende klinische Verschlechterung
beobachtet. Diese ist unabh&ngig von entzindlichen Schiben. Etwa 20% der
Patienten sind von der PPMS betroffen.

Wahrend des RRMS-Krankheitsverlaufs dominieren den pathologischen Prozess
multifokale entzundliche Lasionen. Bei den beiden progressiven Formen der MS
(SPMS, PPMS) beruhen die zunehmenden irreversiblen Behinderungen eher auf

diffusen Immunmechanismen sowie Neurodegeneration [3, 4].

5.2 Entstehung und Nachweis diffuser Neurodegeneration

Die Entstehung der diffusen Neurodegeneration ist bisher nicht ausreichend
verstanden. Es gibt Hinweise, dass sowohl Mikroglia als auch eingewanderte
Monozyten maBgeblich zu den pathologischen Verdnderungen beitragen.
Histologische Untersuchungen an Gehirnen von MS-Patienten zeigten, dass
Mikroglia-Aktivierung nicht nur in Bereichen fokaler Entzindungen, sondern auch
diffus in der weiBen und grauen Substanz (u.a. normal appearing white matter)
nachweisbar ist [5].

Mikroglia werden bereits durch kleinste Milieuverdnderungen in ihrer Umgebung
aktiviert. Bei der Aktivierung spielen auch Astrozyten eine entscheidende Rolle und so
ist in Regionen mit ausgepragter Mikrogliose auch eine Astrozytose nachweisbar [6].
Aktivierte Mikroglia reagieren durch eine vermehrte Ausschuttung von Zytokinen und
Chemokinen, vermehrte Phagozytose sowie vermehrte Antigenprasentierung. Diese
Mechanismen kénnten maBgeblich zu fortschreitender Neurodegeneration beitragen
[7, 8]. Bauer et al. konnten zeigen, dass Mikroglia zusammen mit Makrophagen Uber
Myelin-Phagozytose eine Demyelinisierung bewirken [9].

Die fruhzeitige Detektion der Mikroglia-Aktivierung sowie eine Beeinflussung der
Funktion kdnnte also eine entscheidende Rolle flur zukinftige Therapieansatze

spielen.

Eine etablierte Methode zur in vivo Darstellung verschiedener (pathologischer)
Prozesse ist die Positronen-Emissions-Tomographie (PET) [10]. Hierbei wird
Patienten intravends ein radioaktiver Marker appliziert, der anschlieBend mittels

spezieller Bildgebung nachgewiesen werden kann. Um Mikroglia-Zellen und somit
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diffuse Neurodegeneration nachzuweisen, wurden verschiedene Marker beschrieben.
Die bekanntesten Vertreter binden an das mitochondriale 18 kDa translocator protein
(TSPO). TSPO wird in der duBeren Mitochondrien-Membran exprimiert und ist dort
unter anderem fur den Cholesterin-Transport essentiell [11]. Weiterhin scheint TSPO
eine wichtige Rolle bei der Zellproliferation und Apoptose sowie beim Porphyrin
Transport und der Ham-Biosynthese zu spielen [12, 13]. Neben Mikroglia scheinen
jedoch noch weitere Zellen im ZNS (insb. Endothelzellen, glatte Muskelzellen,
Ependymzellen sowie Astrozyten) TSPO zu exprimieren [14-16].

Bisher verwendete TSPO-Tracer, wie [11C]-PK11195, werden aufgrund eines
schlechten Uberschreitens der Blut-Hirn-Schranke, schnellem Zerfall und einer
unspezifischen Bindung des Liganden im ZNS zunehmend selten verwendet [17, 18].
Neben weiteren Vertretern wurde der TSPO-Ligand [18F]-GE180 entwickelt. Dieser
Uberzeugt durch eine langere Halbwertszeit und einen verbesserten Signal-zu-
Hintergrund Kontrast [19]. Bildgebende Studien an MS-Patienten mit diesem Tracer

der dritten Generation zeigten bereits gute Ergebnisse [20].

5.3 Tiermodelle

Obwohl es sich bei der MS um eine Erkrankung handelt, die ausschlieBlich bei
Menschen auftritt, reprasentieren préklinische Modelle die histopathologischen
Veréanderungen hinreichend gut. In den folgenden Arbeiten wurden zwei verschiedene
Maus-Modelle sowie eine Kombination aus beiden Modellen verwendet. Die
angewandten Modelle unterscheiden sich grundsatzlich voneinander. Beim
Cuprizone-Modell fuhrt die Verabreichung eines Kupferchelators zu einer
metabolischen Schéadigung der Oligodendrozyten, was zu einem progredienten
Verlust der Myelinscheiden flihrt. Eine Infiltration von T-Zellen findet in diesem Modell
sekundér statt [21]. Bei der experimentellen autoimmunen Enzephalomyelitis (EAE)
handelt es sich um ein (auto)immunes Modell, bei dem eine T-Zell- und Monozyten-

Infiltration in das ZNS zu histopathologischen Verénderungen fuhrt [1].

5.3.1 Cuprizone-Modell
Cuprizone ist ein Kupferchelator, der durch oxidativen und metabolischen Stress
diffuse histopathologische Veranderungen induziert [22]. Oligodendrozyten reagieren

besonders vulnerabel auf Milieuveranderungen, wodurch priméare
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Oligodendrozytenschaden entstehen. Diese fuhren zu einer Aktivierung des
angeborenen Immunsystems im ZNS. Eine Einwanderung von Lymphozyten scheint
bei der Entwicklung der Cuprizone-induzierten Pathologie keine Rolle zu spielen [1,
21]. Beim Cuprizone-Modell bleibt die Blut-Hirn-Schranke weitestgehend intakt [23].
Cuprizone wird den Tieren Uber die Nahrung zugefuhrt. Erstmals beschrieben wurde
dieses Verfahren 1966 von William Carlton, der nach der Applikation von Cuprizone
eine Demyelinisierung im ZNS beobachtete. In seinen Experimenten wirkte die
Applikation von 0,5% Cuprizone toxisch auf die Mause, 20% starben vor Beendigung
des Experiments. Neben der Demyelinisierung wurden ein vermindertes
GréBenwachstum sowie das Auftreten eines Hydrozephalus beschrieben [24].
Hiremath et al. erreichten 1998 durch die Cuprizonegabe erstmals reproduzierbare
immunhistologische Schédigungen der Myelinscheiden sowie eine deutliche
Reduktion der systemischen Toxizitat (v.a. Lebertoxizitat). Der entscheidende
Unterschied zu zuvor beschriebenen Modellen war die Applikation geringerer
Cuprizone-Konzentrationen sowie die Verwendung von syngenen Tieren, um eine
bessere Vergleichbarkeit zu erzielen. Die Demyelinisierung war leicht induzierbar und
die betroffenen Regionen und Ausprdgung der Demyelinisierung wurden besser
vorhersagbar, weshalb sich dieses Modell fir zuklnftige Studien durchsetzte. Hierbei
wurden 8 Wochen alte C57BL/6 M&use Uber einen Zeitraum von 6 Wochen mit 0,2%
Cuprizone gefiuttert. Neben der Demyelinisierung wurden im ZNS lokale

Entziindungsreaktionen mit Mikrogliose und Astrozytose beobachtet [25].

Der akuten Demyelinisierung folgt in der Regel eine spontane Remyelinisierung [6,
26]. Haufig werden daher zwei verschiedene Varianten des Cuprizone-Modells
angewandt. Einerseits werden C57BL/6 Mause Uber 4-6 Wochen mit 0,2% Cuprizone
gefuttert und bekommen anschlieBend normales Futter, um sowohl akute
Demyelinisierungs-, als auch Remyelinisierungsstudien durchzufihren. In einem
weiteren Modell erhalten die Mause das Cuprizone Uber einen Zeitraum von 12
Wochen, um chronische = Demyelinisierungsstudien mit  eingeschrankter

Remyelinisierung durchzufihren [22].



5.3.2 Experimentelle autoimmune Enzephalomyelitis (EAE)

Die experimentelle autoimmune Enzephalitis ist das am haufigsten angewandte
Modell zur Simulation der entzindlichen Prozesse bei der Multiplen Sklerose. Hierbei
kommt es zu Inflammation, Demyelinisierung, axonalem Verlust und Gliose [27].

Es existiert eine Vielzahl an unterschiedlichen Protokollen dieses Modells an
verschiedenen Saugetieren, die jeweils unterschiedliche klinische, immunologische
und histologische Aspekte beleuchten [28]. Grundséatzlich werden bei den meisten
Protokollen ZNS-Antigene subkutan oder intrathekal appliziert, wodurch eine
Entzindungsreaktion im ZNS entsteht. Der entscheidende Unterschied zum
Cuprizone-Modell ist, dass eine primare T-Zell-Infiltration ins ZNS zu beobachten ist
[29].

Keines der EAE-Modelle kann die klinische und histopathologische Komplexitat der
MS abbilden, verschiedene Teilaspekte kénnen jedoch ausreichend gut durch die
Modelle reprasentiert werden. So flhrt beispielsweise die Applikation von Proteolipid-
Protein (PLP)139-151 in SJL/J Mausen zu einem schubférmig remittierenden Verlauf,
wahrend die Applikation von myelin oligodendrocyte glycoprotein (MOG)ss-55 in
C57BL/6 Méausen zu einem monophasischen chronischen Verlauf fuhrt [30].

Nach der Immunisierung werden die ZNS-Antigene von Antigen-présentierenden
Zellen phagozytiert und gelangen Uber das lymphatische System zu regionalen
Lymphknoten oder zur Milz. In der Peripherie bilden sich daraufhin autoreaktive T-
Zellen, die die Blut-Hirn-Schranke Uberschreiten und in das Parenchym gelangen bzw.
Uber die Blut-Liquor-Schranke in den Liquor und anschlieBend in das Parenchym
gelangen. Hierdurch kommt es innerhalb des Rickenmarks und des Cerebellums zu
inflammatorischen Prozessen. Hauptsachlich zeigt sich eine axonale Schéadigung,
geringer ausgepragt kommt es zu Demyelinisierung [1]. Klinisch zeigen die Tiere nach
10-14 Tagen eine fortgeschrittene Paraparese. Diese wird regelmaBig mittels eines

Scores evaluiert [31].

5.3.3 Kombination: Cup/EAE

Von unserer Arbeitsgruppe wurde ein Modell entwickelt, welches die entstehende
Neurodegeneration unter Cuprizone mit der peripheren Immunzellrekrutierung beim
EAE-Modell kombiniert (Cup/EAE) [32]. Dabei wird C57BL/6 Mausen zunachst 3

Wochen lang Cuprizone Uber das Futter zugefuhrt. AnschlieBend bekommen sie Uber

10



2 Wochen normales Futter. Hierauf folgt die subkutane Applikation von MOGass-ss zur
Induktion einer experimentellen autoimmunen Enzephalitis mit Rekrutierung
autoreaktiver T-Zellen und Monozyten aus der Peripherie.

In vorherigen EAE-Studien konnte gezeigt werden, dass die Lasionen hauptséchlich
im Rdackenmark und dem Cerebellum auftreten [26]. Im Cuprizone-Modell hingegen
waren Lasionen Uber das gesamte Cerebrum verteilt zu finden, unter anderem im
Hippocampus, Corpus callosum und Kortex. In dem kombinierten Cup/EAE Modell
zeigte sich eine signifikant hdhere Anzahl an perivaskularen entzindlichen Infiltraten
innerhalb des Vorderhirns [33].

5.4 Fragestellung/ Inhalt der Arbeit

5.4.1 In vivo Bildgebung diffuser Neurodegeneration

In dem Paper Expression of Translocator Protein and [18F]-GE180 Ligand Uptake in
Multiple Sclerosis Animal Models war ein Ziel, immunhistologische Veranderungen in
murinen MS-Modellen mittels in vivo Bildgebung darzustellen und zu Uberprufen,
inwieweit die bildmorphologische Darstellung mit der tatsédchlichen TSPO Expression
im Gewebe korreliert. Mittels PET-Scans mit dem TSPO-Liganden [18F]-GE180 wurde
im Cuprizone-Modell die TSPO-Ligandenbindung nachgewiesen und anschlieBend
post mortem mittels Immunhistochemie mit der TSPO-Expression im Gewebe
verglichen. Weiterhin sollte nachgewiesen werden, welche Zellreihen neben Mikroglia
TSPO exprimieren. Hierfiur wurden immunfluoreszierende Doppelfarbungen
angewandt. Im Cuprizone-Modell wurde dargestellt, inwieweit Mikroglia, Astrozyten
und Mitochondrien innerhalb geschédigter Axone TSPO exprimieren. Im EAE und
Cup/EAE Modell wurde auBerdem Uberprift, ob TSPO von infiltrierenden Monozyten

exprimiert wird.

In der Arbeit konnte bei Cuprizone-behandelten Mé&usen eine signifikant héhere
Traceraufnahme von [18F]-GE180 im Vergleich zur Kontrollgruppe nachgewiesen
werden. Diese zeigte sich in den PET-Scans im Bereich des medialen Corpus
callosum (A36 + 4%, p <0.001), des lateralen Corpus callosum (A58 + 5%, p < 0.001),
des Caudoputamens (A65 + 5%, p <0.001), des Thalamus (A47 +5%, p <0.001), des
Hippocampus (446 + 5%, p < 0.001) und des Cortex (A54 + 5%, p < 0.001) (s. Abb.
1).
11
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Abbildung 1. /n vivo Bildgebung zeigt eine erhéhte [18F]-GE180 Aufnahme nach Cuprizone Intoxikation. (A)
Quantifizierung der Radioliganden-Aufnahme in Kontrolltieren (n=4) im Gegensatz zu einer 5-wdchigen Cuprizone-
Intoxikation (n=4). (B) Schematische Darstellung der gemessenen Regionen und kumulative heat map zur
Visualisierung der Ligandenaufnahme in Cuprizone-behandelten Mausen im Vergleich zu den Kontrollmausen (Z-

Score). (Cx — Cortex, CC — Corpus callosum, HC — Hippocampus, Th — Thalamus, CP — Caudoputamen, Cup —

Cuprizone) [34]

Die immunhistochemischen anti-TSPO-Farbungen der Paraffinschnitte wurden mittels

densitometrischer Messung und im Cortex mittels manuellen Auszé&hlens der

Z-score vs. control
= |

12

11




angeférbten Zellen ausgewertet. Bei den Kontrolltieren war insgesamt eine geringe
Farbeintensitat nachweisbar. Vereinbar mit den Ergebnissen der PET-Bildgebung
zeigte sich bei den Cuprizone-behandelten Tieren eine deutliche hohere
Farbeintensitat im medialen Corpus callosum (A153 + 15%, p < 0.001), dem lateralen
Corpus callosum (A151 = 11%, p < 0.001), dem Caudoputamen (A 82 + 15%, p <
0.001), dem Thalamus (A 35 + 6%, p < 0.001), dem Hippocampus (A128 + 23%, p <
0.05) (s. Abb. 2A) und nach manueller Auszahlung der angeféarbten Zellen auch im
Kortex (s. Abb. 2B). Es konnte somit eine gute Korrelation der in vivo Bildgebung und

den histopathologischen Verédnderungen nachgewiesen werden.
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Abbildung 2. (A) Densitometrische Quantifizierung der anti-TSPO Farbeintensitat in verschiedenen Hirnregionen.
(B) Quantifizierung anti-TSPO positiver Zellen im somatosensorischen Kortex von Kontrolltieren und nach 5-

wochiger Cuprizone-Behandlung [34].

Far die immunfluoreszierenden Doppelfarbungen wurden jeweils Farbungen mit anti-
TSPO und anti-IBA1 zum Nachweis von Mikroglia bzw. anti-GFAP zum Nachweis von
Astrozyten durchgefihrt. Um herauszufinden, ob TSPO von kumulierenden
Mitochondrien innerhalb der axonalen Spheroide von Neuronen exprimiert wird,
farbten wir TSPO zusammen mit dem amyloid precursor protein APP an.

Insgesamt zeigten 97% der IBA1+ Mikroglia, 31% der GFAP+ Astrozyten und nur 3%
der APP+ axonalen Spheroide eine Kolokalisation mit TSPO (s. Abb. 3 u. 4).
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Abbildung 3. Kolokalisation von TSPO und dem Mikroglia-Marker
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Abbildung 4. Kolokalisation von TSPO und dem Astrozyten-Marker GFAP. Quantifizierung der gezéhlten GFAP+

Zellen und der GFAP+/TSPO+ Kolokalisation bei Kontrolltieren (n=4) und Cuprizone-Intoxikation Giber 1 (n=5), 3
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Da die immunpathologischen Veranderungen im Cuprizone-Modell nicht primér auf
immunologischen Prozessen beruhen, wurden auBerdem MOG-EAE- und Cup/EAE-
behandelte M&use untersucht. Hier sollte Uberpriaft werden, ob infiltrierende
Monozyten ebenfalls TSPO exprimieren. Im MOG-EAE-Modell entstehen die
inflammatorischen Prozesse hauptsachlich im Rickenmark und dem Cerebellum. Wie
zu erwarten, zeigte sich in diesem Modell im Corpus callosum im Vergleich zu den
Kontrolltieren keine signifikant héhere TSPO-Expression. Im Cup/EAE Modell
dagegen konnte vor allem um perivaskuldre entzindliche Lé&sionen im Corpus
callosum eine héhere TSPO-Intensitat nachgewiesen werden (s. Abb. 5 A, B). Das
Cup/EAE Modell wurde an transgenen (CX3CR1+/eGFP/CCR2+/RFP) Mé&usen mit
RFP-exprimierenden Monozyten und eGFP-exprimierenden Mikroglia angewandt.
Hierbei zeigte sich eine Kolokalisation der TSPO-Expression sowohl mit den

Mikrogliazellen als auch mit den Monozyten (s. Abb. 5 C, D).

Cup/EAE

P
B R e %
| —ry

A

Abbildung 5. (A, B) Immunhistochemische anti-TSPO-Farbung in Cup/EAE Mausen. (A) zeigt einen Auschnitt des
Corpus callosum mit einer perivaskuldren Lasion (schwarzer Kasten), die in (B) vergréBert dargestellt ist.

(C,D) Corpus callosum von Cup/EAE-behandelten (CX3CR1+/eGFP/CCR2+/RFP) Mausen. Zu sehen sind
Mikroglia (griin), infiltrierende Monozyten (rot) und TSPO (blau). Der weiBe Kasten in (C) ist in (D) vergroBert
dargestellt. Die Pfeile zeigen die Kolokalisation von TSPO und Mikroglia, die Pfeilspitzen die Kolokalisation von
TSPO und infiltrierenden Monozyten [34].
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5.4.2 Strukturierte Demyelinisierungsanalyse im Cuprizone-Modell

Neben der diffusen Neurodegeneration ist die Demyelinisierung ein wichtiger Aspekt
der MS. Wie bereits beschrieben folgt der Demyelinisierung in der Regel eine spontane
Remyelinisierung. Mittels Cuprizone-Modell kénnen sowohl Demyelinisierungs- als
auch Remyelinisierungsprozesse, sowie mogliche Therapieansatze fur eine schnellere
Remyelinisierung untersucht werden. Ziel der zweiten Publikation war, eine
strukturierte Demyelinisierungsstudie im Cuprizone-Modell durchzufihren. Mit der
Frage, in welchen Regionen des Corpus callosum eine konstante und nahezu
vollstdndige Demyelinisierung entsteht, sollte eine Grundlage fir zukulnftige
Remyelinisierungsstudien geschaffen werden. Wir verglichen in den Paraffinschnitten
drei verschiedene Myelinproteine, die jeweils durch immunhistochemische
Antikdrperbindungen nachgewiesen wurden (PLP, myelin associated glycoprotein
[MAG] und 2°,3*cyclic-nucleotide 3‘-phosphodiesterase [CNPase]).

Die Cuprizone-Intoxikation wurde in verschiedenen Gruppen Uber 1, 3 und 5 Wochen
durchgefuhrt. Die Paraffinschnitte wurden jeweils mit Kontrolltieren verglichen.
Untersucht wurde das Corpus callosum auf Hohe des rostralen Hippocampus. Eine
Halfte des Corpus callosum wurde von der Mittellinie ausgehend in 22 Sektoren mit
einer Breite von 100um eingeteilt. Die immunhistochemischen Farbeintensitaten
wurden densitometrisch ausgewertet. Es zeigte sich, dass die Farbeintensitat bei allen
drei angewandten Antikdrpern nach einer Woche unverandert blieb. Nach 3 Wochen
konnte bei der anti-MAG-Féarbung ein signifikanter Rlickgang der Intensitéat im lateralen
Bereich des Corpus callosum beobachtet werden. Die anti-PLP- und anti-CNPase-
Farbungen blieben nahezu unveréndert. Nach der 5-wochigen Intoxikation zeigte sich
ein signifikanter Verlust der anti-PLP-, anti-CNPase- und anti-MAG-Férbeintensitaten
vor allem in den mittleren 5 Sektoren (500um) des Corpus callosum (s. Abb. 6).
Zusammenfassend konnten wir also zeigen, dass nach einer 5-wochigen Cuprizone-
Intoxikation die medialen Sektoren des Corpus callosum auf Héhe des rostralen
Hippocampus ideal flir zukinftige Remyelinisierungsstudien verwendet werden

kdnnen.
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Abbildung 6. (a) Anti-PLP, (b) anti-MAG und (c) anti-CNPase Farbungen im Vergleich nach 1, 3 und 5-wdchiger
Cuprizone-Intoxikation. Das Corpus callosum wurde horizontal in 22 Sektoren mit einem Abstand von je 100um

unterteilt, blaue Linie = mediale 500pum ab Mittellinie. Rechts: reprasentative Aufnahmen der Farbungen [35].
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5.5 Eigenanteill

Unter Anleitung meines Doktorvaters Univ. Prof. Dr. med. Dr. rer. nat. Markus Kipp
fihrte ich gemeinsam mit der Arbeitsgruppe die Tierhaltung mitsamt Anwendung der
verschiedenen Tiermodelle, die Fixierung des Gewebes in Paraffin sowie die
immunhistologische Aufarbeitung durch. Weiterhin war ich an der Koordination der
Projekte beteiligt.

Fiar die Publikation ,Expression of Translocator Protein and [18F]-GE180 Ligand
Uptake in Multiple Sclerosis Animal Models* fuhrte die Arbeitsgruppe von Univ. Prof.
Dr. med. Axel Rominger die intravendse Applikation des radioaktiven Liganden sowie
die PET Bildgebung mitsamt der Auswertung durch. Da es sich bei der Arbeit um eine
Kooperation der Nuklearmedizinischen Klinik GroBhadern und des Il. Lehrstuhls der
Anatomischen Anstalt der LMU handelte, die hauptsachlich von Herrn PD Dr. med.
Matthias Brendel und mir durchgefuhrt wurde, entstand eine geteilte
Erstautorenschaft. Meine Eigenleistung beinhaltete die Literaturrecherche, die
Anwendung der beschriebenen Immunhistochemie/ Immunfluoreszenz mitsamt der
ausfuhrlichen Auswertung. AnschlieBend wurden die Ergebnisse von mir eigenstandig
zusammengefasst und in Form der Abbildungen visualisiert. Die gewonnenen
Ergebnisse wurden bereits in Form einer Posterprasentation beim ECTRIMS
Kongress 2017 in Paris von mir vorgestellt. Das Manuskript wurde schlieBlich
gemeinsam mit meinem Doktorvater Herrn Univ. Prof. Dr. med. Dr. rer. nat. Markus
Kipp und Herrn PD Dr. med. Matthias Brendel eigensténdig verfasst.

Far die zweite Publikation belief sich mein Eigenanteil auf die Beteiligung an der
immunhistochemischen Féarbung mit densitometrischer Auswertung der anti-PLP-
Praparate, Beteiligung an der Literaturrecherche sowie das Korrekturlesen der
Publikation.
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6. Zusammenfassung

Ein Ziel der ersten Publikation war die Darstellung diffuser Neurodegeneration mittels
Positronen-Emissions-Tomographie (PET) in vivo. Ein Protein, welches bei diffuser
Neuroinflammation vermehrt exprimiert wird, ist das translocator protein (TSPO). In
der Arbeit wurde der TSPO-Ligand [18F]-GE180 sowohl Kontroll- als auch Cuprizone-
behandelten Mausen appliziert und mittels PET visualisiert. Die bildgebenden PET-
Daten wurden schlieBlich mit den histopathologischen Verédnderungen in
Paraffinschnitten verglichen. Das zweite Ziel war die Identifikation der
Zellpopulationen, die hauptséchlich TSPO exprimieren. Hierfir wurden Schnitte
Cuprizone-behandelter C57BL/6-Méuse und transgen veranderter Reporter-Mause
mittels immunfluoreszierender Doppelfarbungen bzw. anti-TSPO-Féarbung analysiert.
Neben dem Cuprizone-Modell wendeten wir das EAE-Modell sowie eine Kombination
aus beiden (Cup/EAE) an, um experimentell ein Einwandern peripherer Immunzellen
zu induzieren und die monozytare TSPO-Expression zu analysieren.

In der Studie konnte gezeigt werden, dass mittels [18F]-GE180-PET die Cuprizone-
induzierte Gliazell-Aktivierung sowohl in Regionen mit weiBer Substanz als auch in
Regionen mit grauer Substanz (Corpus callosum, Cortex, Hippocampus, Thalamus,
Caudoputamen) zuverlassig visualisiert werden kann. Immunhistochemisch zeigte
sich neben der vermehrten Gliazell-Aktivierung und TSPO-Expression eine vermehrte
Demyelinisierung und axonaler Schaden. Innerhalb der wei3en Substanz konnte eine
héhere TSPO-Expression als in der grauen Substanz beobachtet werden. Insgesamt
exprimierten 97% aller Mikroglia-Zellen sowie etwa ein Drittel der Astrozyten TSPO.
Obwohl TSPO in der duBeren Mitochondrienmembran exprimiert wird und in direkter
Umgebung von axonaler Schadigung ein Anstieg der Mitochondrienzahl beobachtet
werden konnte, war hier keine vermehrte TSPO-Expression nachweisbar. Im Cup/EAE
Modell wurde TSPO sowohl von Mikroglia als auch von eingewanderten Monozyten
exprimiert.

Zusammenfassend wurde nachgewiesen, dass der TSPO-Ligand [18F]-GE180
verlasslich und reproduzierbar fur die in vivo Visualisierung neuropathologischer
Veranderungen im MS Modell genutzt werden kann. Zellpopulationen, die in den
verwendeten MS Modellen TSPO exprimieren sind hauptséchlich Mikroglia, aber auch

Astrozyten und eingewanderte Monozyten.
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In der zweiten Studie sollten Bereiche mit vollstandiger und reproduzierbarer
Demyelinisierung im Cuprizone-Modell nachgewiesen werden, um zukunftige
Remyelinisierungsstudien zu erleichtern. FlUr Remyelinisierungsstudien ist die
konsistente und komplette Demyelinisierung eine wichtige Voraussetzung. Da die
Demyelinisierung im Cuprizone Modell im Bereich des Corpus callosum auf Héhe des
rostralen Hippocampus sehr ausgeprégt ist, wurde diese Region untersucht.

Untersuchte Myelin-Proteine waren Proteolipid Protein (PLP), myelin associated
glycoprotein  (MAG) und 2%3‘-cyclic-nucleotide 3‘-phosphodiesterase (CNPase).
Antikdrper gegen diese Proteine wurden in der Studie zum immunhistochemischen
Myelinnachweis nach einer jeweiligen Cuprizone-Behandlung Uber 1, 3 und 5 Wochen
verwendet. Eine Hélfte des Corpus callosum wurde von der Mittellinie ausgehend in
22 Sektoren mit einer Breite von je 100um eingeteilt. Nach einer 5-wdchigen
Behandlung konnte mittels optischer Dichtemessungen der Férbeintensitaten ein
signifikanter Rickgang der anti-PLP, anti-MAG und anti-CNPase-Farbungen
beobachtet werden. In den lateralen Bereichen des Corpus callosum konnte dabei
lediglich eine inkomplette Demyelinisierung nachgewiesen werden. In den medialen
Bereichen, jeweils 500um von der Mittellinie entfernt, zeigte sich hingegen eine
komplette und konsistente Demyelinisierung. Wir empfehlen daher fur zukunftige

Remyelinisierungsstudien, diese mediale Region des Corpus callosum zu verwenden.
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7. Summary

One aim of the first publication was to visualize diffuse neuroinflammation in vivo by
positron emission tomography (PET). A good marker for neuroinflammation is the
expression of the translocator protein (TSPO). For PET imaging we used the ligand
[18F]-GE180 targeting TSPO in cuprizone treated and control mice. The detected
signals were then compared to the histopathological changes. Although it is known
that TSPO is expressed in the outer mitochondria membrane, it is not yet entirely clear,
which cells express TSPO under physiological and pathological conditions. The
second purpose of this study was the identification of cell populations that show
expression of TSPO. Therefore, sections of cuprizone treated C57BL/6 mice and
transgenic reporter mice were analyzed using immunofluorescent double labelling
respectively anti-TSPO-staining. Besides cuprizone treated mice we used EAE and
Cup/EAE to induce peripheral immune cell recruitment and to assess TSPO
expression in monocytes.

[18F]-GE180-PET could be shown as a reliable tool to detect cuprizone-induced glia
activation in various white and grey matter regions. The elevated TSPO expression
was observed in areas of high glia activation, accompanied by demyelination and
axonal injury, such as the corpus callosum, cortex, hippocampus, thalamus and
caudoputamen. The expression induction was higher in the white matter corpus
callosum compared to analyzed grey matter areas. 97% of the microglia and around
one third of the astrocytes expressed TSPO. Although TSPO is known to be expressed
by mitochondria, accumulating mitochondria at sites of focal axonal injury do not
express TSPO. In Cup/EAE mice TSPO expression could be visualized in microglia
and recruited monocytes.

In conclusion, we could show that [18F]-GE180 is a valuable marker for in vivo
visualization and quantification of neuropathological changes in the MS brain. Cell
types expressing TSPO during experimental demyelination are mainly microglia, but

also astrocytes and monocytes.
The aim of the second study was to establish a structured analyzation of cuprizone-
induced demyelination in order to facilitate future remyelination studies. For

remyelination studies consistent and complete demyelination is an essential pre-
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condition. Therefore, we analyzed which parts of the corpus callosum at the level of
the rostral hippocampus show reproducible and complete demyelination.

Visualized myelin proteins were proteolipid protein (PLP), myelin associated
glycoprotein (MAG) or 2°3%cyclic-nucleotide 3'-phosphodiesterase (CNPase).
Sections were analyzed after 1, 3 and 5 weeks of cuprizone intoxication using anti-
PLP, anti-MAG and anti-CNPase antibodies. After outlining the midline of the corpus
callosum, one site of the corpus callosum was divided into 22 sectors with a width of
100pm. Sectors were analyzed by measuring optical densities. At week 5, a significant
loss of anti-PLP, anti-MAG and anti-CNPase staining intensities was observed in the
internal sectors of the corpus callosum. The first five sectors, compromising a distance
of 500um from the midline of the corpus callosum, showed most severe demyelination
in all three applied immunohistochemical stains. More lateral located sectors showed
incomplete demyelination. Hence, our data suggests focusing on this callosal

subregion for future remyelination studies.
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8. Veroffentlichungen

8.1 Expression of Translocator protein and [18F]-GE180 ligand uptake in

multiple sclerosis animal models
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Abstract: Positron emission tomography (PET) ligands targeting the translocator protein (TSPO)
represent promising tools to visualize neuroinflammation in multiple sclerosis (MS). Although it
is known that TSPO is expressed in the outer mitochondria membrane, its cellular localization in
the central nervous system under physiological and pathological conditions is not entirely clear.
The purpose of this study was to assess the feasibility of utilizing PET imaging with the TSPO
tracer, [18F]-GE180, to detect histopathological changes during experimental demyelination, and to
determine which cell types express TSPO. C57BL/6 mice were fed with cuprizone for up to 5 weeks
to induce demyelination. Groups of mice were investigated by [18F]-GE180 PET imaging at week
5. Recruitment of peripheral immune cells was triggered by combining cuprizone intoxication
with MOGg35_55 immunization (i.e., Cup/EAE). Immunofluorescence double-labelling and transgene
mice were used to determine which cell types express TSPO. [18F]-GE180-PET reliably detected
the cuprizone-induced pathology in various white and grey matter regions, including the corpus
callosum, cortex, hippocampus, thalamus and caudoputamen. Cuprizone-induced demyelination
was paralleled by an increase in TSPO expression, glia activation and axonal injury. Most of the
microglia and around one-third of the astrocytes expressed TSPO. TSPO expression induction was
more severe in the white matter corpus callosum compared to the grey matter cortex. Although
mitochondria accumulate at sites of focal axonal injury, these mitochondria do not express TSPO.
In Cup/EAE mice, both microglia and recruited monocytes contribute to the TSPO expressing cell
populations. These findings support the notion that TSPO is a valuable marker for the in vivo
visualization and quantification of neuropathological changes in the MS brain. The pathological
substrate of an increase in TSPO-ligand binding might be diverse including microglia activation,
peripheral monocyte recruitment, or astrocytosis, but not axonal injury.

Keywords: multiple sclerosis; cuprizone; TSPO; PET; neurodegeneration
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1. Introduction

Multiple sclerosis (MS), an inflammatory disorder of the central nervous system (CNS),
is associated with the development of demyelinated plaques, oligodendrocyte destruction and axonal
degeneration. These pathological processes are paralleled by the activation of astrocytes and microglia,
as well as the recruitment of peripheral immune cells into the central nervous system (CNS) [1,2].
Notwithstanding the traditional focus on white matter tracts as the predominantly affected regions in
the CNS of MS patients, demyelination also occurs in various grey matter brain regions [3-5], including
the hippocampus [6], neocortex [7], thalamus [5], and caudoputamen [5,8]. MS can present in different
clinical courses. Relapsing-remitting MS (RRMS) is characterized by single attacks (also known as
relapses) with full or partial recovery. There is minimal to no disease progression during the periods
between two relapses. Secondary progressive MS (SPMS) is characterized by an initial RRMS disease
course, followed by gradual worsening with or without occasional relapses. During this progressive
disease course, progression occurs independent of the relapses. Primary progressive MS (PPMS) is
characterized by the progressive accumulation of disability from disease onset. During the RRMS
disease course, multifocal inflammatory lesions dominate the pathological process, whereas the
gradual accumulation of irreversible disability that characterizes progressive MS seems to result more
from diffuse immune mechanisms and neurodegeneration [1,9]. As a result, the currently approved
drugs for the treatment of RRMS have marginal or no efficacy in progressive MS without inflammatory
lesion activity. The development of effective therapies for progressive MS that prevent worsening,
reverse damage, and restore function are a major unmet medical need [9].

The pathogenic cascade(s) underlying neurodegeneration is incompletely understood. Recent
data suggest that CNS-resident microglia as well as infiltrating inflammatory monocytes play a key role
in neurodegeneration [10,11]. For example, microglia cells together with newly recruited blood-borne
macrophages orchestrate a new demyelination process by myelin phagocytosis [12]. Moreover,
microglial cells are considered to be the main antigen presenting cell population in the CNS and might
therefore play important roles during lymphocyte reactivation [13,14]. In the brains of MS patients,
microglial activation is not restricted to the focal inflammatory lesions but also diffusely present in
normal appearing white and gray matter areas. Therefore, diffuse microglia activation might be
responsible for the diffuse neurodegeneration seen in MS patients [15]. Furthermore, in preclinical MS
models acute axonal injury predominantly occurs in regions with pronounced microglia activation [16].
If microglia sense injury, they are rapidly activated and respond by the production of cytokines and
chemokines, increased phagocytosis, the release of reactive oxygen species as well as by antigen
presentation [17,18]. By these mechanisms, microglia can trigger the activation of neurotoxic pathways
leading to progressive neurodegeneration. Manipulation of microglia cell function might, therefore,
be a valuable strategy to ameliorate or even prevent neurodegeneration in MS patients, and in
consequence alleviate disease progression. However, formal proof that the (prolonged) presence of
activated microglia is indeed detrimental in MS remains to be established. Hence, a valid method to
measure microglia activation in MS patients is urgently needed.

One of the molecules that is highly expressed by activated microglia is the mitochondrial
translocator protein 18 kDa (TSPO), formerly known as the “peripheral benzodiazepine receptor” [19].
TSPO is a receptor that is part of a multimeric complex. This complex includes a voltage-dependent
anion channel and an adenine nucleotide carrier and locates to the outer mitochondrial membrane [20].
There, TSPO is believed to play crucial roles in cell physiology and development, as suggested by
its sequence conservation from bacteria to humans [21]. Although TSPO is believed to be important
for maintaining the mitochondrial membrane potential, this protein is also critically involved in
cholesterol transport, making it essential for steroidogenesis [22]. In addition, TSPO plays roles
in cellular proliferation, apoptosis and inflammation as well as in porphyrin transport and haem
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biosynthesis (see [23,24]) for excellent reviews]. In the CNS, TSPO is thought to be mainly expressed by
activated microglia cells, although various other cell types, including endothelial and smooth muscle
cells, astrocytes and ependymal cells, were shown to express TSPO [25]. In MS tissues and other
CNS disorders, microglia and macrophages are believed to represent the bulk of TSPO* cells [25-27].
However, astrocytes have also been shown to upregulate TSPO expression during CNS injuries [26,28].
In fact, the relative contribution of astrocytes to the global binding of TSPO ligands has been, and still
is, a matter of debate [29].

Today, conventional MR imaging (MRI) techniques represent an important step during MS
diagnostics and clinical follow-up. It is sensitive in demonstrating focal inflammatory lesions and,
to a certain extent, diffuse brain atrophy. However, the widespread diffuse pathology within the
normal appearing white matter as well as grey matter pathology, which is often related to microglial
activation and neurodegeneration, cannot be reliably detected using conventional MRI [30]. Positron
emission tomography (PET) is a sensitive method for visualizing MS-related processes at the molecular
level, and is a useful tool to visualize neuroinflammation and the activation of microglia [31]. In contrast
to other imaging modalities, PET can visualize cell metabolism in real time, and physiological
parameters can be quantified in active disease processes. TSPO is the most widely used target in PET
imaging of neuroinflammation. The first successful and now most frequently used TSPO-radioligand
is (11C) PK11195 [32]. However, (11C) PK11195 has several disadvantages, including limited brain
entrance, a poor signal-to-noise ratio and labelling with the impractically rapid decaying isotope,
(11C) [31]. This led to the development of a wide range of second- and third-generation TSPO
radioligands, including (18F)-GE180 [33] which indicated good performance in MS patients [34,35].

The cellular source of TSPO expression, and hence TSPO-ligand binding in the CNS of MS
patients is not entirely clear. While most studies suggest that TSPO is predominatly expressed by
activated microglia cells and in consequence an increase in TSPO ligand binding is interpretated
as microglia activation [36—40], various other cell types have been shown to express TSPO as well,
including astrocytes [41,42]. The aim of this study was, therefore, to establish the applicability
of the third-generation TSPO ligand, (18F)-GE180, to (semi-)quantify glia cell activation and
neuroinflammation in a MS mouse model, and to directly correlate ligand binding with TSPO
expression. Furthermore, we readdressed which cell types express TSPO after experimental
demyelination with a focus on astrocytes, microglia cells and sites of acute axonal injury.

2. Material and Methods

2.1. Animals and Experimental Groups

All in vivo experiments were performed as published previously with minor modifications [43—45].
Eight-week-old C57BL/6 female mice (19-20 g) were purchased from Janvier Labs, Le Genest-Saint-Isle,
France. The mice were allowed to accommodate to the environment for at least 1 week prior to
the beginning of the experiment. The hGFAP/EGFP transgenic mice [46] were used to visualize
entire astrocyte cell bodies and processes. The CX3CR1*/¢CFP /CCR2+/RFP_mice with RFP-expressing
monocyte-derived macrophages and eGFP-expressing microglia [47] were used to analyze whether TSPO
is expressed in microglia and/ or monocytes. Microbiological monitoring was performed according to
the Federation of European Laboratory Animal Science Associations recommendations. A maximum
of five animals were housed per cage (cage area 435 cm?). The animals were kept at a 13 h light/11 h
dark cycle, with a controlled temperature of 22 + 2 °C and 50 + 10% humidity, with access to food and
water ad libitum. It was assured that no light was used during the night cycle period. Nestlets were
used for environmental enrichment. The housing conditions for the PET scanned mice were slightly
different, e.g., 12 h light/ 12 h dark cycle and six animals per cage. All experiments were formally
approved by the Regierung Oberbayern (reference number 55.2-154-2532-73-15). The mice were randomly
assigned to the following experimental groups: (A) control (co), the animals were provided a diet of
standard rodent chow for the entire duration of the study; (B) cuprizone, the animals were intoxicated
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with a diet containing 0.25% cuprizone (bis(cyclohexanone)oxaldihydrazone; Sigma-Aldrich, Taufkirchen,
Germany) mixed into ground standard rodent chow for one week (1 wk cup), three weeks (3 wks cup),
or five weeks (5 wks cup); (C) Cup/EAE, the mice were intoxicated with the cuprizone diet for the
first three weeks, and were then immunized with MOGgz5_s5 at the beginning of week six as published
previously [43,44]; (D) EAE, the animals received the standard rodent chow for the duration of the study
and were immunized with MOGg35_55 at the beginning of week six.

2.2. EAE and Disease Scoring

EAE scoring was daily performed as published previously [43]. To induce the formation of
encephalitogenic T cells, the mice were immunized (s.c.) with an emulsion of MOGss_55 peptide dissolved
in complete Freund’s adjuvant followed by injections of pertussis toxin in PBS (i.p.) on the day of and the
day after immunization (Hooke Laboratories, Inc., Lawrence, USA). The disease severity was scored as
follows: A score of 1 was assigned if the entire tail droped over the finger of the observer when the mouse
was picked up by the base of the tail; a score of 2 was assigned when the legs of the mice were not spread
apart but held close together when the mouse was picked up by the base of the tail, or when mice exhibited
a clearly apparent wobbly gait; a score of 3 was assigned when the tail was limp and the mice showed
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); a score of 4 was assigned if the tail was limp and the mice showed complete hind leg and partial
front leg paralysis, and the mouse was minimally moving around the cage but appears alert and feeding.
A score of 4 was not attained by any of the mice in our study.

2.3. Positron Emission Tomography (PET)—Imaging

All rodent PET procedures followed an established standardized protocol for radiochemistry,
acquisition and post-processing [48,49]. In brief, [18F]-GE180 TSPO-PET (10.6 + 2.1 MBq) with
an emission window of 60-90 min p.i. was used to measure cerebral microglial activity by a Siemens
Inveon DPET (Siemens, Knoxville, Tennessee). All analyses were performed using PMOD (V3.5,
PMOD technologies, Basel, Switzerland). Normalization of the injected activity was performed
by the previously validated myocardium correction method [50]. TSPO-PET values, derived from
a predefined VOI (volume of interest) set (medial corpus callosum (2.2 mm?), the lateral corpus
callosum (2.9 mm3), caudoputamen (4.4 mm?), thalamus (4.4 mm3), hippocampus (4.4 mm?), and cortex
(6.7 mm®)) were extracted and compared between groups (co versus 5 wks cup) by a Mann-Whitney
test. A visual comparison was performed by the calculation of a standardized Z-score difference map
for each cerebral voxel for control versus 5 wks cup. To this end, the average and standard deviation
maps were generated for the groups of control and 5 wks cup, and the difference between the control
and 5 wks cup average maps was scaled by the standard deviation map of control.

2.4. Gene Expression Studies

The gene expression levels were semi-quantified by real-time reverse transcription-PCR
([qRT-PCR] Bio-Rad, Munich, Germany), using SensiMix Plus SYBR and fluorescein (Quantace,
Bioline, Luckenwalde, Germany) with a standardized protocol as described previously by our
group [51]. The primer sequences and individual annealing temperatures are shown in Table 1.
Relative quantification was performed using the AACt method. The f3-actin expression levels were
used as the reference. Gel electrophoresis and melting curves of the PCR products were routinely
performed to determine the specificity of the PCR reactions (data not shown). To exclude contamination
of the reagents with either RNA or DNA, appropriate negative controls were performed.

Table 1. List of primers used in this study (AT—annealing temperature; bp—base pair length).

Sense Antisense Bp AT
TSPO1 GCCTACTTTGTACGTGGCGAG ~ CCTCCCAGCTCTTTCCAGAC 152 60
B-Actinl ~ GTACCACCATGTACCCAGGC  AACGCAGCTCAGTAACAGTCC 247 60
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2.5. Tissue Preparation

For the histological and immunohistochemical studies, the mice were anaesthetized with ketamine
(100 mg-kg~! i.p.) and xylazine (10 mg-kg~! i.p.), and then transcardially perfused with ice-cold PBS
followed by a 3.7% formaldehyde solution (pH 7.4). The brains were postfixed in a 3.7% formaldehyde
solution overnight, dissected, embedded in paraffin, and then the coronal sections (5 pm) were
prepared. For the gene expression studies, after transcardial PBS perfusion, the tissues were manually
dissected and cut with a vibratom into 400 um slices. The hippocampus, corpus callosum and cortex
tissues were dissected, and the samples were stored at 0 °C in homogenization tubes filled with 1 mL
peqGold TriFast (Peqlab Biotechnologie GmbH, Erlangen, Germany) until further processing.

2.6. Immunohistochemistry

Immunohistochemistry was performed as previously published by our group [43,45]. In brief,
the antigens were unmasked with heating in either Tris/EDTA (pH 9.0) or citrate (pH 6.0) buffer
if appropriate. After washing in PBS, the sections were blocked in blocking solution (serum of the
species in which the secondary antibody was produced) for 1 h. Then, the sections were incubated
overnight (4 °C) with the primary antibodies diluted in blocking solution. The primary antibodies
used in this study are given in Table 2. The next day, the slides were treated with 0.3% hydrogen
peroxide in PBS for 30 min and then incubated with biotinylated secondary antibodies for 1 h followed
by peroxidase-coupled avidin-biotin complex (ABC kit; Vector Laboratories, Peterborough, UK).
The secondary antibodies used in this study are listed in Table 3. The sections were finally exposed
to 3,3’-diaminobenzidine (DAKO, Santa Clara, CA, USA) as a peroxidase substrate as published
previously [16]. The negative control sections, without primary antibodies or with isotype antibodies,
were processed in parallel to ensure specificity of the staining. The stained and processed sections were
digitalized using a Nikon ECLIPSE 50i microscope (Nikon, Nikon Instruments, Diisseldorf, Germany)
equipped with a DS-2Mv camera. The open source program, ImageJ (NIH, Bethesda, MD, USA),
was used to determine the relative area stained by the anti-TSPO antibodies.

Table 2. List of the antibodies used in this study.

Purchase

Antigen Species  Dilution HIER Method Number RRID Company
Single stains
Bio-Rad
PLP Mouse 1:5,000 None MCAS839G AB_2237198 Laboratories,
Inc., Germany
TSPO/PBR Goat 1:100 Tris/EDTA ab118913 AB_10898989 Abcam, UK
Ibal Rabbit 1:5,000 Tris/EDTA 019-19741 AB_839504 Wako, USA
GFAP Chicken 1:5,000 Citrate ab4674 AB_304558 Abcam, UK
Double stains
TSPO/PBR Goat 1:100 Tris/EDTA ab118913 AB_10898989 Abcam, UK
GFAP Mouse 1:400 Tris/EDTA G3893 AB_477010 Slgm{‘jgidmh'
Ibal Rabbit 1:2,500 Tris/EDTA 019-19741 AB_839504 Wako, USA
APP Mouse  1:1,000  Tris/EDTA MAB348 AB_94882 Millipore,
Germany
COXIV Rabbit 1:500 Tris/EDTA ab16056 AB_443304 Abcam, UK
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Table 3. List of the secondary antibodies used in this study.

Order Number RRID Supplier
Rabbit anti-goat IgG BA-5000 AB_2336126 Vector Laboratories, Burlingame, USA
Goat anti-rabbit IgG BA-1000 AB_2313606 Vector Laboratories, Burlingame, USA
Goat anti-mouse IgG BA-9200 AB_2336171 Vector Laboratories, Burlingame, USA
Goat anti-chicken IgG BA-9010 AB_2336114  Vector Laboratories, Burlingame, USA
Cy3 donkey anti-goat IgG 705-165-147 AB_2307351 Jackson ImmunoResearch Labs
Alexa Fluor 488 donkey anti-rabbit IgG A21206 AB_2535792 Invitrogen, USA
Alexa Fluor 488 donkey anti-mouse IgG A21202 AB_141607 Invitrogen, USA

2.7. Immunofluorescence Labeling

For immunofluorescence stains, the sections were rehydrated, unmasked, and blocked in the
serum of the species in which the secondary antibodies were raised. The sections were incubated
overnight (at 4 °C) with the indicated combination of primary antibodies diluted in blocking
solution. The primary antibodies used in this study are listed in Table 2. For double-labelling
experiments, the anti-TSPO antibodies were either combined with anti-IBA1 for the detection of
microglia/macrophages, or anti-GFAP for the detection of astrocytes. Acute axonal injury was
visualized with anti-APP antibodies. After extensive washing, the sections were incubated with
a combination of fluorescent secondary antibodies (Table 3). For the staining of cell nuclei, the sections
were then incubated with Hoechst 33258 (bisBenzimide H 33258 Sigma Aldrich, Steinheim, Germany;
1:10,000) diluted in PBS. In parallel, the negative controls were performed by first incubating
sections with the primary antibodies and subsequently incubating these sections with the “wrong”
secondary antibodies to exclude unspecific binding of the fluorescent secondary antibodies to primary
antibodies [52]. By incubating the sections with each of the fluorescent secondary antibodies alone,
unspecific secondary antibody binding to the tissue itself was excluded. The stained and processed
sections were documented using an Olympus BX41-Wi fluorescence microscope station (Olympus,
Hamburg, Germany). The software, Stereo Investigator (MBF Bioscience, Williston, ND, USA),
was used to determine the number of single and double-positive cells/spheroids.

2.8. Ultrastructural Analysis via Serial Block-Face Scanning Electron Microscopy

Myelinated and demyelinated corpora callosa (i.e., 3 wks cuprizone) were analyzed by 3D EM as
published by Ohno and colleagues [53]. To this end, the mice were perfused via the left ventricle with
2.5% (wt/vol) glutaraldehyde and 4% paraformaldehyde. The brains were subsequently removed,
stained with heavy metals, and embedded in resin. 3D-electron microscopy (Serial block-face scanning
EM) was performed by using a SigmaVP scanning electron microscope (Carl Zeiss) equipped with
a 3View in-chamber ultramicrotome system (Gatan). Serial image sequences were generated at
80 nm-nm steps, providing 204.54 um x 61.36 um-wide image stacks at a resolution of 0.001 um per
pixel. The images were processed and measured with the open source program, Reconstruct (BU,
Boston, MA, USA). The focus of this analysis was to detect mitochondria within axonal swellings.

2.9. Statistical Analysis

All data are given as arithmetic means = SEMs. A p-value of <0.05 was considered to be
statistically significant. Statistical analyses were performed using Prism 5 (GraphPad Software Inc.,
San Diego, CA, USA). Applied statistical tests are given in the respective figure legends.

3. Results

3.1. Cuprizone Intoxication Induces Reproducible Demyelination and Glia Activation

First, we analyzed the spatial distribution of cuprizone-induced demyelination and glia activation
after a 5-week cuprizone intoxication protocol. Compared to the control animals, severe loss of anti-PLP
staining intensity was evident in several brain regions, including the corpus callosum, grey matter cortex
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and caudoputamen (see Figure 1A). At the level of the anterior commissure, demyelination of the corpus
callosum was prominent at the lateral parts, whereas, at the level of the rostral hippocampus, the medial
corpus callosum was most severely demyelinated. Moreover, moderate but consistent demyelination
was observed in the hippocampus. To analyze the extent of microglia and astrocyte activation, anti-IBA1
and anti-GFAP immunohistochemical stains were performed, respectively. As shown in Figure 1B, C,
demyelination was paralleled by severe microgliosis and astrocytosis. Anti-IBA1 and anti-GFAP staining
intensity was most severe within the demyelinated corpus callosum, less so in the affected grey matter
cortex and hippocampus. Within the caudoputamen, microgliosis and astrocytosis were severe within the
demyelinated striosomes, and moderate in the matrix region.
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Figure 1. Cuprizone-intoxication induces multifocal demyelination and reactive glia activation.
(A) The myelination of different brain areas, determined by anti-PLP staining. The upper row shows
representative pictures of the control (n = 4), and the lower row shows representative pictures of the
cuprizone-intoxicated animals (5 weeks; n = 4). (B) Cuprizone-induced demyelination is paralleled by
microglia activation (shown with IBA1 immunoreactivity; n = 4), and (C) astrocyte activation (shown
with GFAP immunoreactivity; n = 4). medCC (medial part of the corpus callosum); latCC (lateral
part of the corpus callosum); Cx (cortex); CP (caudoputamen); HC (hippocampus). Differences were
determined using Mann-Whitney tests. * p < 0.05,** p < 0.01, and **p < 0.001.

3.2. TSPO Expression and (18F)-GE180 Uptake Correlate with the Degree of Demyelination and Glial
Cell Activation

Different cell types have been discussed to induce TSPO expression in response to brain injuries,
including microglia and astrocytes. During inflammatory demyelination, a third cell type might
contribute to the global brain TSPO load, namely, recruited monocytes. In a first step, we applied
the reductionistic cuprizone demyelination model where demyelination occurs despite the presence
of an intact blood-brain barrier, and, in consequence, the absence of peripheral monocytes and
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lymphocytes [54]. In that model, we performed uPET analyses in control and 5-week cuprizone-treated
animals to quantify uptake of the novel TSPO ligand, (18F)-GE180 [55], and compared ligand uptake
to histopathological changes.

In line with previous results [41,56], we found a region-dependent increase of [18F]-GE180 uptake
in cuprizone-treated mice (Figure 2A). A visual interpretation of the TSPO pPET scans indicated
increased tracer uptake, particularly in the corpus callosum, caudoputamen, thalamus and cortex
regions (Figure 2B). Statistical comparison between the control and cuprizone-intoxicated mice showed
significant higher tracer uptake in the medial corpus callosum (A36 =+ 4%, p < 0.001), the lateral corpus
callosum (A58 + 5%, p < 0.001), the caudoputamen (A65 + 5%, p < 0.001), the thalamus (A47 £ 5%,
p < 0.001), the hippocampus (A46 + 5%, p < 0.001), and the cortex (A54 4 5%, p < 0.001).
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Figure 2. In vivo imaging demonstrates an increase in [18F]-GE180 uptake after cuprizone-intoxication.
(A) The definition of VOIs (volumes of interest), demonstrated in a mouse brain MRI atlas in the
coronal slides: medial corpus callosum (2.2 mm?), lateral corpus callosum (2.9 mm?), caudoputamen
(4.4 mm?), thalamus (4.4 mm®), hippocampus (4.4 mm?), and cortex (6.7 mm?). (B) The quantification
of radioligand uptake in the control animals (1 = 4) and after a 5-week cuprizone intoxication period
(n = 4). (C) Schematic illustration of the measured areas and cumulative heat map illustrating
radioligand uptake in cuprizone-treated mice. The color codes demonstrate the standardized
radioligand uptake levels relative to the controls (Z-scores; left column), and the normalized uptake
in cuprizone-treated (middle column) and control (right column) mice. Cx (cortex); CC (corpus
callosum); HC (hippocampus); Th (thalamus); CP (caudoputamen). Differences were determined using
Mann-Whitney tests. * p < 0.05,** p < 0.01, and *** p < 0.001.
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In order to relate the observed increased tracer uptake in vivo to the histological changes,
we analyzed TSPO reactivity in the different brain regions. In control animals, the anti-TSPO
staining intensity of the brain parenchyma was generally weak. Consistent with the reported
mitochondrial localization of the TSPO protein, the quality of the staining was punctate [25]. Due to
the punctate nature of the cell processes, complete cell shapes could not easily be deciphered.
In line with previous observations, the positive immunohistochemical staining for TSPO was
cytoplasmatic [57]. Occasionally, positively-stained process-bearing cells were identifiable as glial cells
(arrow in Figure 3A), resembling either microglia or astrocytes. Furthermore, TSPO-expressing cells
with multiple processes that appeared to be oligodendrocyte progenitor cells were found in the cortex
(see Figure 3B). No staining was observed if the primary antibody was omitted (not shown). Additional
cells/areas in which TSPO immunoreactivity was observed in the control brains included cekks in
the subpial glia (probably both astrocytes and microglia; arrows in Figure 3C), meninges, ependymal
cells (arrows in Figure 3D), as well as cells in the choroid plexus (vessels, macrophages, and choroid
plexus epithelial cells; see Figure 3E). TSPO™ cells, resembling oligodendrocytes, were also observed
(arrows in Figure 3F). Again, the staining pattern in these cells tends to be punctate or granular.
Furthermore, neuronal cell bodies were labelled with punctuate spots (not shown). The brains of
cuprizone-intoxicated mice displayed staining in compartments observed in the control cases (such as
in the meninges, neurons and ependymal cells), but also showed markedly enhanced staining in the
parenchyma, particularly in regions of demyelination such as the corpus callosum (see Figure 3G-I).
In such areas of intense demyelination, ramified glial cells had enhanced TSPO positivity, most of
which were clearly identifiable as activated microglia (see Figure 3]/K). TSPO* hypertrophic astrocytes
were also present in the brains of cuprizone-intoxicated mice, identified based on their morphology
(arrows in Figure 3L).
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Figure 3. Expression of TSPO in cuprizone-intoxicated mice. The representative results of the
anti-TSPO immunohistochemistry demonstrating the expression of TSPO in perivascular astrocytes
(arrow in A), oligodendrocyte progenitor cells (B), glia cells beneath the pial surface of the cortex
(C), ependymal cells lining the lateral ventricles (D), choroid plexus cells (E) and interfascicular
oligodendrocytes in the corpus callosum (arrows in F). (G) Schematic illustration of the investigated
regions. (H-K) The representative results of the anti-TSPO immunohistochemistry in the control
or cuprizone-intoxicated mice. (L) A high-power view of an anti-TSPO™ astrocyte (arrows) in the
corpus callosum of cuprizone-intoxicated mice. (M) The densitometric quantification of the anti-TSPO
staining intensity in different brain areas. (N) The quantification of anti-TSPO™" cell densities in the
somatosensory cortex of control and 5-week cuprizone-intoxicated mice, with representative pictures
shown in (J) and (K). mCC (medial part of the corpus callosum); Cx (cortex); CP (choroid plexus).
Differences between the groups were statistically tested using two-tailed t-test. Welsh correction was
applied for the medial corpus callosum. *p < 0.05,** p < 0.01, and **p < 0.001.
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The densitometrical quantification of TSPO staining intensity revealed significantly higher
expression levels in the medial (A153 4 15%, p < 0.001) and lateral (A151 + 11%, p < 0.001) corpus
callosum, caudoputamen (A82 £ 15%, p < 0.001), thalamus (A35 % 6%, p < 0.001) and hippocampus
(A128 £ 23%, p < 0.05), but not in the cortex region. Due to the discrepancy of cortical TSPO expression
based on immunohistochemical evaluation, and in vivo uPET analyses, we additionally quantified the
densities of TSPO* cells in the cortex of the control and cuprizone-intoxicated mice, which is a more
sensitive method to detect subtle expression differences. As shown in Figure 3N, higher densities of
TSPO™ cells were found in the cortex of the cuprizone-intoxicated mice compared to the control mice.
To verify induced TSPO expression in the cuprizone model, we quantified Tspo mRNA expression
by rt RT-PCR in the corpus callosum and cortex after 1, 3 and 5 weeks of cuprizone intoxication.
As demonstrated in Figure 4, higher Tspo expression levels were found in both the white matter corpus
callosum and grey matter cortex region. Additionally, the extent of Tspo mRNA expression induction
was greater in the corpus callosum compared to the cortex.
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Figure 4. Expression levels of Tspo mRNA during the course of cuprizone-induced demyelination.
Tspo mRNA levels in the control animals (1 = 5) and the animals intoxicated with cuprizone for one
(n = 5), three (n = 5) or five (n = 5) weeks. Differences between the groups were statistically tested
using one-way ANOVA with the obtained p-values corrected for multiple testing using the Dunnett’s
post-hoc test; * p < 0.05, ** p < 0.05, *** p < 0.001.

3.3. TSPO Mainly Co-Localizes with Microglia

As stated above, based on their morphology, TSPO* cells were identifiable as glial cells,
resembling either microglia or astrocytes. Furthermore, it has been suggested that both activated
astrocytes and microglia are responsible for the enhanced TSPO-ligand binding in brain areas
undergoing cuprizone-induced demyelination [41,58]. To test for this, IBA1/TSPO and GFAP/TSPO
double-labelling experiments were performed, and absolute glial cell densities as well as numbers of
glia cells expressing the respective glia cell marker protein and TSPO (IBA1*/TSPO* or GFAP*/TSPO*)
was evaluated in the white matter corpus callosum and grey matter cortex after 1, 3 and 5 weeks of
cuprizone intoxication. As shown in Figure 5, the densities of the IBA1" cells gradually increased in
the corpus callosum during the course of cuprizone-induced demyelination. At week 5, the mean
density of the IBA1* cells in the medial corpus callosum was 687.5 & 300.75 cells/mm?. Most of the
IBA1* cells also expressed TSPO (665 + 291.82 cells/mm?; ~97%). In line with previous results [59],
the extent of microgliosis was less severe and delayed in the cortex (control: 137.5 + 35.35 cells/ mm?
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versus 5 weeks of cuprizone: 197.5 + 80.325 cells/mm?). Comparable to what we found in the corpus
callosum, most of the IBA1* cells in the cortex expressed TSPO at week 5 (192.5 + 84.2 cells/ mm?;
~97%). The situation for GFAP expressing cells was different. Although the densities of the GFAP*
cells gradually increased in the corpus callosum and cortex during the course of cuprizone-induced
demyelination, a significant proportion of the GFAP* cells were TSPO-negative in the control and
cuprizone-exposed mice (see Figure 6). At week 5, ~31% of GFAP* astrocytes co-expressed TSPO in
the white matter corpus callosum, whereas ~23% of GFAP* astrocytes co-expressed TSPO in the grey
matter cortex. To verify TSPO expression in the astrocytes, the brain slides from the cuprizone-treated
hGFAP-eGFP-mice were processed for anti-TSPO immunoflourescence staining. These mice express
eGFP not only in proximal processes, but also in the fine distal processes of astrocytes [46]. In line with
our results that were obtained by fluorescence-double-labelling, the anti-TSPO signal could clearly be
localized to the astrocyte cell bodies (see Figure 6C).
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Figure 5. Co-localization of TSPO with the microglia/monocyte marker, IBA1. (A) The representative
images of IBA1 (green) and TSPO (red) immunofluorescence double stains in the control and 5-week
cuprizone-intoxicated mice (left: corpus callosum; right: cortex). The white boxes highlight cells
which are shown on the right-hand side at higher magnification. (B) The quantification of entire IBA1*
cell densities (white columns) and IBA1* /TSPO™" double positive cell densities (grey columns) in the
control animals (1 = 4) and the animals intoxicated with cuprizone for one (1 = 5), three (1 = 5) or five
(n = 5) weeks.
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Figure 6. Co-localization of TSPO with the astrocyte marker protein, GFAP (A). The representative
images of GFAP (green) and TSPO (red) immunofluorescence double stains in the control and 5-week
cuprizone-intoxicated mice (left: corpus callosum; right: cortex). The white boxes highlight cells
which are shown on the right-hand side at higher magnification. (B) The quantification of the entire
GFAP* cell densities (white columns) and GFAP*/TSPO* double positive cell densities (grey columns)
in the control animals (17 = 4) and the animals intoxicated with cuprizone for one (n = 5), three
(n =5) or five (n = 5) weeks. (C) The representative images demonstrating expression of TSPO (red) in
eGFP-expressing astrocytes (green).

3.4. TSPO Is Not Expressed in the Mitochondria of Injured Axons

Different groups reported an increase in mitochondrial content (through an increase in size and
number) within demyelinated axons in MS as well as following experimental demyelination [53,60,61].
Therefore, increased (18F)-GE180 binding levels might principally also be due to an increase in the
axonal mitochondrial load. To test for this possibility, we first used 3D-electron microscopy to observe
the accumulation of mitochondria in the corpus callosum of cuprizone-exposed mice. As expected,
numerous mitochondria were found in astrocytes (arrowheads in Figure 7A) and myelin-laden
microglia cells (arrowheads in Figure 7B). Some mitochondria were also present in normal-appearing,
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myelinated axons (arrowheads in Figure 7C). Additionally, pronounced mitochondrial accumulation
was frequently found at sites of axonal swelling (arrowheads in Figure 7D). 3D reconstruction of serial
blockface scanning 3D EM images revealed that in many cases, axonal mitochondrial density was high
at the close vicinity of an axonal swelling, but continuously declined with increasing distance to the
swelling (data not shown).
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Figure 7. Accumulation of mitochondria in the damaged axons. The representative electron
microscopic images demonstrating mitochondria (arrowheads) in the astrocytes (A), phagocytosing
microglia (B), myelinated axons (C), or axonal swellings (D). The mice were intoxicated with
cuprizone for three weeks (1 = 4). The arrowheads highlight mitochondria. (E) 3D reconstruction of
an axonal swelling. The mitochondria are highlighted by different colors. (F) The representative
image of APP (green) and COXIV (red) immunofluorescence double stains in the 5-week
cuprizone-intoxicated mice. The arrowhead highlights a COXIV* single-positive, and the arrow
highlights a COXIV*/APP* double-positive spheroid. (G) The representative image of APP (green)
and TSPO (red) immunofluorescence double stains in the 5-week cuprizone-intoxicated mice. The white
box highlights a region which is shown in (H), at higher magnification. (I) The percentage of microglia
(IBA1%), astrocytes (GFAP*) or axonal spheroids (APP*) co-expressing TSPO.
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To verify the ultrastructural data, the presence of mitochondria in axonal spheroids was
additionally visualized by APP/COXIV double-labelling experiments. As demonstrated in Figure 7F,
most of the APP* spheroids contained COXIV* mitochondrial profiles. Next, we looked for the
co-labelling of APP* axonal spheroids with TSPO. Surprisingly, almost no TSPO*/ APP* spheroids
were found in the corpus callosum of cuprizone-treated mice (Figure 7I). In particular, ~97% of IBA1*
microglia cells, ~31% of GFAP™ astrocytes, but just ~3% of APP* axonal spheroids co-expressed TSPO,
ruling out that increased [18F]-GE180 binding is due to mitochondrial accumulation within axons.

3.5. TSPO Is Expressed by Both Microglia and Monocytes in Inflammatory Lesions

The results from most studies suggest that cuprizone-induced pathology is characterized by
intense microglia accumulation [62], whereas peripheral immune cells have negligible significance for
cuprizone-induced demyelination. This reductionist model therefore does not allow the study of TSPO
expression of invading monocytes under demyelinating conditions. As recently published by our
group [43,44], the combination of cuprizone intoxication and MOG3s.55 immunization (i.e., Cup/EAE)
results in significant peripheral immune cell recruitment. We took advantage of this model to
investigate the expression of TSPO in peripheral immune cells (see Figure 8A for the experimental
setup). MOG-EAE and Cup/EAE mice showed clinical signs of disease progression beginning
~11 days after immunization, with the Cup/EAE-treated mice reaching slightly higher cumulative
(9.38 + 1.14 versus 7.75 + 1.05) and maximum (3.0 £ 0.2 versus 2.5 £ 0.35) disease scores than
MOG-EAE-treated mice (see Figure 8B). In line with our results described above, a significant increase
in anti-TSPO staining intensity was observed in the corpus callosum of only cuprizone-treated mice
(Figure 8D). In MOG-EAE mice, no significant increase in anti-TSPO staining intensity could be
observed in the corpus callosum (Figure 8E). However, in some cases, perivascular foci were in direct
vicinity of the third ventricle, and these foci showed pronounced TSPO immunoreactivity (Figure 8F).
In Cup/EAE mice, the TSPO staining intensity was pronounced in the cuprizone vulnerable regions,
such as the corpus callosum (Figure 8G). A particularly high TSPO staining intensity was observed
around perivascular inflammatory lesions (Figure 8H,I). To determine whether microglia or recruited
monocytes express TSPO in the Cup/EAE model, we utilized transgenic (CX3CR1*/¢GFF /CCR2+/RFP)
mice with RFP-expressing monocyte-derived macrophages and eGFP-expressing microglia [47].
As shown in Figure 8], K, the TSPO signal clearly co-localized to both, eGFP-expressing microglia
(arrow) and RFP-expressing monocyte-derived macrophages (arrowhead).
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Figure 8. Expression of TSPO in Cup/EAE mice (A). Schematic depicting the experimental
setup. The periods of normal chow diet are highlighted in blue. The periods of cuprizone
intoxication are highlighted in green, and the time point of MOGgs5_55 immunization with subsequent
active EAE development are highlighted in orange. (B) The clinical scores for MOG-EAE and
Cup/EAE treated mice with the time of onset, cumulative disease score and maximum disease
score (n = 4). The representative images of anti-TSPO immunohistochemistry in the controls (C),
cuprizone-intoxicated (D), MOG-EAE (EF), and Cup/EAE (G-I) mice. The perivascular lesion,
highlighted in (H) by the black box, is shown in (I) at higher magnification. (J,K) The representative
images of the corpus callosum from cuprizone-treated mice, showing microglia (green), infiltrating
monocytes (red) and TSPO (blue). The arrow indicates TSPO expression in microglia cells, and the

arrowhead indicates TSPO expression in invaded monocytes.

4. Discussion

The present study demonstrates the temporal, regional and cellular patterns of TSPO expression
during the progression of cuprizone-induced demyelination in the mouse brain. Furthermore,
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this study indicates a very good applicability for monitoring neuroinflammatory processes using
the third-generation TSPO radioligand, (18F)-GE180. To the best of our knowledge, this is the first
study investigating cuprizone-intoxicated mice using (18F)-GE180 PET with the aim of quantifying
the uptake/binding in various anatomical brain regions, and correlating ligand uptake with
TSPO expression.

During the last two decades, the prototypic TSPO radioligand in use has been (11C)-PK11195,
with the first human brain studies conducted in patients with Rasmussen’s encephalitis [63],
with glioma [64], and in healthy controls and MS patients [32]. Using (11C)-PK11195 results in increased
binding in MS lesions, as demonstrated by postmortem studies and in vivo PET [29,65]. Although
(11C)-PK11195 showed promise as a biomarker in MS [66], newer TSPO-selective radioligands might
be superior to (11C)-PK11195 based on their higher brain uptake and more specific binding [67]. In this
study, we were able to demonstrate that cuprizone-induced demyelination is paralleled by an increase
in TSPO radioligand (18F)-GE180 uptake. Comparably, increased uptake of different TSPO ligands,
namely, [BH]-(R)-PK11195 [58,68], (1231)-CLINDE [41], and (125I)iodo-DPA-713 [56], has been shown
in the cuprizone model. It was suggested that, in the cuprizone model, the observed increase in
[3H]-R-PK11195 binding is a result of an increase in the apparent number of binding sites rather
than a change in receptor binding affinity [58]. In line with this assumption, we found higher TSPO
expression on the protein (Figure 3) and mRNA (Figure 4) level.

The cellular source of TSPO expression in the cuprizone model is not entirely clear. Mattner and
colleagues concluded, based on immunflourescence double-labelling experiments, that one of the
main sources of TSPO expression in the demyelinated corpus callosum is activated astrocytes. In these
studies, virtually all the GFAP-positive astrocytes as well expressed TSPO [41]. Chen and colleagues
performed GFAP or Mac-1 immunohistochemistry combined with (3H)-(R)-PK11195 autoradiography
and found co-localization of (3H)-(R)-PK11195 binding with both GFAP-expressing astrocytes and
Mac-1-expressing microglia [58]. In the current study, we quantified microglia (anti-IBA1) and astrocyte
(anti-GFAP) densities and determined the percentage of these cells expressing TSPO. As shown in
Figures 5 and 6, most of the IBA1" cells co-expressed TSPO, whereas just about 30% of the GFAP*
cells co-expressed TSPO. Of note, the mapping of cellular expression of proteins in tissue subjected
to cuprizone-induced demyelination is not straightforward. After a 5-week cuprizone intoxication
protocol, the midline of the corpus callosum is hypercellular, making it difficult to delineate the border
of single cells. Furthermore, GFAP is not always expressed within the entire astrocyte cell body but
frequently spares one part of its perinuclear compartment. This anti-GFAP staining pattern causes
problems in delineating the exact border of a single astrocyte and, therefore, does not always allow to
decide whether a certain protein is expressed within an astrocyte or not. Additionally, the staining
efficacy of different antibodies or staining protocols might result in more or less co-localization signals.
To further verify that astrocytes express TSPO in the cuprizone model, we processed brain sections
of hGFAP-eGFP-mice for anti-TSPO immunoflourescence staining. These mice express eGFP not
only in the cell body and proximal processes, but also in the fine distal processes of astrocytes [46].
Furthermore, these mice express eGFP not in all but just a minority of astrocytes. This makes the
delineation of single astrocytes easy even in regions with high astrocyte density. As demonstrated in
Figure 6C, TSPO expression clearly co-localized to the eGFP signal. In summary, our data provide
unequivocal evidence that both activated astrocytes and microglia were responsible for the enhanced
[18F]-GE180 binding to TSPO in brain areas undergoing demyelination. Moreover, the bulk of TSPO
reactivity in the cuprizone model can be attributed to microglia. Notably, histological and imaging
findings in different types of MS lesions indicate that activated microglia are inflammatory modulators,
including inactive chronic and cortical lesions, as well as in normal appearing white and grey matter
areas [7]. Consequently, imaging microglial activation by PET using radiolabeled TSPO ligands should
provide a sensitive marker for neuroinflammatory processes.

High TSPO expression has been demonstrated in various macrophage populations such as
in synovial macrophages [69], myocardial macrophages [70], or macrophages of atherosclerotic
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plaques [71]. To determine whether recruited monocytes, in addition to microglia, express TSPO,
we combined the toxin-induced demyelination model cuprizone with the autoimmune EAE model
(i.e., Cup/EAE). As recently demonstrated by our group, cuprizone-induced oligodendrocyte
degeneration triggers peripheral immune cell recruitment into the forebrain [43,44]. Here, we utilized
transgenic (CX3CR1*/¢GFP /CCR2+/RFP) mice with eGFP-expressing microglia and RFP-expressing
monocyte-derived macrophages [47] to investigate which cell type expresses TSPO. As shown
in Figure 8] K, the TSPO signal clearly co-localized to both, eGFP-expressing microglia and
RFP-expressing monocyte-derived macrophages. Although not shown in this study, it has been
reported that TSPO is as well expressed by CD4" lymphocytes in EAE [72], as it is in humans [73]
and in a model of rheumatoid arthritis [69]. Further studies have to demonstrate to what extent
lymphocytes and other peripheral immune cells contribute to the increased TSPO ligand uptake
observed in MS lesions.

Axonal degeneration is believed to be a major cause of permanent neurological disability in MS
patients. It is assumed that myelinated axons contain two populations of mitochondria: stationary and
motile mitochondria. It has been shown that the volume of mitochondrial stationary sites is increased
in demyelinated CNS axons [53]. In light of these findings, it is of interest to speculate whether some
of the white matter TSPO radioligand uptake observed in PET studies is due to mitochondrial binding
in acutely injured axons. 3D reconstructions of serial block-face scanning electron microscopy images
showed an accumulation of mitochondria within axonal swellings. Furthermore, immunofluorescence
double-labelling experiments revealed accumulations of the mitochondrial protein COXIV at sites of
amyloid precursor protein (APP) accumulation (see Figure 7). The most commonly-used marker to
visualize axonal transport deficits is the APP [74]. APP is an integral glycoprotein type 1, which is
transported towards the axon terminal via anterograde axonal transport [75]. In case of a disturbed
axonal transport machinery, APP accumulates at the side of axon injury and can then be visualized by
immunohistochemistry as so called “spheroids” [76,77]. Although we found a clear co-localization
of COXIV and APP, such a co-localization was not found for TSPO and APP. As already stated
above, there is growing realization that axonal degeneration plays a pivotal role in the development
of neurological disability in patients with MS. In histopathological studies, acute axonal injury,
as defined by the accumulation of APP, was found to occur not only in active demyelinating but
also in remyelinating and inactive demyelinated MS lesions [78,79]. Although it is currently not clear
why mitochondria do not express TSPO within injured axons, diffuse axonal degeneration probably
does not contribute to TSPO-ligand uptake in MS tissues.

PET ligands targeting TSPO represent promising tools to visualize neuroinflammation in MS
patients. This may provide information beyond contrast-enhanced MRI and is readily applicable to all
patients. This study illustrates that the pathological substrate of an increase in TSPO ligand binding
might be diverse including microglia activation, peripheral monocyte recruitment, and astrocytosis.
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Abstract

In multiple sclerosis patients, chronic clinical deficits are known to result from axonal degeneration which is triggered by
inadequate remyelination. The underlying molecular mechanisms of remyelination and its failure remain currently unclear.
In vivo models, among the cuprizone model, are valuable tools to study underlying mechanisms of remyelination and its failure.
Since complete and reproducible demyelination of the analyzed brain region is an indispensable prerequisite for efficient
remyelination experiments, in this study we systematically addressed which part of the corpus callosum is reliably and consis-
tently demyelinated after acute cuprizone-induced demyelination. Following a novel evaluation strategy, we can show that at the
level of the rostral hippocampus, the most medial sectors of the corpus callosum (spanning 500 pm in the horizontal plane) are
consistently demyelinated, whereas more lateral sectors show inconsistent and incomplete demyelination. These results precisely
define a part of the corpus callosum which should be used as a region of interest during remyelination experiments.

Keywords Cuprizone - Demyelination - Remyelination - Optical density - Regeneration

Introduction

Remyelination, which follows the pathological loss of myelin
in diseases like Multiple sclerosis (MS), is a reparative process
believed to ameliorate neurodegeneration. While
remyelination occurs in many MS lesions (Prineas et al.
1993), it can become increasingly incomplete/inadequate or
eventually it completely fails (Patrikios et al. 2006).
Understanding why a relatively robust regenerative process
should lose momentum is an important prerequisite for devel-
oping an effective therapeutic approach. One frequently ap-
plied preclinical model to study the effectiveness of drugs to
boost remyelination is the cuprizone model (Slowik et al.
2015). The extent of de- and remyelination in this model is
frequently determined by the semi-quantification of myelin
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protein expression via optical density measurements (Slowik
et al. 2015; Werneburg et al. 2017). Commonly visualized
myelin proteins are proteolipid protein (PLP), myelin associ-
ated glycoprotein (MAG), myelin basic protein (MBP) or
2'3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase), and
the analyzed region of interest is the midline of the corpus
callosum at the level of the rostral hippocampus (see
Fig. 1a). However, as recently demonstrated by our and other
groups, demyelination is not spread evenly across the corpus
callosum (Schmidt et al. 2013). Since consistent and repro-
ducible demyelination is an indispensable prerequisite for ef-
ficient remyelination studies, the aim of this study was to
analyze which part of the midline of the corpus callosum is
consistently demyelinated and, therefore, should be used as a
region of interest (ROI) in remyelination studies.

Methods

Animals and cuprizone-induced demyelination

6-7 week-old C57BL/6 male mice (19 g - 20 g) were pur-
chased from Janvier Labs (Le Genest-Saint-Isle, France).

Microbiological monitoring was performed according to the
Federation of European Laboratory Animal Science

@ Springer
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Fig. 1 a Brain level at which immunohistochemistry was performed. b
Representative anti-PLP (proteolipid protein) stained section of a control
and 5 weeks (wks) cuprizone (Cup)-intoxicated mouse. Corpus callosum
sectors are outlined by the yellow columns. The star indicates the most
internal corpus callosum sector. ES (external sector); IS (internal sector). ¢
Representative illustration of a binary picture after thresholding using the

Associations recommendations. Experiments have been ap-
proved by the Regierung Oberbayern (reference number
55.2-154-2532-73-15) and conducted following guidelines
of the Federation of European Laboratory Animal Science
Associations (FELASA). Cuprizone-intoxication (0.25%)
was performed as described previously for 1, 3 or 5 weeks
(Hochstrasser et al. 2017). At the end of the experiment, mice
were deeply anaesthetized with ketamine (100 mg-kg— 1 i.p.)
and xylazine (10 mg-kg—1 i.p.) and transcardially perfused
with ice-cold PBS followed by a 3.7% paraformaldehyde so-
lution (PFA; pH 7.4). Brains were subsequently dissected,
embedded in paraffin, and then coronal sections (5 pm) were
prepared.

Immunohistochemical evaluation

Established protocols were used for immunohistochemistry
(Slowik et al. 2015). In brief, sections were rehydrated and,
if necessary, antigens were unmasked with Tris/EDTA buffer
(pH 9.0) or citrate (pH 6.0) heating. After washing in PBS,
sections were incubated overnight (4 °C) with the primary
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Isodata algorithm provided by the Image] software package. d
Representative result of staining intensity within the different corpus
callosum sectors. 100 means a fully myelinated, zero a completely
demyelinated corpus callosum sector. Each sector spans over a horizontal
distance of 100 pm. Scale bars: (b/c) 250 pm

antibodies diluted in blocking solution (serum of species in
which the secondary antibody was produced). The following
primary antibodies were used: anti-PLP (1:5000, Serotec,
MCAB839G; Puchheim, Germany), anti-MAG (1:4000,
Abcam, ab89780; Cambridge, UK), anti-CNPase (1:2000,
Abcam, ab6313; Cambridge, UK), and anti-MBP (1:500,
Abcam, ab7349; Cambridge, UK). The next day, slides were
incubated with biotinylated secondary antibodies (both 1:200,
Vector Labs, Dossenheim, Germany; anti- mouse, BA9200;
anti- rat, BA9400) for 1 h and then with peroxidase-coupled
avidin-biotin complex (ABC kit; Vector Laboratories,
Peterborough, UK) and treated with 3,3’-diaminobenzidine
(DAKO, Hamburg, Germany) as a peroxidase substrate.

Fig. 2 a Anti-PLP (proteolipid protein), b anti-MAG (myelin associated P>
glycoprotein) and ¢ anti-CNPase (2',3"-cyclic-nucleotide 3'-phosphodies-
terase) staining intensity in 22 corpus callosum sectors. 100 means a fully
myelinated, zero a completely demyelinated corpus callosum sector. Each
sector spans over a horizontal distance of 100 pum (blue line: first five
sectors =500 um). Representative images from control, 1, 3 and 5 wks
(weeks) cuprizone (Cup) intoxicated mice are shown on the right. *
p<0.05, ** p<0.01 and *** p <0.001; Mann Whitney test. Scale bars:
(a-c) 250 um



Metab Brain Dis (2019) 34:681-685 683

(a) PLP

1007 -0~ control
-+ 1 wkCup
~o~ 3 wks Cup
80 -~ 5 wks Cup
~
S
<
£ 60
= 60 = | :
S control
<
£ 404
g —_—
£
204
ok
T T T T 1
0 500 1000 1500 2000 2500

distance pm

(b) MAG

1001 -©- control
—& 1wk Cup
—o- 3 wks Cup
80 -8 5 wks Cup
L
S
e —
£ 601
&
2
SHeokok
£ 404
ES
£
204
[ T T T T 1
0 500 1000 1500 2000 2500

distance pm

(©) CNPase

1007 6000 0TIV TFHLL NS o conol
- 1wk Cup
~o- 3 wks Cup

80 -8~ 5 wks Cup

I
£
£ 0 —
Z
s
@
<
£ 40 ik
o
=3
£
20
o T T T T 1
0 500 1000 1500 2000 2500

distance pm

@ Springer

48



684

Metab Brain Dis (2019) 34:681-685

Stained sections were digitalized using a Nikon ECLIPSE
E200 microscope (Nikon Instruments, Diisseldorf, Germany)
equipped with a DS-2Mv camera.

Stained sections were evaluated by densitometry of the
staining intensity using ImageJ] and automated thresholding.
To evaluate the reproducibility of cuprizone-induced demye-
lination in different sectors of the midline of the corpus
callosum, the following strategy was followed: First, the mid-
line of the corpus callosum was outlined, and then
superimposed by a grid (distance between adjacent yellow
lines =100 um, see Fig. 1b). After applying the Isodata
threshold algorithm to obtain a binary image (see Fig. lc),
the optical density was measured in the individual fields,
and subsequently blotted against the distance of the midline
of the corpus callosum (star in Fig. 1b). Those parts of the
corpus callosum near the midline are called “internal sectors”
(IS in Fig. 1b) whereas those parts of the corpus callosum near
the lateral ventricles are called “external sectors” (ES in Fig.
1b). Right and left hemispheres were separately evaluated, and
results were averaged. A representative result of anti-PLP-
processed slides from a control and 5 weeks cuprizone-
intoxicated mouse is shown in Fig. 1d.

Statistics

Statistical analyses were performed using Prism 5 (GraphPad
Software Inc., San Diego, CA, USA). All data are given as
arithmetic means + SEMs. A p value of <0.05 was considered
to be statistically significant. Applied statistical tests are given
in the respective figure legends. No outliers were excluded
from the analyses. Kolmogorov-Smirnov test was applied to
test for normal distribution of the data. Four control and five
cuprizone animals (each time point) were used per experimen-
tal group.

Results

As demonstrated in Fig. 2, a homogenous anti-PLP, anti-
MAG and anti-CNPase staining intensity was observed in all
corpus callosum sectors of control and 1 week (wk)
cuprizone-intoxicated mice. While similar results were obtain-
ed at week 3 for anti-PLP and anti-CNPase stained sections, a
slight yet significant drop of anti-MAG staining intensity was
observed in the external sectors of the corpus callosum mid-
line. Statistical comparison using one-way ANOVA with the
obtained p values corrected for multiple testing using
Bonferronni’s method revealed a significant loss of anti-
MAG staining intensities within the four most external sectors
compared to the most internal sector. At week 5, a significant
loss of anti-PLP, anti-MAG, and anti-CNPase-staining inten-
sities were evident in the internal sectors of the corpus
callosum. The mean loss of myelin protein staining intensity
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within the five internal sectors was for PLP ~96% (control =
97.96 +£0.74 versus 5 wks 3.69 + 1.80 relative optical density;
p<0.001), for MAG ~68% (control =99.22+0.20 versus 5
wks 31.68+£9.46; p<0.001), and for CNPase ~68% (con-
trol =99.73 £0.14 versus 5 wks 31.64+5.07; p<0.001).
Similar results were obtained for MBP ~62% (control =
98.76 £0.27 versus 5 wks 36.96+6.15; p<0.001; data not
shown). Of note, the first five sectors, compromising a dis-
tance of 500 um from the midline of the corpus callosum,
showed most severe demyelination in all three applied immu-
nohistochemical stains (blue lines in Fig. 2), whereas more
lateral orientated sectors showed incomplete demyelination.

Discussion

In this study we addressed the reproducibility of demyelin-
ation within different corpus callosum subsectors. Following
conventional protocols, acute demyelination is induced by a
5 weeks cuprizone intoxication period, and then pharmaceu-
tical interventions are initiated to test for promyelinating drug
effects (Slowik etal. 2015). Reproducible and preferably com-
plete demyelination is an indispensable prerequisite for reli-
able remyelination studies (Stidworthy et al. 2003). Therefore,
it is important to know which parts of the corpus callosum are
demyelinated in a reproducible manner at week 5 before
remyelination interventions are initiated. In vivo imaging
methods are currently developed to visualize the myelination
levels of the corpus callosum in living mice (Cao et al. 2018;
de Paula Faria et al. 2014). Although such methods could help
in the near future to monitor the efficacy of new drugs aimed
at restoring myelin, their resolution is currently insufficient to
visualize the extent of demyelination in corpus callosum sub-
regions. Here, we show that demyelination is extensive and
reproducible within the internal 500 um spanning corpus
callosum segments. Optical densities especially in anti-PLP
stained sections show low standard error of the mean values.
We, thus, recommend to focus on this callosal subregion dur-
ing remyelination trials. Of note, this statement is true for the
corpus callosum at the level of the rostral hippocampus. More
rostral parts of the corpus callosum, such as at the level of the
anterior commissure, might have a different demyelination
pattern.

The observation that MAG- but not PLP- or CNPase-
staining intensity was significantly reduced after 3 weeks of
cuprizone intoxication is remarkable, although this finding has
to be verified using other anti-myelin antibodies. It has been
suggested that cuprizone-induced oligodendrocyte apoptosis
mimics the pathology of so called “type-III MS lesions”
(Lucchinetti et al. 2000). Such lesions are characterized by a
selective reduction of MAG protein, and are reminiscent of
virus- or toxin-induced demyelination rather than autoimmu-
nity. Although further studies have to verify this observation,
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selective early MAG loss in the cuprizone model further sug-
gests that the mode of cuprizone-induced oligodendrocyte de-
generation might well be relevant for MS.
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