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1 Zusammenfassung

1.1 Abstrakt

Die Verhinderung von Pathogenesen und Entwicklung gezielter therapeutischer Behand-
lungsstrategien sind die Hauptziele der modernen Biomedizin. Daher ist es unabdingbar Zell-
und Gewebefunktionen im naturgetreuen Kontext, den lebenden Organismus, beobachten zu
konnen. Zu diesem Zweck werden Tiermodelle eingesetzt, die unter anderem verschiedene
Aspekte chronisch entziindlicher Erkrankungen des Zentralnervensystems (ZNS) simulieren.
Dabei ist der Zugang zum Cortex, Hirnstamm oder Riickenmark meist nur durch invasive
und oft terminale Eingriffe méglich, wodurch wiederholte Aufnahmen in einem Individuum in
verschiedenen Stadien der Erkrankung nicht moglich sind. Die Retina hingegen ist der einzige
Bestandteil des ZNS, welcher durch optische Methoden nichtinvasiv abgebildet werden kann.
Dabei kénnen Verdnderungen in der Retina auch Prozesse in anderen Regionen des ZNS wi-
derspiegeln und somit indirekt charakterisiert werden. In diesem Sinne ist in dieser Arbeit
eine neuartige Methode entwickelt worden, mit dessen Hilfe die Retina von lebenden M&usen
longitudinal untersucht werden kann. Sie basiert auf der Zwei-Photonen-Mikroskopie, wo-
durch zelluldre Infiltration und Interaktion in wvivo beobachtet werden koénnen. Erprobt
wurde die neue Methode am Mausmodell der experimentellen autoimmunen Uveoretini-
tis (EAU), bei der autoreaktive T-Zellen die Blut-Retina-Schranke tiberwinden und eine
Gewebeschadigung durch Rekrutierung von weiteren peripheren Leukozyten einleiten. Da-
bei stellte sich in der vorliegenden Arbeit heraus, dass der Prozess der Retinainfiltration
von CD4% T-Zellen und LysM™ Phagozyten vom Sehnervkopf aus beginnt und sich radi-
al zum &uBeren Rand hin ausbreitet. Zudem konnte eine morphologische Verdnderung und
Ansammlung der CX3CR1" Mikrogliazellen vor allem an beschidigten Blutgefifien festge-
stellt werden. Des Weiteren konnten aktivierte und hochmotile CX3CR1™" Zellen im perivas-
kuldren Raum beobachtet werden. Interessanterweise bewegt sich die Mehrheit dieser Zellen
in Mausen mit EAU in Richtung des Sehnervkopfs, im Gegensatz zu den Zellen in den ge-
sunden Kontrollen. Funktionelle Calciummessungen in der Retina wiahrend der EAU zeigen,
dass bis zu 28 Tage nach Immunisierung keine signifikant schidigende Erhohung des intrazel-
luldren Calciums in den Ganglienzellen eintritt. Dank der neu entwickelten Methode kénnen
nun immunrelevante Prozesse mit zelluldrer Auflosung iiber den gesamten Krankheitsverlauf

chronisch entziindlicher Erkrankungen evaluiert werden.



Abstract

Preventing pathogenesis and developing selective therapeutic strategies are the main goals
in modern biomedicine. Therefore, it is absolutely necessary to probe cellular and tissue
functions in the living organism. Animal models can be used to study different aspects of
chronic inflammatory diseases taking place in the central nervous system (CNS). Imaging the
brain stem, spinal cord or cortex needs invasive and often terminal surgery. Thus, longitudinal
measurements in one and the same animal at several time points during the whole time course
of disease are not possible. The retina is the only part of the CNS that can be imaged non-
invasively by optical methods. Changes in the retina may reflect pathogenesis from other
parts of the CNS as earlier studies have shown e.g. in patients with multiple sclerosis in
which thinning of the retinal nerve fiber layer is one of the first symptoms.

In the here presented work a new method has been developed to observe the retina from
living mice longitudinally. The method is based on the two-photon-absorption, thereby near
infrared radiation is used to excite fluorescent proteins or dyes. This allows imaging of cellular
infiltration, migration and function of fluorescently labelled leukocytes in wvivo. The new
approach was tested in the animal model for experimental autoimmune uveoretinitis (EAU)
where T cells overcome the blood-retinal-barrier to inflict retinal inflammation followed by
recruitment of peripheral leukocytes that induce tissue damage.

The process of CD4™ T cell infiltration starts from the optic nerve head towards the retinal
periphery followed by LysM ™ phagocyte infiltration in a radial manner. The CX3CR1" micro-
glia show a change from a more probing state towards an activated phenotype and accumulate
mainly around disrupted blood vessels. A small population of activated and highly motile
CX3CRI1" cells could only be observed in the perivasculature. Interestingly, most of this
motile cells are moving towards the optic nerve head in mice affected by EAU compared to
healthy controls. Unexpectedly, functional calcium measurements during the course of EAU
up to 28 days after immunisation showed no significant increase in intracellular calcium levels
as an indicator for cellular apoptosis in the ganglion cell layer.

The newly developed approach allows longitudinal retinal imaging of cellular infiltration,
migration and function over time repeatedly over the whole course of chronic inflammatory
diseases. This method is not only limited to ocular diseases but also can be used to observe

indirectly pathogenic processes of the CNS.



1.2 Einfithrung

Die Retina ist ein Bestandteil des zentralen Nervensystems (ZNS) und kann als solches in
Autoimmunerkrankungen schwer geschéidigt werden. Das wohl bekannteste Beispiel dafiir ist
die Multiple Sklerose, bei der eines der ersten klinischen Symptome der voriibergehende Ver-
lust der Sehkraft ist [1-3]. Im Falle der Neuromyelitis Optica kann sich sogar eine dauerhafte
Blindheit entwickeln [4, 5]. In beiden Erkrankungen konnte als Ursache der Blindheit mit
der optischen Kohédrenztomographie eine Abnahme der retinalen Nervenfaserschicht und der
Ganglienzellschicht beobachtet werden [6, 7]. Ob aber der Riickgang des neuronalen Gewebes
zuschulden einer direkten Immunattacke retinaler Bestandteile oder durch Schidigung des
optischen Sehnervs bedingt ist bleibt bisher unklar.

Ein weiteres Beispiel ist die autoimmune Uveitis, bei der autoreaktive T-Zellen die Blut-
Retina-Schranke iiberwinden, die Retina infiltrieren und eine Entziindung auslésen. Dadurch
kommt es zur Rekrutierung von peripheren Leukozyten, welche Gewebeschédden insbesonde-
re an den Photorezeptorzellen hervorrufen [8, 9]. Wie aber die genauen Mechanismen und
Dynamiken der Immunczellinfiltration und der Funktionsschidigung der neuronalen Retina

ablaufen, konnte bisher mangels geeigneter Methoden nicht ausreichend untersucht werden.

Um die Dynamiken von Autoimmunerkrankungen im naturgetreuen Kontext, den lebenden
Organismus, erforschen zu konnen, miissen neuartige Verfahren entwickelt werden, die den
Zugriff auf die relevanten Organe von Versuchstieren erlauben. Die Freilegung des ZNS kann
meist nur durch aufwéndige und invasive Eingriffe realisiert werden, wodurch wiederholte
Aufnahmen in einem Individuum zu verschiedenen Stadien der Erkrankung nicht moglich
sind. Das Auge hingegen erlaubt, aufgrund seiner lichtsammelnden Eigenschaften und mit-
tels Einsatz optischer Bildgebungsverfahren, einen direkten nichtinvasiven Zugriff auf die
Morphologie und Funktion der Retina.

Ziel dieser Arbeit ist es nun ein geeignetes Untersuchungsverfahren zu entwickeln, mit des-
sen Hilfe Verdnderungen in der Retina von Versuchstieren nichtinvasiv untersucht werden
kénnen, wodurch wiederholte Aufnahmen in einem Individuum iiber den gesamten Krank-
heitsverlauf chronisch entziindlicher Erkrankungen erméglicht werden. Dafiir eignen sich
insbesondere Methoden der Fluoreszenzmikroskopie, da hier fluoreszierende Proteine und
Farbstoffe die selektive Markierung und Beobachtung von Zellsubgruppen, Antikérpern und
Gewebestrukturen im Tiermodell ermdglichen. Einen Spezialfall der Fluoreszenzmikroskopie

stellt die Zwei-Photonen-Mikroskopie dar, bei der dreidimensionale Strukturen in Tiefen von



iiber einem Millimeter punktweise mit nahinfraroter Strahlung abgetastet werden konnen.
Sie erlaubt den einzigartigen Zugriff auf Informationen iiber zelluldre Dynamiken im leben-
den Organismus weit iiber die Grenzen zelluldrer Zusammensetzung und morphologischer
Gewebeverinderungen, wie es mit statischer Histologie iiblich ist. Bis heute findet diese
Technologie vielfiltige Anwendung zur Untersuchung grundlegender physiologischer Prozes-
se und pathologischer Mechanismen in verschiedensten Organen und Krankheitsmodellen
[10, 11]. Im Falle der retinalen Bildgebung ist die Zwei-Photonen-Mikroskopie besonders gut
geeignet, da hier eine mogliche Aktivierung und Schéidigung der Photorezeptoren durch die
Anregung mit nahinfraroter Strahlung vermieden und funktionelle Messungen ermoglicht
werden konnen. Zudem bietet das Auge eine hohe Transmission im sichtbaren und nahin-
fraroten Spektralbereich, wodurch eine effektive Anregung und Detektion von Fluorophoren

erlaubt wird.

Ob die neuentwickelte Methode der retinalen Bildgebung in der Lage ist, Verdnderungen
innerhalb eines Versuchtieres wahrend der verschiedenen Stadien einer autoimmunen Er-
krankung festzustellen und zu analysieren, soll anhand eines Mausmodells der experimen-
tellen autoimmunen Uveoretintis (EAU) erprobt werden. In diesem Modell ist die Retina
das direkte Ziel einer Immunattacke und somit sehr gut geeignet, um die neue Methode zu
evaluieren. In den folgenden Kapiteln werden die wesentlichen Methoden und Ergebnisse der
in vivo Untersuchungen vorgestellt und diskutiert. Zudem werden ausgewéhlte Ergebnisse
einer bereits erprobten Methode zur Analyse der neuronalen Funktion im Hirnstamm am
Mausmodell der experimentellen autoimmunen Enzephalomyelits (EAE) dargestellt und mit
den longitudinalen Ergebnissen der EAU verglichen.

Teilergebnisse der vorliegenden Arbeit wurden zur Veroffentlichung angenommen: Acta Neu-

ropathologica 2015 und Frontiers in Immunology 2016.



1.3 Methodik

In diesem Kapitel wird die Induzierung der verwendeten Mausmodelle im Zusammenhang
mit den fiir die Fluoreszenzmikroskopie wichtigen Eigenschaften der Reportermausstdmme
erlautert. Zudem werden die operativen und die bildgebenden Methoden im Hirnstamm
und in der Retina lebender Méuse erklart. Die Tierversuche sind durch das zustandige Amt
fiir Tierschutz (G0081/10, G0093/15, LaGeSo — Landesamt fiir Gesundheit und Soziales)

genechmigt und wurden nach aktuellen Bestimmungen durchgefiihrt.

1.3.1 Mausmodell der experimentellen autoimmunen Enzephalomyelitis und

Uveoretinitis

Die Immunisierung der Versuchstiere erfolgt nach den Mausmodellen der experimentellen
autoimmunen Enzephalomyelits (EAE) und der experimentellen autoimmunen Uveoretinitis
(EAU). Als Zielantigen der Immunantwort in der EAE wird die Aminoséuresequenz 35-55
des Myelin-Oligodendrozyten-Glykoproteins (MOG) verwendet. Die applizierte Dosis be-
tragt 150 pg pro Versuchstier und wird subkutan in die Schwanzwurzel injiziert. Die genaue
physiologische Funktion von MOG ist bisher unbekannt. Man kann aber davon ausgehen,
dass MOGs;_55 die Funktion eines Adhesionsmolekiils in den Myelinscheiden der Neuro-
nen ibernimmt [12]. Das MOGgs_55 ist in Freunds Adjuvans (CFA) gelost. CFA enthélt
Paraffindl und das warmebehandelte Mykobakterium tuberculosis, wodurch eine verstarkte
Immunantwort ausgelost wird. Das Eindringen der Lymphozyten in das ZNS wird durch
den Einsatz von Pertussis Toxin (PTX) ermoglicht. Dieses wird intraperitoneal am Tag der
Immunisierung und 48 Stunden spéter mit einer Dosis von jeweils 200 ng injiziert [13].

Analog zu diesem Verfahren erfolgt die Induzierung der EAU. Lediglich das Zielantigen
wird mit 200—300 pg der Aminosduresequenz 1-20 des Interphotorezeptor retinolbindenden
Proteins (IRBP) ausgetauscht. IRBP ist ein Transportprotein, welches freies Vitamin A
bindet und fiir den Transport zwischen den Photorezeptorzellen und dem Pigmentepithel
der Retina verantwortlich ist [14]. Die Applikation der beiden Tiermodelle unterscheidet sich

somit lediglich im Zielprotein.

1.3.2 Transgene Reportermausstamme

Die verwendeten Mausstdmme haben zur besseren Vergleichbarkeit alle den gleichen gene-

tischen Hintergrund der Zuchtlinie C57BL/6. Es werden vier verschiedene transgene Maus-



stdmme eingesetzt, wodurch die charakteristischen Eigenschaften beider Autoimmunerkran-
kungen untersucht werden kénnen. Der CD4teYFP-Mausstamm wird zur Detektion von
T-Zellen benutzt, welche mit dem gelb fluoreszierenden Protein eYFP markiert sind [15].
Der CX3CR1TeGFP-Mausstamm enthélt das griin fluoreszierende Protein eGFP und wird
zur Detektion von Mikrogliazellen, Monozyten und Makrophagen eingesetzt [16].

Der CerTN L15-Mausstamm exprimiert einen Calciumindikator, der auf den Forster-Reso-
nanz-Energietransfer (FRET) basiert. Dieser erlaubt die Messung der Calciumkonzentration
in Neuronen und besteht aus zwei Fluorophoren, welche ein Donor- und Akzeptorpaar bil-
den (Cerulean und Citrine). Je geringer der Abstand zwischen den beiden Fluorophoren,
desto hoher ist die Wahrscheinlichkeit, dass der angeregte Donor seine Energie an den Ak-
zeptor iibertragt. Die Fluorophore sind an Troponin C gebunden, ein Protein das sich bei
Anwesenheit von Calciumionen zusammenfaltet. Bei niedrigen Konzentrationen von unter
100 nM dominiert das Signal von Cerulean. Bei hoheren Konzentration von Calcium nimmt
das Signal von Cerulean ab und das von Citrine zu. Aus den relativen Signalstdrken kann
somit die relative Calziumkonzentration abgeleitet werden [17]. Die Abklingzeit des TN L15-
Konstrukts liegt im Bereich von einigen 100 ms und ist daher nur geeignet, um langanhalten-
de Verédnderungen von intrazelluldren Calcium zu messen, wie sie bei der Schadigung oder
Dysfunktion von Nervenzellen auftreten [18].

Zusétzlich sind die Tiere des CerTN L15-Mausstamms mit einem weiteren Mausstamm ge-
kreuzt worden, bei dem die LysM™ Zellen das rot fluoreszierenden Protein tdRFP exprimie-
ren. Dadurch kénnen vor allem periphere Phagozyten wie Makrophagen, Monozyten und

Granulozyten detektiert werden [19].

1.3.3 Hirnstamm-Praparation

Die Versuchstiere befinden sich wihrend des gesamten Eingriffs in tiefer Inhalationsnarkose
unter 2% Isofluran. Die Tiefe der Narkose wird durch die Messung des CO,-Gehalts in der
Ausatemluft der Maus und durch ein Elektrokardiogramm mittels Ableitung nach Eintho-
ven iiberwacht. Der Mauskopf wird in einer vorniibergebeugten Position gebracht, wodurch
ein Spalt zwischen dem ersten Halswirbel und dem Hinterhauptbein des Schédels entsteht.
Danach wird die Muskulatur iiber dem Trapezmuskel vorsichtig beiseite geschoben und die
Muskelschicht direkt {iber der Dura entfernt. Die freigelegte Region wird mit isotonischer

Ringerlosung umspiilt, um Austrocknung und Verunreinigungen zu vermeiden. Nun kann ein



Immersionsobjektiv in die Losung getaucht und eine geeignete Region mit Hilfe eines Okulars
eingestellt werden. Im Anschluss daran wird die Region mit der Zwei-Photonen-Bildgebung

aufgenommen (siche Abschnitt 1.3.5).

1.3.4 Positionierung der Retina

Die longitudinale Bildgebung in der Retina der Maus erfolgt mit Hilfe eines Titanimplantats.
Das Implantat kann in eine mechanische Halterung eingespannt werden, welche im Rahmen
dieser Arbeit in enger Kooperation mit der Firma Luigs&Neumann GmbH entwickelt worden
ist. Die Halterung ist beheizt und in vier Freiheitsgraden motorisiert. Somit kann die gesamte
Maus und daher auch das Mausauge relativ zum Mikroskopobjektiv positioniert und iiber
Zeitrdume von mehr als 20 Minuten gemessen werden.

Die Befestigung des Implantats erfolgt unter tiefer Narkose durch eine Ketamin-Xylazin-
Injektion. Anschliefend wird die Haut {iber der Schideldecke der Maus zusammen mit dem
Pericranium entfernt. Danach wird ein wie in der Zahnmedizin iibliches Atz- und Bondingver-
fahren eingesetzt (OptiBond FL Primer und Adhesiver, Kerr). Dadurch entsteht eine stabile
Oberflachenstruktur, an der das Implantat mittels Zweikomponenten-Zahnzement (Nexus,
Kerr) optimal befestigt werden kann. Um das Stressniveau der Tiere moglichst niedrig zu
halten und in Bezug auf die Wundheilzeit erfolgt die Immunisierung der Tiere zwei Wochen

nach der Operation.

Die Retinae der Tiere werden am Tag 7, 11, 14, 21 und 28 nach der Immunisierung mittels
der Zwei-Photonen-Mikroskopie aufgenommen. Wéhrend der Messungen befinden sich die
Tiere in tiefer Beatmungsnarkose unter 2 % Isofluran. Die Tiere atmen dabei selbststindig.
Damit der Laserstrahl auf die Retina fokussiert werden kann, wird vor jeder Messung die
Pupille mit einer sterilen Augentropfenlésung (2 % Phenylephrin und 0,4 % Tropicamid) auf-
geweitet. Wihrend der Messung muss die Austrocknung des Mausauges vermieden werden,
da sich sonst die Augenlinse und die Hornhaut milchig-weif} triiben wiirden und eine effek-
tive Transmission des Laserstrahls bis zur Retina verhindert werden wiirde. Dazu wird eine
transparente und viskose Augensalbe (Vidisic, Bausch&Lomb) zwischen Hornhaut und Mi-
kroskopobjektiv aufgetragen. Im Anschluss wird das Versuchstier mit der Positioniereinheit
so ausgerichtet, dass die Strukturen der Retina in der Fokusebene des Mikroskops liegen.

Um eine gute Vergleichbarkeit und Evaluierung der in vivo Messdaten zu gewéhrleisten,

wird immer der gleiche Bildausschnitt mit gleicher Orientierung der Retina zwischen den



einzelnen Messtagen eingestellt. Eine Farbung der Blutgefifie dient dabei als Orientierung
und erfolgt durch die intravenose Injektion von 50 pl FITC-Dextran bzw. Sulforhodamin 101.

Die Injektion erfolgt unmittelbar vor jeder Messung.

1.3.5 Zwei-Photonen-Mikroskopie

Die Bildgebung in der Retina und im Hirnstamm von lebenden Méusen erfolgt mit ei-
nem modifizierten Zwei-Photonen-Mikroskop (TriM Scope 11, LaVision BioTec GmbH). Die-
ses besitzt einen Titan-Saphir-Laser (Chameleon Ultra II, Coherent) zur Erzeugung von
ultrakurzen Laserpulsen im Femtosekundenbereich. In Kombination mit einem Optisch-
Parametrischen-Oszillators kénnen so verschiedenste Fluorophore in einem weiten Spektral-
bereich von 680 nm bis 1340 nm effektiv angeregt werden [20].

Die Anregung eines fluoreszierenden Molekiils erfolgt durch der nahezu simultanen Absorp-
tion zweier Photonen. Dafiir sind extrem hohe Leistungsdichten in Raum und Zeit nétig, was
nur in der wenigen Mikrometer groflien Fokusebene des Mikroskopobjektives erreicht wird.
Eine rdumliche Darstellung der zu untersuchenden Strukturen wird durch eine Abtastung der
Strukturen durch den Laserstrahl mittels zwei beweglichen Galvanospiegeln erreicht. Dabei
wird das emittierte Licht der Fluorophore durch dichroitische Spiegel spektral voneinander
getrennt und durch Photovervielfacher (PMT) tiber die Zeit detektiert. Im Anschluss einer
jeden Abtastung erstellt der Computer eine zweidimensionale Rekonstruktion der Strukturen
aus dem zeitlichen Fluoreszenzsignal [21].

Zur Detektion werden vier Kanile eingesetzt. Cerulean wird bei 850 nm angeregt und im
Spektralbereich von (466+30) nm simultan mit Citrine bei (525£25) nm und (5934+20) nm
detektiert. Blutgefiafie der Retina sind entweder mit Sulforhodamin 101, angeregt bei 900 nm
und detektiert bei (593+20) nm oder mit FITC-Dextran, angeregt bei 800 nm und detek-
tiert bei (5254+25)nm, markiert. eGFP und eYFP werden bei 900nm angeregt und bei
(5254+25) nm detektiert. Das Signal von tdRFP hingegen wird bei 1100 nm angeregt und bei
(5934+20) nm gemessen.

Fiir die Hirnstamm-Messungen wird ein kommerzielles 20x-Wasser-Immersionsobjektiv mit
einer numerischen Apertur (NA) von 0,95 und einem Arbeitsabstand (AA) von einem Mil-
limeter verwendet. Bei den Retina-Messungen hingegen wurde in Zusammenarbeit mit der
Firma LaVision BioTec GmbH ein speziell fiir die Anwendung im Mausauge entwickeltes

4x-Multi-Immersionsobjektiv mit einer NA von 0,28 und einen Arbeitsabstand von 6 mm
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charakterisiert und eingesetzt.

Um eine mogliche Photoschidigung zu vermeiden, wird bei den Hirnstamm-Messungen ei-
ne mittlere Laserleistung von maximal 8mW und bei den Retina-Messungen von 50 mW
verwendet. Die hohere mittlere Leistung im Auge ist bedingt durch die geringere NA des
Objektives, wodurch eine geringere Leistungsdichte im Fokus erreicht wird. Hinzu kommt ein
Vergroflerungseffekt des Fokus entlang der optischen Achse, hervorgerufen durch die opti-
schen Eigenschaften der Mauslinse. Die Messzeit fiir ein Sichtfeld von 1400 pm x 1400 pm und
einer digitalen Auflosung von 994 Pixel x994 Pixel betrigt etwa zwei Sekunden. Um Zellbe-
wegungen in den verschiedenen Schichten der Retina beobachten zu kénnen sind 300 pm tiefe

Volumen pro Minute iiber einen Gesamtzeitraum von 20 Minuten aufgenommen worden.

1.4 Ergebnisse

Das folgende Kapitel beschreibt die Messergebnisse der neuentwickelten Messmethode zur
longitudinalen Bildgebung der Retina, welche im Rahmen dieser Arbeit entstanden sind.
Dazu zahlt unter anderem die wiederholten in vivo Aufnahmen der Retinae im Mausmodell
der EAU am Tag 7, 11, 14, 21 und 28 nach Immunisierung mittels der Zwei-Photonen-
Mikroskopie. Zum besseren Vergleich der Ergebnisse der funktionellen Calciummessungen
sind die Aufnahmen des Hirnstamms im Mausmodell der EAE zum Zeitpunkt der maximalen

klinischen Symptome dargestellt.

1.4.1 Immunzellinfiltration in der EAU

Die Infiltration von peripheren Immunzellen in der Retina kann wiederholt in einem Indi-
viduum entlang des gesamten Krankheitsverlaufs der EAU bis zu 28 Tage nach Immunisie-
rung beobachtet werden. Dabei sind die Anzahl der Immunzellen, die Zellbewegungen und
deren Positionen mit der Analysesoftware TrackMate von Image] ausgewertet worden. In
Ubereinstimmung mit den funduskopischen Daten nimmt die Anzahl der CD4* T-Zellen iiber
den Krankheitsverlauf in allen drei immunisierten Versuchstieren des CD4" Mausstamms zu
[22]. Wie auch aus der Literatur bekannt [23] beginnt die Infiltration am Tag 14 nach Im-
munisierung (siche Abbildung 1A und 1C) am Sehnervkopf und verteilt sich zu den spéteren
Zeitpunkten zunehmend in der Peripherie der Retina. Die CD4*1 T-Zellen weisen dabei keine
gerichtete Bewegung innerhalb des Messzeitfensters von 20 Minuten auf. Die mittlere Ge-

schwindigkeit der CD4* T-Zellen in der Retina von etwa 0,5 &% (siche Abbildung 1D) ist
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deutlich geringer als die Geschwindigkeit von etwa 6 £ von CD4* T-Zellen im Hirnstamm
wihrend der EAE [13]. Diese Ergebnisse implizieren, dass der Prozess der CD4* T-Zell-
Infiltration ein stark gerichteter, aber sehr langsamer Prozess ist. Die Zellinfiltrate scheinen

nach dem Durchgang durch die Blut-Retina-Schranke direkt am Eintrittsort zu verharren.

Tag 14
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Abbildung 1: (A, B) Reprisentative dreidimensionale Projektionen (1400 1mx 1400 1mx 300 pm) der Re-
tina im Krankheitsverlauf der EAU in vivo. Autofluoreszenz entsteht hauptséchlich durch
Retinol im Pigmentepithelium. Blutgefdfie und Sehnervkopf erscheinen als Schatten.
Mnregung = 900nm, Agmission = (593 + 20) nm, tdRFP: Xanregung = 900 nm, Agmission =
(593 £ 20) nm, Autofluoreszenz: Agmission = (525 £ 25) nm, Mafistab = 200 pm. Infiltrati-
on von (A) CD4" T-Zellen und (B) LysM™ Phagozyten am Tag 11, 14, 21 und 28 nach
Immunisierung. (C) Gesamtanzahl der CD4" T-Zellen pro Maus. Geschwindigkeit der (D)
CD4*" T-Zellen und (E) LysM™ Phagozyten. Statistische Relevanz iiberpriift mit ANOVA
(*p < 0,01 und **p < 0,001).

Analoge Messungen sind fiir vier weitere immunisierte Versuchstiere des LysM*tdRFP-
Mausstamms durchgefiihrt worden. Dabei zeigen die LysM™ Zellen ein dhnliches Muster auf
wie die CD41 T-Zellen. Die LysM™ Zellen dringen am Tag 14 nach Immunisierung am Seh-
nervkopf und an den gréfleren venosen BlutgefidBen ein (siehe Abbildung 1B). Die Zellanzahl

korreliert mit dem Krankheitsverlauf und steigt mit dem Fortschreiten der Krankheit an.
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Verglichen mit spiteren Zeitpunkten sind am Tag 14 im Verhiltnis zu den CD4" T-Zellen
deutlich weniger LysM™ Zellen in der Retina vorhanden. Dies weist auf einen zeitlich ver-
setzten Eintritt der LysM™ Zellen hin. Somit wird die Hypothese einer T-Zell-initiierten
Entziindung im Mausmodell der EAU bestétigt, welche dann in eine Immunantwort mit
Infiltration von weiteren peripheren Immunzellen in die Retina tibergeht [24]. Die mittlere
Geschwindigkeit der LysM™ Zellen betrigt etwa 1 £ in der Retina und ist am Tag 21 ge-
ringfiigig hoher als am Tag 14 und Tag 28 (siehe Abbildung 1E). Die zuriickgelegte Strecke
der Zellen ist im Messzeitfenster von 20 Minuten gemessen worden und wurde im Anschluss
fiir alle Zellen pro Messtag vektoriell aufsummiert. Dabei ergibt sich eine Gesamtstrecke
von 117pum am Tag 14 und 147 pm am Tag 21. Es ist somit eine zentrifugale Bewegung der
Zellen weg vom Sehnervkopf zu sehen. Am Tag 28 hingegen zeigen die Zellen eine leichte
zentripetale Bewegung mit einer Gesamtstrecke von 35 nm zum Sehnerv hin.

Im Gegensatz zum restlichen ZNS-Gewebe sind Signale der Frequenzverdopplung (SHG)
von geordneten Kollagenfasern zu keinem Zeitpunkt in der Retina detektierbar. Die Fasern
bilden typischerweise Verbindungswege im Gewebe und konnen als Transportstrukturen fiir

Immunzellen im entziindeten Gehirn dienen [25].

1.4.2 Gliale Aktivierung und Bewegungsmuster

In der Abbildung 2A sind die dreidimensionalen Projektionen der longitudinalen Bildgebung
des retinalen Mikroglianetzwerkes reprasentativ fiir eine gesunde und eine immunisierte Maus
dargestellt. Der gesamte Krankheitsverlauf der EAU ist bis zum Tag 28 nach Immunisierung
in drei Versuchstieren beobachtet und mit zwei gesunden Kontrollen verglichen worden.

Dabei zeigt sich mit dem Fortschreiten der Symptome eine Verdnderung in der Morpho-
logy der CX3CRI1™ Zellen, von einer iiberwachenden zu einer phagozytischen Form. Die
CX3CRI1T Zellen der gesunden Kontrollen und der immunisierten Tiere am Tag 7 und Tag
11 weisen grofitenteils kleine Zellkérper mit fein verzweigten Ausldufern auf. Ab Tag 14
nach Immunisierung hingegen werden amoboide Formen mit verkiirzten Fortsétzen sichtbar,
welche sich um den Sehnervkopf und teilweise um die Blutgefiafie konzentrieren [22]. In den
zeitaufgelosten Aufnahmen erkennt man ein Austreten des Farbstoffes aus den Blutgefafien,
was auf eine Storung der Blut-Retina-Schranke in der EAU hinweist. Zudem wird erkenn-
bar, dass der Hauptteil der CX3CR1™" Zellen sich langsam bzw. nahezu gar nicht innerhalb
der Retina bewegt (siehe Abbildung 2C). Am Tag 14 nach Immunisierung ist die mittlere

13



Gesund

O

Geschwindigkeit / pm/min

(=]

o
©
3

o
]

=]
>

o
)

o
=]

11 14
Tage nach Immunisierung

Abbildung 2: (A) Reprisentative drei dimensionale Projektion (1400 1mx 1400 1mx300 um) der Retina
im Krankheitsverlauf der EAU und einer gesunden Kontrolle in vivo. Die Blutgefiafie sind
mit Sulforhodamin 101 geférbt. : Mnregung = 9001m, Agmission = (525 £ 25) nm, Sulfo-
rhodamin: Aanregung = 900 nmM, Agmission = (593 £ 20) nm, Mafistab = 300 pm. (B) Zeitliche
Nahaufnahme einer sich entlang den Blutgefiien bewegenden CX3CR1% Zelle mit einer
mittleren Geschwindigkeit von 30 &2 am Tag 21 nach Immunisierung. (C) Mittlere Ge-
schwindigkeit der ruhenden CX3CR1™ Zellen im Verlauf der EAU. Statistische Relevanz
iiberpriift mit ANOVA (*p < 0,1, **p < 0,01 und ***p <0,001). (D) Zuriickgelegte Strecken
aller sich schneller bewegenden CX3CR17 Zellen der drei immunisierten Tiere und der zwei

gesunden Kontrollen fiir alle Messzeitpunkte.

Geschwindigkeit mit etwa 0,3 pm am hochsten und nimmt zu spéteren Zeitpunkten wieder
ab [22].

Ein kleiner Teil der CX3CR1" Zellen hingegen hat eine signifikant grofere Geschwindigkeit.
Um die Zellmigration verfolgen zu kénnen, sind die Zellen manuell markiert worden (siehe
Abbildung 2B). Sie bewegen sich ausschliefllich im perivaskuldren Raum entlang der grofien
Venen mit einer mittleren Geschwindigkeit von (9,6+2,6) &= in den gesunden Kontrollen und

mit (10,644,8) X% in der EAU. Der zuriickgelegte Weg aller markierten Zellen innerhalb der

Retina ist in Abbildung 2D fiir die gesunden und die immunisierten Tiere dargestellt. Der

Betrag der Strecken ist mit Bezug zum Sehnervkopf vektoriell aufsummiert worden. Es zeigt
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sich, dass in den gesunden Tieren die CX3CR1™ Zellen keine gerichtete Bewegung zum Seh-
nervkopf ausfithren. In den Tieren mit EAU hingegen vollfithren die Zellen eine zentripetale
Bewegung hin zum Sehnervkopf. Dies suggeriert die Aktivierung einer Subpopulation von
CX3CR1T" Zellen in der Retina, welche durch den optischen Sehnerv Zugang zu weiteren

Teilen des ZNS erhalten [22].

1.4.3 Neuronale Dysfunktion in der EAE und EAU

In fritheren Verdffentlichungen konnte im Hirnstamm von CerTN L15-M&usen mit EAE ge-
zeigt werden, dass erhohte Calciumkonzentrationen von mehr als einem Mikromol iiber einen
Zeitraum von einer Stunde ein Indikator fiir neuronale Dysfunktion ist [13, 18]. In dieser Ar-
beit werden diese Ergebnisse bestétigt und erweitert, indem gezeigt wird das erhohtes neu-
ronales und axonales Calcium in Bereichen mit vermehrten Kontakt von LysM* Immunzell-

infiltraten auftritt.
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Abbildung 3: Repriisentative zweidimensionale Aufnahme (3001mx300pm) des Hirnstamms im Maxi-
mum der EAE in vivo. (A) Intensitétsbilder einer gesunden (links) und einer immunisier-
ten Maus (rechts). ! Mnregung = 8500mM, Apmission = (466 £ 30) nm,
(525 £ 25) nm und (593 £ 20) nm, tdRFP: Aapregung = 11000m, Agmission = (593 £ 20) nm,
MaBstab = 50 pm. Infiltration von LysM™ Zellen im Maximum der EAE. (B) Berechnete
und anschliefend maskierte Darstellung der relativen Calciumkonzentration aus den In-
tensitétssignalen einer gesunden (links) und einer immunisierten Maus (rechts). (C) Ge-
geniiberstellung der Mittelwerte der relativen Calciumkonzentration aus drei bis zwolf aku-
ten Lésionen pro Versuchstier. Der Fldchenanteil der erh6hten Calciumkonzentration korre-
liert mit den klinischen Symptomen der EAE. Statistische Relevanz iiberpriift mit ANOVA
(*p <0,001).
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Dafiir ist der Hirnstamm von drei gesunden und vier mit MOGg;_55 immunisierten Tieren

im Maximum der klinischen EAE-Symptome aufgenommen worden. Die Ergebnisse sind in

der Abbildung 3 exemplarisch dargestellt. Die Abbildung 3A zeigt das Intensitatssignal der

fluoreszierenden Neuronen und der LysM™ Phagozyten. In der Abbildung 3B sind die daraus

berechneten relativen Calciumkonzentrationen dargestellt, wie in Abschnitt 1.3.2 erlautert.

Der relative Flachenanteil der neuronalen Dysfunktion ist als Mittelwert von drei bis zwolf

akuten Lasionen pro Versuchstier in der Abbildung 3C dargestellt. Man erkennt, dass der An-

teil der Dysfunktion mit den klinischen Symptomen in der EAE korreliert und die Lésionen

zeitgleich mit den Symptomen auftreten [26].
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Abbildung 4: Reprisentative drei dimensionale Projektion (1400 pmx1400pmx300ym) der Retina im

Krankheitsverlauf der EAU. (A) Intensitdtsbilder des aufsummierten Signals von Cerulean
und Citrine in den neuronalen Fasern der Retina. : Mnregung = 350 nm,
AEmission = (466 &+ 30) nm, (525 £ 25) nm und (593 £ 20) nm, Mafistab = 300 pm. (B) Be-
rechnete und anschliefend maskierte Darstellung der relativen Calciumkonzentration aus
den Intensitéiitssignalen. (C) Das FRET-Signal bleibt iiber den jeweiligen Messzeitraum von
20 Minuten konstant bei etwa 14 %. (D) Zusammenfassung der Mittelwerte der relativen
Calciumkonzentration von drei immunisierten und vier gesunden Versuchstieren. Am Tag
21 ist eine Erhchung der Konzentration messbar, jedoch bleiben alle Werte weit unter dem
Grenzwert der neuronalen Dysfunktion von 47 %. Statistische Relevanz iiberpriift mit ANO-
VA (*p <0,05, **p <0,01 und ***p <0,001). (E) FRET-Signal einer explantierten Retina
vor (links) und nach (rechts) Zugabe von 40 M Tonomycin n vitro fithrt zu einer messbaren

Einlagerung von Calciumionen.
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Weitere Versuchstiere des CerTN L15-Mausstamms immunisiert mit IRBP;_o9 sind mit der
longitudinalen Bildgebungsmethode wiederholt in der Retina untersucht worden. Die Er-
gebnisse sind in der Abbildung 4 zusammengestellt. Die erste Reihe zeigt exemplarisch die
dreidimensionalen Projektionen der Intensitétssignale der fluoreszierenden Neuronen fiir ei-
ne gesunde und eine immunisierte Maus iiber den Krankheitsverlauf der EAU. Die zweite
Reihe zeigt analog dazu das aus der Intensitét berechnete FRET-Signal zur Bestimmung der
relativen Calciumkonzentration. Die Retinae sind wiederholt {iber einen Zeitraum von 20
Minuten pro Messtag aufgenommen worden. Der zeitliche Verlauf der Calciumkonzentration
ist fiir sechs verschiedene Regionen innerhalb der Retina berechnet worden (siehe Abbildung
4C). In allen Bereichen bleibt das Calciumniveau nahezu konstant bei 14 % innerhalb des
Messzeitfensters und erhoht sich zu keinem Zeitpunkt wahrend der Messung. Daher wird die
Funktionalitét der Retina durch die eingesetzte Laserstrahlung nicht beeinflusst.

Insgesamt sind die Aufnahmen von neuronalem Calcium im CerTN L15-Mausstamm in drei
mit EAU immunisierten Tieren und vier gesunden Kontrollen durchgefithrt worden. Die
Mittelwerte der Konzentration fiir die einzelnen Messzeitpunkte sind in der Abbildung 4D
dargestellt. Es zeigt sich eine geringe, aber signifikante Erhohung in der Calciumkonzentrati-
on von 18 % am Tag 21 nach Immunisierung im Vergleich zu fritheren Krankheitsstadien. Am
Tag 28 nimmt der Wert wieder ab. Davon abgesehen erreichen die Werte der Calciumkonzen-
tration nicht die fiir eine pathologisch neuronale Dysfunktion typischen Werte von iiber 47 %
entsprechend 1M, welche im Hirnstamm von M&usen mit EAE unter &hnlichen inflamma-
torischen Bedingungen auftreten [26]. Somit sind die Ganglienzell- und Nervenfaserschicht
von der Inflammation im Mausmodell der EAU bis zu 28 Tage nach Immunisierung nicht
betroffen und spielen im Mausmodell der EAU eine eher untergeordnete Rolle.

Zudem konnte mit der Hilfe von in wvitro Untersuchungen von explantierten Retinae im
Rahmen dieser Arbeit gezeigt werden, dass Ganglienzellen und deren Axone des CerTN L15-
Mausstamms, welche den Thyl-Promoter exprimieren [27] auch das TN L15-Konstrukt ver-
schliisseln (siehe Abbildung 4E). Zusétzlich ist die Funktionalitdt des TN L15-Konstrukt in
der Retina mittels Applikation von 40 puM Ionomycin iiberpriift worden. Dabei konnte ein
relatives FRET-Signal von bis zu 70 % (entspricht 3 pM neuronales Calcium) in explantierten

Retinae von gesunden CerTN L15-Mé&usen berechnet werden.
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1.5 Diskussion

Neuroinflammatorische Prozesse konnen im Mensch und Tier von Stunden {iber mehreren
Tagen bis hin Monaten andauern, wobei typische Messzeitfenster in der intravitalen Mikro-
skopie auf wenige Stunden begrenzt sind. Daher herrscht groflier Bedarf an Technologien,
welche wiederholte Aufnahmen in ein und demselben Versuchstier erlauben. Das Potential
der retinalen Zwei-Photonen-Bildgebung wurde bereits durch frithere Publikationen aufge-
zeigt [28, 29]. In der vorliegenden Arbeit konnte erstmalig iiber eine Zeitspanne von bis zu
20 Minuten wiederholt die Dynamik von Zellen, die Infiltration ins Gewebe und Gewebe-
funktionen in einem Versuchstier iiber einen Zeitraum von 28 Tagen aufgenommen werden.
Erstmals konnen so, durch eine kombinierte morphologische und funktionelle Bildgebung,
in Zukunft neuroprotektive Therapien auf ihre Effektivitdt hin in vivo untersucht werden.
Zudem erlaubt die nicht-invasive retinale Bildgebung die Reduzierung der benétigten Ver-
suchstieranzahl ganz nach dem 3V-Prinzip von Russell und Burch, Vermeidung, Verringerung
und Verfeinerung. Trotz kleiner Versuchstiergruppen kénnen statistisch relevante Aussagen
weiterhin getroffen werden, da die Varianz in der individuellen Immunantworten zwischen

den einzelnen Tieren direkt beriicksichtigt werden kann.

Im Mausmodell der EAU konnte wie auch in fritheren Veroffentlichungen bestétigt werden,
dass die CD4" T-Zellen vor den LysM™ Zellen die Retina infiltrieren und die Inflammations-
kaskade auslosen. Neben der Infiltration durch die beschédigte Blut-Retina-Schranke beginnt
sie typischerweise am Sehnervkopf, was ein Indiz fiir eine mogliche Zellmigration von inne-
ren Teilen des ZNS iiber den Sehnerv darstellt. Interessanterweise sind die CD41 T-Zellen
iiber den gesamten Verlauf der EAU deutlich langsamer als die LysM™ Zellen. Beriicksichtigt
man das Fehlen von geordneten Kollagenfasern in der entziindeten Retina, dann scheint die
Bewegung von CD4" T-Zellen stéirker als die LysM™ Zellen vom Fehlen der Kollagenfasern
in der entziindeten Retina betroffen zu sein.

Unter vergleichbaren inflammatorischen Bedingungen konnten starke Unterschiede im Ver-
halten von CD4" T-Zellen und LysM* Phagozyten im Auge und im Hirnstamm festgestellt
werden. Im Hirnstamm und Riickenmark bewegen sich die Effektorzellen kommend aus der
Peripherie gerichtet und eher schnell mit 5 £ besonders entlang neugebildeter Kollagen-
fasern &hnlich wie die Bewegung innerhalb sekundérer lymphatischer Organe [25]. Sie in-
filtrieren das in bestimmter Hinsicht immunpriviligierte Hirngewebe durch die Blut-Hirn-

oder Blut-Liquor-Schranke und sammeln sich in den Lésionen [13, 25]. Im Auge zeigen
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diese Zellen eine reduzierte Geschwindigkeit von etwa 1 £ Innerhalb von Tagen zu Wo-
chen bewegen sie sich stark gerichtet vom Sehnervkopf ausgehend zum &ufleren Rand der
Retina. In Ubereinstimmung mit diesen Beobachtungen konnten Kollagenfasern zu keinem
Zeitpunkt detektiert werden, obwohl frithere Verdffentlichungen zeigten, dass im ZNS und
in lymphatischen Organen Kollagenfasern fiir eine gerichtete Bewegungen benétigt werden
[25]. Welche Rolle andere Zellpopulationen, Zelllinien und Botenstoffe wie zum Beispiel CD8-
Zellen, Th17-Zellen, CXCL12, GM-CSF oder TNF-« bei der Induktion der Autoimmunitét
und Interaktion mit retinalem Gewebe haben, bleiben offene Fragen, welche noch in Zukunft

beantwortet werden miissen.

Hinsichtlich pathologischer Verdnderungen konnte in der Retina wihrend neuronaler Inflam-
mation eine Verdnderung des mikroglialen Netzwerkes von einer iiberwachenden zu einer
phagozytischen Form nachgewiesen werden, dhnlich den Anzeichen einer Gliose im Hirn-
stamm und im Riickenmark fritherer Veroffentlichungen [30]. Wahrscheinlich wegen fehlen-
der Leitbahnen im retinalen Parenchym bewegen sich die phagozytischen CX3CRI1" Zellen
nur entlang des perivaskuldren Raums im entziindeten Auge, was im Kontrast zu fritheren
Ergebnissen im Gehirn unter dhnlichen inflammatorischen Bedingungen steht. Welche Fak-
toren fiir die Bildung oder Blockade von Leitbahnen fiir Immunzellen in der Retina und im
ZNS verantwortlich sind ist bisher noch unbekannt. Interessanterweise bewegen sich mehr
CX3CRI1T Zellen perivaskulir in Richtung des Sehnervkopfs wihrend der Inflammation als
in der gesunden Retina. Dies impliziert, dass Zellimmigration im Auge wéhrend einer neu-
ronalen Inflammation ausgelost wird und die Zellen iiber den Sehnervkopf auch in weitere
Regionen des ZNS einwandern kénnen. Somit scheint der Sehnerv als schnelle bidirektionale

Leitbahn fiir Immunzellen zu fungieren.

Abgesehen von der starken Immunzellinfiltration und der Veréinderung des mikroglialen Netz-
werkes erreicht der Anstieg des neuronalen Calciums in der Retina von Méausen mit EAU
nicht das typische Niveau einer neuronalen Dysfunktion. Verglichen mit dem Hirnstamm
von Méausen mit EAE unter qualitativ #hnlichen Bedingungen einer stark dynamischen pe-
ripheren Immunzellinfiltration und Gliose wird eine neuronale Schidigung und letztend-
lich der programmierte Zelltod bereits in frithen Phasen der EAE erreicht [26, 30, 31].
Man kann natiirlich nicht ausschlieffen, dass sich eine neuronale Dysfunktion unabhéngig
von der intrazellularen Calciumkonzentration entwickelt hat, was durch den CerTN L15-

Reportermausstamm nicht nachgewiesen werden kann. Weitere wiederholte Aufnahmen mit
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der retinalen Bildgebung in der chronischen Phase der EAU zwischen Tag 28 und 60 nach
Immunisierung kénnten mogliche Effekte einer verspéteten Apoptose der neuronalen Retina
aufdecken. Dabei sollte beriicksichtigt werden, dass nicht alle neuronalen Zellen in der Reti-
na den Calciumsensor exprimieren, sondern hauptséchlich nur die Ganglienzellen und deren
Axone [22]. Zudem ist das Ausmaf der neuronalen Schidigung zu inneren Bestandteilen des

zentralen Nervensystems im Mausmodell der EAU unklar.

Die EAE ist das am héufigsten verwendete Mausmodell der MS, jedoch wird dieses meist nur
akut untersucht und eine chronische Diskussion entféllt. Reversible und irreversible pathoge-
ne Effekte der T-Zellen, Makrophagen, aktivierten Mikroglia und aktivierten Astrozyten auf
die neuronale Funktion in der Retina sind bisher nur wenig untersucht worden und ungewiss.
Wenn die im Auge gezeigten Effekte weiter bestétigt werden konnen, bietet die hier vor-
gestellte nichtinvasive Bildgebung eine Moéglichkeit therapeutische Behandlungsansétze der
chronischen Neuroinflammation mit zelluldrer Auflésung in einem Individuum zu erproben.
Einerseits wird dieser Ansatz zu einem besseren Versténdnis relevanter Pathomechanismen
fithren und andererseits zu einer drastischen Reduzierung benétigter Versuchstierzahlen.

Die neue retinale Bildgebungsmethode erlaubt nicht nur vielversprechende neue Ansétze in
entziindlichen Erkrankungen, sondern auch in neurodegenerativen Erkrankungen und bietet
dariiber hinaus das Potential zur Frithdiagnose, bevor klinische Symptome sichtbar werden.
Die retinale Pathogenese wurde kiirzlich auch im Zusammenhang mit primér neurodegenera-
tiven Erkrankungen wie Morbus Alzheimer, Morbus Parkinson und der amyotrophen Late-
ralsklerose gebracht [32, 33]. Des Weiteren kénnten auch neue Erkenntnisse im Bereich vas-
kulérer Erkrankungen wie Diabetes Typ I gewonnen werden, bei denen es zu Verdnderungen
in den retinalen Blutgefafien einschlieflich Venen, Arterien und Kapillaren kommt [34, 35].
Auch beziiglich entziindlicher Erkrankungen wurde kiirzlich in einem transgenen Tiermodell
der EAU die Bildung von tertidren lymphatischen Organen in der Retina entdeckt [9]. All
diese Beispiele zeigen iiber die konkreten Ergebnisse der vorliegenden Arbeit hinaus das Po-
tential fiir die vorgestellte longitudinale Bildgebung, um Fragen aus der Grundlagen- und

Therapieforschung in einem weiten biomedizinischen Gebiet beantworten zu koénnen.
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Abstract The functional dynamics and cellular sources of
oxidative stress are central to understanding MS pathogene-
sis but remain elusive, due to the lack of appropriate detec-
tion methods. Here we employ NAD(P)H fluorescence life-
time imaging to detect functional NADPH oxidases (NOX
enzymes) in vivo to identify inflammatory monocytes, acti-
vated microglia, and astrocytes expressing NOX1 as major
cellular sources of oxidative stress in the central nerv-
ous system of mice affected by experimental autoimmune
encephalomyelitis (EAE). This directly affects neuronal
function in vivo, indicated by sustained elevated neuronal
calcium. The systemic involvement of oxidative stress is
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mirrored by overactivation of NOX enzymes in peripheral
CD11b™ cells in later phases of both MS and EAE. This
effect is antagonized by systemic intake of the NOX inhibi-
tor and anti-oxidant epigallocatechin-3-gallate. Together,
this persistent hyper-activation of oxidative enzymes sug-
gests an “oxidative stress memory” both in the periphery
and CNS compartments, in chronic neuroinflammation.

Keywords Multiple sclerosis - Oxidative stress -
Neuronal dysfunction - Fluorescence lifetime microscopy -
Intravital imaging - Oxidative stress memory

Introduction

Multiple sclerosis (MS) is a chronic inflammatory neuro-
degenerative disease characterized by multifocal infiltration
of immune cells in the central nervous system (CNS). The
first onset of inflammatory symptoms is called clinically
isolated syndrome (CIS), and 30-70 % of CIS patients
develop definitive MS [34]. In most patients MS has a
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relapsing—remitting course (RRMS), which is convention-
ally considered to reflect mainly inflammatory processes.
It can, however, subsequently evolve into a secondary
progressive disease (SPMS), thought to reflect more of a
degenerative process [27, 41], leading to lasting and irre-
versible neurological disability.

Reactive oxygen species (ROS) generated by invading
and resident CNS macrophages have been implicated in
mediating demyelination and axonal damage [13, 38, 55,
58, 60]. The term reactive oxygen species (ROS) refers to
both free radicals and related molecules. There is evidence
pointing to excessive ROS production as a major mecha-
nism causing damage in MS, as oxidized DNA, lipids and
proteins were reported in CNS lesions, cerebrospinal fluid
and plasma of MS patients [17, 21, 31]. To prevent ROS-
caused damage, cells have potent anti-oxidative mecha-
nisms. However, defects in anti-oxidant mechanisms and
excessive ROS production that overwhelms the endog-
enous anti-oxidant capacity lead to oxidative stress. The
most abundant source of ROS leading to oxidative stress
is the respiratory burst, which is mediated by the nicotina-
mide adenine dinucleotide phosphate (NADPH) oxidases
[NOX1, NOX2 (phox), NOX3, NOX4, DUOX1, DUOX2]
[5]. The NOX enzymes catalyze the oxidation of molecu-
lar oxygen to its highly reactive anion O,". Recently, sig-
nificant up-regulation of NOX2 as well as histological
co-localization of cytosolic and membrane-bound NOX2
subunits have been described in MS, at lesion sites [13, 59].
Additionally, subunits of NOX2 are up-regulated in active
lesions in experimental autoimmune encephalomyelitis
(EAE), an animal model of MS [45]. Furthermore, other
members of the NADPH oxidase family, including NOX1
and NOX4 have the capacity to cause oxidative stress in
the CNS [11, 30, 36, 43, 49]. NOX1 subunits have been
described in active lesions in MS tissue in microglia/mac-
rophages as well as in astrocytes [13], and inhibition of
NOX enzymes [9] and knockout of isotype-specific as well
as isotype-common NOX subunits (gp91 [29], p47 [57])
decreased EAE severity and incidence. This suggests that
NOX enzymes in general are major contributors to oxida-
tive stress by catalyzing the production of ROS, thus lead-
ing to CNS tissue damage. However, up to now, neither
the catalytic activity of NOX enzymes leading to oxidative
stress nor their cellular sources could be tracked, in vivo in
the CNS and in the periphery.

Given the increasingly recognized importance of oxi-
dative stress in MS pathogenesis, anti-oxidant drugs are
emerging as new therapeutic approaches [15]. One poten-
tial candidate is epigallocatechin-3-gallate (EGCG), a poly-
phenol present in green tea. We and others have shown that
EGCG ameliorates EAE [2, 19, 22, 33, 61], and clinical tri-
als testing the benefits of EGCG in MS patients are ongo-
ing (NCT00525668, NCT00799890 and NCTO01417312).

@ Springer

There is in vitro data pointing to the inhibition of ROS
production through EGCG [63]. It is known that EGCG
competes with NADPH but not with NADH in binding to
NADH-/NADPH-dependent enzymes [46]. However, the
therapeutic effects of EGCG in vivo have not yet been ana-
lyzed on a cellular level.

Developed two decades ago, fluorescence lifetime imag-
ing (FLIM) has proven to be a reliable, quantitative tool to
probe cellular parameters [1, 12, 24, 25, 35, 53]. In particu-
lar, the possibility to quantify the endogenous fluorescence
of NAD(P)H or of flavoproteins has made FLIM an espe-
cially versatile probe of metabolic function [26, 51, 52],
as this marker-free approach allows for the acquisition of
unaltered, real-time data. Despite its power as a quantitative
technique, FLIM requires a high fluorescence signal and thus
could not be applied to deep-tissue imaging until recently
[4]—a limitation which is particularly relevant to intravital
imaging of protected, hardly accessible organs like the CNS
[44]. In our previous work, we demonstrated that, in the
context of oxidative stress, the increase of fluorescence life-
time of NAD(P)H is specific for NADPH (and not NADH)
binding to members of the NOX family, both in murine
polymorphonuclear cells [37] and in plant cells (Nicotiana
tabacum) (unpublished data). These results are supported
by recent studies showing the same increase in NAD(P)H
fluorescence lifetime, in a more general context [6]. When
using NAD(P)H-FLIM, all NADH- and NADPH-dependent
enzymes which participate in biochemical reactions within
the cell are simultaneously detected (up to several hundred
enzymes). Thus, the activation of NOX enzymes can be une-
quivocally detected only at sites where these enzymes pref-
erentially bind the present coenzymes. The catalytic activity
corresponding to such a situation implies an excessive ROS
production, and thus oxidative stress, rather than a low, e.g.,
immunomodulatory, ROS production.

In the present study, we observe a spatio-temporal cor-
relation between the catalysts of oxidative stress (activated
NOX enzymes) and neuronal damage in the CNS of mice
affected by EAE. Furthermore, we validate this technique
in the CNS by identifying macrophages and activated
microglia as major cellular sources of activated NOX
enzymes, and thus of oxidative stress, in the brain stem
of mice with EAE. Using this novel technique, we show
for the first time that astrocytes are also major contributors
in generating oxidative stress in the CNS during chronic
EAE. Additionally, we offer insight into the systemic
dimensions of both EAE and MS by quantifying the activ-
ity of NADPH oxidases in peripheral monocytes, from the
first presentation of symptoms to the chronic phase of the
disease. This marker-free approach allows the direct moni-
toring of the therapeutic mechanism of the anti-oxidative
drug EGCG in humans at a cellular and even sub-cellular
level.
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Methods and materials
Two-photon laser-scanning microscopy (TPLSM)

FLIM experiments were performed using a specialized
two-photon laser-scanning microscope based on a com-
mercial scan head (TriMScope, LaVision BioTec, Biele-
feld, Germany) [20, 44]. The detection of the fluorescence
signals was accomplished either with photomultiplier
tubes in the ranges 460 + 30, 525 £ 25, 593 £ 20 nm or
with a 16-channel parallelized TCSPC detector (FLIM-
X6 LaVision BioTec, Bielefeld, Germany) in the range
460 £ 30 nm. The excitation of NADH and NADPH
was performed at 760 nm (detection at 460 £ 30 nm), of
Cerulean (detection at 460 £+ 30 nm), sulforhodamine
101 (detection at 593 + 20 nm) and EGFP (detection at
525 4+ 25 nm) at 850 nm and of tdRFP either at 930 nm
or at 1110 nm (detection at 593 4+ 20 nm). Citrine was
detected at 525 & 25 and 593 £ 20 nm.

For both intensity and fluorescence lifetime imaging we
used an average maximum laser power of 8 mW to avoid
photodamage. The experimental parameters for FLIM were
160 ps histogram bin (for NAD(P)H-FLIM) and 80 ps his-
togram bin (for FRET-FLIM) and maximum acquisition
time for a 512 x 512 image was 5 s to record a fluorescence
decay stack (Suppl. Fig. 3). The time window in which the
fluorescence decays were acquired was set to 9 ns.

Data analysis

FLIM data analysis was performed using self-written soft-
ware based on Levenberg—Marquardt algorithms for non-
linear fitting as well as the phasor approach (Suppl. Fig. 6).

Statistical analysis and graphical presentation was car-
ried out with GraphPad Prism 4 (Graphpad Software, USA)
and OriginPro (OriginLab, USA). Results are shown as
mean values from analyzed data in one mouse/human, in
addition the mean &+ SD summarize collective data from
performed experiments.

Mice

All mice used were on a C57/B16 background. The CerTN
L15 x LysM tdRFP mouse expresses a FRET-based cal-
cium biosensor consisting of Cerulean (donor) and Citrine
(acceptor) bound to troponin C, a calcium-sensitive protein
present in certain subsets of neurons [18]. Mice carrying
the CerTN L15 reporter were crossed to the LysM tdRFP
mice, in which tdRFP [32] is expressed in LysM* cells
[10], yielding progeny with both reporters. The CX;CR}”~
EGFP mouse [23] was used to detect microglia, whereas
the CD4" YFP mouse strain was used to detect CD4" T

cells [28, 50]. EAE induction protocol and EAE course of
these mice can be found in Table 2, Supplemental Material.

Preparation of the brain stem window for intravital
imaging

The preparation of the imaging field was similar to our pre-
vious description [47, 48]. For a detailed description, see
Supplemental Material. In each imaged animal the whole
area that was accessible by intravital imaging was scanned
and all visible lesions of each animal were analyzed as well
as at least one “normal appearing” imaging field. Animal
experiments were approved by the appropriate state com-
mittees for animal welfare (G0198/11 and GO0181/10,
LAGeSo—Landesamt fiir Gesundheit und Soziales Berlin)
and were performed in accordance with current guidelines
and regulations.

Human samples

Venous blood samples were obtained with informed con-
sent after the nature and possible consequences of the stud-
ies were explained. We included healthy controls, patients
with untreated clinically isolated syndrome (CIS), patients
with relapsing remitting MS (RRMS-GA) in a randomized
double-blind clinical trial medicated with glatiramer ace-
tate receiving additional 600 mg of EGCG or placebo,
patients with relapse and remitting MS not treated with
any immunomodulatory drugs (RRMS), and patients with
a secondary progressive disease course (SPMS); further
detailed information can be found in Table I, Supplemen-
tal Material. Peripheral blood mononuclear cells (PBMCs)
were isolated using standard protocols and CDI11b*-
enriched by MACS selection (Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer’s
protocol. The purity was assessed by flow cytometry. The
MACS-enriched CD11b" monocytes were injected into
specifically fabricated chambers and incubated in phenol-
free RPMI at 37° C for one hour prior to imaging.

Further experimental details are available in Supplemen-
tal Methods.

Results

Activation of NOX enzymes measured by intravital
NAD(P)H fluorescence lifetime imaging pinpoints the
origin of oxidative stress and correlates with immune

infiltration and neuronal dysfunction in EAE

To detect and quantify NOX enzymes activation in vivo,
we induced EAE in mice and imaged their brainstem

@ Springer
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intravitally. Consistent with previous reports [38], we
detected elevated ROS concentrations (~200 uM) in the
brain stem of mice affected by EAE at the peak of disease,
compared to disease-free control animals (Fig. la). ROS
were detected by intravital imaging of murine brainstems
which had been previously superfused with a 100 uM solu-
tion of Amplex Red®. The Amplex Red® calibration was
performed using a H,0, concentration series (Suppl. Fig. 2).

As the main catalysts of O, production (precursor of
ROS) the membrane-bound NOX enzymes (NOX1,2,3,4
and DUOX1,2) directly contribute to oxidative stress. By
employing intravital NAD(P)H fluorescence lifetime imag-
ing (FLIM) we detected the activation of NOX enzymes
in the brainstem of EAE mice (Table 2). From the fluores-
cence intensity decay of NAD(P)H, we evaluated the fluo-
rescence lifetime of enzyme-bound NAD(P)H at each pixel
of the image in different layers of the brainstem between
30 and 150 um depth, as described in Supplemental Mate-
rial. We expected a mean fluorescence lifetime between
1.1 and 2.7 ns for NAD(P)H bound to metabolic enzymes
responsible for basic cellular functions (Suppl. Fig. 4)
and a fluorescence lifetime of approximately 3.65 ns for
NADPH bound to NOX enzymes as calculated with two
independent evaluation methods [37] (Supplemental Mate-
rial, Suppl. Figs. 4 and 6). Free NAD(P)H has a fluores-
cence lifetime of approx. 400 ps and is easily distinguished
from enzyme-bound NAD(P)H.

The specific NAD(P)H fluorescence lifetime (“NOX
only” gate set at 3.3-3.9 ns) corresponding to activated
NOX enzymes was detectable in EAE mice mainly
within those brainstem regions that included immune cell
infiltrations (LysM*tdRFP or CD4"YFP cells, Movie
1); that is, NOX enzymes overactivation was detected
in acute lesions, but could not be detected in “normal
appearing” areas in the same animal (peak disease, score
2.5, Fig. 1b, ¢).

The area of NOX-specific activation in acute lesions in
the brainstem was significantly enlarged, both at the onset
of clinical signs, with a mean of 5 & 1.5 % in the field of
view (300 x 300 pmz), and at the peak of disease, with a
mean area of 14.9 &+ 5.8 %, as compared to healthy ani-
mals, with a mean area of 2.2 + 0.9 % (Fig. le).

By performing intravital FRET-FLIM in the brain stem
of CerTNLI15xLysMtdRFP mice with EAE, we were able to
confirm and extend our previous results indicating neuronal
dysfunction during the disease (Fig. 1d, f). We showed
previously that elevated Ca®* concentrations over 1 uM in
these mice over a period of 1 h reliably indicate neuronal
dysfunction [48]. Here, we confirm this finding by show-
ing that neuronal and axonal calcium is increased in areas
adjacent to immune infiltrates. Additionally, after 2 h of
intravital monitoring, the sites of increased axonal calcium
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Fig. 1 Activation of NADPH oxidases in the CNS pinpoints oxida-p
tive stress. Oxidative stress is dependent on disease severity and cor-
relates with cellular inflammation and neuronal dysfunction. ROS
concentration in the brain stem of a healthy mouse compared to a
mouse affected by EAE at peak of disease (score 2.0) (a). Amplex
Red® was used as ROS indicator. A, = 910 nm, A, = 525 & 25 nm
(Thy1-Citrine in neurons depicted in green), A, = 593 £ 20 nm
(Amplex Red®), scale bar 50 pym. b Correlated 300 x 300 um?
(517 x 517 pixel) fluorescence intensity images [Thyl = green
(neurons), LysM = red (macrophages)], ¢ enzyme-bound
NAD(P)H-FLIM maps (t,-maps) and d neuronal Ca’* maps as
recorded by FRET-FLIM in three different regions of the brain stem
of a CerTN L15 x LysM tdRFP mouse with EAE, at the peak of the
disease, score = 2.5. First row normal appearing white matter; sec-
ond row margin of lesion; third row lesion center. The activation of
the NADPH oxidases (NOX) assessed by NAD(P)H-FLIM (c¢) cor-
relates with LysM™* tdRFP cell infiltrate in the CNS (b) and with
elevated neuronal calcium (d), indicating neuronal dysfunction.
Scale bars in b, ¢ and d = 30 um. The t,-maps show the false color-
encoded fluorescence lifetime t of enzyme-bound NAD(P)H at each
recorded pixel of the image. NAD(P)H bound to metabolic enzymes
are depicted in blue and green (t between 1 and 3 ns) whereas, under
oxidative stress, NADPH bound to activated NOX appears in red (t
between 3.3 and 3.9 ns, “NOX only” gate). e Quantification of the
NOX activation area within lesions defined by LysM™ cell infiltra-
tion, i.e., ratio of the area of NOX only gate to the total tissue area,
4.98 £ 1.53 % at the onset of clinical signs (day 1-2 after appearance
of first clinical signs, EAE scores 0.5-1.0) and 14.88 £ 5.81 % of the
tissue area at peak of disease (day 3-5 after onset of clinical symp-
toms, EAE scores 1.5-2.5) as compared to 2.19 = 0.94 % in healthy
controls. Six independent EAE experiments (EAE onset n = 6, EAE
peak n = 12 healthy controls n = 3), see Table 2. f Quantification of
elevated neuronal calcium area is assessed by FRET-FLIM relative to
the total neuronal area. Data display means of imaging fields of indi-
vidual animals from two independent EAE experiments (healthy con-
trols n = 3, EAE onset n = 3, EAE peak n = 4). The increased NOX
activity correlates with an increased area of elevated neuronal calcium
(“Ca*t > 1 uM” gate) at the time of EAE onset (1.32 £ 0.78 %) and
at peak disease (12.80 = 2.41 %), as compared to healthy controls
(0 %, n = 3, mean calcium concentration 170 nM, maximum calcium
concentration 450 nM). g Correlation between NOX enzymes activa-
tion area and increased neuronal calcium area at lesion sites and non-
infiltrated sites in the brain stem of CerTN L15 x LysM tdRFP mice
affected by EAE. h Pathologically increased neuronal calcium level
(>1 uM calcium) correlates with immune cell infiltrate and, after 2 h,
with axonal break-down as shown by intravital images in the brain
stem of a CerTN LI5 mouse affected by EAE (peak)—scale bar
10 um. All images are acquired in the region 30-150 pm depth within
the brain stem (300 x 300 x 50 um?, z-step = 2 um). For the statistic
evaluation in e and f we applied ANOVA tests (*p < 0.05, **p < 0.01,
**%p < 0.001)

showed axonal disintegration (Fig. 1h). Both the TN L15
construct decay time and the acquisition time of the FRET-
FLIM technique are in the range of several 100 ms, allow-
ing for recording time-averaged calcium concentrations
relevant for the pathologic dysfunction of neurons. They
are, however, both too slow to monitor neuronal calcium
transients.

By simultaneously performing NAD(P)H-FLIM
and FRET-FLIM in the brainstems of mice with EAE,



Acta Neuropathol (2015) 130:799-814

803

25

20

NOX activation area/% (D
o o oS &

neuronal dysfunction area / %
o

-+

XXX
X% f

|

o
>

Ry

ns. ¢

&

PO 2

o

healthy EAE peak

Fluorescence intensity T2 NAD(P)H-FLIM

normal appearing white matter
% V7 s o) -« v

margin of lesion

lesion center

we found that the increased NOX activation correlated
with an extended area of elevated neuronal calcium
(“Ca’* >1 uM” gate) at EAE onset (1.3 & 0.8 %) and
at peak disease (12.8 £+ 2.4 %), as compared to con-
trol mice (0 %) (Fig. 1g). The high spatial correlation
between areas of NOX enzymes activation and increased
neuronal calcium indicating early neuronal dysfunction
(Pearson’s R coefficient over 0.9) in EAE is depicted in
Fig. 1g. Interestingly, at lesion sites, both the overactiva-
tion of NOX enzymes and the neuronal dysfunction were
generally lower at onset than at disease peak. The areas
of NOX enzymes activation and increased calcium values
were determined as mean values of 3—12 acute lesions per
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mouse. Each data point in Fig. le, f represents the average
value for each individual mouse.

Cellular origins of oxidative stress in EAE

We verified the capacity of intravital NAD(P)H-FLIM to
identify the cellular origins of oxidative stress directly in
the CNS by confirming the contributions of macrophages
and activated microglia, which are well-known contribu-
tors to the activation of NOX enzymes during EAE. Sub-
sequently, we used the unique versatility of this technique
to identify novel cellular sources of oxidative stress by
performing endogenous NAD(P)H-FLIM in the CNS
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of EAE mice with a variety of fluorescently labeled cell
subsets. Here, we evaluated the relative contributions
of each cell type (LysMTtdRFP, CerTNL15, CD41YFP,
CX;CR;""EGFP or sulforhodaminel01 labeled cells) to
the total area of NOX enzymes activity.

Characterization of cellular markers

The reliability of the chosen cellular markers used in the intra-
vital experiments was verified by flow cytometry or histology
in mice affected by EAE. While in healthy LysM*tdRFP
animals only rare tdRFP* cells can be found in the CNS,
during EAE (n = 4) the tdRFP' compartment increased
markedly at lesion sites. Of the tdRFP* cells, 65 % were
CD45"CD11b"Ly6G~ (macrophages), 25 % CD45"°"
CDI11b* (microglia) and 7 % CD45""CD11b"Ly6G* (neu-
trophil granulocytes) (Fig. 2a). The overlap of LysMttdRFP
cells with CX;CR," cells was quantified by flow cytom-
etry using an anti-CX;CR; antibody. 17.8 + 8.9 % of all
LysMtdRFP" cells were CX;CR,*CD45"" (microglia) and
27.6 £ 10.1 % were CX;CR,"CD45"¢" (macrophages). This
represented only a minority of the total CX;CR, " cells as dis-
played in the 2.8 & 1.4 % of cells that co-expressed LysM-
tdRFP (n = 3) (Fig. 2b).

In disease-free control animals, sulforhodamine 101
(sulforh101) specifically labels astrocytes in the cortex [39,
40]. To characterize the cells labeled with sulforh101 dur-
ing EAE in the brainstem we analyzed by immunofluores-
cence intracellular sulforh101 (following i.v. injection) as
well as GFAP and CD11b expression. Minimal co-locali-
zation (6.1 £ 1.4 %) of sulforh101 labeling with CD11b
staining could be observed at EAE lesion sites in the brain-
stem (Fig. 2c). We detected sulforh101 co-localization
mainly with GFAP'Y cells [16] but not with GFAP"e"
cells (Fig. 2d). 80 &= 6 % of sulforh101-labeled cells were
GFAP, whereas this cell population represents only half of
all GFAP-expressing cells (Fig. 2d). Intravital imaging data
recorded in the brainstem of CX;CR{""EGFP mice addi-
tionally labeled with sulforh101 showed negligible over-
lap between the EGFP and sulforh101 labeling, typically
2 + 1.5 %, both in healthy controls and in mice affected by
EAE (Fig. 3a). The lesions investigated by intravital imag-
ing in the brainstem showed typical EAE characteristics,
which we confirmed by histology (Suppl. Fig. 1).

Phagocytic capacity of astrocytes and their potential
role in EAE

We focused on astrocytes as potential contributors to oxi-
dative stress during neuroinflammation as they are known
to have phagocytic capacity. Morphological analysis of
our intravital experiments revealed a disruption of the fine
process-rich astrocytic network typically found in healthy
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control animals (Fig. 3a), similar to that which could be
seen on histological staining (Fig. 2). The disruption of the
astrocytic network was associated with changes towards a
reactive phenotype and glial scar formation at lesion sites,
with dense accumulations of astrocytic end feet and pro-
cesses lining up along the vessels and around inflammatory
cells (CX5CR, ") in EAE (Figs. 2d, 3a).

Furthermore, NAD(P)H-FLIM analysis in astrocytes
using beads for phagocytosis coated with Staphylococcus
aureus fragments (pHrodo) in mixed cell cultures with
microglia showed increased NAD(P)H fluorescence life-
time typical of NOX enzymes activity. We could correlate
increased NOX enzymes activation with the localization of
phagocytosed pHrodo beads (red) (Fig. 3b).

As the expression of p22 NOX subunit in astrocytes
during EAE is only sparse [45], we investigated Noxol
expression by immunofluorescence to address the question
which NOX enzyme could be responsible for the observed
NAD(P)H lifetime prolongation. NOX1 function is less
dependent on p22 coexpression compared to other isoforms
[54]. We could detect in GFAP"E" cells and GFAP'™ cells
Noxol expression (Fig. 3c, d) including GFAPY and sul-
forh101-co-labeled cells (Fig. 3g) in EAE lesions. Further-
more, Noxol was also found in CD11b* cells (with both
phagocytic and microglial morphology) (Fig. 3e).

Altogether, these data suggest that astrocytes gener-
ate oxidative stress within the CNS during the course of
chronic neuroinflammation.

Astrocytes are major cellular contributors to oxidative
stress in EAE

We quantified the contribution of specific cell types to the
total area of NOX enzymes activity in the CNS using the
cellular markers described above. In line with previous
studies, we found that the mean contribution of LysMJr
cells amounted to 22.7 + 6.4 % at onset, and 28.2 £ 4.7 %
at the peak of EAE. Additionally, the mean contribution
of CX;CR,"cells amounted to 13.1 & 2.3 % at onset, and
17.4 &+ 2.4 % at the peak of EAE. Macrophages and micro-
glia (either LysM* and/or CX;CR,") together constitute
the main source of oxidative stress at onset and peak of
the disease (Fig. 4d). This finding confirms the reliability
of our method to evaluate oxidative stress by detecting the
activation of NOX enzymes.

Using this novel approach, we found that although
microglia and macrophages are the main sources of NOX
enzymes activity, a significant fraction could not be attrib-
uted to those cell types. Surprisingly, we found that astro-
cytes (sulforhodamine 101-labeled cells [3]) accounted for
26.4 4.4 and 34.2 £ 5.6 % of total area of NOX enzymes
overactivation at onset and peak of EAE, respectively
(Fig. 4d). In this model, the contribution of astrocytes to
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Fig. 2 Characterization of active lesions as well as of LysMtdRFP™
and sulforhodamine 101 labeled cells during EAE. a FACS analysis
data in the CNS of LysM"tdRFP mice at peak EAE, characterizing
the tdRFP™ cell population (7 = 4). b FACS analysis data in the CNS
of LysMtdRFP mice (n = 3) at peak EAE showing the overlap of
LysMtdRFP and CX;CR;-antibody labeled cells. ¢ Immunofluores-

oxidative stress within the CNS is comparable to that of
the labeled macrophages and microglia together, thus iden-
tifying astrocytes also as central contributors to oxidative
stress in the acute phases of EAE.
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cence images within the brain stem of a C57B16 mouse affected by
EAE, at peak of the disease, showing no co-localisation between sul-
forhodamine 101 (red) and CD11b™ cells (green) at infiltration sites.
d Immunofluorescence images within the brain stem of the same
mouse, showing colocalization between sulforhodamine 101 (red)
and GFAP™ cells (green) at reactive gliosis sites. Scale bar 200 um

The mean contribution of CD4%cells to NOX enzymes
activity was negligible, amounting to 3.6 % at peak disease,
comparable to the mean contribution of neurons with 2.3 %
at onset and 3.8 % at peak of EAE (Fig. 4d).
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«Fig. 3 Astrocytes as phagocytes and their potential role in EAE. a
3D fluorescence intensity images were acquired in the brain stem of
CD4" YFP mice: healthy controls (upper, left panel) and at a lesion
site, in EAE (upper, right panel) [CD4™" cells (YFP) = green, astro-
cytes (sulforhodamine 101) = red]. Scale bar 100 pm. Similarly,
3D fluorescence intensity images were acquired in the brain stem of
CX_;CRT" EGFP mice: healthy controls (lower, left panel) and at
the lesion site in EAE (lower, right panel) [microglia/macrophages
(EGFP) = green, astrocytes (sulforhodamine 101) = red]. Scale bar
30 um. b NAD(P)H fluorescence images (blue) of mixed astrocytes
(arrow head) and microglia (arrows) cell cultures phagocytosing
Staphylococcus aureus beads (pHrodo, red after uptake) are shown
on the right side. Corresponding NAD(P)H-FLIM maps (t,-maps)
shown on the left side reveal the correlation between phagocytosis
of pHrodo beads and the typical increase of fluorescence lifetime in
astrocytes indicating the activation of NOX enzymes. ¢ Immunofluo-
rescence overview image within the brain stem of a mouse affected
by EAE indicating the distribution of Noxol (subunit of NOX1, red)
and GFAP signal (green). Scale bar 100 ym. d Zoom ins of ¢ dem-
onstrating that Noxol is found both in GFAP"" cells (indicated by
white arrows) and GFAP'Y cells (indicated by white arrow heads) in
the CNS of mice affected by EAE. Scale bar 30 um. e Immunofluo-
rescence overview image within the brain stem of a mouse affected
by EAE indicating the distribution of Noxol (subunit of NOX1, red)
and CD11b signal (green). Scale bar 150 pm. f Zoom ins of e demon-
strating that Noxol is found in CD11b" cells (with both phagocytic
and microglial morphology). Scale bar 40 um (upper panels), scale
bar 20 pym (lower panels). g Immunofluorescence overview image
within the brain stem of a mouse affected by EAE indicating the dis-
tribution of Noxol (subunit of NOX1, gray), GFAP signal (green)
and sulforh101 signal (red). Scale bar 200 um. h Zoom in of g dem-
onstrating that Noxol is found in GFAP¥, sulforh101-labeled cells.
Scale bar 30 pm

We further analyzed the fraction of activation within
each cell subset by calculating the percentage of the spe-
cific cell area that shows NOX enzymes activation, as well
as averaged values per mouse displayed in Fig. 4e. The area
of NOX enzymes activation within neurons (Thyl1™ cells
in LysM'tdRFPxCerTNLI5 mice) was very small, both at
clinical onset and at peak of disease with less than 2 %.
Conversely, in LysM T tdRFP cells the area of NOX enzymes
activation was generally higher with 8 % at clinical onset
and rising significantly to 27 % at peak disease (Fig. 4e).
The area of NOX enzymes activation in CX;CR{'"EGFP
cells was 11 and 14 %, respectively. We obtained similar
data in astrocytes with 12 % at onset and 10 % in peak. In
CD4TYFP cells, the area of NOX enzymes activation was
low at peak of disease, amounting to only 3 %.

In our experimental setup, not all cells of the specific
cell subtype are fluorescently labeled also due to the use
of heterozygous fluorescent mouse strains, but we could
address the majority of cells with our labeling strategy.
The remaining percentage of NOX enzyme activation area
that was not associated with labeled cells in this model
(12.85 % at peak, 35.46 % in onset of EAE) is probably
due to unlabeled macrophages, microglia and/or astro-
cytes. The contribution of other immune or CNS-specific
cell types, such as oligodendrocytes or immune cells with

phagocytic capacity, to the generation of oxidative stress
cannot be completely excluded but is expected to be low.

Soluble factors drive activation of NADPH oxidases
in EAE

Regarding the co-localization of neuronal structures
(Thy1™ cells) and LysM™ cells in CerTNLI5xLysMtdRFP
mice, we found that only a 28 to 30 % of the co-localized
area was associated with increased NOX enzymes activa-
tion in EAE (Fig. 4f, h). The normalized co-localization
index, calculated as we previously described [48] indicated
significantly more extensive interaction between neurons
and macrophages at peak disease than at the time of onset
(Fig. 4g), independently of the number of neurons or mac-
rophages at the imaged site. Thus, while the interactions
between neurons and LysM™ cells were more extensive
with the progression of the disease, NOX enzymes activa-
tion was not specifically induced by neurons or by their
direct interaction with LysMJr cells. On the other hand, we
showed that upon applying glutamate (300 uM) locally to
the brainstem of healthy mice, the NOX enzymes activa-
tion area increased from values typical for control animals
(0.7 £ 0.2 %) to values similar as those reached in peak
of EAE (11.9 £ 3.1 %) (Suppl. Fig. 5), indicating that
glutamate-induced excitotoxicity can lead to similar levels
of NOX enzymes activation as are present in acute EAE
lesions. These data support the interpretation that the cause
of NOX enzymes activity in macrophages, activated micro-
glia and astrocytes within the CNS in EAE is not neces-
sarily triggered by direct contact to CNS components like
axons, but is rather associated with soluble factors, such as
glutamate or inflammatory mediators.

NOX is overactivated in peripheral CD11b™ monocytes
in both MS and EAE and can be ameliorated
by systemic administration of EGCG

To translate our findings to MS, we isolated CD11b*
monocytes from peripheral blood mononuclear cells
(PBMC) taken from MS patients, at different stages of
the disease, including CIS, RRMS and SPMS. In healthy
humans and healthy mice, CD11b™ monocytes were not
activated after isolation, i.e., the area of NOX activation
amounted to 3.4 £ 0.6 and 3.4 + 1.9 %, respectively. In
untreated RRMS patients, the area of NOX activation was
18.3 &+ 2.5 %, in mice at peak of EAE, the NOX activa-
tion area was 18.5 &+ 3.5 %. The high levels of NOX acti-
vation in peripheral CD11b™ cells of mice with EAE and
of untreated RRMS patients could be ameliorated by
treatment with glatiramer acetate (GA) alone, to only
10.8 & 2.8 % (in RRMS patients). Upon combination treat-
ment with both GA and additional systemic administration
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of EGCQG, levels were even further reduced, almost to
the levels of healthy controls: 5.8 £+ 3.4 % in mice and
6.4 £ 1.2 % in RRMS patients (Fig. 5).

To understand the kinetics of NOX activation leading
to oxidative stress during the course of the disease, we
analyzed PBMCs of newly diagnosed (untreated) patients
with CIS, untreated RRMS patients and differently treated
SPMS patients. We observed little NOX activation in CIS
patients (3.6 = 1.2 %), and markedly elevated NOX acti-
vation in untreated RRMS patients (18.3 £ 2.5 %) and
in treated SPMS patients (15.1 £ 3.2 %) (Fig. 5b). These
data could be reproduced in mice, since at onset of dis-
ease CD11b™" splenocytes showed almost normal NOX
activation (5.0 = 1.1 % %), while at peak of disease the
values were similar to those measured in untreated RRMS
patients (18.5 & 3.5 %). Immunization with adjuvant only
(CFA without MOG) did not increase NOX activation
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(3.0 £ 0.9 %) in CD11b™ splenocytes. All values of NOX
activation area represent mean values acquired over 30—120
cells per individual.

To address if EGCG counteracts a possible overexpres-
sion of NOX2 subunits in MS, rather than direct NOX2
overactivation, we performed qRT-PCR analysis of PBMCs
from ECGC-treated and untreated patients. We did not
detect any differences in the expression level of the gp91
(NOX2 subunit) in patients treated with GA and placebo
as compared to treatment with GA and EGCG (Fig. 6e),
indicating that the reduced activation of NOX2 in EGCG-
treated patients was not caused by reduced gp91 gene
expression. Rather, this observation could be explained
by direct inhibition of NOX2 activation by EGCG, which
is in accordance with the fact that EGCG competes with
NADPH in binding to the NADPH-binding site of enzymes
[6] including the NADPH oxidases (NOX enzymes). In
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«Fig. 4 Cellular origin of NADPH oxidases activity in the CNS of
EAE mice. a The fluorescence intensity image and the 1, NAD(P)
H-FLIM map of whole tissue area was used to analyze the cellular
origin of NOX activation signal in the CNS. Therefore, we performed
an overlay of both images and analyzed the NAD(P)H-FLIM signal
at the areas of the respective cell types. Exemplarily LysM™ cells as
well as Thy17 cells (neurons) in (a), CX_;CRT/ ~ EGFP—green or sul-
forhodamine 101—red (astrocytes) in b and CD4" YFP—green (T
cells) or sulforhodamine 101—red (astrocytes) in ¢ are shown in the
brain stem of mice affected by EAE. All 1, NAD(P)H-FLIM images
depict the normalized area of NOX activation in relation to the total
cellular area in the respective cell subsets. Scale bar 30 um (a) and
50 ym (b, ¢). Quantification of the contribution of LysM, Thyl,
CX;XR;, CD4" and sulforhodamine 101-labeled cell subsets, respec-
tively, to the total area of NOX enzymes activation within a lesion.
LysM™ phagocytes: 22.7 % at onset and 28.2 % at the peak of EAE,
CX4CR,* cells: 13.1 % at onset and 17.4 % at the peak of EAE,
astrocytes (sulforhodamine 101): is 26.2 and 37.0 %, CD4" cells:
3.6 % at peak disease, neurons (Thy1™): 2.3 % at onset and 3.8 % at
peak (d). To analyze the proportion of activated cells in one specific
cell subset, we quantified the NOX enzymes activation area relative
to the total area of the respective cell type at onset and peak of dis-
ease (e). The area of NOX activation within neurons (Thy1% cells in
the LysM'tdRFP x CerTN LI5 mice): onset 0.8 & 0.5 % and peak
1.8 & 0.4 %, LysM™ cells onset 7.9 & 2.3 %, and peak 26.4 & 6.6 %,
CX4CR,* cells: onset 10.6 £ 0.6 % and peak 14.4 + 1.7 %,
astrocytes (sulforhodamine 101): onset 11.7 &+ 0.6 % and peak
9.8 + 1.6 %, CD4™ cells: peak 3.1 £ 2.0 %. Data from 2 EAE experi-
ments in LysMtdRFP x CerTN L15 mice, n = 3 onset, peak n = 4; 2
EAE experiments in CX;XR;}’~ EGFP mice labeled with sulforhoda-
mine 101, n = 2 onset and n = 3 peak; 1 EAE experiment in CD4"
YFP mice labeled with sulforhodamine 101, peak n = 2 (e). Left fluo-
rescence intensity image of brain stem lesion in EAE (Thyl = green,
LysM = red, colocalisation = white). 1, (enzyme-bound) NAD(P)
H-FLIM image of LysM"tdRFP cells in tissue (middle) and at the
Thy1/LysM colocalisation area (right) depicts the normalized area of
NOX enzymes activation in relation to total LysM™ cellular area as
well as the activation within the colocalisation area. Scale bar 30 pm
(f). The normalized colocalisation index indicates the interaction level
between LysM* and Thy1 cells, respectively, in onset and in peak of
the disease, in the same experiments (g). Quantification of the mean
NOX activation area of individual mice relative to the total area of
LysM/Thy1 colocalisation at the onset (n = 3) and peak (n = 4) of
disease, two independent EAE experiments (h). All images are
acquired in 30-150 pm depth within the brain stem (z-step = 2 um).
For statistic evaluation in d we applied the ANOVA test, in g and h
Mann-Whitney U tests (*p < 0.05, **p < 0.01, ***p < 0.001)

vitro data from our group using 100 uM EGCG yielded
similar results, as they lead to an immediate shift with more
free NAD(P)H with a shorter fluorescence lifetime (data
not shown).

As NOX2 activity requires the fusion of the membrane-
bound p22 and cytosolic p47 components, we examined the
co-localization of p22 and p47 in human CD11b* PBMCs
by imaging cytometry to confirm our FLIM data with an
independent approach. The co-localization was quantified
as the Bright Detail Similarity (BDS), which measures the
correlation coefficient between the intensities in localized
bright spots of radius 1 um or less. In healthy donors, less
than 0.1 % of CD11b™ cells demonstrated co-localization of
the p22 and p47 subunits, as indicated by a BDS >2, while

RRMS patients had a markedly increased proportion of
cells in which the two subunits co-localized, with 3.6 % of
CD11b™" cells having a BDS >2 (Fig. 6a—c). Using a DCF
(Di-Chloridium  Fluorescein) fluorescence-based ROS/
RNS detection assay in serum, we measured a general trend
towards lower ROS/RNS concentrations in GA-treated
RRMS patients with EGCG co-therapy as compared to pla-
cebo (Fig. 6d). Consistent with MS pathology (with the brain
as the target of inflammation) and the frequencies of overac-
tivated cells in the blood as detected with imaging cytometry,
the ROS/RNS are highly diluted in serum, and were not sig-
nificantly different between the groups under investigation.

Discussion

To elucidate how oxidative stress causes neuronal degen-
eration and to clarify the mechanisms of anti-oxidant ther-
apy, it is necessary to have a tool which allows real-time
monitoring of functional changes at cellular and sub-cellu-
lar level. Applying this tool both within the central nervous
system—where the damage takes place—and in the periph-
eral immune system demonstrates novel links between
human disease and animal models, and offers unique func-
tional insights into the systemic impact of MS.

In the present study, we monitored for the first time the
functionality of NADPH oxidases catalyzing the production
of ROS, which leads to oxidative stress in vivo. The fact that
NOX enzymes are membrane-bound enzymes facilitates the
identification of their cellular origins. Our intravital imag-
ing and marker-free NAD(P)H-FLIM data demonstrate
that NADPH oxidases are overactivated in astrocytes (sul-
forh101 labeled) during neuroinflammation, in addition to
the known contributors, LysM™ and CX;CR, " phagocytes,
previously reported and recently corroborated in bone mar-
row chimeric mice deficient for NRROS, a negative regula-
tor of ROS [38, 42]. Our intravital data regarding the role
of astrocytes in chronic neuroinflammation are supported
by histological studies showing that Noxol is expressed in
GFAP™ cells, and that negative p22 immunostaining [45] in
astrocytes does not exclude a NOX2-independent functional
NADPH oxidases activation in vivo [54]. Additionally, we
showed that NOX enzymes activation was spatially associ-
ated with lesion sites in EAE, and correlated with locations
of neuronal dysfunction. This finding is consistent with the
report that mice with knockout of the common subunit of
NOX enzymes (p47~'~ mice) are more resistant to EAE
[57] supporting the idea that NOX2, the phagocytic isotype,
is not the only member of the NOX family that may contrib-
ute to excessive ROS production in chronic neuroinflamma-
tion. In line with this, mice lacking only NOX2 (gp91~"")
develop only a slightly milder form of EAE [29] and expres-
sion levels of NOX enzyme subunits other than NOX2
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Fig. 5 NOX activation in murine and human peripheral CD11b*
cells during chronic neuroinflammation as compared to treatment
with EGCG. a Quantification of mean normalized area of NOX acti-
vation as measured from 1, (enzyme-bound) NAD(P)H fluorescence
lifetime images of MACS-purified splenic CD11b" monocytes from
healthy controls (n = 4), from mice immunized only with Freund’s
Complete Adjuvant (CFA, n = 4) and from mice with EAE—at
onset of disease (n = 3), at peak of disease (n = 5) or treated with
EGCG (n = 4) encompassing two to four independent EAE experi-
ments. b Quantification of mean normalized area of NOX activation
of MACS-enriched blood CD11b™ human monocytes from age- and

were elevated within active MS lesions [13]. One addi-
tional candidate is NOX1, which was reported to be neu-
rotoxic in microglia [8]. Importantly, our NAD(P)H-FLIM
technique to detect the catalysis of oxidative stress does
not discriminate between NOX isotypes. Rather, it detects
their increased activation as compared to other NAD(P)H-
dependent enzymes responsible for basic cellular pro-
cesses that are present in the same observation volume
04 x04 x 1.5 me). Therefore, the hallmark of our tech-
nique is its capacity to monitor excessive NOX enzyme
function as a reliable indicator of oxidative stress, rather
than dissecting the activation of specific NOX isotypes.
NADPH oxidases activation was not restricted to
a specific cell type, and was not preferentially found

@ Springer

gender-matched healthy controls (n = 6), patients with clinically
isolated syndrome (CIS, n = 5), untreated RRMS patients (n = 6),
RRMS patients treated either with glatiramer acetate (GA) and pla-
cebo (n = 6) or with glatiramer acetate and EGCG (n = 6) as well
as SPMS patients with their regular MS-related therapy (n = 6). a,
b Data points are mean values of at least 50 cells from one individ-
ual, for the statistic evaluation we applied ANOVA tests (*p < 0.05,
**p < 0.01, ***p < 0.001). ¢ Representative color-encoded T,
NAD(P)H fluorescence lifetime images of MACS-enriched blood
CD11b* human monocytes

co-localized with the major compartments of the immune
system (macrophages/activated microglia) and of the CNS
(neurons), suggesting a predominant contribution of locally
acting soluble factors like TNF-a or glutamate [15, 62].
Glutamate is not only an excitotoxic factor but was also
shown to induce NOX activation. Supporting this interpre-
tation, we found that local treatment with glutamate caused
a significant increase of the NOX enzymes activation area
as revealed by intravital NAD(P)H-FLIM in the brain stem
of healthy mice (Suppl. Fig. 5).

As macrophages/microglia are two of the main produc-
ers of ROS in EAE, it was unexpected that only up to 50 %
of the area of macrophages/microglia (LysM*tdRFP cells
and CX;CR{""EGFP cells) showed activation of NOX
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Fig. 6 NOX subunits expression levels and co-localization in human
peripheral CD11b™ cells as well as ROS detection in serum during
chronic neuroinflammation. a Representative images of cells, gen-
erated by imaging flow cytometry immunostained for CD11b, p22
(membrane-bound NOX subunit) and p47 (cytosolic NOX subu-
nit). Cells shown are gated on CD11b (not shown). The upper panel
depicts cells with high bright detail similarity (>2) between p22
and p47 patterns (activated NOX), whereas the lower panel shows
cells with low bright detail similarity (<1). b Less CD11b™ cells of
a healthy control show high similarity (>2) between p22 and p47 as
compared to an untreated RRMS patient. ¢ The table depicts corre-

enzymes in vivo (Fig. 4e). This is consistent with the find-
ings that the reactive oxidative burst is counter-regulated
in MS by myelin-loaded macrophages up-regulating anti-
oxidant enzymes [14, 17, 58]. The toxic role of excessive
ROS production in MS pathogenesis has been proposed
to be related to multiple mechanisms, including enhanced
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sponding cell numbers and percentages from two healthy controls and
two untreated RRMS patients showing that CD11b" cells with high
similarity between p22 and p47, indicating activated NOX, are at
least 20x more frequent in untreated RRMS patients than in healthy
controls. d Results of DCF fluorescence-based ROS/RNS detection
assay in serum of patients show a general trend of lower ROS/RNS
production in glatiramer acetate (GA) treated RRMS patients after
EGCG complementary therapy as compared to placebo. e Analyzed
gp91 cDNA levels of PBMCs with qRT-PCR showed no difference in
expression levels in patients pre- or post-treatment with EGCG

blood—brain barrier transmigration [56], oligodendrocyte
damage, and mitochondrial damage leading to further
ROS production. Here, we provide evidence for an addi-
tional mechanism of NOX enzymes-mediated pathogen-
esis in MS: direct induction of neuronal dysfunction. We
demonstrated in vivo that NOX enzymes activity leading
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to excessive ROS production was spatially correlated with
pathologically increased neuronal calcium—a reliable indi-
cator of neuronal dysfunction at lesion sites [7, 48].

The activation of astrocytes towards oxidative stress
generation in chronic neuroinflammation supports the
hypothesis that these cells are partially responsible for
the accumulated neuronal dysfunction and damage over
the course of the disease. In the later phases of the dis-
ease, activated astrocytes and microglia may continue
to enhance neuronal loss even in the absence of overt
immune infiltration of the CNS. Thus, these cells may
become a major target of therapy, especially in the pro-
gressive phase of the disease. We also employed our
NAD(P)H-FLIM technique, under in vitro conditions, to
monitor NOX enzymes activation in peripheral cells. The
elevated NOX activation in monocytes from the periphery
of EAE mice and of MS patients at various stages of the
disease strengthens the view that both MS and EAE have a
complex systemic dimension. Increased NOX activation in
peripheral monocytes is not specific for MS, as we could
also see moderately elevated NOX activation in individu-
als with common cold (data not shown). However, we saw
a significant increase of NOX activation with disease pro-
gression, similar to our observation in the target organ, the
CNS. The time-dependent increase in MS patients from no
overactivation at the beginning of the disease (CIS patients
and EAE onset) to elevated NOX activity in RRMS and
SPMS patients’ PBMCs we observed, in conjunction with
data from other groups showing overexpression of NOX
subunits in the CNS tissue of progressive MS patients
at lesion sites [13] supports the hypothesis that during
the course of the disease the immune system (and possi-
bly also CNS components like astrocytes and microglia)
develops an “oxidative stress memory”. Our findings are
furthermore in accordance with data showing that in the
chronic phase of the disease oxidized DNA, damaged
lipids, and proteins are present in PBMCs of MS patients
[21], supporting the proposition that excessive ROS plays
a major role in the progressive phase of the disease.

Collectively, these results point to new treatment strate-
gies aiming to reduce oxidative stress in MS. EGCG, the
major polyphenolic compound of the green tea plant has
been investigated under numerous conditions. Although
the molecular mechanisms of its actions are not fully
understood [33], there is experimental data pointing to
the inhibition of ROS production through EGCG in vitro
[63]. Empirically, we showed that EGCG is neuroprotec-
tive in EAE, it is known to influence T cell and neuronal
function [2, 19, 61] and clinical trials investigating the
effects of EGCG (NCT00525668, NCT00799890 and
NCTO01417312) are ongoing.

In the current study, we demonstrated a direct anti-oxi-
dative mechanism of EGCG on PBMCs of MS patients.
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Oral treatment with EGCG completely counteracted the
chronic NOX overactivation in MS patients, consistent with
a higher enzymatic activity, as we could not detect over-
expression of NOX?2 subunit gp91 by qRT-PCR. Since it
is known that EGCG inhibits the binding of NADPH to
enzymes within the cell, we observed the mechanism of
blocking NADPH binding to NADPH oxidases.

Beside insights into the cellular sources of oxidative
stress in EAE and MS, in the CNS and in the periphery,
this work demonstrates the unique versatility of intravital
NAD(P)H-FLIM as a marker-free method to investigate
mechanisms of oxidative stress in inflammatory patholo-
gies, underscoring its intriguing potential for biomedicine
as well as clinical research, in a more general context.
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Most multiple sclerosis (MS) patients develop over time a secondary progressive dis-
ease course, characterized histologically by axonal loss and atrophy. In early phases of
the disease, focal inflammatory demyelination leads to functional impairment, but the
mechanism of chronic progression in MS is still under debate. Reactive oxygen species
generated by invading and resident central nervous system (CNS) macrophages have
been implicated in mediating demyelination and axonal damage, but demyelination and
neurodegeneration proceed even in the absence of obvious immune cell infiltration,
during clinical recovery in chronic MS. Here, we employ intravital NAD(P)H fluorescence
lifetime imaging to detect functional NADPH oxidases (NOX1-4, DUOX1, 2) and, thus, to
identify the cellular source of oxidative stress in the CNS of mice affected by experimental
autoimmune encephalomyelitis (EAE) in the remission phase of the disease. This directly
affects neuronal function in vivo, as monitored by cellular calcium levels using intravital
FRET-FLIM, providing a possible mechanism of disease progression in MS.

Keywords: NOX, EAE/MS, intravital imaging, FLIM-FRET, calcium

INTRODUCTION

Multiple sclerosis (MS) is a chronic neuroinflammatory disease, with most patients exhibiting a
relapsing and remitting course of disease. The neurological damage is a consequence of a mainly
T cell-driven immune reaction against myelin in the central nervous system (CNS) (1). Macrophages/
microglia, B, and T cells create an acute inflammatory setting, resulting in demyelination and
neuronal damage. Most of the patients who experience a second episode develop further relapses.
Despite the intensive analysis of the acute immune attack, only little is known about the processes
going on at the lesion site after the initial insult (2, 3).

Why and where do new relapses appear? What factors determine the chronicity of a lesion and
the course of disease? “Old” lesions appear morphologically inert and are characterized by single
perivascular T cells, minimal axonal damage in histological stainings with anti-amyloid precursor
protein (APP) antibodies and a dominant fibrotic glial scar (4, 5). In contrast to the progressive
disease phase, the inflammatory phase is well modeled by murine experimental autoimmune
encephalomyelitis (EAE). In this mouse model using an immunization with MOGss_ss peptide, acute
clinical signs remit after a few days and mice enter into a chronic phase with or without a residuum
of neurological deficits (1). Reactive oxygen species (ROS) generated by invading and resident CNS
macrophages have been implicated in mediating demyelination and axonal damage (6-8). In this
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study, we address implications of the ceased immune attack for
the CNS tissue, beyond the fact that the majority of peripheral
immune cells disappeared. In MS patients, we previously detected
an ongoing over-activation of NADPH oxidases (especially
NOX2) in blood monocytes during remission (8). Using intravital
NAD(P)H fluorescence lifetime imaging in mice affected by EAE,
during the inflammatory phase (onset and peak of the disease),
we detected a massively increased amount of functional NADPH
oxidases (NOX1-4, DUOXI, 2) within the CNS as compared to
healthy controls (8). Using the same method, we investigated
whether functional NADPH oxidases are still present in the
CNS after recovery of EAE and, thus, whether oxidative stress
is still ongoing in absence of peripheral infiltration of the CNS.
We simultaneously monitor calcium concentrations in neurons
using intravital FRET-FLIM-based neuronal calcium imag-
ing to evaluate the reaction of the neurons on the altered CNS
environment over the course of EAE development and remission.
Thereby, we investigate whether in mice with clinical recovery
morphologically inert appearing lesions exhibit residual inflam-
mation, as reflected by increased oxidative stress and sub-clinical
neuronal dysfunction, in order to better understand mechanisms
of chronicity and disease progression in MS and related diseases.

RESULTS

Characterization of the Remission Phase
in the CNS of Mice Affected by EAE

The grade of inflammation in brain stem of mice with EAE after
clinical recovery (remission) was characterized and compared
to animals at the peak of disease and to healthy controls. Our
aim was to first characterize peripheral and CNS resident cellular
compartments during the remission phase by means of intravital
imaging and to corroborate previous results concerning the lack
of overt inflammation in this phase.

Characterization of Cellular Markers in the
CNS, during EAE Remission

It is widely accepted that in MS, inactive CNS lesions with no
signs of immune infiltration are detectable. In our EAE model,
some mice show a complete clinical recovery of EAE signs. We
characterized these mice by FACS analysis of whole murine CNS
(brain and spinal cord) and demonstrated that both monocytes/
macrophages (CD45"¢CD11b* cells) and T cells (CD45":CD3*
cells) disappear from the CNS during the remission phase of EAE.
Only 7.9 + 2.8% of the isolated CNS cells were CD45"¢"CD11b*
cells (macrophages/monocytes), comparable with healthy con-
trols with 6.2 + 2.4% (Figures 1A,B), whereas their frequency
during onset and peak of EAE was previously shown to be strongly
increased, to ~50% of the infiltrates (8-10). The majority of cells
after EAE recovery were cells with characteristics of microglia:
72.5 + 3.6% were CD45""CD11b* of which 95.2 + 6.7% expressed
CX3CRI. The overlap of CX3CRI and tdRFP (LysM) was in
both compartments under 5% (3.5 + 3.2% for CD45"¢"CD11b*
cells and 3.5 + 3.1% for CD45°*CD11b* cells). CD45"¢CD3*
cells — typically present during the peak of EAE (11) — mainly
disappeared after EAE recovery, constituting only 0.2 + 0.1%

of total cell number. All these findings are in line with the low
clinical scores of the mice (between 0 and 0.5; Table 1) and are
consistent with previous observations of cellular compositions
after EAE recovery (10). Our results encompass two independent
EAE experiments with a total number of # = 3 mice analyzed in
remission phase (Table 1) and n = 5 analyzed healthy mice.

Using intravital microscopy in CX3CRI*~ EGFP mice
(n = 3) after EAE recovery, we could show a reduced overlap of
3.6 + 1.8% between EGFP and i.v. injected sulforhodamin 101
(SR101), which labels astrocytes both in health and in peak EAE
(8). These results are similar to the overlap measured in healthy
CX3CRI"EGFP mice labeled by iv. injection with SR101
(2.7 + 1.1% overlap, Figure 1C).

Intravital Imaging Reveals Morphologic
Features of EAE Remission in the CNS

We performed intravital imaging experiments in the brain stem
of CerTN L15 X LysM tdRFP mice (neurons express the Ca** indi-
cator TN L15, while predominantly LysM* phagocytes express
tdRFP) and of CX3CRI*~ EGFP mice (microglia/macrophages
express EGFP, while predominantly astrocytes are labeled by
SR101).

Infiltration of the CNS by LysM™ cells is transient, and varies
with the stage of disease. In health, practically no LysM* cells
are present except for few perivascular LysM* microglia. During
peak of EAE, many LysM™* cells are present within CNS lesions,
and they mostly disappear during the remission phase. We could
only identify isolated regions where LysM* cells were present
inside or in the close proximity to blood vessels or meninges
(Figure 2A).

In contrast to the peripheral immune cells, the inflammatory-
induced gliosis of CNS-resident cells [microglia and astrocytes
having phagocytic capacity (8)] persists after EAE recovery
(Figure 2B). We evaluated shape and function of astrocytes and
microglia to test our hypothesis that the function of these CNS
cells, in chronic neuroinflammation, has persistently (patho-
logically) elevated phagocytic features, even in the absence of
peripheral immune cells.

First, we quantitatively analyzed the shape of microglia, based
on the fact that resting microglia, typical for healthy CNS, are
highly ramified, whereas activated microglia, especially those
having a phagocytic function, lose their cellular processes and
adopt an amoeboid shape. The amoeboid shapes are expected to
be found especially in the diseased CNS (10).

We used Fourier coeflicients to quantify and reproduce the
ramified shape of microglia and to quantify their shape changes
in the remission phase as compared to health and peak of the
disease. Briefly, single microglia cells were segmented from intra-
vital microscopy data acquired in the brain stem of healthy and
EAE mice (in peak and remission phase). Six two-dimensional
projections from each three-dimensional object (cell) were gen-
erated, and their shape was approximated by overlapping circles
as displayed in Figure 2C. Each layer of circles is mathematically
characterized by a scalar parameter called Fourier coeflicient.
Thus, the first Fourier coefficient defines the position of a cell, the
second defines its dimensions by approximating it with a perfect
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FIGURE 1 | Peripheral immune infiltration of the CNS has largely resolved in the remission phase of EAE. (A) FACS analysis of CNS cells after recovery of
EAE shows a low immune infiltrate with few monocytes/macrophages (CD45""CD11b*; MP) and CD3* cells. Most of the CD45 expressing cells are CD45°*CD11b*
(microglia; MG). CD45""CD11b* frequencies are comparable to healthy untreated mice (n = 5; +SD). We applied an unpaired t-test to statistically evaluate the
results. In the CD45""CD11b+* fraction (MP), only few cells express CX3CR1 but most of the cells in the CD45°*CD11b* fraction (MG). The overlap of CX3CR1 and
tdRFP was comparable in both cell types around 3% (n = 3; +£SD, clinical information listed in Table 1) (B) Exemplarily gating strategy of the FACS analysis of whole
CNS in mice after recovery of EAE. (C) Projection of 3D intravital fluorescence image in the brain stem of a CX3CR7+~ EGFP mouse in health and during the
remission phase of EAE. The astrocytes (and blood vessels) are labeled by i.v. injected SR101 (red), while the microglia are expressing EGFP (green). Scale

bar = 50 pm. The colocalization of the EGFP and SR101 signals, i.e., overlap of the microglial and astrocytic markers, respectively, amounts to 3.6 + 1.8%.

sphere, and the next Fourier coeflicients define the number and
length of cellular processes. Each cellular process is approxi-
mated by a set of spheres of various diameters, with the center
on the surface of the most distant, previous sphere (Figure 2C).
The higher the ramification and the length of cellular processes,
the larger are the relative values of the high-order Fourier coef-
ficients with respect to the second Fourier coefficient. We found
a high shape similarity of microglia during the remission phase
(118 cells) and of those imaged at the lesion site, at the peak of the

disease (57 cells). In comparison to resting microglia in healthy
controls (71 cells), the similarity was rather low (Figure 2D).
The third, fourth, and fifth Fourier coefficients show a significant
difference (using an ANOVA test) both in remission and in
peak as compared to healthy controls. The results encompass
two independent EAE experiments with # = 3 healthy controls,
n = 2 mice at peak EAE, and n = 4 mice during the remission
phase. The findings of our intravital experiments demonstrate
that in remission, after clinical recovery, microglia retain an
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TABLE 1 | Mouse strains, EAE data of the mice and mean NOX activation area values within lesions or gliosis/astrogliosis areas with SD per animal

(6-20 areas within the brain stem per animal).

EAE ID Mouse strain EAE score at analysis Maximum EAE score Mean NOX activation SD
time point area (%)

1 CX3CR1.EGFP 1.5 1.5 17.88 513
1 CerTN L15 x LysM tdRFP 1.0 1.0 138.20 1.06
1 CerTN L15 x LysM tdRFP 0.5 2.0 8.15 2.25
2 CerTN L15 x LysM tdRFP 2.5 2.5 16.99 9.02
2 CerTN L15 x LysM tdRFP 0.5 1.5 9.91 3.97
3 CerTN L15 x LysM tdRFP 2.0 2.0 10.65 0.51
3 CerTN L15 x LysM tdRFP 2.0 2.0 7.18 1.42
3 CX3CR1.EGFP 1.5 1.5 11.61 1.34
3 CX3CR1.EGFP 0.0 1.5 9.27 3.25
3 CX3CR1.EGFP 0.0 1.0 8.77 3.97
4 CX3CR1.EGFP 0.0 2.0 11.53 5.38
4 CXBCR1.EGFP 0.0 1.5 9.71 2.79
4 CX3CR1.EGFP 0.5 2.0 12.19 4.65
4 CerTN L15 x LysM tdRFP 0.0 2.0 - -
5 CerTN L15 x LysM tdRFP 0.5 3.5 - -
5 CerTN L15 x LysM tdRFP 0.5 3.5 - -
Healthy Mouse strain Mean NOX activation SD
controls area (%)

1 CerTN L15 x LysM tdRFP 0.37 0.13
2 C57BL/6 2.84 0.29
3 CerTN L15 x LysM tdRFP 0.47 0.09
4 C57BL/6 0.60 0.28
5 CerTN L15 x LysM tdRFP 2.08 0.91

We included five independent EAE experiments and five healthy controls for the intravital NAD(P)H-FLIM experiments.

activated morphology, suggesting that their function remains
predominantly phagocytic despite the fact that clinical symptoms
disappeared.

Consistent with the results of shape analysis of microglia, the
astrocytic network appears intact in healthy controls (n = 2),
whereas during peak EAE (n = 4) and the remission phase
(n = 3), it appears disrupted (Figure 2E). Additionally, the fine
astrocytic processes completely disappear and are replaced by
thick perivascular processes, while the astrocytic cell bodies
adopt ameboid shapes (Figure 2E). A quantification of these
observations is rather difficult. Even if a good segmentation of
the single astrocytes and their processes is given, currently there
is no available mathematical approach or set of mathematical
parameters to summarize the complexity of the profound changes
of the astrocytic network. However, altogether the observations
regarding morphological modifications suggest that the astro-
cytes are also shifted toward a phagocytic function.

Subclinical Neuronal Dysfunction
Correlates with Oxidative Stress without
Overt Immune Infiltration after Recovery
of EAE

Altered morphology often indicates functional changes, but
morphology is not a direct measure of the cellular function. To
evaluate alterations in cellular function over the course of EAE,
we used intravital NAD(P)H fluorescence lifetime imaging
(FLIM), as previously described (8), to detect the over-activation
of NADPH oxidases (NOX1-4, DUOXI, 2). As we previously

showed in intravital imaging experiments of mice affected by EAE,
a concentration of ~200 pM of ROS is detectable in the brain stem,
in EAE, using local ROS labeling with Amplex Red. In contrast,
in healthy animals, we could not detect any ROS generation. As
ROS molecules are highly reactive and diffusive, their detection is
limited and the analysis of their cellular source practically impos-
sible. We circumvent this disadvantage by detecting the catalyzer
of ROS production, i.e., NOX enzymes, using NAD(P)H-FLIM
in vivo. We previously showed that high ROS concentration in the
brain stem of EAE animals correlates with the over-activation of
NOX enzymes as detected by intravital NAD(P)H-FLIM (12).
The fluorescence lifetime of NADPH bound to NADPH oxidases
is ~3650 ps (12), differing from generally active NADH- and
NADPH-dependent enzymes [fluorescence lifetime of NAD(P)H
~2200 ps]. The over-activation of NADPH oxidases is a prereq-
uisite of oxidative stress — known to be one of the main causes
of neuronal dysfunction in chronic neuroinflammation (6, 13).

In healthy mice, intravital NAD(P)H-FLIM of the brain stem
reveals predominantly metabolic enzyme activity (8). At peak
of EAE, the lesion site is associated with vast areas of activated
NADPH oxidases, leading to increased oxidative stress (8).
Surprisingly, even if overt inflammation and the clinical symp-
toms disappear, a local activation of NADPH oxidases does not
decline to levels found in healthy mice. While the area of NOX
enzymes activation in the brain stem of healthy mice amounts in
average to 1.8 + 1.3%, the same average value at peak of the dis-
ease significantly increases eightfold to 15.6 + 5.1% and declines
only slightly to 9.4 + 1% during the remission phase, still over
fivefold higher than in healthy mice (Figures 3A,C).
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FIGURE 2 | Intravital imaging reveals that remission in EAE correlates with lack of overt immune infiltration, with persisting disruptions of the
microglial and astrocytic networks. (A) 3D intravital fluorescence images in the brain stem of CerTN L15 x LysM tdRFP mice in health (n = 5), at peak EAE

(n = 6) and in the remission phase (N = 2). kexs = 850 + 1110 NmM, Aem = 525 + 25 nm (Thy1-Citrine in neurons depicted in green), Aem = 593 + 20 nm (LysM tdRFP in
phagocytes depicted in red), scale bar = 50 pm. (B) 3D intravital fluorescence images in the brain stem of CX3CR 1+~ EGFP mice in health (0 = 3), at peak EAE

(n = 4) and in the remission phase (N = 5). Aexc = 935 NM, Aem = 525 + 25 nm (CX3CR17+~ EGFP in microglia/macrophages depicted in green), scale bar = 50 pm.
(C) Using higher-order Fourier coefficients, we describe the complex shape of microglia. The first Fourier coefficient describes the position of the cells, the second
coefficient the sphericity of the cell body and starting from the third Fourier coefficient, the ramification of all cell processes is reproduced: the higher the values of
high-order Fourier coefficients with respect to the second Fourier coefficient, the higher the degree of ramification and length of cellular processes of microglia.

(D) The different shapes of the microglia, shown in (B), were classified in health (71 cells) at peak EAE (57 cells) and in its remission phase (63 cells). The difference
between the values of the third, fourth, and fifth Fourier coefficients is significant between healthy controls and remission, but not significant between peak of EAE
and remission of EAE. Statistical significance was determined by ANOVA (*p < 0.05, *p < 0.01, **p < 0.001). (E) Projection of 3D intravital fluorescence images in
the brain stem of C57/B6 mice i.v. injected with sulforhodamine 101 (SR101) in health (n = 2), at peak EAE (n = 4) and in the remission phase (0 = 3). Aexe = 880 nm,
hem = 593 + 20 nm (SR101 in astrocytes depicted in red), scale bar = 50 pm.
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FIGURE 3 | NOX enzymes activation correlates with neuronal dysfunction in the remission phase of EAE. (A) . (enzyme-bound) NAD(P)H-FLIM images
acquired in the brain stem of healthy mice (n = 5) and of mice affected by EAE at peak of the disease (n = 6) and in the remission phase (n = 7). The results
encompass four independent EAE experiments. Scale bar = 30 pm. (B) Intravital fluorescence intensity image, NAD(P)H-FLIM image and FRET-FLIM neuronal
calcium image acquired in the brain stem of a CerTN L15 x LysM tdRFP mouse in the remission phase of EAE. Scale bar = 30 pm. (C) Quantification of the mean
NOX activation area of individual mice at peak EAE (n = 6) and in the remission phase (n = 7), four independent EAE experiments. While the mean are of NOX
activation is strongly increased in the remission phase of EAE as compared to healthy controls, we could observe only a slight decrease of the NOX activation area
as compared to peak of EAE (at lesion sites). (D) Quantification of the neuronal dysfunction area characterized by a neuronal calcium concentration larger than 1 pM
at peak EAE (n = 4) and in the remission phase (n = 2), two independent EAE experiments. The area of elevated neuronal calcium (area of neuronal dysfunction) is
slightly reduced in the remission phase of EAE as compared to the peak of the disease. However, since in healthy controls there is no elevated neuronal calcium, in
both phases of EAE, the elevated calcium indicates massive neuronal dysfunction. (E) Direct correlation between NOX enzymes over-activation area and neuronal
dysfunction area in the remission phase of EAE, within the brain stem (n = 2 mice). Allimages are acquired at 30-150 pm depth within the brain stem (z-

step = 2 pm). (F) Intravital 3D images of the brain stem of a CerTN L15 x tdRFP mouse affected by EAE, at peak of the disease, at an arbitrary time point t = 0 and
120 min later. The upper panels show intensity images of axons (cyan, Thy1) and of immune cells (red), whereas the lower images show the corresponding FRET
ratio images (Calcium images) of the axons. At the contact sites between axons and immune cells, we observe strongly increased neuronal calcium. After 2 h, at
exactly these sites, we observed dramatic morphological changes of the axons, i.e., appearance of ovoid bodies and axonal disruption. The axonal disruption and
ovoid bodies formation along the axon is indicated by white arrows in the lower panels of (F). Statistical evaluation in (C,D) was determined by ANOVA tests

(*p < 0.05, *p < 0.01, **p < 0.001).

To determine if this increased activation of NAD(P)H oxidases
was associated with subclinical neuronal dysfunction, we deter-
mined the neuronal calcium level using intravital FRET-FLIM in
the brain stem of CerTN L15 X LysM tdRFP mice affected by EAE,
as previously described (8, 14, 15). Associated with the persisting

oxidative stress, we observed increased neuronal calcium indi-
cating subclinical neuronal dysfunction, and progressing to neu-
ronal damage, within the areas of elevated oxidative stress. The
area of measured neuronal dysfunction in the remission phase
(6.2 £ 1.7%) is lower than at peak of disease (11.7 + 2.8%) (16),
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FIGURE 4 | Cellular origin of oxidative stress in the remission phase of EAE. (A) Intravital fluorescence images and enzyme-bound NAD(P)H fluorescence
lifetime images of all cells and of specific cell subtypes acquired in the brain stem of transgenic mice affected by EAE, in the remission phase. We evaluated CerTN
L15 x LysM tdRFP mice, in which neurons Thy1 express the calcium indicator TN L15 and LysM+* phagocytes express tdRFP, and CX3CR1+~ EGFP mice, in which
microglia/macrophages express EGFP. Astrocytes were intravitally labeled with sulforhodamine 101 by i.v. injection at least 2 h before imaging. The white lines in the
fluorescence and fluorescence lifetime images at the bottom of (A) demarcate the outline of a blood vessel. Hence, it becomes obvious that most of LysM+ cells
reside within the blood vessels, and only few can be found at the border to the CNS parenchyma. Scale bars = 50 pm. (B) Contribution of the individual cell subsets
to the over-activation of the NOX enzymes in the CNS of mice during the remission phase of EAE (n = 2 CerTN L15 x LysM tdRFP mice — neurons/Thy1 and LysM;
n =5 CX3CR1+~ EGFP mice — microglia/CX3CR1 cells; n = 3 mice labeled with sulforhodamine 101 — astrocytes). The results encompass four independent EAE
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in line with higher scores during peak than in the recovery phase
(Table 1); however, it is significantly higher than in healthy mice,
in which no neuronal dysfunction can be observed using the
same approach (Figures 3B,D) (14). As depicted in Figure 3E,
in regions with no or very low over-activation of NOX enzymes
(<4% of the total observed area), no neuronal dysfunction can
be detected. Beyond this value, the oxidative stress regime is
established and neuronal dysfunction linearly increases with
increasing area of NOX enzymes activation, within the CNS
(Pearson’s R = 0.90883).

Asweand others previously demonstrated, a sustained elevated
calcium concentration in neurons, both in vivo and in primary
neuronal cultures, can precede morphological changes and finally
neuronal death. In the brain stem of a CerTN L15 X LysM tdRFP
mouse affected by EAE, enhanced contact of axons with periph-
eral LysM cells correlate with an increased calcium baseline in
axons (Figure 3F). Imaging over 2 h reveals after recovery of EAE
sites of increased calcium concentration do not correlate with
dramatic morphological changes such as ovoid bodies or even
axonal disruption, in contrast to the situation in peak EAE as
depicted in Figure 3F (white arrows). Since the TN L15 geneti-
cally encoded biosensor reacts slowly to calcium (within few

hundred milliseconds), it cannot track the physiologic calcium
oscillations typical for neurons, but records only the low average
baseline (~100 nM) (14).

Microglia and Astrocytes Mainly
Contribute to Oxidative Stress after
EAE Recovery

Next, we elucidated the specific cellular origin of the persis-
tent oxidative stress in the CNS during the remission phase.
The approach used in our study - performing endogenous
NAD(P)H-FLIM in the CNS of mice with differently fluoresc-
ing cell subsets (LysM*tdRFP, CerTNL15, CX3CRI*'~ EGFP, or
SR101 labeled cells) affected by EAE - enables the direct identifi-
cation of specific cellular origins of oxidative stress by examining
colocalization of assembled NOX enzymes acquired via NAD(P)
H-FLIM with cellular markers visualized by fluorescence imag-
ing (Figures 4A,B).

We quantified the contribution of specific cell types to the total
area of NOX enzymes activation in the CNS and found that the
mean contribution of LysM* phagocytes amounts to maximally
4.3%, a value comparable to that of neurons (Thyl* cells, 4.7%).
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Whereas the contribution of neurons to the area of oxidative
stress generation is, as expected, similar at peak EAE and during
the remission phase, LysM* phagocytes proved to be a major
source of massive ROS production only during peak EAE but
not during the remission, due to their low frequency within the
CNS in this phase. Only few perivascular macrophages could be
detected (Figure 4A, bottom panel) in line with the results of our
FACS analysis in Figure 1A (5% of the cells are tdRFP expressing)
and complementary to Figure 2A, in which no LysM tdRFP cell
infiltration is shown after EAE recovery. LysM tdRFP cells can
are located only in closest proximity to or within blood vessels
(marked by white lines in Figure 4A) and are, even then, only
partially activated (Figure 4A, bottom panel right image).

The main contribution to ROS production after recovery in
EAE is associated with CX3CRI* cells, i.e., 26%, and astrocytes
(SR101), i.e., 45% (Figure 4B). Thus, microglia and astrocytes
together contribute over 70% of the oxidative stress generation
in remission of EAE. Since only in half of the microglia EGFP is
detectable by intravital microscopy (heterozygous breeding) and
not the entire astrocyte population takes up SR101 [i.e., only half
of GFAP* cells, namely GFAP"" (8)], the frequencies of microglia
and astrocytes may well be underestimated, and we expect an
even higher effective contribution of these cell types to oxidative
stress.

DISCUSSION

Itis widely accepted that during chronic neuroinflammation, both
in the human disease MS and in its murine model EAE, oxidative
stress plays a major role in demyelination and neuronal damage
(6-8). Most of the findings reported in EAE studies resulted from
investigations during the peak of inflammation (17). After peak of
disease, in C57BL/6 mice immunized with MOGss_ss peptide (7),
clinical signs can resolve spontaneously (10, 17) or the mice enter a
chronic phase with persistent paralysis (1). This pattern resembles
features of the human disease MS, since in its relapsing-remitting
phase (RRMS) symptoms are normally self-limiting and patients
spontaneously recover.

Despite our knowledge about the dynamic processes of
the acute immune response in the CNS, information about
the reaction of the tissue after the inflammatory attack is very
limited. The processes determining how and where new lesions
occur are difficult to study in human tissue as the majority of
the samples derives either from very early (biopsies) or very late
(post-mortem) lesions. How lesions resolve, how progression
takes place, and other characteristics of the later phases of the
disease are not well understood (3, 18-20). The alterations of the
immune system in MS lesions are obvious, but how this impacts
the function of the CNS tissue is almost unknown. Only few
inflammatory animal models focus on remyelination as a tissue
response, e.g., studies using models of inflammatory cortical
demyelination (18, 19).

In this study, we addressed the question of tissue dam-
age regarding oxidative stress as a major detrimental factor
for the cells within CNS tissue and consecutive ongoing
subclinical neuronal dysfunction after clinical remission of
EAE signs. We observed that astrocytes and microglia are

shifted toward an activated phenotype, showing both changes
in morphology and, even more striking, a high level of acti-
vated NADPH oxidases correlating with persisting neuronal
elevated calcium levels without evident morphological
alterations. Hence, the consequences of sustained neuronal
calcium levels after EAE recovery in contrast to peak of EAE
are not clear yet (16). Could this be a reason for long-term
neuronal damage leading to a progressive disease course in
humans?

The role and fate of microglia/macrophages during neuro-
inflammation is still not well understood (10, 20). From BrdU
studies, it was concluded that although microglia enter the cell
cycle during acute inflammation, they return to quiescence fol-
lowing remission (21). Furthermore, gene expression analysis of
microglia and macrophages suggested that after EAE recovery,
these cells return toward homeostasis (10). In contrast, our data
demonstrate that at least a subpopulation of microglia is not qui-
escent and still retains their activated function during remission,
as demonstrated by their ameboid morphology and enhanced
NOX activity in our model.

The results of our present study indicate that even after remis-
sion of the clinical signs, astroglial scars represent areas of ongo-
ing tissue damage, even in the absence of peripheral immune
cells. Our findings support the idea of a “trapped” ongoing
CNS inflammation as a mechanism of chronic progression in
MS (2). At this phase of the disease, astrocytes and microglia
alone are a source of persistent oxidative stress locally correlating
with ongoing subclinical neuronal dysfunction, as measured by
pathologically increased calcium levels in CerTN L15 X LysM
tdRFP mice.

Our model provides a useful tool to further investigate the “tis-
sue memory” of neuroinflammatory processes, in order to better
understand mechanisms of chronicity and disease progression
in MS.

MATERIALS AND METHODS

Two-Photon Laser-Scanning Microscopy
Both fluorescence intensity and FLIM experiments were per-
formed using a specialized two-photon laser-scanning micro-
scope based on a commercial scan head (TriMScope, LaVision
BioTec, Bielefeld, Germany). The detection of the fluorescence
signals was accomplished either with photomultiplier tubes in the
ranges 460 + 30, 525 + 25, 593 + 20 nm or with a 16-channel par-
allelized TCSPC detector (FLIM-X,¢, LaVision BioTec, Bielefeld,
Germany) in the range 460 + 30 nm. The excitation of NADH and
NADPH was performed at 760 nm (detection at 460 + 30 nm),
of Cerulean (detection at 460 + 30 nm), SR101 (detection at
593 + 20 nm), and EGFP (detection at 525 + 25 nm) at 850 or
880 nm, and of tdRFP at 1110 nm (detection at 593 + 20 nm).
For both intensity and fluorescence lifetime imaging, we used
an average maximum laser power of 8 mW to avoid photodamage.
The experimental parameters for FLIM were 160 ps histogram
bin [for NAD(P)H-FLIM] and 80 ps histogram bin (for FRET-
FLIM) and maximum acquisition time for a 512 X 512 image
was 5 s to record a fluorescence decay stack. The time-window
in which the fluorescence decays were acquired was set to 9 ns.
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Data Analysis

Three-dimensional intravital images acquired within the brain
stem of CX3CRI*~ EGFP mice, either healthy or affected by EAE,
at peak and in the remission phase of the disease, were segmented
using image analysis software (Imaris, BitPlane, UK). The 3D
surfaces of the segmented cells (50-200 cells per condition) were
transferred to Fiji/Image] and six orthogonal projections were
generated for each cell. For each projection of each cell, the Fourier
coefficients, describing the sphericity vs. ramification of the cell,
were calculated (custom plug-in available in Fiji developed by
Zoltan Cseresnyes). All Fourier coefficients corresponding to a
single cell were merged following a linear algebraic combination
to describe all ramifications of the cell (cell processes). The rank
of the Fourier coefficients describes increasingly complex cellular
ramifications: whereas the first Fourier coeflicient corresponds to
the first spherical approximation of the cell, the next coeflicients
describe increasingly longer processes.

Fluorescence lifetime imaging data analysis was performed
using self-written software, as previously described (12, 14). The
time-resolved fluorescence signal of NAD(P)H, as acquired by
the TCSPC device, was approximated with a bi-exponential decay
function (Eq. 1):

INAD(P)H (t) =g+a X eft/n +a, x e—t/r2 (1)

with & the background, the 1-indexed term of the sum rep-
resenting the fluorescence decay of free NADH and NADPH
and the 2-indexed term representing the fluorescence decay of
enzyme-bound NADH and NADPH. The fluorescence lifetime
T [free NAD(P)H] is 400-450 ps, while the fluorescence lifetime
T, of NAD(P)H bound to metabolic enzymes has an average of
~2000 ps. If bound to NADPH oxidases (NOX1-4, DUOX1, 2),
NADPH shows a typical fluorescence lifetime of 3650 ps, inde-
pendent of cell type and even of species, since we repeatedly
measured this value in various cell types of humans, mice,
and even plants (Nicotiana tabacum). We focused all through
the manuscript on the fluorescence lifetime 7, of the enzyme
bound NAD(P)H.

As previously described, we define the area of neuronal
dysfunction as the area of free neuronal calcium exceeding a
concentration of 1 pM (14). The neuronal calcium concentra-
tion was measured in vivo using FLIM, in mice expressing the
FRET-based calcium biosensor TN L15 in Thyl* cells. Thereby,
the time-resolved fluorescence decay of the donor in the FRET
construct (Cerulean) was also approximated by a biexponential
function (Eq. 2):

ICerulean (t) =g+a;x e_t/tl +a, X e_”TZ (2)

with ¢ the background, the 1-indexed term representing the fluo-
rescence decay of the FRET-quenched donor and the 2-indexed
term representing the fluorescence decay of the unquenched
donor. Here, we focused on the ratio ai/(a: + a,) of the rela-
tive concentrations of the FRET-quenched a; and unquenched
Cerulean a,, and, using our previously published calibration
curve, we determined the absolute calcium concentration within
neurons.

Statistical analysis and graphical presentation was carried
out with GraphPad Prism 4 (Graphpad Software, USA) and
OriginPro (OriginLab, USA). Results are shown as mean values
from analyzed data per mouse, in addition the mean + SD sum-
marize collective data from performed experiments.

Mice

All mice used were on a C57BL/6 background. The CerTN
L15 X LysM tdRFP mouse expresses a FRET-based calcium
biosensor consisting of Cerulean (donor) and Citrine (acceptor)
bound to troponin C, a calcium-sensitive protein present in
certain subsets of neurons (22). Additionally, tdRFP is expressed
in LysM* cells. The CX3CRI"~ EGFP mouse was used to detect
microglia (Table 1).

EAE Induction

Experimental autoimmune encephalomyelitis was induced as
previously described. Briefly, mice were immunized subcutane-
ously with 150 pg of MOGss_ss (Pepceuticals, UK) emulsified in
CFA (BD Difco, Germany) and received 200 ng pertussis toxin
(PTx, List Biological Laboratories, Inc.) intraperitoneally at the
time of immunization and 48 h later. Intravital multi-photon
microscopy was performed at different stages of the disease, i.e.,
peak (3-7 days after appearance of first clinical symptoms) and
remission (after decline of clinical symptoms to a score <0.5).
Mice were randomly picked for analysis. Detailed information
about the performed EAE runs and individual scores of the mice
are listed in Table 1. Mice at peak of disease were part of a previ-
ous study of Mossakowski et al. (8) and serve as a reference in
this study. We did not included animals that never got sick and at
onset analyzed animals.

Preparation of the Brain Stem Window

for Intravital Imaging

As previously described, the brain stem was exposed by carefully
removing the musculature above the dorsal neck area and remov-
ing the dura mater between the first cervical vertebra and the
occipital skull bone. The head was inclined for access to deeper
brainstem regions and the brain stem superfused with isotonic
Ringer solution. Anesthesia depth was controlled by continuous
CO, measurements of exhaled gas and recorded with a CI-240
Microcapnograph (Columbus Instruments, USA) and by an
Einthoven three-lead electrocardiogram (ECG). In order to avoid
strong breathing artifacts in the brainstem of anesthetized mice,
the ECG signal was correlated to the respiration rate and used asan
external trigger for the image acquisition software, which controls
the hardware of the microscope setup. Thus, each fluorescence
stack was recorded at the same respiration state of the mouse and
also in the same tissue region. Animal experiments were approved
by the appropriate state committees for animal welfare (G0081/10,
LAGeSo - Landesamt fiir Gesundheit und Soziales) and were
performed in accordance with current guidelines and regulations.

FACS Analysis

To isolate cells from the whole brain and spinal cord of LysM
tdRFP mice, the tissue was homogenized after PBS perfusion,
and a percoll gradient was performed according to standard
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protocols with 25 and 75% stock istotonic percoll (GE Helthcare)
and HBSS. Cells were blocked with antibodies to Fcy receptors
(DRFZ, clone 2.4G2) to avoid non-specific staining, and were
subsequently stained with FITC-labeled PerCP-labled rat anti-
CD45 (BioLegend) or Cy5- (DRFZ), APC- or Pacific Blue™
(BioLegend)-labeled rat anti-CD11b, in some experiments fix-
able Viability Dye eFluor®780 (eBioscience), anti-CX3CR1 APC
and anti-CD3 Brilliant Violet™ (both BioLegend) were used
according to standard procedures, followed by fixation using 4%
Paraformaldehyde (Electron Microscopy Science) for 10 min.
FACS analysis was performed on a LSR Fortessa (BD).
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A hallmark of autoimmune retinal inflammation is the infiltration of the retina with cells of
the innate and adaptive immune system, leading to detachment of the retinal layers and
even to complete loss of the retinal photoreceptor layer. As the only optical system in
the organism, the eye enables non-invasive longitudinal imaging studies of these local
autoimmune processes and of their effects on the target tissue. Moreover, as a window
to the central nervous system (CNS), the eye also reflects general neuroinflammatory
processes taking place at various sites within the CNS. Histological studies in murine
neuroinflammatory models, such as experimental autoimmune uveoretinitis (EAU) and
experimental autoimmune encephalomyelitis, indicate that immune infiltration is initial-
ized by effector CD4+ T cells, with the innate compartment (neutrophils, macrophages,
and monocytes) contributing crucially to tissue degeneration that occurs at later phases
of the disease. However, how the immune attack is orchestrated by various immune
cell subsets in the retina and how the latter interact with the target tissue under in vivo
conditions is still poorly understood. Our study addresses this gap with a novel approach
for intravital two-photon microscopy, which enabled us to repeatedly track CD4+ T cells
and LysM phagocytes during the entire course of EAU and to identify a specific radial
infiltration pattern of these cells within the inflamed retina, starting from the optic nerve
head. In contrast, highly motile CX,CR; cells display an opposite radial motility pattern,
toward the optic nerve head. These inflammatory processes induce modifications of the
microglial network toward an activated morphology, especially around the optic nerve
head and main retinal blood vessels, but do not affect the neurons within the ganglion
cell layer. Thanks to the new technology, non-invasive correlation of clinical scores of
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CNS-related pathologies with immune infiltrate behavior and subsequent tissue dys-
function is now possible. Hence, the new approach paves the way for deeper insights
into the pathology of neuroinflammatory processes on a cellular basis, over the entire

disease course.

Keywords: longitudinal retina imaging, experimental autoimmune uveoretinitis, neuronal calcium imaging, chronic

inflammation, multiphoton microscopy

INTRODUCTION

Autoimmunity against compartments of the central nervous
system (CNS) can lead to the development of chronic neuroin-
flammatory diseases, of which multiple sclerosis (MS) is the main
representative. Frequently, the very first clinical signs of MS dis-
ease course are related to transient loss of vision (1-3). In the case
of neuromyelitis optica (NMO), another chronic neuroinflam-
matory disease with strong involvement of the retina, permanent
damage of visual function represents a clinical hallmark (4-6).
Thinning of the neuronal retina, i.e., retinal neural fiber layer and
the ganglion cell layer (GCL), has been demonstrated using opti-
cal coherence tomography (OCT) both in MS and NMO patients
(7, 8). Whether this loss of neuronal tissue in the retina is caused
by immune infiltration at distal parts of the optic nerve or by a
direct immune attack on neuronal retina components remains
unclear.

Although experimental autoimmune uveoretinitis (EAU) is
not a classical model of neuroinflammation, it mimics CNS auto-
immunity within the retina and resembles complementary fea-
tures of chronic neuroinflammation as compared to experimental
autoimmune encephalomyelitis (EAE). Various EAU models in
mouse and rat have been developed to highlight the contribution
of different immune cell subtypes to autoimmunity in the eye
(9). In this study, we use an EAU model with immunization of
C57/B6-] mice against the first peptide sequence (1-20) of the
interphotoreceptor retinoid-binding protein (IRBP). The latter
protein is found in the extracellular space between photoreceptors
and the retinal pigment epithelium (RPE). Previous histological
studies have shown that in this model autoreactive CD4* T cells
pass the blood-retina barrier, infiltrate the retina, and attract cell
subsets of the innate immune system from the periphery and from
within the CNS. Presumably, visual loss is caused by retinal tissue
degeneration, especially detachment of the photoreceptor layer.
This hypothesis is supported by fundoscopy, histology, OCT, and
electroretinography results of other studies (10, 11). However, the
dynamics of the immune infiltrate and its effects on the function
of the neuronal retina, as the central tissue responsible for intact
visual function, have not yet been investigated, due to the lack of
suitable technologies. In this context, technologies—such as the
longitudinal intravital two-photon imaging—are needed, which
open the possibility for non-invasive, dynamic 3D image acquisi-
tion in the mouse retina.

While two-photon microscopy of retinal whole mounts has
already been established and applied to elucidate central ques-
tions in neurosciences and neurobiology (12-14), intravital reti-
nal imaging in the mouse has only recently been demonstrated
as viable in the context of ophthalmologic diseases (15-17).

In studies using the technology, either adaptive optics (16) or a
periscope-based setup (18) was used to visualize changes to the
RPE in various mouse models. However, the complexity of the
optical setup limited the imaging results to single static images.

In this work, we describe a new approach for intravital retinal
two-photon imaging and demonstrate its advantages in the con-
text of chronic inflammation in the eye. The main benefit of the
approach as compared to established techniques such as OCT,
electroretinography (19-21), or scanning laser ophthalmoscopy
is its ability to assess cellular motility patterns as well as tissue
function and dysfunction over the whole disease course, at cel-
lular and subcellular resolution. Additionally, our setup does
not require adaptive or other complex optics, thus, allowing for
easy and intuitive use. Employing our intravital retinal imaging
approach, we quantified the specific motility pattern of CD4,
LysM*, and CX,CR; cells in the inflamed retina and observed
the morphologic shift within the glial network induced by the
immune infiltrate in EAU. No sustained neuronal dysfunction
of the ganglion cells associated with sustained increased cellular
calcium was detected during the first phase of EAU, in contrast
to the results found under similar inflammatory conditions in the
brain (22). This finding indicates that the intracellular calcium
signaling in the neuronal retina is not primarily affected by the
inflammation in our EAU disease model. Although intracellular
calcium is generally accepted to be associated with neuronal
function and dysfunction, we do not exclude that neuronal retinal
dysfunction may appear later during disease course.

RESULTS

Clinical Scoring and Characterization

of Cellular Markers during EAU
We employed fundoscopy in C57/Bl6-] mice immunized with
IRBP (peptide 1-20) to resume previous findings regarding the
clinical symptoms of EAU at the onset and peak of the disease, up
to day 28 after immunization and, thus, to validate our experimen-
tal setup (Table 1). We observed perivascular cellular accumula-
tions (cuffing), changes in the optic disc aspect due to immune
infiltration and widening of the main retinal blood vessels (Figure
S1A in Supplementary Material), which are previously described
hallmarks of the disease (10). Clinical scoring considering these
criteria—summarized in Table 2—shows an exacerbation of the
disease over time (n = 10 mice, three independent EAU experi-
ments, Figure S1B in Supplementary Material).

In line with previous reports (9, 10, 19), immunofluorescence
and histology (HE) analysis of the retina at peak of EAU cor-
roborated our fundoscopy results. As highlighted by DAPI and
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TABLE 1 | Mouse strains and experimental autoimmune uveoretinitis
(EAU) experiment code for all mice included in longitudinal multiphoton
imaging of the retina.

Mouse strain Experiment ID

CerTN L15 x LysM tdRFP EAU-1

CerTN L15 x LysM tdRFP EAU-2
CerTN L15 x LysM tdRFP EAU-2
LysM tdRFP EAU-5
LysM tdRFP EAU-5
LysM tdRFP EAU-5
CerTN L15 x LysM tdRFP Healthy
CerTN L15 x LysM tdRFP Healthy
CerTN L15 x LysM tdRFP Healthy
CerTN L15 x LysM tdRFP Healthy
CX,CR;” EGFP EAU-4
CX,CR}"" EGFP EAU-4
CX,CR;” EGFP EAU-4
CX,CR;" EGFP Healthy
CX,CR!" EGFP Healthy
CD4* eYFP EAU-3
CD4+ eYFP EAU-3
CD4+ eYFP EAU-3
CD4+* eYFP Healthy
CD4+* eYFP Healthy

The mice were also scored by fundoscopy and analyzed at day 28 after immunization
using histology and immunofiuorescence techniques.

TABLE 2 | Experimental autoimmune uveoretinitis grading criteria in mice
with C57BL/6 background adapted from Xu et al. (23).

Score Optic disc Retinal vessels Retinal tissue
inflammation

1 Minimal Engorged vessels 1-4 small lesions

2 Mild Engorged vessels and >4 small lesions or
1-4 mild cuffings 2-3 linear lesions

3 Moderate >4 mild cuffings or >4 small lesions and
1-3 moderate cuffings >3 linear lesions

4 Severe >3 moderate cuffings Linear lesion
or severe cuffings confluent

HE staining in cross sections of the eye, the highly ordered retinal
layer structure common to healthy controls becomes wave-shaped
(Figure S1C in Supplementary Material) and massive immune
cell infiltration was found throughout all retinal layers and in the
vitreous humor in the EAU mice, but not in healthy controls.

Immunofluorescence analysis showed an increase of Ibal*
cell number, indicating microglial activation. Similarly, the glial
fibrillary acidic protein (GFAP) signal (astrocytes) within the
GCL increased, indicating astrocytic activation as previously
found in the inflamed brain (24) (Figure S1D in Supplementary
Material).

Setup for Longitudinal Intravital

Multiphoton Imaging of the Mouse Retina

In this study, we present a novel in vivo microscopy setup that
facilitates the study of immune system dynamics in the retina.
The new technology, based on time-lapse multiphoton fluores-
cence imaging of the retina at subcellular resolution, allows not

only quantification of immune infiltration but also monitoring of
tissue dysfunction.

Since the eye of the mouse is highly myopic, focusing the
excitation laser beam of a multiphoton microscope on the retina
is challenging due to spherical aberrations, especially due to
third order spherical aberration (25). The mouse eye was mod-
eled as an optical multilens system comprising cornea, aqueous
body, lens, vitreous humor, and retina, taking into account
typical refractive indexes of the single components and their
curvature [Figure 1A; (25)]. We found that the spherical aber-
rations in the myopic mouse eye can be corrected if focusing the
excitation beam through a water-immersion objective lens, thus
allowing for high-quality imaging of the retina (Figure 1B). The
use of air objective lenses to image the retina is only possible if
using an additional contact lens (in our case, a plano-concave
lens, diameter: 3 mm, center thickness: 1 mm, radius of cur-
vature: —1.6 mm, TT Optics GmbH), to correct the spherical
aberrations (Figure 1C).

In order to avoid damage of the cornea due to dehydration
during imaging, we decided to use a water-immersion objective
lens in our microscopy setup. The challenge in this respect is
the necessity for large working distances of the objective lenses
(>4 mm), as the average diameter of the mouse eye at 10 weeks
of age is approximately 3.2 mm (25). Additionally, to ensure
non-invasive repeated imaging of the same mouse, we avoided
direct mechanical contact between cornea and objective lens and
limited the image acquisition time to 20 min.

We designed a water-immersion objective lens with a work-
ing distance of 6 mm and an effective NA of 0.28 (Figure 1B),
using nearly the aperture of the mouse eye (0.32) made pos-
sible by pharmaceutically widening the pupil (mixture of 2%
phenylephrine and 0.4% tropicamide) directly before starting
the imaging experiments. The spatial resolution of the 10X air
objective (NA = 0.3) was 1.25 pm laterally and 14.1 pm axially
at 850 nm excitation wavelength, which allowed visualization of
three-dimensional cellular details. Similarly, the resolution of the
4x water-immersion objective (NA = 0.28) was 1.33 pm laterally
and 16.3 pm axially after excitation at 850 nm.

In order to find the orientation of the eye during repeated
imaging sessions, we developed a positioning stage with two
translational and two rotational axes (Figure 1D). The mouse was
fixed onto this stage using a biocompatible titanium alloy head-
post mounted onto the skull 2 weeks prior to performing experi-
ments (Figure 1D, inset). The head-post was glued to the skull
using dental cement, which ensures high stability of the fixation
and does not have any side effects on the mouse. The positioning
system additionally contained an inhalation mask, which enables
highly accurate control of the anesthesia and, hence, of the eye
movement. The mechanical reproducibility of the positioning
system using our system was 2 & 1.5 um for the translation axes (x
and y). The repeated eye positioning under in vivo conditions was
strongly influenced by the level of animal anesthesia (Figure 1E),
but does not exceed 10 pm under optimal anesthesia conditions
(Figures 1E, N = 100 repositioning steps). The displacement can
be easily corrected using the vasculature of the eye as reference
system. In summary, thanks to the positioning system, data were
generated at the same imaging position during repeated imaging
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FIGURE 1 | Longitudinal intravital retinal imaging setup for monitoring cellular dynamics and functions over time. (A) Simulation of the myopic mouse
retina shows that spherical aberration hampers focusing on the mouse retina. (B) A simple and robust solution, as demonstrated by the simulation in the upper
image, is the use of water-immersion objectives with large working distances (touchless imaging). The objective lens used is a 4x magnification water-immersion
objective lens, NA = 0.28, and WD 6 mm, as shown during imaging in the lower image. Lateral resolution: 1 pm, axial resolution 11 um at excitation wavelength
850 nm. (C) Simulations of the optical path (upper image) show that using corresponding plan-concave lenses together with an air objective lens also allow
focusing onto the mouse retina. We placed a plan-concave lens of 3 mm diameter using hydrogel on the eye of the mouse and focused the excitation beam using
a 10x air objective NA = 0.3 and WD 18 mm. The insets show x and z projections of the point spread function of the system measured on 100 nm fluorescent
beads (emission 605 nm), at 850 nm excitation wavelength. (D) The mouse positioning system allows translation on three different axis (x, y, and z) and rotation
around two axes with a mechanical reproducibility of 2 pm. The fixation on the positioning system is based on a titanium alloy head-post mounted on the skull of
the mouse 2 weeks before starting the experiments [inset of (D)]. (E) The tables overview the positioning reproducibility of the setup in (D) during 100 repeated
acquisition steps of the vasculature labeled with FITC dextrane, when varying the anesthesia depth given by the isoflurane concentration (upper table) and shifting
the rotational axis (middle table) and the translational axis (x and y, lower table). Comparison of image quality of the retina vasculature (FITC dextrane) as visualized
in flat mounts (F) and by longitudinal intravital microscopy (G). Whereas the imaging quality is similar, the two-photon microscopy allows for 3D visualization of the
central region of 1 mm x 1 mm in the retina.

Frontiers in Immunology | www.frontiersin.org December 2016 | Volume 7 | Article 642



http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Bremer et al.

Longitudinal Retinal Imaging in Autoimmunity

sessions. This allowed us to compare the data sets acquired at
various time points from the same animal. Repeated intravital
imaging experiments in healthy CD4*.eYFP, CXSCRI'/ ~“EGFP, and
CerTN L15 X LysM tdRFP mice—summarized in Table 1—using
our setup showed no evident signs of either retinal inflammation
or calcium-associated neuronal retinal dysfunction, as is often the
case of repeated anesthesia, surgery, or mechanical stress during
the imaging process (Figure S2 in Supplementary Material).

In order to verify the optical performance of our device, we
compared the image of a retinal flat mount with the two-photon
image of the retina in a living anesthetized mouse after injection
with FITC dextrane for labeling of the vasculature (Figures 1EG).
Both imaging methods were able to resolve even fine capillar-
ies with high accuracy, while only the multiphoton imaging
restored the curvature of the retina by 3D imaging (Video SI in
Supplementary Material). The effective field of view under in vivo
conditions reached 1.5 mm X 1.5 mm, which was, as expected,
smaller than that of the flat mount.

The key advantage of the multiphoton microscopy is the abil-
ity to longitudinally image the retina in living animals, i.e., over
weeks, so that the entire disease course can be investigated in a
single animal. We also employed our technology to gain novel
insight into the pathologic processes during EAU as a model of
chronic inflammation in the eye.

Dynamics of Retinal Infiltration with

Peripheral Immune Cells in EAU

We performed repeated intravital multiphoton imaging of
CD4.eYFP mice during the course of EAU at 7, 11, 14, 21,
and 28 days after immunization with IRBP; . In line with
previous immunofluorescence data and with our fundoscopic
clinical score, we found an increase in CD4* T cell number
over the course of EAU in all investigated mice (Figures 2A,B;
n = 3 mice, Table 1) beginning from day 14 (onset of disease).
Longitudinal intravital imaging revealed that CD4* T cells
infiltrated the retina starting from the optic disc and diffused
radially. Analysis of the CD4* cell infiltration in a concentric
zonal sectioning of the retina (area I 430 pm diameter, centered
the middle of the optic disc, area I1 430 to 860 pm diameter, and
area III 860 to 1,250 pm diameter) showed that the immune
infiltration increases in the peripheral areas and decreases at
the optic nerve head during EAU (Figures 2C,D). Interestingly,
most of CD4* T cells in the retina are not showing strongly
directed displacement during the imaging window of 20 min
(Figures 2E,E]J); Videos S2 and S3 in Supplementary Material),
neither at day 21 nor at day 28 after immunization. At day 14
after immunization, the CD4" cells were clustered at the optic
nerve head and no trajectories could be recorded. The global
displacement vector of CD4" cells at all investigated time
points during EAU, describing either centrifugal or centripetal
motion, showed no preferential short-term motion of these
cells. The mean displacement rate of CD4" cells infiltrating
the retina was reduced as compared to that of CD4" T cells in
the brain stem, during EAE (22). These findings imply that the
CD4* T cell infiltration of the retina, although a highly directed
overall process, is rather slow.

Repeated intravital imaging experiments in the retina of LysM
tdRFP mice affected by EAU (1 = 4 mice, Table 1, Figures 2G-1,
Videos S4 and S5 in Supplementary Material) revealed that
LysM* cells (peripheral phagocytes—macrophages, monocytes,
and neutrophils) behave similar to CD4* cells. The LysM* cells
enter the retina at the optic nerve head and the main retinal
blood vessels at day 14 after immunization (Figure 2G). The time
point of their entry was slightly later than that of CD4* cells, as
proportionally less LysM* cells than CD4* T cells were found at
day 14 after immunization as compared to later time points (days
21 and 28). This observation lends weight to the hypothesis that
CD4* T cells initiate the retinal inflammation in EAU and attract
cells of the innate immune system to the eye, e.g., LysM* cells.

The displacement rates of LysM™* cells were slower than the
displacement rates of LysM* cells in the brain stem of EAE
mice, but significantly higher than that of CD4* T cells in the
retina during EAU (***p < 0.001, ANOVA statistical evaluation).
Interestingly, both the displacement and the displacement rate of
LysM* cells were significantly higher at day 21 than days 28 and
14 (onset EAU) (Figure 2K). The global displacement vector for
highly motile LysM* cells in EAU, at days 14 and 21, amounted
to 117.1 and 146.8 pm, respectively. This indicates a preferential
centrifugal motion, away from the optic nerve. At day 28, the
LysM* cells showed a slight centripetal motion (global displace-
ment vector —34.6 pm).

The typical second harmonics generation signal of highly
ordered collagen fibers were not detectable (Figures 2B,G) at any
point during the EAU course. The collagen fibers typically build
the conduits in secondary lymphoid organs and serve as highways
for immune cells in the inflamed brain.

Retinal CX;CR; Subset Shifts toward an
Activated Morphology and Exhibits
Centripetal Motion during EAU

Longitudinal intravital multiphoton imaging of the retina in
CX;CR1.EGFP mice affected by EAU revealed a change in the
behavior of CX,CR] cells from a probing toward a phagocytic
morphology. In healthy controls as well as in mice at days 7 and
11 after immunization (pre-onset), most of the CX,CR cells were
microglia and had a highly ramified morphology. In contrast,
amoeboid cells (phagocytes, mainly activated microglia, and
macrophages) appeared, particularly around the vessels and at
the optic nerve head, starting from day 14 after immunization,
i.e,, EAU onset (Figures 3A,B) but were practically absent in the
parenchyma. Time-lapse imaging after immunization revealed a
leaky retinal vasculature in EAU mice, but not in healthy controls,
which indicates disruption of the blood-retina barrier (Videos
$6-S9 in Supplementary Material). Most CX,CR;"~ EGFP cells
remained mostly sessile, showing low displacement and reduced
displacement rate (Figures 3C-F). The values of both displace-
ment and displacement rate of the cells reached a maximum
at day 14 after immunization (EAU onset) and were decreased
at later time points (days 21 and 28 after immunization, EAU
peak). During onset and peak EAU, i.e., in mice having clinical
symptoms, these values were significantly higher than during the
pre-onset phase (days 7 and 11 after immunization), i.e., in mice
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FIGURE 2 | Longitudinal intravital imaging pinpoints CD4* T cells and LysM+ phagocytes infiltration of the retina as a slow but highly oriented

process during experimental autoimmune uveoretinitis (EAU).
(Continued)
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FIGURE 2 | Continued

(A) Representative three-dimensional projections of fluorescence retinal images (1,400 pm x 1,400 pm x 300 pm) in a healthy mouse and a EAU mouse at days
11 (pre-onset), 14 (onset), 21 (peak), and 28 (peak) during the disease course. Autofluorescence mainly originating from retinol in the retinal pigment epithelium
(RPE) is depicted in blue and serves for orientation, since blood vessels and the optic nerve head do not fluoresce and appear as shadows. CD4+ eYFP cells
are depicted in green and first appear within the retina at EAU onset (day 14 after immunization), starting from the optic nerve head. Aexc = 960 Nm,

Adetection = 593 + 20 nm (eYFP), and 525 + 25 (autofl. retinol). Scale bar = 200 um. (B) Increase of the total number of CD4 eYFP cells in the single mice affected
by EAU during the course of the disease (n = 3 EAU mice; n = 2 healthy mice). (C) Representative 3D projection of the retina infiltrated by CD4 eYFP cells at
day 21 after immunization and object recognition in the same image, following fluorescence intensity and object size criteria. The white circles define three
concentric regions around the optic nerve head (Region I: 0—226 pm; Region II: 226—452 um; Region Ill: 452 —678 pm from the center of the optic nerve
head), in which the cells were counted to quantify the distribution of the CD4+ population in EAU mice. (D) Spatial distribution of CD4 eYFP cells within the
concentric regions defined in (C) during the course of EAU. The infiltration of the retina with CD4* T cells is a slow but highly oriented process, starting from the
optic nerve and spreading toward the retinal edge. Overview retinal fluorescence image of CD4 eYFP cells at day 21 after immunization (E) and 20 min
time-lapse images of the white square inset (F) show that the cells are mostly sessile (Videos S2 and S3 in Supplementary Material). Acquisition

rate = 1,400 pm x 1,400 pm x 300 pm z-tack/min. Scale bar (E) = 200 um. Scale bar (F) = 50 um. (G) Representative three-dimensional projections of
fluorescence retinal images (1,400 pm x 1,400 pm x 300 pm) in a healthy mouse and in a mouse affected by EAU at time point days 11 (pre-onset), 14 (onset),
21 (peak), and 28 (peak) during the course of the disease. Autofluorescence mainly originating from retinol within the RPE is depicted in blue and serves for
orientation, since blood vessels and the optic nerve head do not fluoresce and appear as shadows. LysM tdRFP cells are depicted in red and first appear within
the retina at EAU onset (day 14 after immunization), starting from the optic nerve head and from the main vessels. Aexe = 1,100 NM, Agetection = 593 + 20 nm
(tdRFP), and 525 + 25 (autofl. retinol). Scale bar = 200 pm. (H) 3D projection of fluorescence images of LysM + tdRFP cells (red) infiltrating the retina (retinol
autofluorescence, blue) at day 21 after immunization. () Five minutes time-lapse image of the white square inset in (H) show that LysM* cells are also moving
only slowly (Videos S4 and S5 in Supplementary Material). Acquisition rate = 1,400 pm x 1,400 pm x 200 pm z-tack/min. Scale bar (H) = 200 pm. Scale bar

() = 50 pm. (J) Displacement and displacement rate of CD4+ T cells within the retina at days 21 and 28 after immunization (n = 4 EAU mice, n = 4 healthy
mice). (K) Displacement and displacement rate of LysM tdRFP phagocytes within the retina at days 14, 21, and 28 after immunization. Statistical evaluation
was determined by ANOVA one-way tests and Bonferroni post hoc test for multicolumn analysis (*p < 0.05, **p < 0.01, and ***p < 0.001).

showing no clinical signs. The small population of CX,CR] cells
showing significant displacement (>10 pm) moved exclusively
in the perivascular space of main retinal vessels (Figure 3D;
Videos S6-S9 in Supplementary Material) in both healthy con-
trols and mice affected by EAU. Their mean displacement rate
(9.55 +2.63 pm/min in healthy controls and 10.55 +4.80 pm/min
mice affected by EAU) was similar to that measured for CD4* cells
moving within the perivascular space, in the brain stem of mice
affected by EAE (26). The displacement vectors of all motile cells
were summed up in healthy and EAU-affected mice, respectively,
to determine the global displacement vector with respect to the
optic nerve head for each condition (Figure 3G). In healthy mice,
the displacement of the CX,CR}"~ EGFP cells was not directional
(Figures 3F,G), suggesting that cells are not preferentially moving
toward or away from the optic nerve. In EAU, most of the motile
cells moved centripetally, toward the optic nerve (Figures 3G,I),
as revealed by the global displacement vector oriented toward the
optic nerve head. This implies that a subset of CX,CR; cells were
activated within the retina and migrated through the optic nerve
head, probably gaining access to inner parts of the CNS.

In order to determine the directionality of CX,CR; cells
relative to the optic nerve, we calculated the vectors defined by
the optic nerve head and the starting and end point of the cell
trajectory, respectively, for each motile CX,CR; cell (Figure 3H).
The vector sum of these two vectors projected on one dimension
results in the displacement vector toward or away from the optic
nerve (Figure 3H) for each cell.

Longitudinal Calcium Imaging Reveals
No Evident Signs of Calcium-Associated
Neuronal Retinal Dysfunction during
Onset and Peak of EAU

As previously demonstrated by us and others, sustained elevated
calcium levels in neurons, i.e., 1 pM intracellular calcium over

an hour, lead to strong morphological changes and ultimately to
neuronal death, both in primary neuronal cultures and under
in vivo conditions (22, 24). We have shown that enhanced contact
of axons with peripheral immune cells in the brain stem of mice
affected by EAE correlates with an increased calcium baseline in
axons (22, 24, 27). Since the TN L15 construct reacts slowly to
calcium, over hundreds of milliseconds, it is able to specifically
track only long-lasting increases of intracellular calcium. Thereby,
it reports non-physiological, lasting elevations of the intracel-
lular calcium concentration, but not the physiologic calcium
oscillations within neurons. Under physiologic conditions, the
construct records only the low average baseline (=100 nM) (27).
In CerTN L15 mice mainly the ganglion cells, which expressed
Thyl (28), encode the TN L15 construct as we demonstrated
by immunofluorescence analysis (Figure S3 in Supplementary
Material).

Repeated neuronal calcium measurements in CerTN L15
mice affected by EAU revealed a significant increase of neuronal
calcium in the GCL at day 21 after immunization as compared to
the pre-onset phase (days 7 and 11 after immunization) and onset
phase (day 14 after immunization), which faded at day 28 after
immunization (Figures 4A-C; Videos S10-S12 in Supplementary
Material). This result may reflect a sustained pathology of the
retina, as previously shown in other organs of the CNS. However,
despite strong immune infiltration with CD4* and LysM* cells, as
well as alterations of the microglial network toward an activated
morphology, the increase of neuronal calcium in the retina of
EAU mice did not reach the typical intracellular calcium level
of pathologic neuronal dysfunction found in the brain stem
of mice affected by EAE under qualitatively similar immune
infiltration conditions (24). Moreover, the neuronal calcium
levels were similar in all cells within the concentric areas I-III
around the optical nerve head and did not increase during the
imaging period of 20 min (Figures 4B,D) at any stage of the dis-
ease. Hence, retinal inflammation at the onset and peak of EAU
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FIGURE 3 | CX3CR; cell subset shifts toward an activated morphology and shows preferential centripetal motion during experimental autoimmune
uveoretinitis (EAU). Sample three-dimensional projections of fluorescence retinal images (1,400 pm x 1,400 pm x 300 pm) in a healthy mouse (A) and in a
CX,CR;’eGFP mouse affected by EAU at time points days 7 (pre-onset), 11 (pre-onset), 14 (onset), 21 (peak), and 28 (peak) during the course of the disease

(B). Blood vessels are labeled by rhodamine (red) and CX,CR;’” eGFP microglia/macrophages are shown in green. During EAU, some CXsCR; cells shifted from the
typical resting microglial morphology toward an amoeboid morphology, which is typical for the phagocytic phenotype. Aexc = 850 NM, Agstection = 525 + 25 nm (eGFP),
and 593 + 20 (rhodamine). z-step = 15 pm. Scale bar = 200 pm. Overview (C) and corresponding time-lapse of 3D projections of fluorescence images of CXsCR
eGFP cells and of the vasculature in white square inset within the retina (D) over 20 min. Acquisition rate = 1,400 pm x 1,400 pm x 300 pm/min. z-step = 15 um.
The depicted CXsCR; cell (white outline) is moving within the perivascular space with a speed of 31 pm/min. (E) Displacement rate and displacement of eGFP+ cells
during the course of EAU at days 7, 11, 14, 21, and 28 after immunization (n = 3 EAU mice, n = 2 healthy controls). (F) Tracks of cells showing a displacement
larger than 20 pm over 20 min in healthy mice and mice affected by EAU. Scale bar = 200 pm. (G) Displacement vectors of single motile cells toward/away from the
optic nerve head and the global displacement vector for each situation: health and EAU. (H) Principle of assessing the displacement vector toward/away from the
optic nerve head for single cells. Statistical evaluation was determined by ANOVA one-way tests and Bonferroni post hoc test for multicolumn analysis (*p < 0.05,
**p < 0.01, and **p < 0.001).
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FIGURE 4 | Immune infiltration and microglial activation do not lead to calcium-associated neuronal dysfunction in the retina during onset and
peak of experimental autoimmune uveoretinitis (EAU). (A) Representative three-dimensional projections of fluorescence retinal images (upper row) and FRET
ratio images (lower row) of 1,400 pm x 1,400 pm x 300 pm in a healthy and in a CerTN L15 mouse affected by EAU at time point days 7 (pre-onset), 14 (onset),
21 (peak), and 28 (peak) during the course of the disease. TN L15, a FRET-based Ca-sensor, is genetically encoded in neurons and expressed under the Thy1
promoter. The sensor contains Troponin C as Ca-sensitive protein and Cerulean and Citrine as FRET-donor and FRET-acceptor molecules, respectively. The FRET
ratio, which scales with the intracellular calcium concentration, does not change during the course of EAU. Ae = 850 NM, Adetecion = 466 + 30 nm (Cerulean),

525 + 25 nm (Cerulean, Citrine), and 593 + 20 (Citrine). z-step = 15 pm. Scale bar = 200 pm. (B) Time courses of the mean FRET ratio within the marked regions
of interest (1-6) over 20 min for all time points depicted in (A). No changes in the neuronal calcium was observed during the imaging time period, indicating that
our two-photon microscopy of the eye did not disturb tissue function and is a reliable probe for identifying possible physiologic or pathologic changes.

(C) Quantification of the mean FRET ratio of the whole imaged volume in the retina in healthy and in mice affected by EAU at different phases of the disease (0 = 3
healthy mice, n = 4 EAU mice, two independent EAU experiments). The mean FRET ratio indicative for neuronal calcium increases transiently up to day 21 after
immunization (peak EAU) but remains under the boundary of neuronal dysfunction (1 pM calcium, corresponding to 47% FRET ratio). (D) Adopting the same
principle of concentric segmentation of the retina around the optic nerve head as in Figure 2 the mean FRET ratio in the Regions |-lll was quantified for each
measured time point after immunization, in all CerTN L1715 mice affected by EAU. In contrast to the immune infiltrate, which shows directed concentric spreading
kinetics starting from the optic nerve head, the neuronal calcium shows an almost constant value all over the imaged retinal volume during both onset and peak
EAU. (E) The retina of a healthy CerTN L15 treated with ionomycine (40 pM) for 5 min shows increase of neuronal calcium above the threshold of neuronal
dysfunction, i.e., 1 pM intracellular calcium corresponding to 47% FRET ratio. Statistical evaluation was determined using ANOVA one-way tests and Bonferroni
post hoc test for multicolumn analysis ("p < 0.05, *p < 0.01, and **p < 0.001).
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(up to day 28 after immunization) did not correlate temporally
or spatially with neuronal tissue dysfunction related to calcium
signaling and did not appear to primarily target the neuronal
retina (GCL). We cannot exclude that neuronal dysfunction may
develop independently of a disturbance of intracellular calcium,
in which case our approach would fail. Furthermore, although we
found in our experiments that the maximum neuronal calcium
increase is reached at day 21 after immunization, repeated imag-
ing experiments using our approach during the chronic phase of
EAU (e.g., between days 28 and 60 after immunization) would
shed light on possible delayed effects of inflammation on the
neuronal retina.

As we did not observe any pathologic increase of neuronal
calcium during the time-lapse imaging experiment (20 min,
Figure 4B; Figure S2C in Supplementary Material), we conclude
the retina of healthy and EAU mice are not functionally affected
by exposure to the focused laser beam of the multiphoton micro-
scope. Moreover, we were able to induce calcium-associated
neuronal dysfunction and damage in the retina, i.e., FRET ratio
of up to 70% corresponding to neuronal calcium of 3 pM, by local
application of ionomycine 40 pM in healthy CerTN L15 mice
(Figure 4E). Hence, our approach can reliably quantify calcium-
associated functional state in retinal neurons. Furthermore, we
confirmed in this way that distorted calcium signaling in retinal
neurons during onset and peak of EAU is only a minor aspect of
the disease.

DISCUSSION

As the only part of the CNS exposed to the outer environ-
ment, the eye is the ideal candidate for non-invasive intravital
imaging of autoreactive attacks of the immune system on the
CNS, typical for chronic neuroinflammatory pathologies.
Independent of the specific CNS region being the direct
target of the immune attack, the clinical involvement of the
neuronal retina has been demonstrated in various contexts of
neuroinflammation. Accordingly, the thinning of the GCL and
of the retinal neuronal fiber layer are well described in MS
and NMO and represent promising diagnostic approaches to
evaluate the disease course (29). On the other hand, models
of autoimmunity in the mouse eye are particularly relevant to
understand the pathological mechanisms of neuroinflamma-
tion. They are necessary to evaluate the relation between brain
and retinal inflammation and, thus, to take full advantage of
the eye as a window to the CNS.

Multiphoton microscopy allows unique access to informa-
tion on cellular dynamics within living organisms beyond the
information on cellular composition and morphological tissue
changes provided by static histology. Up to now, the technology
has been widely used to elucidate basic physiologic processes as
well as patho-mechanisms in various organs and disease models
(30-32). In the context of neuroinflammation, which involves
highly dynamic, tissue-dependent processes, the relevance of
intravital multiphoton microscopy as a central investigation
tool becomes obvious. Moreover, since neuroinflammatory
processes are lasting days, weeks, or even months, whereas
typical imaging time-windows in intravital microscopy are

several hours, technologies allowing for repeated imaging in
one and the same animal are requested. The potential of retinal
two-photon imaging has been underlined by several recent
publications (16, 18); however, to our knowledge, this is the first
report demonstrating repeated time-lapse imaging of the retina,
allowing us to monitor cellular dynamics, cellular interactions,
and tissue function longitudinally in one mouse. Our approach
reduces the number of animals needed for experiments and
decreases inter-individual variance due to different responses to
immunization across mice. Tissue and even cellular fate can be
tracked over weeks and seemingly static processes are revealed
as slow but dynamic.

Using our novel approach, we found dramatic differences
in the motility behavior of effector cells—CD4* T cells and
phagocytes (LysM* cells)—in the eye compared to the brain stem
and spinal cord under comparable inflammatory conditions. In
the brain stem and spinal cord, effector cells from the periphery
moved directionally and rather rapidly (5-7 pm/min), especially
along de novo built collagen fibers, similarly to their movement
within secondary lymphoid organs (33). They enter the immune-
privileged brain tissue via meninges or leaky blood vessels and
accumulate at lesion sites (22, 33). In the eye, these cell subsets
show a reduced displacement rate (approximately 1 pm/min).
However, during the course of the disease (days to weeks), they
move in a highly directed manner from the optic nerve head
toward the retinal periphery. In line with this finding, we could
not detect the collagen fibers characterized by second-harmonic
generation at any time point, although they have previously been
shown in imaging studies of the CNS (33) and of lymphoid organs
to be used for directed cell movement.

Confirming previous findings, we observed that CD4* T cells
invaded the retina slightly earlier than LysM* cells (phagocytes)
and presumably initiate the inflammation. The immune infiltra-
tion typically began at the head of the optic nerve head, indi-
cating cell migration from inner areas of the CNS through the
optic nerve as a main pathway of retinal infiltration next to the
immune infiltration through the disrupted blood-retina barrier.
Interestingly, CD4" T cells are significantly slower than LysM*
cells during the whole course of EAU. Considering the lack of
collagen fibers in the inflamed retina, a possible explanation of
this observation is that CD4* T cells depend on the collagen fib-
ers as highways facilitating their movement stronger than LysM*
cells do.

Taken together, our findings lead to the hypothesis that the
CD4* T cells, as initiators of the retinal inflammation, are locally
reactivated directly at the optic nerve head and not within the
perivascular space, as we do not see a compartmentalization
to the retinal vasculature, unlike in the inflamed brain (26).
Moreover, we hypothesize that LysM* cells attracted to the retina
by CD4 T cells deliberately search for tissue-specific targets for a
direct attack, as they show invasive migration patterns similar to
those in the brain.

Which CD4 T cells subsets, e.g., Th17 or Th-GMCSF cells, are
relevant for the induction of autoimmunity in the eye, and how
do they dynamically interact with the retina and with antigen
presenting cells? What role do other cellular subsets, such as CD8
T cells and other soluble factors (e.g., CXCL12 or TNFa), play
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in this context? These are still open questions to be addressed in
future studies.

In terms of pathological changes in the CNS compartments
during neuroinflammation, a shift of the microglial network from
a probing toward an activated morphology revealed the same
local signs of gliosis previously described in the brain stem and
spinal cord (34). In contrast to the results of intravital imaging
studies of the inflamed brain (35, 36), phagocytic CX,CR; cells
(characterized by amoeboid shape) only moved rapidly in the
perivascular space of the inflamed eye, probably because there
were no conduits to orient their motion in the retinal parenchyma.
Which factors inhibit or trigger the conduits for immune cells in
the CNS is not yet known. Interestingly, during inflammation the
CX,CR; cells move perivascularly toward the optic nerve head,
implying that cell immigration can be initiated in the eye during
neuroinflammation and that the cells then move on via the optic
nerve toward the inner regions of the CNS. This suggests that the
fiber tracks of the optic nerve can act as a bidirectional highway
for migrating cells.

Based on these observations, we assumed that in our
model, not only the microglial network in the retina but also
the neuronal compartment may be affected. Surprisingly, the
GCL seems to be able to compensate damaging mechanisms
associated with neuronal calcium in our model. Repeated neu-
ronal calcium imaging, using a FRET-based calcium indicator
genetically expressed under the Thyl promoter in CerTN L15
mice (37), showed rather low and only transient dysfunctional
calcium signaling in these neurons. In the inflamed brain, the
highly dynamic peripheral immune inflammation and gliosis
lead to neuronal dysfunction (34, 38), neuronal damage, and
finally to neuronal death already at early stages of the disease.
In contrast, the inflamed eye showed massive, slow but directed
immune infiltration from the optic nerve head toward the retinal
periphery, similar gliosis, but only negligible calcium-associated
neuronal dysfunction at onset and peak of EAU. It should be
noted that, due to the differential expression of the calcium
sensor in our model, not all neuronal cells were visible, par-
ticularly rods and cones. A delayed effect of the inflammation
on the calcium signaling of the retinal ganglion cells cannot be
excluded. Repeated retinal intravital imaging experiments during
the chronic phase of the disease will shed light on a possible
accumulation of calcium-associated neuronal stress leading to
late neuronal damage.

Moreover, the extent of neuronal damage to inner CNS
compartments in our model, the EAU, is unclear. Similarly,
reversible or irreversible effects of pathogenic CD4* T cells,
phagocytes (macrophages and activated microglia) and acti-
vated astrocytes on the neuronal function of the retina, in
EAE, have not been investigated yet and are also unclear. If the
latter is confirmed, the novel technology presented here will
make non-invasive monitoring over time of treatment effects in
chronic neuroinflammation and therapeutic tracing on single
cell level in one individual possible. On the one hand, this will
lead to a better understanding of relevant patho-mechanisms
and, on the other hand, to a dramatic reduction of experimental
animals.

The newly developed retinal imaging approach presented
here promises to yield new insights not only into neuroinflam-
matory but also into neurodegenerative mechanisms. Retinal
pathology has recently been intensively discussed in the context
of Alzheimer disease, Parkinson disease, and amyotrophic lateral
sclerosis (39, 40). Furthermore, unprecedented breakthroughs are
possible in the context of pathologies such as genetic vasculature
diseases and diabetes type I (41, 42), which are associated with
changes of the retinal vasculature, including main blood vessels
and capillaries. In terms of elucidation of immune responses, the
combination of our approach with genetic EAU models (11), in
which tertiary lymphoid organs have been detected within the
retina, will allow monitoring of lymphocytic maturation over the
whole duration of the immune reaction.

MATERIALS AND METHODS

Two-Photon Laser-Scanning Microscopy
(TPLSM)

Multiphoton fluorescence imaging experiments were performed
using a specialized laser-scanning microscope based on a com-
mercial scan head (TriMScope II, LaVision BioTec, Bielefeld,
Germany). The detection of the fluorescence signals was accom-
plished with photomultiplier tubes in the ranges of 466 + 20,
525 + 25, and 593 + 20 nm. Cerulean was excited at 850 nm
and detected at 466 + 30 nm simultaneously with citrine emis-
sion at 525 + 25 and 593 + 20 nm. Blood vessels were labeled
with sulforhodamine 101 (excited at 900 nm and detected at
593 + 20 nm) or FITC dextrane (excited at 800 nm and detected at
525+ 25nm). EGFP labeled microglia were excited at 900 nm and
detected at 525 & 50 nm. eYFP labeled CD4* T cells were excited
at 900 or 960 nm and detected at 525 + 20 nm. tdRFP labeled
LysM* cells were excited at 1,100 nm and detected at 593 + 20 nm.
In all imaging experiments, an average maximum laser power of
50 mW was used to avoid photodamage. The acquisition time
for an image with a field of view of 1,400 pm X 1,400 pm and a
digital resolution of 994 pixel X 994 pixel was 1.6 s. To observe cell
movement in different retinal layers, we acquired 300 pm large
z-stacks each minute over a total time course of 20 min. Longer
imaging sessions are possible with our setup; however, we limited
the imaging time window to 20 min to avoid possible side effects
due to mechanical stress or long-term laser damage on the retina.

Data Analysis

As previously described, we defined the area of neuronal dysfunc-
tion as the area of free neuronal calcium exceeding a concentra-
tion of 1 pM. The neuronal calcium concentration was measured
in vivo in mice expressing the FRET-based calcium biosensor TN
L15 in Thyl* cells. The FRET efficiency, which directly correlates
with the intracellular calcium concentration, was measured
ratiometrically as previously described by us (27). Briefly, the
intensity I of the three acquisition channels 466, 525, and 593
were background corrected Is, smoothed with a Gaussian filter
and corrected for spectral sensitivity n of the photomultiplier
tubes. The 525 and 593 channels were additionally corrected for
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Image segmentation and tracking of all cells were performed
using existing segmentation, object-recognition and tracking
plugins in FIJI, Image]. Statistical analysis of the data was per-
formed using Graph Pad Prism.

Mice

All mice used were on a C57/Bl6 background. The CerTN
LI5 X LysM tdRFP mouse expresses a FRET-based calcium
biosensor consisting of Cerulean (donor) and Citrine (acceptor)
bound to troponin C, a calcium-sensitive protein present in
certain subsets of neurons. Additionally, tdRFP was expressed
in LysM* cells. The CX,CR~ EGFP mouse was used to detect
microglia and CD4* eYFP mouse was used to detect effector
T cells.

EAU Induction

Experimental autoimmune uveoretinitis was induced as previ-
ously described. Briefly, mice were immunized subcutaneously
with 200-300 pg of IRBP.5 (AnaSpec, Belgium) emulsified
in CFA (BD Difco, Germany) and were administered 200 ng
pertussis toxin (List Biological Laboratories, Inc.) intraperito-
neally at the time of immunization and 48 h later. Intravital
multiphoton microscopy was performed at different stages of
the disease, i.e., pre-onset, onset and peak (days 7, 11, 14, 21,
and 28). According to the grading system of Xu et al. (23), we
performed clinical scoring for lesions and infiltration in the
optic disc, retinal vessels, and retinal tissue for both eyes (days
7, 14, 21, and 28).

Surgical Preparation for Longitudinal

Intravital Imaging

Animal experiments were approved by the appropriate state
committees for animal welfare (G0093/15, LAGeSo—Landesamt
fiir Gesundheit und Soziales) and were performed in accordance
with current applicable guidelines and regulations. All TPLSM
experiments were performed under deep isoflurane (1.5%)
breathing anesthesia. Before each imaging session the pupil
were widened with a drop of sterile eye drop solution (mixture
of 2% phenylephrine and 0.4% tropicamide). The mounting of
the mice to the positioning system and alignment of the retinas
relative to the objective lens were performed in less than 10 min
for each mouse, so that the required total anesthesia time was
less than 30 min. A drop of sterile transparent eye salve (Vidisic,
Bausch&Lomb) between cornea and objective lens were used to
prevent eye dehydration. In some mice, the blood vessels were

labeled by i.v. injection of 50 pl solution FITC dextrane or sul-
forhodamine 101.

HE Histology

Eyes were harvested at day 28 after immunization, fixed in 4%
paraformaldehyde, embedded in optimal cutting tissue, and fro-
zen with liquid nitrogen. The 10-pm thick retinal cross sections
were stained with standard hematoxylin and eosin. The severity
of EAU was evaluated by a blinded operator based on the number
and size of lesions and infiltrates. Nine mice were included in the
histological examination.

Retinal Flat Mounts

Whole retinas were surgically isolated from explanted, unfixed
eyes as described previously (18), flattened on a glass slide,
covered by medium, and finally sealed with a cover slip. For
vasculature labeling, mice received an i.v. injection with labeled
dextrane prior to sacrifice.

Immunofluorescence

Cryosections were prepared for immunofluorescence staining
as follows: sections were rehydrated in PBS and blocked with
PBS containing 1% BSA, 1% Tween, and 10% FCS. Six retina
cross sections per eye were used for each staining. Astrocytes
were investigated with an Alexa 488 conjugated GFAP antibody.
Activated microglia and macrophages were stained with Ibal as
the primary antibody followed by Alexa 647 as the secondary
antibody. Cell nuclei were stained with DAPIL. Between each
staining step sections were washed with PBS solution containing
1% BSA and 1% Tween. Sections were embedded with DAKO
fluorescent mounting medium.

Fundoscopy

All fundoscopy experiments were performed directly before the
TPLSM experiments under deep isoflurane (1.5%) breathing
anesthesia. Pupils were dilated and kept moist as described above.
Fundus images were acquired under a circular illuminated bright-
field ocular equipped with a reflex camera (EOS600D Canon). To
compensate the refractive power of the cornea air interface a thin
cover slide was placed in front of the cornea. Fundus images were
taken for both eyes in less than 5 min.
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FIGURE S1 | Characterization of disease symptoms in the experimental
autoimmune uveoretinitis. (A) Fundoscopy of C57/Bl6-J mice healthy or
affected by EAU induced by immunization with IRBP peptide (1-20) reveals
differences in health and different phases of the disease. (B) Clinical score in EAU
assessed by fundoscopy (n = 10 mice encompassing, three EAU experiments).
The error bars represent SD. (C) HE histology analysis of the retina in healthy
mice and mice affected by EAU, 28 days after immunization shows dramatic
immune infiltration all through the retinal layers and in the vitreous body as well as
disorganized, wave-shaped retinal layers. Scale bar = 200 pm.

(D) Immunofluorescence analysis of retina in health and in EAU shows an
increase of Iba1 signal indicative for microglial activation towards a phagocytic
phenotype and disorganization of the GFAP (astrocytic) structures as well as
enhancement within the GCL. Scale bar = 200 um. The retinal layer
abbreviations: RPE, retinal pigment epithelium; RC, layer of rods and cones;
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer.

FIGURE S2 | Mouse surgery and handling for repeated intravital imaging
of the retina do not induce inflammation or evident neuronal retina
damage (A) 3D fluorescence images of the retina of a healthy CX,CR;"~
EGFP mouse acquired at days 21, 25, 28, 35, and 42 after gluing the
positioning cap on the skull. The time points correspond to days 7, 11, 14,
21, and 28 after immunization in EAU experiments, since the immunization is
always performed 2 weeks (14 days after gluing the positioning cap). (B) 3D
fluorescence images of the retina of a healthy CD4.eYFP mouse acquired at days
21, 25, 28, 35, and 42 after gluing the positioning cap on the skull. Scale bar =
200 pm. (C) Results of time-lapse imaging (20 min) of the FRET signal within the
retina of a healthy CerTN L15 x LysM tdRFP mouse showing no changes in the
neuronal calcium after five consecutive imaging sessions (days 21, 25, 28, 35,
and 42 after gluing the positioning cap on the skull). (D) 3D fluorescence image
within the same mouse at day 42 (after the last imaging session) shows intact
neuronal processes and somata as well as no signs of infiltration with LysM
tdRFP cells (mostly phagocytes). Scale bar = 200 pm.

FIGURE S3 | TN L15 construct is expressed in the ganglion cells (GCL),
in the retina of CerTN L15 mice. Fluorescence image of the native, fixed
retina (transversal section) of a healthy CerTN L15 mouse shows only in the

GCL-specific citrine fluorescence (green). The other retinal layers as well as the
eye lens are visible due to their autofluorescence (blue). Scale bar = 200 pm.

VIDEO S1 | In vivo two-photon imaging of the vasculature of the mouse
retina. The 1,000 pm x 1,000 pm fluorescence images series of retinal blood
vessels labeled by FITC dextrane acquired at tissue depths between 0 pm (retina
surface) and 300 pm. z-step = 6 pm. The main blood vessels (veins and arteries)
meet in the optic nerve head (ON head).

VIDEO S2 | Longitudinal time-lapse intravital imaging of the retina of a
CD4 EYFP mouse affected by experimental autoimmune uveoretinitis
(EAU) 21 days after immunization with irpb peptide 1-20 (peak of
disease). Three-dimensional 1,400 pm x 1,400 pm x 300 pm fluorescence
images were acquired every minute, over 20 min in the retina of CD4 eYFP mice
affected by EAU, at day 21. The CD4 T cells are depicted in green, whereas the
autofluorescence of retinol especially from the retinal pigment epithelium is
depicted in blue. z-step = 6 pm.

VIDEO S3 | Longitudinal time-lapse intravital imaging of the retina of the
same CD4 EYFP mouse affected by experimental autoimmune
uveoretinitis (EAU) as in Video S2 in Supplementary Material, 28 days
after immunization (peak of disease). Three-dimensional

1,400 pm x 1,400 pm x 300 pm fluorescence images were acquired every
minute, over 20 min in the retina of CD4 eYFP mice affected by EAU, at day 28.
The CD4 T cells are depicted in green, whereas the autofluorescence of the
retinal pigment epithelium is depicted in blue. z-step = 6 pm.

VIDEO S4 | Longitudinal time-lapse intravital imaging of the retina of a
LYSM.TDRFP mouse affected by experimental autoimmune uveoretinitis
(EAU), 21 days after immunization (peak of disease). Three-dimensional
1,400 pm x 1,400 pm x 300 pm fluorescence images were acquired every
minute, over 20 min in the retina of LysM.tdRFP mice affected by EAU, at day
21. The LysM cells are depicted in red, whereas the autofluorescence of the
retinal pigment epithelium is depicted in blue. z-step = 6 pm.

VIDEO S5 | Longitudinal time-lapse intravital imaging of the retina of the
same LYSM.TDRFP mouse affected by experimental autoimmune
uveoretinitis (EAU), 28 days after immunization (peak of disease).
Three-dimensional 1,400 pm x 1,400 pm x 300 pm fluorescence images were
acquired every minute, over 20 min in the retina of LysM.tdRFP mice affected by
EAU, at day 28. The LysM cells are depicted in red, whereas the autofluorescence
of the retinal pigment epithelium is depicted in blue. z-step = 6 pm.

VIDEO S6 | Longitudinal time-lapse intravital imaging of the retina of a
CX,CR;~ EGFP mouse affected by experimental autoimmune
uveoretinitis (EAU) at day 7 after immunization with interphotoreceptor
retinoid-binding protein PEPTIDE 1-20 (pre-onset of disease). Three-
dimensional 1,400 um x 1,400 pm x 300 um fluorescence images were acquired
every minute, over 20 min in the retina of CX,CR;’~ EGFP mice affected by EAU,
atday 7, 11, 14, 21, and 28 after immunization. The CXSCR;/’ EGFP cells,
microglia and macrophages, are depicted in green, whereas the vasculature
labeled by rhodamine is depicted in red. z-step = 6 pm. The sessile cells with a
high number of processes are resting microglia. Activated microglia and
peripheral macrophages adopt an amoeboid morphology indicative for their shift
towards an activated phenotype.

VIDEO S7 | Longitudinal time-lapse intravital imaging of the retina of the
same CX,CR;~ EGFP mouse affected bY experimental autoimmune
uveoretinitis (EAU) as in Video S4 in Supplementary Material, at day 14
after immunization (onset of disease). Three-dimensional

1,400 pm x 1,400 pm x 300 pm fluorescence images were acquired every
minute, over 20 min in the retina of CX,CR;’~ EGFP mice affected by EAU. The
CXSCR$/’ EGFP cells, microglia and macrophages, are depicted in green,
whereas the vasculature labeled by rhodamine is depicted in red. z-step = 6 pm.

VIDEO S8 | Longitudinal time-lapse intravital imaging of the retina of the
same CX,CR;~ EGFP mouse affected bY experimental autoimmune
uveoretinitis (EAU) as in Videos S4 and S5 in Supplementary Material, at
day 21 after immunization (peak of disease). Three-dimensional

1,400 pm x 1,400 pm x 300 pm fluorescence images were acquired every
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minute, over 20 min in the retina of CX,CR;"~ EGFP mice affected by EAU. The
CX3CR;/’ EGFP cells, microglia and macrophages, are depicted in green,
whereas the vasculature labeled by rhodamine is depicted in red. z-step = 6 pm.

VIDEO S9 | Longitudinal time-lapse intravital imaging of the retina of the
same CX,CR;’~ EGFP mouse affected by experimental autoimmune
uveoretinitis (EAU) as in Videos S4-S6 in Supplementary Material, at day
28 after immunization (peak of disease). Three-dimensional

1,400 pm x 1,400 pm x 300 pum fluorescence images were acquired every
minute, over 20 min in the retina of CX,CR;"~ EGFP mice affected by EAU. The
CX,CR{’~ EGFP cells, microglia, and macrophages, are depicted in green,
whereas the vasculature labeled by rhodamine is depicted in red. z-step = 6 pm.

VIDEO S10 | Time-lapse intravital imaging of the retina of a healthy
CERTN L15 mouse reveals neuronal calcium and, hence, neuronal
function is not disturbed by the laser beam during multiphoton
microscopy. Three-dimensional 1,400 pm x 1,400 pm x 300 um FRET ratio
images were acquired every minute, over 20 min in the retina of healthy CerTN
L15 mice. In this mouse strain, some neuronal subsets express the TN L15
genetically encoded Ca* biosensor. The TN L15 biosensor is a FRET-biosensor
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