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1. Einfihrung

Die Demenz bei Alzheimer Krankheit ist eine fortschreitende, unheilbare Stérung des
Gehirns und die haufigste Form der senilen Demenzen (Scheichenberger & Scharb,
2018). Zu den Symptomen zahlen unter anderem Gedachtnisverlust, Verwirrtheit,
Desorientierung, Wesensanderungen, beeintrachtigtes Urteilsvermégen und Verlust
der Sprachfahigkeit (Wirths et al., 2009). Die Haufigkeit von Demenzerkrankungen
nimmt mit dem Lebensalter zu, so leiden derzeit schatzungsweise 1,3 Millionen
Menschen in Deutschland (Sdtterlin, HoBmann, & Klingholz, 2001) und 40 - 50
Millionen Menschen weltweit (Brookmeyer, Johnson, Ziegler-Graham, & Arrighi,
2007) an der Alzheimer-Demenz. Da die altere Bevdlkerung aufgrund des
demografischen Wandels in den nachsten Jahren weiter wachsen wird, ist davon
auszugehen, dass die Zahl der Demenzkranken in Deutschland bis zum Jahr 2050
auf UOber 2,6 Millionen Menschen steigen wird, sofern kein Durchbruch in der
Diagnostik und Therapie der Erkrankung gelingt (Bickel, 2000; Reitz & Mayeux,
2014). Daher ist es wichtig, neue diagnostische Fruherkennungsverfahren zu
entwickeln, um mdglicherweise auch frih im Krankheitsverlauf eine Therapie

einleiten zu kénnen (Buch et al., 1998).

Neuropathologisch ist die Alzheimer-Demenz insbesondere durch die Atrophie des
frontalen, parietalen und temporalen Cortex gekennzeichnet. Zudem kommt es zum
Verlust von Nervenzellen sowie zur Degeneration von Axonen und Synapsen
(Ballatore, Lee, & Trojanowski, 2007). Bislang ist eine definitive Diagnosestellung nur
post mortem mdoglich, jedoch befinden sich die Diagnosekriterien durch die
Entwicklung neuer Biomarker im Umbruch (Jack et al., 2018). In der molekularen
Bildgebung wird angestrebt die neuropathologischen Korrelate der Erkrankung auch
am lebenden Patienten detektieren zu kénnen. Forschungsziele sind hierbei neben
der frihen Diagnosestellung auch die Messung personalisierter Therapieerfolge

(Souslova, Marple, Spiekerman, & Mohammad, 2013).

1.1 Amyloidakkumulation vs. Tau-Pathologie vs. Neuroinflammation

Die neurobiologischen Grundlagen der Alzheimer-Krankheit sind vielféltig. Hierbei
fallt makroskopisch vor allem der fortschreitende Verlust von Nervenzellen auf,

wodurch es zur Atrophie des Gehirns um bis zu 20% und zu einer damit
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verbundenen Vertiefung der Sulci an der Gehirnoberflache sowie einer Erweiterung
der Liquorraume kommt. Der Verlust von Synapsen und Nervenzellen sowie die
Hippocampusatrophie (Fox et al.,, 1996) bewirken eine Stérung der
Informationsverarbeitung des Gehirns und sind ursachlich am Gedachtnisverlust
beteiligt (Selkoe, 2002; Terry et al., 1991). Als Grund fir diesen neuronalen
Untergang sowie wesentlichen Bestandteil der Neuropathophysiologie der Alzheimer-
Erkrankung gelten  B-Amyloid-Ablagerungen  (Hardy &  Selkoe, 2002),
hyperphosphorylierte Tau-Ablagerungen (LaFerla, 2010) und die Aktivierung von
Mikroglia (Monson et al., 2014) sowie deren Interaktionen. Die typische extrazellulare
Ablagerung von Amyloid-Plaques tritt bereits Jahre vor Auftreten von Kklinischen
Symptomen auf, sodass eine frihzeitige Diagnosestellung auch eine friihzeitige,
vorbeugende Therapie ermdglichen konnte (Selkoe, 1999, 2002). Demgegeniber
zeigen die Ablagerungen hyperphosphorylierter Tau-Fibrillen die beste Korrelation
zur klinischen Symptomatik und der neuronalen Funktionalitat (Ossenkoppele et al.,
2016). Die Neuroinflammation (aktivierte Mikroglia) spielt in der Endstrecke der
Neurodegeneration eine wesentliche Rolle und wird auch in frihen Stadien ebenfalls
diskutiert, wobei die Datenlage zu den exakten Auswirkungen der inflammatorischen
Prozesse im Rahmen der Alzheimer Erkrankung derzeit noch gering ist (Heneka et
al., 2015; Zimmer, Leuzy, et al., 2014).

1.2 Bildgebung der Neuroinflammation und Tauopathien

Die molekulare Bildgebung mittels PET stellt im Bereich der Diagnostik und der
Erforschung der Alzheimer Erkrankung einen schnell wachsenden Sektor dar (Adlard
et al., 2014). R-Amyloid und der Glukosemetabolismus kdnnen durch Fluorid-
markierte Radiotracer ([*®F]-Florbetaben; [*®F]-FDG) im Gehirn nicht-invasiv
detektiert werden, um sowohl die Progression der Amyloidogenese als auch die
synaptische Dysfunktion zu verfolgen (Barthel et al., 2011; Cohen & Klunk, 2014;
Rice & Bisdas, 2017).

Neue Therapieansatze zielen auf neuropathophysiologische Prozesse und
Strukturen ab, im Sinne einer sogenannten ,targeted therapy“. So werden auch im
Bereich der Tau-Fibrillen sowie der Neuroinflammation aktuell Strategien entwickelt,
mit dem Ziel, letztendlich die kognitive Leistungsfahigkeit zu verbessern. Zu

bewaltigende Schwierigkeiten an diesen neuartigen Therapieverfahren sind zum
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einen die hohen Kosten und zum anderen muss die entsprechende Zielstruktur des
Therapeutikums im spezifischen Patienten auch pathologisch verandert vorliegen,
um diese Therapie erfolgversprechend durchfiihren zu konnen.

Die nicht-invasive Bildgebung der Amyloid-Ablagerungen, der Tau Fibrillen sowie der
aktivierten Mikroglia mittels Positronen-Emissions-Tomographie (PET) konnte dabei
einen entscheidenden Beitrag liefern (Latta, Brothers, & Wilcock, 2014). Zum einen
konnen hierdurch in vivo die entsprechenden Zielstrukturen nachgewiesen werden
und zum anderen kann diese Technik auch zur Bewertung eines
Therapieansprechens dienen. Hierdurch kdnnen im Rahmen personalisierter Medizin
Nebenwirkungen und Kosten gespart werden, indem eine Therapie nur dann
eingesetzt wird, wenn sie durch den initialen Nachweis der Zielstruktur

erfolgversprechend ist.

1.3 Radioliganden zur Bildgebung der Neuroinflammation und Tau-Pathologie

Bezlglich der Neuroinflammation und der Tau-Ablagerungen stehen hier
vielversprechende [*®F]-markierte Radiotracer zur Verfugung, die sowohl im
praklinischen Sektor als auch im Humanbereich Gegenstand aktueller Forschung
sind (Dupont et al., 2017; Villemagne & Okamura, 2016).

Als Zielstruktur zur Detektion aktivierter Mikroglia dient das 18 kDa Translokator-
Protein (TSPO), ein Membran-Protein der auf3eren Mitochondrienwand, welches in
enger Verbindung zur Neuroinflammation steht (Brown & Papadopoulos, 2001).
Wahrend sich peripher in multiplen Geweben eine hohe TSPO-Expression findet,
zeigt sich diese im gesunden Gehirn nur geringfigig erhdoht mit starker
Hochregulation bei neuroinflammatorischen Prozessen (Chaney, Williams, & Boutin,
2018).

Bisherige Studien zur Bildgebung der Neuroinflammation verwendeten héaufig den
TSPO-Liganden [*C]-PK11195, erbrachten aber aufgrund einer geringen ZNS-
Verfugbarkeit durch geringen Ubertritt durch die Bluthirnschranke, einen geringen
Signal-zu-Hintergrund Kontrast und einen stdérenden peripheren Metabolismus bei
diesem Tracer meist uneindeutige Ergebnisse (Hommet et al.,, 2014; Stefaniak &
O'Brien, 2016).



Weiterentwickelte TSPO-Liganden der dritten Generation, wie beispielsweise [**F]-
GE180, uberzeugen dagegen durch eine effizientere klinische Anwendung bei
langerer Halbwertszeit sowie einen verbesserten Signal-zu-Hintergrund Kontrast bei

der Detektion der Neuroinflammation (Dickens et al., 2014; Wickstrom et al., 2014).

Die Entwicklungen [*®F]-markierter Radioliganden mit Bindung an Tau-Aggregate
bewirkte einen grofRen Fortschritt fir die Tau-PET Bildgebung bei Alzheimer Demenz
und nicht-Alzheimer Tauopathien (Villemagne & Okamura, 2016). Die verflugbaren
Tau-Tracer der ersten Generation konnten klinisch bereits erfolgreich eingesetzt
werden (Okamura et al., 2014; Smith et al., 2016), zeigten jedoch eine relevante Off-
Target Bindung an die Monoaminoxidasen A und B (MAO-A, MAO-B) (Ng et al.,
2017). Dadurch fuhrte neben dem Vorliegen von Tau-Fibrillen auch ein erhéhtes
Vorkommen von MAO-A/MAO-B, z.B. im Rahmen einer Astrozytose, zu einer
erhohten Bindung dieser Radioliganden. Um préazise wissenschaftliche Aussagen
treffen zu konnen, ist es daher erstrebenswert, einen Tau-Tracer ohne relevante Off-
Target Bindung zu finden. Die aktuell am meist verwendeten Radioliganden stammen
hierbei aus den Strukturfamilien der Arylquinoline und Pyridoindole mit jedoch nur

sparlich vergleichenden Daten tUber deren Leistungsvermégen in vivo.

1.4 Kleintier Modelle der Alzheimer Demenz

Experimentelle Kleintiermodelle der Alzheimer Demenz sind zur Erforschung
ablaufender neurobiologischer Prozesse und préklinischer Erprobung neuer
Therapeutika im lebenden Organismus unerlasslich (Drummond & Wisniewski,
2017). Dabei werden humane Gen-Mutationen, die in Assoziation mit der hereditéren
Form der Alzheimer Demenz stehen, durch Klonierung oder Insertion in Maus- oder
Rattenstdmme eingebracht. Diese bestehen priméar aus Verdnderungen in den
Amyloid Precursor Protein-, Presenilinl/2- oder MAPT (Microtubule-associated
protein tau) - Genen und resultieren in der frihzeitigen Bildung von Amyloid Plaques

und neurofibrillaren Bundeln (Teipel, Buchert, Thome, Hampel, & Pahnke, 2011).

Das PS2APP Mausmodell mit C57BI/6 Hintergrund ist gekennzeichnet durch eine
sogenannte schwedische Mutation im Amyloid Precursor Protein (APP) Gen und

einer zusétzlichen Mutation im Presenilin 2 (PS2) Gen (Richards et al., 2003).



Vorteil dieses Modells ist neben der Nahe zur humanen Pathologie ein frih
einsetzender Beginn der Plaquebildung im Cortex und Hippocampus ab dem Alter
von 5-6 Monaten (Ozmen, Albientz, Czech, & Jacobsen, 2009).

Transgene P301S Mause mit C57BL/6 Hintergrund exprimieren die P301S Mutation
im humanen Mikrotubuli assoziierten Tau Protein (MAPT-Gen) (Allen et al., 2002).
Dieses Mausmodell ist gekennzeichnet durch eine Uberwiegend den Hirnstamm
betreffende Hyperphosphorylierung und Bildung von Tau-Fibrillen, die den bei der
Alzheimererkrankung beobachteten Fibrillen entsprechen. Die Pathologie
manifestiert sich ab dem Alter von 2-3 Monaten durch progrediente Lerndefizite und
dem Auftreten von motorischen Beeintrachtigungen ab 4 Monaten.

1.5 Kleintier PET

Speziell entwickelte PET Scanner zur Anwendung im Kleintierbereich ermdglichen
trotz kleiner Untersuchungsvolumina eine hohe Sensitivitdit und hohe raumliche
Auflésung (Visser et al., 2009). Im Gegensatz zu histologischen Untersuchungen, bei
denen meist nur der Endpunkt einer Studie bestimmt werden kann, bietet die nicht
invasive PET Untersuchung die Moglichkeit im Mausmodell neben der Analyse von
Ausgangs- und Endwerten auch in vivo die individuelle Kinetik zu erfassen und
dadurch die hohe Variabilitat in Einzeltieren zu beriicksichtigen (Rominger et al.,
2013).

Neuartige Therapien der Alzheimer Demenz missen zwangslaufig im praklinischen
Langzeitverlauf getestet werden, um einen positiven oder negativen Einfluss auf die
Erkrankung verlasslich messen zu kénnen. Hier bietet nur eine longitudinale in vivo
Diagnostik die Madoglichkeit, Interventionen in Bezug auf die Interaktion der
neuropathologischen Charakteristika im Verlauf zu beurteilen. Des Weiteren
ermdglicht die Kleintier-PET Diagnostik unter Betrachtung des translationalen
Aspektes eine schnelle Ubertragbarkeit der Ergebnisse vom Tiermodell auf den
Menschen, indem sie Teile der systemphysiologischen Mechanismen darstellen
kann, die auch im Humanbereich mittlerweile erfolgreich detektiert werden (Zimmer,
Parent, Cuello, Gauthier, & Rosa-Neto, 2014).
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1.6 Kleintier PET Studien zur Detektion von Neuroinflammation und Tau-Pathologie

Bisherige préklinische Grundlagenstudien konnten im Bereich der Amyloidpathologie
bereits Uberzeugende PET-Ergebnisse liefern (Brendel et al., 2015). Darauf
aufbauend konnte in Studien zur Neuroinflammation zum einen der TSPO-Tracer
[*®F]-GE180 etabliert und eine enge Beziehung zwischen Amyloidakkumulation und
reaktiver Neuroinflammation gezeigt werden (Brendel, Probst, et al., 2016). Die
vielfaltigen  Einsatzmoglichkeiten des TSPO-Tracers zur Detektion der
Mikogliaaktivierung zeigte sich in weiteren préklinischen Arbeiten zu traumatischen
Schadigungen des Gehirns (Israel et al.,, 2016), der Multiplen Sklerose (Airas,
Rissanen, & Rinne, 2015), der amyotrophen Lateralsklerose (Gargiulo et al., 2016)

sowie bei Glioblastomen (Buck et al., 2015).

Im Bereich der Tau-Bildgebung existierten bis zum Zeitpunkt unserer Arbeit
allerdings nur wenige préklinische PET Studien in Wildtyp- oder transgenen
Mausmodellen (Maruyama et al., 2013; Okamura et al., 2013). Eine PET-Studie zur
Charakterisierung des Arylquinolins [*®F]-THK5117 zeigte zwar im Vergleich zur
Wildtyp-Kontrollgruppe ein gesteigertes zerebrales PET-Signal sowie eine
Korrelation mit autoradiographischen und immunhistochemischen Untersuchungen,
doch zeigte sich insgesamt eine geringe Sensitivitat und schwache Detektionsrate
durch raschen Wash-out des Radiotracers aus dem Gehirn bei dennoch hoher
einstrahlender Aktivitat durch umliegende extrazerebrale Strukturen (Brendel,
Jaworska, et al., 2016).

In Zusammenschau mit der Notwendigkeit, weitere Erkenntnisse der Tau-Pathologie
aufzudecken, ist daher die weitere Erprobung neuer Radiotracer zur Etablierung der

préklinischen Tau-Bildgebung im Mausmodell unerlasslich.

1.7 Referenzregion und Pseudo-Referenzregion

Der Goldstandard zur Normalisierung von PET Messungen erfordert die absolute
Quantifizierung durch mehrfache Bestimmung der Konzentration des applizierten
Radioliganden im arteriellen Blut (Tang, Nickels, Tantawy, Buck, & Manning, 2014).
Dennoch impliziert diese aufwendige und invasive Technik einige Schwierigkeiten, da
beispielsweise spezielles Equipment und Expertise bendtigt wird, da andernfalls

Messfehler bei der Blutabnahme die finale Auswertung maf3geblich beeinflussen.
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Zur Steigerung der Effizienz, speziell in der klinischen Routine sowie praklinischen
Studien mit hohen Tierzahlen, bedient man sich daher an einer relativen
Quantifizierung durch eine Referenzregion/Pseudoreferenzregion. Bei dieser
Methodik dient eine zerebrale Vergleichsregion ohne spezifische Tracer-Bindung
bzw. frei von Pathologie als Divisor zur Berechnung des SUVR (=Standard-uptake-
value-ratio). Vorteile dieser Methode sind eine geringe Variabilitat durch fehlende
StorgroRen wie der Blutabnahme sowie eine praktikablere Durchfihrung ohne

zusatzlichen Mehraufwand.

Zur Bildgebung der Neuroinflammation konnte in diesem Sinne im humanen Sektor
das Cerebellum (Lyoo et al, 2015) sowie im préklinischen Sektor eine
Cerebellum/Hirnstamm Referenzregion (Brendel, Probst, et al., 2016) etabliert
werden. Bei der Bildgebung der Tau-Pathologie dient préklinisch ebenfalls das
Cerebellum (Brendel, Jaworska, et al., 2016) sowie in humanen Studien das
Cerebellum beziehungswiese dessen graue Substanz (Jonasson et al., 2019) als

Referenzgewebe.
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2. Inhalte der Promotionsarbeit

2.1 Quantifizierung der PET-Daten mittels extrazerebraler Pseudo-Referenzregion

Wahrend in den bisherigen préaklinischen TSPO-PET Beobachtungsstudien eine
intrazerebrale Pseudo-Referenzregion zur Normalisierung des PET-Signals
Anwendung fand, ergab diese Methodik unschlissige PET-Ergebnisse bei der
Evaluation erster Pilot-Messwerte einer Interventionsstudie zur Modulation der
Mikrogliaaktivitat. Hier stellte sich die Problematik dar, dass eine klassische
intrazerebrale Referenzmethode bei therapeutischen Interventionen nur deutlich
eingeschrankt verwendet werden kann, da die Anderung durch die Modulation der
Neuroinflammation meist das gesamte Gehirn betrifft. Somit erfasst jede
Referenzregion zumindest partiell auch den Therapieeffekt. Auch bei Erkrankungen
wie der Multiplen Sklerose (Airas et al., 2015), Epilepsie (Brackhan et al., 2018) und
malignen Hirntumoren wie dem Glioblastom (Buck et al., 2015) ergab sich durch die
ubiquitar vorliegende Neuroinflammation eine eingeschréankte Anwendbarkeit einer

intrazerebralen Referenzregion.

Auf der Suche nach einer extrazerebralen Referenzregion greifen andere Autoren
auf Methoden, wie der Normalisierung tber die Tracer-Aufnahme im Skelett- (James
et al., 2015) oder Herzmuskel (Mirzaei et al.,, 2016) zuriick. Alternativ kann die
Normalisierung Uber die injizierte Tracer-Dosis (Pihlaja et al., 2015; Zheng, Winkeler,
Peyronneau, Dolle, & Boisgard, 2016) oder dem standardisierten Uptake-Wert (SUV)
(Biesmans et al., 2015) erfolgen. Diese Methoden weisen jedoch préklinisch eine
hohe Variabilitat auf (Brendel, Probst, et al., 2016).

In meiner Erstautorenschaft ,Coupling between physiological TSPO expression in
brain and myocardium allows stabilization of late-phase cerebral [18F]GE180 PET
guantification” befasste ich mich mit einem systematischen Vergleich
unterschiedlicher Normalisierungs-Methoden und entwickelte eine valide Methodik
zur Quantifizierung von TSPO-PET Messungen mittels extrazerebraler Myokard-
Korrektur, welche in mehreren Folgestudien ihre Anwendung fand.

Zunéchst erhielten zehn C57BI/6 Wildtyp Mause im Alter von 16,0 £ 3,7 Monaten,
eine [*®F]-GE180 PET-Messung mit anschlieRender Extraktion des Gehirns zur ex
vivo Bestimmung des Hirngewichts und Aktivitditsmessung im Gamma-Counter.

Diese diente als Goldstandard.
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Eine Regressionsanalyse mit den Pradiktoren injizierte Dosis, Kérpergewicht, sowie
der Tracer-Aufnahme in Skelett- und Herzmuskel, berechnet aus der PET Messung,
diente zur Identifikation signifikanter Einflussgro3en auf die zerebrale Tracer-

Aufnahme als abhéngige Variable.

Die Bestimmung der Tracer-Aufnahme in den Herzmuskel erfolgte dabei in
Anlehnung an eine Studie zur myokardialen Hypertrophie (Gross et al., 2016) durch
Platzieren eines ellipsoiden Zielvolumens (VOI) Uber der Vorderwand der linken
Herzkammer und durch die Berechnung des Mittelwerts der 30% heil3esten Voxel.
Eine visuelle Kontrolle in axialer, sagittaler und coronaler Projektion gewéhrleistete
eine korrekte Position der VOI ohne Uberstrahlung durch angrenzende Gewebe (z.B.
Lunge). Die resultierende VOI mit 34,8 + 6,5 mm?® beinhaltete 73 + 14 Voxel.

Die mittlere Tracer-Aufnahme im Skelettmuskel wurde Uber manuelle Eingrenzung
von je zwei Zielvolumina in jedem Vorderglied der Maus bestimmt, zeigte in Test-
Retest Versuchen aber im Vergleich zur Myokardaktivitdt eine deutlich hohere
Schwankung (Variabilitat: 17,3 £ 11,7% vs. 1,6 = 2,5%) und schied damit aus

weiteren Untersuchungen aus.
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Abbildung 1: Definition des Herz- und Skelettmuskel-Zielvolumens (VOI). (A) Die obere Reihe zeigt das Platzieren des
Zielvolumens in die ventrale Herzwand. Die untere Reihe zeigt den berechneten 30% Schwellenwert der heilesten Voxel.
Von links nach rechts: axiale, sagittale und coronale Projektion; L = links, R = rechts, V = ventral, D = dorsal (B) Darstellung

des Skelettmuskel-Zielvolumens in coronaler Schnittfihrung.
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b

zerebrale Aktivitat

Sowohl die injizierte Dosis (B = 0,40; p = 0,006), das Koérpergewicht (B = 0,30; p =
0,002) als auch die durch PET bestimmte [*®F]-GE180 Aktivitat im ventralen Myokard
(B = 0,64; p = 0,0003) trugen signifikant zur ex vivo gemessenen zerebralen Aktivitat
bei (F@, 6 = 226,0; p < 0,001; R? = 0,991; R? adjustiert = 0,987).

Anhand eines gro3en Datensatzes bestehend aus N=79 Wildtyp TSPO-PET-
Messungen im Alter von 7,4 + 1,6 Monaten wurde anschlieRend die Wertigkeit der
ermittelten EinflussgréRen (injizierte Dosis, standardisierter Uptake-Wert [SUV] und
Aktivitat im Herzmuskel) und deren Auswirkung auf die Varianz in Bezug zur

Gehirnaktivitat analysiert.

Die Regressionsanalyse ergab die héchste Varianz bei Skalierung durch injizierte
Dosis (Fq, 77 = 57,4; p < 0,001; R? = 0,427; R? adjustiert = 0,420; Abb. 2A), gefolgt
von der Berechnung des SUV (F(, 76 = 36,9; p < 0,001; R® = 0,493; R” adjustiert =
0,480; Abb. 2B).

Die mit Abstand besten Ergebnisse lieferte eine Kombination aus myokardialer
Aktivitat mit injizierter Dosis und Kdorpergewicht (F@s 75 = 406,7; p < 0,001, R? =
0,942; R? adjustiert = 0,940; Abb. 2C), nachfolgend Myokardkorrekturmethode

genannt.
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Abbildung 2: Regressionsanalyse des Vergleichs unterschiedlicher Normalisierungsmethoden anhand eines grofRen
Datensatzes von PET-Messungen (N=79 C57BI/6 Wildtyp-Mause). Die Pradiktoren (injizierte Dosis, SUV und Myokard-
Korrektur sind dargestellt nach Z-Transformation. Die Schaubilder visualisieren die geringe Erklarung der Varianz der
Gehirnaktivitdt bei Berechnung der injizierten Dosis (A) oder SUV (B). Eine deutliche Verbesserung zeigt sich unter

Einbeziehung der Herzaktivitat zu injizierter Dosis und SUV (C).
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Fur die Myokardkorrekturmethode wurden nach Standardisierung der individuellen
Werte durch Z-Transformation die Regressionskoeffizienten berechnet (Tabelle 1).
Den groRten Anteil nahm die Herzaktivitat ein (B = 0,846), gefolgt von injizierter Dosis
(B =0,191) und Koérpergewicht (B = - 0,031).

Tabelle 1

Normalisierung Mittelwert SD B RC p-Wert
Injizierte Dosis (MBQ) 14,3 1,6 0,191 9,794 p <0,001
Korpergewicht (g) 25,4 3,7 -0,031 -2,420 p=0,294
Myokardiale Aktivitat (kBg/cc) 844,2 273,6 0,846 44,578 p <0,001

Tabelle 1: Regressionsanalyse zur Bestimmung der Wichtung der Einflussfaktoren auf die zerebrale [18F]—GE180 Aufnahme.

B = beta, SD = Standardabweichung, RC = Regressionskoeffizient.

[*®F]-GE180 PET Daten aus dem oben genannten PS2APP Mausmodell (N = 24; 5-
16 Monate alt) dienten zur Bestimmung der Test-Retest Variabilitat (N = 10) und der
Ubereinstimmung der normalisierten PET Ergebnisse mit histologischen
Untersuchungen (N = 24). Die Korrelation der zerebralen [**F]-GE180 Aufnahme mit
der immunhistochemischen Bestimmung der Mikrogliaaktivitdt durch Markierung
mittels monoklonalen IBA-1 Antikdrper (Brendel, Probst, et al.,, 2016), erbrachte
ebenfalls die beste Ubereinstimmung durch Myokardkorrektur (R = 0,51; p < 0,01).
Geringere Korrelationen zeigten sich bei Korrektur durch die injizierte Dosis (R =
0,44; p <0,05) und SUV (R =0,42; p < 0,05).

Die abschlieBende Validierung erfolgte durch praktische Anwendung der
Normalisierungsmethodik auf longitudinale [*®F]-GE180 PET Daten von transgenen
PS2APP Mausen (N = 10; weiblich; unbehandelt) zu je vier Alterszeitpunkten von 9
bis 14 Monaten.

Die visuelle Interpretation der individuellen longitudinalen TSPO-Kinetik Uber 20
Wochen sowie die Berechnung der mittleren quadratischen Abweichung zeigte eine
weitaus hdhere Stabilitat und verminderte Anzahl an Ausreil3ern bei Verwendung der
Myokardkorrekturmethode (7,7%) im Vergleich zu injizierter Dosis (13,5%; p < 0,005)
oder SUV (13,5%; p < 0,005); die Anwendung der etablierten intrazerebralen

Referenzregion erzielte die geringsten Abweichungen (2,8%).
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Abbildung 3: Longitudinale [*®F]-GE180 PET Messungen Uber 20 Wochen zeigen eine hohere Stabilitdt und eine geringe
Varianz bei Verwendung der Myokardkorrekturmethode (A) verglichen mit injizierter Dosis (B) oder SUV (C); die
intrazerebrale Referenzregion erzielte die geringsten Abweichungen (D). Die schwarzen Linien stellen den individuellen
Verlauf, die roten Linien die Mittelwerte dar. Exemplarische Darstellung einer reprasentativen Einzelmaus (blaue Linie) und

deren axialen PET/MR Bilder.

Zusammenfassend konnte gezeigt werden, dass neben der Normalisierung durch
intra-zerebrale Referenzregionen die Myokardkorrekturmethode eine valide und
robuste Technik zur Stabilisierung zerebraler TSPO Kleintier PET Messungen mit
[*®F]-GE180 darstellt.

Die Methodik wurde daruber hinaus in weiteren Tiermodellen der
Mikrogliamodulation mittels TREM2-Mutation (Parhizkar et al., 2019) sowie PRGN-
Mutation (Goétzl et al.; 2019 submitted), der Multiplen Sklerose (Nack et al., 2019),
einer longitudinalen PET Studie mit anschlieRender Verhaltenstestung (Focke et al.,
2018) und weiteren zum Zeitpunkt des Einreichens der Arbeit noch nicht publizierten
Studien erfolgreich angewendet.
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2.2 Spezifitat der [*®F]-GE180 Bindung zur Darstellung der TSPO-Expression im
Gehirn und Herz der Maus

Die enge Verknupfung zwischen zerebraler und kardialer TSPO Expression, die
unter physiologischen Bedingungen die Quantifizierung der Tracer-Aufnahme im
Gehirn der Maus stabilisiert, ermutigte uns zu weiteren Untersuchungen.

Zur Bestimmung der Spezifitat der [**F]-GE180 Bindung im Gehirn und dem Herz der
Maus fuhrten wir Blocking-Experimenten mit zwolf C57/BI6 Wildtyp-Mausen im Alter
von 7 Monaten durch. Hierzu erhielt eine Gruppe von N=7 Mausen vor der
eigentlichen Injektion des Radioliganden einen hochdosierten, nicht-radioaktiven,
sogenannten kalten Tracer (Verhaltnis kaltes GE180 zu [*®F]-GE180: 1000 : 1).
Durch Gabe des kalten Tracers werden vorab die TSPO-Bindungsstellen gesattigt
und kdnnen bei der nachfolgenden Applikation den radioaktiv-markierten Tracers
nicht mehr binden.

AnschlieBende ex vivo Gamma-Counter Messungen erbrachten eine spezifische
[*®F]-GE180 Bindung von 36% im Gehirn und 80% in der Herzmuskulatur. Die
absolute spezifische Bindung im Herz war damit im Vergleich zum Gehirn 17-fach
erhoht.

Die Korrelation der individuellen Messwerte aus den beiden Geweben bestatigte
unsere bisherigen Beobachtungen lber den engen Zusammenhang zwischen der
zerebralen und kardialen TSPO-Expression und zeigte eine exzellente Korrelation
der spezifischen Tracer-Bindung (R?=0,9), wéhrend die nicht spezifische Bindung
nicht korrelierte (R%=0,2).
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Abbildung 4: Ex-vivo Gamma-Counter Messungen der Tracer Aufnahme in Gehirn und Myokard, jeweils mit (rot) oder ohne

(blau) vorheriger Sattigung durch kalten GE180-Tracer.
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(A) Saulendiagramme (logarithmisch skaliert) zeigen die injizierte Dosis pro Gramm (ID/g) 107 Minuten nach Injektion von
[ISF]-GE180, Fehlerbalken stellen die Standardabweichung dar. (B) Korrelation der individuellen Messwerte des Gehirns

und des Herzmuskels.

Eine Untergruppe aus blockierten (N=5) und unblockierten (N=3) M&ausen erhielt
zusatzliche dynamische [*®F]-GE180 PET Messungen (0 - 90 Minuten) zur Erfassung
regionaler zerebraler Unterschiede. Voxel-weise Analysen erbrachten die hdchste
spezifische Bindung in Hirnregionen, die eine hohe Dichte an ependymalen
Gliazellen aufweisen, wohingegen die spezifische Bindung im Cortex nur gering

ausfiel.
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Abbildung 5: (A) Zeit-Aktivitits-Kurven der dynamischen [®F]-GE180 PET Messungen (0-90 Minuten) zeigen die
Durchschnittswerte des gemessenen standardisierten Aufnahmewertes (SUV) des Gehirns von geblockten (rot) und
ungeblockten (blau) Mausen. Fehlerbalken reprasentieren die Standardabweichung. (B) Axiale Schnittbilder eines
statischen 60 — 90 Minuten [18F]—GE180 PET fusioniert auf ein MRT-Mausatlas. Obere Reihe: geblockte Maus, mittlere

Reihe: ungeblockte Maus, untere Reihe: % spezifische zerebrale [lgF]-GE180-Bindung.

Erganzende Tracer-unabhangige Untersuchungen zur TSPO-Genexpression in
sechs Wildtypméausen mittels quantitativer Polymerase-Kettenreaktion (gPCR)
untermauerten unsere Ergebnisse und ergaben eine 1l-fach hoéhere TSPO-

Genexpression im Myokard verglichen zum Herzen der Maus.

Somit konnten wir abschlieRend zeigen, dass physiologisch ein enger
Zusammenhang zwischen TSPO-Expression und spezifischer [**F]-GE180-Bindung
im Myokard und Gehirn bei Mausen besteht, welcher in meiner zweiten
Erstautorenschaft “Data on specificity of [*3F]GE180 uptake for TSPO expression in

rodent brain and myocardium” im Mai 2018 in Data in Brief publiziert wurde.
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2.3 Vergleich der Radioliganden [*®F]-T807 vs. [*®F]-THK5117 in einem Tau-

Mausmodell

Ziel meiner Koautorenschaft war der Vergleich zweier Tau-Radioliganden im Hinblick
auf die Fahigkeit, longitudinal die Expression der Tau-Pathologie zu Uberwachen.
Dazu erhielten oben beschriebene P301S und Wildtyp-Mause (jeweils N =5 - 7) ab
einem Alter von 6 Monaten eine direkte Vergleichsmessung der aktuell am
haufigsten verwendeten Gruppen von Tau-Radioliganden ([*®F]-T807 versus [*®F]-
THK5117).

Mein Anteil an dieser Arbeit bestand dabei vor allem in der Charakterisierung des
dynamischen Verlaufs von PET Zeitaktivitatskurven der jeweiligen Radioliganden zur
Bestimmung des optimalen Akquisitionsfensters und in der Anwendung der
gewonnenen Daten auf ein longitudinales Studienkonzept mit anschlie3ender

immunhistochemischer Validierung ex vivo.

Hierfir wurden dynamische Scans (5 - 65 Minuten nach Injektion) fur beide Tracer
akquiriert, nach individueller Bewegungskorrektur durch manuelle Co-Registrierung
auf ein standardisiertes anatomisches Magnetresonanztomographie-Template des
Mausegehirnes (Dorr, Sled, & Kabani, 2007) fusioniert und anatomische Zielregionen
festgelegt (Abb. 6). Aufgrund ausgepragter extrazerebraler Aktivitat durch
Tracerbindung im Schadelknochen, diente ein modifiziertes striatales und
cerebellares Zielvolumen als Referenzregion zur Berechnung des jeweiligen
standardisierten Uptake-Wertes (SUVR).

Abbildung 6: Festlegung der anatomischen Zielregionen im MRT-Mausatlas des Mausegehirnes in sagittalen and coronalen
Schnittebenen: Hirnstamm-Zielregion mit Teilen des Pons und des Mittelhirns (rot) (A), striatale Zielregion (griin) (B) und

cerebelldre Zielregion (blau) (C).
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Wir konnten zeigen, dass sich ab 30 Minuten nach Injektion das PET-Signal
stabilisiert und bei [*®F]-T807 ein Zeitfenster von 40 - 60 Minuten nach Injektion, fir
[*®F]-THK5117 ein Zeitfenster von 30 - 60 Minuten nach Injektion am besten eignet,

um zwischen P301S - und Wildtyp-Mausen zu differenzieren.

BASELINE FOLLOW-UP
A e B 16,
7 14 —o—WT 6mo 7 14 —e-WT 9mo
g ¢
A 12 - a 12
P~ P~
= o
= (=
!:,'.' 1,0 A g-_ 1,0 |
0,8 T T T 0,8 T T T
0 20 40 60 0 20 40 60
Zeit [min] Zeit [min]
C D
_| 1,8 1 = 1,6
8 -B-P301S 6mo ) -B-P301S 9mo
= =3
S 14 —-WT 6mo £ 14 ——WT 9mo
> >
3 3
w
~ 1,2 ~ 1.2
o &
E. 1,0 ':5 1,0 -
= v
" 0,8 T T T 0,8 T T T
0 20 40 60 0 20 40 60
Zeit [min] Zeit [min]

Abbildung 7: Zeit-Aktivitits-Kurven von [®F]-T807 (A, B) und [®F]-THK5117 (C, D). Die Messwerte zeigen die
Durchschnittswerte des gemessenen standardisierten Hirnstamm-Aufnahmewertes von (rot) transgenen P301S und

(schwarz) Wildtyp-Mausen als Funktion der Messdauer; Fehlerbalken reprasentieren die Standardabweichung.

Durch Anwendung des passenden Zeitfensters und durch die Normalisierung mittels
tracer-spezifischer Referenzregion konnten wir eine deutliche Anreicherung von [*3F]-
T807 im Hirnstamm im Vergleich zur Wildtyp-Kontrollgruppe (+14%, p < 0,01) sowie
eine starke longitudinale Progression zum Zeitpunkt der Nachverfolgung (Follow-up)
(+23%, p < 0,001) beobachten. Die Aufnahme von [*®F]-THK5117 im Hirnstamm war
zu Beginn der Studie ebenfalls gering erhoht (+5%, p < 0,05) und stieg bis zum
Zeitpunkt der Nachverfolgung weiter an (+10%, p < 0,05), die Effektgrof3e und
Sensitivitat war bei [*®F]-T807 jedoch deutlich héher.
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Statistische parametrische voxel-basierte Analysen mittels SPM8 (Statistical
Parametric Mapping; Wellcome Departement of Cognitive Neurology) (Rominger et
al., 2013) dienten zur Detektion relevanter Unterschiede zwischen transgener und
Wildtyp-Gruppe. Insgesamt zeigte sich eine regionale Ubereinstimmung der beiden

Radioliganden von 71% zum 9-Monats Zeitpunkt.
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Abbildung 8: (A) Hirnstamm PET-Mittelwerte der P301S (rot) und Wildtyp (grau) Miuse von [*®F]-T807 und [*®F]-THK5117
zu Beginn (BL) und Follow-up (FU). Fehlerbalken zeigen die Standardabweichung; EffektgréRen sind reprasentiert durch
Cohen’s d. Voxel-basierte Analysen, fusioniert auf sagittale MRT-Schnittbilder, zeigen den Gruppenvergleich von P301S mit
Wildtyp-Mausen zu Beginn und Follow-up fir [18F]—T807 (B) und [18F]—THK5117 (C). Der T-Score kennzeichnet die

Abweichung vom Wildtyp-Kollektiv, ein T-Score >2 entspricht dabei einem Signifikanzniveau p<0,01.

Durch Anwendung der bisherigen Ergebnisse auf ein longitudinales Studienkonzept
mit Betrachtung der individuellen Kinetik erbrachte fir P301S Mause eine Zunahme
von 5,9 + 4,5 % mit [**F]-T807 (p < 0,05) sowie 4,7 + 4,4 % bei Verwendung von
[*®F]-THK5117 (p = nicht signifikant), wahrend Wildtyp-Mause im Beobachtungs-
zeitraum bei beiden Tracern stabile Messwerte ohne relevante Veranderungen
zeigten. Die im Anschluss an die finalen PET-Messungen durchgefiihrten
immunhistochemischen Untersuchungen ergaben eine positive Korrelation ([*®F]-
T807: R = 0,68; [*®F]-THK5117: R = 0,42) der Traceraufnahme mit der Menge an
durch Antikorper gefarbten Mikrotubuli assoziiertem Tau-Protein (MAPT). Daruber
hinaus bestatigte sich die Tau-Deposition tUberwiegend im Hirnstamm bis in die
Kleinhirnschenkel reichend, sowie das Fehlen von Tau-Protein in den cerebellaren

Hemispharen und im Striatum.
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Abbildung 9: Longitudinale Untersuchung fur (A) [18F]-T807 und (B) [18F]-THK5117 in individuellen transgenen und Wildtyp-
Madusen. Dabei reprasentieren die roten Linien die individuelle Kinetik des standardisierten Aufnahmewerts (SUVR) der
P301S Mause, Wildtyp-Mause sind dargestellt durch den Gruppen-Mittelwert mit Standardabweichung (grau). (C) Sagittale
und coronale Schnitte zeigen voxel-weise Ergebnisse der signifikant zunehmenden Tau-Liganden Bindung in transgenen
P301S Mausen fusioniert auf ein MRT-Template fiir [°F]-T807 bzw. [**F]-THK5117 (D); ein T-Score > 1 entspricht dabei

einem Signifikanzniveau von p < 0,05.

Insgesamt konnten wir zeigen, dass sich beide Radioliganden zur Durchfiihrung
longitudinaler praklinischer Tau-Bildgebung eignen. Im Vergleich zu [*®F]-THK5117
zeigte sich fur [*®F]-T807 eine geringfiigig hthere Sensitivitat bei der Detektion der
Tau-Akkumulation im Hirnstamm, bei jedoch uberwiegend hoher regionaler

Ubereinstimmung beider Liganden.

Diese Ergebnisse wurden im Rahmen meiner Koautorenschaft "Comparison of 18F-
T807 and 18F-THK5117 PET in a Mouse Model of Tau Pathology” im Juni 2018 in

Frontiers in Aging Neuroscience verdffentlicht.
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3. Zusammenfassung

Im Rahmen meiner Promotionsarbeit widmete ich mich zweier Probleme bzw.
Fragestellungen bei der praklinischen Bildgebung neurodegenerativer Erkrankungen:
1.) Die bisher etablierte Quantifizierung des TSPO-PET Signals erbrachte
unschlissige Ergebnisse bei Anwendung auf eine Interventionsstudie zur Modulation
der Neuroinflammation. Hier galt es eine alternative Methodik zu entwickeln und
diese auf Stabilitat und Validitat zu prufen. 2.) Es existierten keine direkt
vergleichenden PET-Daten der Tau-Tracer der ersten Generation. Hier galt es
herauszufinden, welcher Tracer die besten Eigenschaften zur Bildgebung der Tau-

Pathologie aufweist.

In meinen beiden Erstautorenschaften befasste ich mich mit einem systematischen
Vergleich unterschiedlicher Normalisierungs-Methoden und entwickelte daraus eine
alternative Methodik zur Quantifizierung von TSPO-PET Messungen mittels
extrazerebraler Myokard-Korrektur.

Hierfur erhielt zunéchst eine Gruppe von zehn C57BI/6 Wildtyp-Méausen eine
dynamische PET-Messung mit [*®F]-GE180 und anschlieRenden ex vivo Messungen
im Gamma-Counter (Goldstandard). Die ermittelten Einflussgré3en wurden daraufhin
anhand eines groRen Datensatzes (N = 79) in Wildtyp-Tieren auf deren Wertigkeit
und Varianz in Bezug zur Gehirnaktivitat analysiert und mittels Regressionsanalyse
die Koeffizienten zur Berechnung der Myokardkorrektur ermittelt. Zur Bestimmung
der Test-Retest Variabilitat, zur Ubereinstimmung der normalisierten PET-Ergebnisse
mit immunhistochemischen Analysen sowie zur Validierung in ein longitudinales

Studienkonzept diente die Anwendung in transgenen PS2APP Mausen.

Beim Vergleich der untersuchten Normalisierungsmethoden erbrachte eine
Kombination aus myokardialer Aktivitat zusammen mit injizierter Dosis und
Korpergewicht die mit Abstand besten Ergebnisse. So lieferte diese Methodik sowohl
die geringste Varianz bei Anwendung auf das grof3e Kollektiv an Wildtyp-Messungen,
als auch die beste Ubereinstimmung mit der immunhistochemischen Bestimmung der
Mikrogliaaktivitat in PS2APP Mausen (Myokard-Korrektur: R = 0,51; p < 0,01 vs.
Injizierte Dosis: R = 0,44; p < 0,05 vs. standardisierter Uptake-Wert (SUV): R = 0,42;
p < 0,05).
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Im longitudinalen Versuchsaufbau Uber 20 Wochen zeigte sich dartber hinaus eine
weitaus hohere Stabilitat und eine verminderte Anzahl an Ausreil3ern bei
Verwendung der neu entwickelten Myokardkorrekturmethode (7,7%) im Vergleich zu
injizierter Dosis (13,5%; p < 0,005) oder SUV (13,5%; p < 0,005).

Zur ndheren Prazisierung der Verknupfung zwischen zerebraler und kardialer TSPO-
Expression widmete ich mich insbesondere in meiner zweiten Erstautorenschaft der
Bestimmung der spezifischen [**F]-GE180-Bindung im Gehirn und Herzen von
Wildtyp-Mausen.

Durch Blocking-Experimente mit kaltem Tracer wurden vorab die TSPO-
Bindungsstellen gesattigt und konnten bei der nachfolgenden Applikation des
radioaktiv-markierten Tracers nicht mehr binden. AnschlieRende ex vivo Gamma-
Counter Messungen erbrachten eine spezifische [*®F]-GE180 Bindung von 36% im
Gehirn und 80% in der Herzmuskulatur sowie eine exzellente Korrelation der
spezifischen Tracer-Bindung in beiden Geweben (R? = 0,9). PET-Messungen zur
Untersuchung der regionalen zerebralen Unterschiede erbrachten die hdchste
spezifische Bindung in Hirnregionen, die eine hohe Dichte an ependymalen
Gliazellen aufweisen sowie verminderte spezifische Bindung im Cortex.
Zusammenfassend liel3 sich zeigen, dass physiologisch eine enge Verkniupfung der
zerebralen und kardialen TSPO-Expression besteht und sich dadurch die Myokard-
Korrektur neben der Normalisierung durch intra-zerebrale Referenzregionen als
valide und robuste Methodik zur Stabilisierung zerebraler TSPO Kleintier-PET
Messungen mit [*®F]-GE180 eignet, welche bereits in Folgestudien erfolgreich ihre

Anwendung fand.

Meine Koautorenschaft beschaftigte sich mit dem direkten Vergleich der zwei am
haufigsten verwendeten Gruppen von Tau-Radioliganden im Hinblick auf deren

Fahigkeit, die Tau-Pathologie longitudinal zu quantifizieren.

Zur Charakterisierung der Tau-Radioliganden [*®F]-T807 und [*®F]-THK5117 wurden
dynamische PET-Scans fir beide Tracer in 6 - 9 Monate alten P301S und Wildtyp-
Mausen akquiriert. Nach individueller Bewegungskorrektur und manueller Co-
Registrierung wurde aus anatomischen Zielregionen der standardisierte Uptake-Wert

(SUVR) berechnet. Nach Bestimmung des optimalen Akquisitionsfensters erfolgte die
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Anwendung auf longitudinale Messungen mit anschlielBender ex vivo Validierung

mittels immunhistochemischen Farbungen.

Die dynamischen Tau-PET Messungen konnten darstellen, dass sich ab 30 Minuten
nach Injektion das PET-Signal stabilisiert und sich fiir [*®F]-T807 ein Zeitfenster von
40 - 60 Minuten, fur [*®F]-THK5117 ein 30 - 60 Minuten Zeitfenster am besten eignet,
um zwischen P301S- und Wildtyp-Mausen zu differenzieren. Gegeniber der Wildtyp-
Kontrollgruppe wiesen P301S-Méuse fiir [*°F]-T807 einen Anstieg des Hirnstamm-
PET Signales bereits im Alter von 6 Monaten auf (+14%, p < 0,01) und das PET-
Signal stieg bis zum Alter von 9 Monaten weiter an (+23%, p < 0,001). [*®F]-THK511
zeigte eine geringere Erhohung gegenuber der Wildtyp-Kontrollgruppe zu den
Zeitpunkten von 6 (+5%, p < 0,05) und 9 Monaten (+10%, p < 0,05). Die Betrachtung
der individuellen Kinetik erbrachte fiur P301S Mause eine Zunahme von 5,9 £ 4,5 %
des mittels [*®F]-T807 (p < 0,05) erfassten PET-Signales, sowie von 4,7 + 4,4 % bei
Verwendung von [*®F]-THK5117 (p = nicht signifikant), wahrend Wildtyp-Mause im
Beobachtungszeitraum bei beiden Tracern keine relevanten longitudinalen

Veréanderungen zeigten.

Insgesamt konnten wir zeigen, dass beide Radioliganden eine hohe regionale
Ubereinstimmung aufweisen und zur Durchfiihrung longitudinaler préklinischer Tau-
Bildgebung eignen, [*®F]-T807 jedoch eine geringfiigig hohere Sensitivitat bei der
Detektion der Tau-Akkumulation im Hirnstamm besitzt.
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4. Summary

Within my doctoral thesis | focused on two recently upcoming problems in preclinical
imaging of neurodegenerative diseases: 1.) Our established TSPO-PET
normalization yielded inconclusive measuring data while evaluating the results of an
interventional study to modulate neuroinflammation, so it was necessary to develop
an alternative quantification method and verify the stability and validity. 2.) Present
publications only scantly reported about comparative PET-performances of current
first-generation tau-tracers. It therefore had to be established, which tracer shows

best characteristics for PET-imaging of tau pathology.

Therefore, the aim of my two lead authorships was to compare different image
normalization methods to generate an alternative method to quantify TSPO-PET

measurements by extra-cerebral myocardium correction.

To establish a new normalization method a group of ten healthy female C57BI/6 mice
received dynamic PET imaging with [**F]-GE180 followed by ex vivo gamma-counter
experiments (gold standard). PET data from a large cohort of C57BI/6 mice (N=79)
served for detailed examination of the weighted influence and fitness of the different
normalization methods to account for the variance of cerebral tracer uptake to
calculate the coefficients for myocardium correction. Test-retest variability,
agreement of PET results with immunohistology and application to a longitudinal
cohort was tested in transgenic PS2APP mice to challenge and validate the different
normalization methods in a practical application.

While testing the performance of the different normalization methods, best results
were obtained when myocardial activity was considered in addition to injected dose
and body weight. Application of myocardium correction on the large wildtype dataset
and longitudinal study design in transgene PS2APP mice generated best stability
with lowest variance (7.7%) compared to injected dose (13.5%; p < 0.005) or
standard-uptake-value (SUV) (13.5%; p < 0.005) as well as highest agreement with
immunohistochemical staining of microglia (myocardium-correction: R = 0.51; p <
0.01 vs. injected dose: R = 0.44; p < 0.05 vs. SUV: R =0.42; p < 0.05).

For further specification of the relationship between cerebral and cardiac TSPO-
expression my second lead authorship especially focused on characterization of the

[*®F]-GE180 binding specificity in rodent wildtype brain and myocardium.
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Blocking experiments by pretreatment with non-radioactive GE180 followed by
gamma-counter measurements revealed a specific [*®F]-GE180 binding of 36% in
brain and 80% in myocardium as well as excellent correlation between specific TSPO
tracer binding in the two tissues (R?=0.9). Regional in vivo positron-emission-
tomography (PET) measurements of the brain showed highest specific binding in
regions with high abundance of ependymal glia cells, whereas specific binding in the

cortex was low.

In conclusion our data provided information about the physiological close relationship
between cerebral and cardiac TSPO-Expression. In cases when intracerebral
pseudo-reference regions are not suitable, myocardium correction presents a valid
and robust approach for stabilization of late phase cerebral TSPO imaging by [*°F]-
GE180 in rodent brain, which successful found application in further preclinical

investigations.

The aim of my co-authorship was to directly compare the two major classes of tau
radioligands with regard to their ability to quantify longitudinal expression of tau
pathology.

For characterization of dynamic tau-PET performance dynamic PET-scans for each
tracer ([*®F]-T807 and [*®F]-THK5117) were acquired in 6 to 9 months old P301S and
wildtype mice. Following frame-wise motion correction and co-registration anatomical
volume of interests were employed for calculation of the mean standard uptake
value. After validation of the optimal time window by stability analysis of time activity
curve ratios and application to longitudinal PET data immunohistochemistry staining

of neurofibrillary tangles was performed for validation ex vivo.

The dynamic tau-PET signal stabilized after 30 minutes post injection with a 40 - 60
minutes interval giving the best discrimination between P301S and wildtype mice for
[*8F]-T807. The 30 - 60 min interval gave best results for [*®F]-THK5117. Significantly
elevated [*®F]-T807 binding in the brainstem of P301S mice in comparison to wildtype
mice was already evident at 6 months (+14%, p < 0.01) and increased further at 9
months (+23%, p < 0.001). [*®F]-THK5117 indicated weaker increases at 6 months
(+5%, p < 0.05) and 9 months (+10%, p < 0.001) in the same contrast. Individual
longitudinal Tau-PET-kinetics in P301S mice were +5.9 + 4.5% for [**F]-T807 (p <
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0.05) and +4.7 + 4.4% for [*®F]-THK5117 (p = not significant), while wildtype mice did
not show any longitudinal changes for both tracers.

To sum up, both tracers showed high regional binding similarities with the ability of

longitudinal micro PET imaging of tau pathology, while analysis of brainstem uptake

revealed moderate superiority of [*®F]-T807 regarding sensitivity.
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Keywords: Objectives: PET imaging of the 18 kDa translocator protein (TSPO), a biomarker of microglial activity, receives
TSPO growing interest in clinical and preclinical applications of neuroinflammatory and neurodegenerative brain dis-
["*F1GE180 eases. In globally affected brains, intra-cerebral pseudo reference regions are not feasible. Consequently, many
Small animal PET brain-independent approaches have been attempted, including SUV analysis and normalization to muscle- or

Brain uptake normalization

i it heart uptake, aiming to stabilize quantitative analysis. In this study, we systematically compared different image
yocardium

normalization methods for static late phase TSPO-PET imaging of rodent brain.

Methods: We first obtained gamma counter measurements for gold standard quantitation of ['*F]GE180 uptake in
brain of C57Bl/6 mice (N = 10) after PET, aiming to identify factors contributing significantly to the quantitative
results. Subsequently, data from a large cohort of C57Bl/6 mice (N = 79) were compiled to precisely determine
the weighted influence and variance attributable these factors by regression analysis. Scan-rescan variability and
agreement with histology were used to validate the tested normalization methods in an Alzheimer’s disease (AD)
mouse model with pathologically increased TSPO expression (PS2APP; N = 24). Longitudinal data from AD model
mice (N = 10) scanned at four different ages were used to challenge and validate the different normalization
methods in a practical application.

Results: Gamma counter results revealed that injected dose, body weight and PET-measured radioactivity con-
centration in the ventral myocardium all significantly accounted for ['®F]GE180 activity in the brain. Skeletal
muscle activity had high test-retest variance in this PET only application and was therefore pursued no further.
Regression analysis of the large scale evaluation showed that scaling to injected dose or SUV analysis accounted
for little variance in brain activity (R? < 0.5), but inclusion of myocardial activity together with injected dose and
body weight in the regression model accounted for most of the variance in brain uptake (R? = 0.94). Scan-rescan
stability, correlation with histology and applicability for longitudinal examination in the disease model were also
significantly improved by inclusion of myocadial uptake in the quantitative model.

Conclusion: Cerebral and myocardial TSPO expression are highly coupled under physiological conditions.
Myocardial uptake has great potential for stabilization of static late phase ['®F]GE180 quantification in brain in
the absence of a valid intra-cerebral pseudo-reference region.
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Introduction

The 18 kDa translocator protein (TSPO) is a marker of microgliosis,
which presents a molecular imaging target for diverse clinical and pre-
clinical investigations of neuroinflammatory and neurodegenerative
brain diseases (Chen and Guilarte, 2008; Turkheimer et al., 2015; Vivash
and O'Brien, 2016). Indeed, positron emission tomography (PET) imag-
ing of TSPO is of proven heuristic value in studies of microglia activation
in traumatic head injury (Israel et al., 2016) multiple sclerosis (Airas
et al., 2015), amyotrophic lateral sclerosis (Gargiulo et al., 2016), glioma
(Buck et al., 2015), and neurodegenerative disorders such as Parkinson's
disease (Gerhard, 2016), and Alzheimer's disease (AD) (Brendel et al.,
2016; Liu et al., 2015; Mirzaei et al., 2016). So far, the quantitation of
TSPO brain imaging presents several technical difficulties, which have
yet to be resolved. In general, robust quantification based on brief static
PET recordings is indispensable to reduce cost and drop-outs in pre-
clinical studies, and to increase compliance and validity in clinical in-
vestigations. Quantitation relative to an arterial blood input (Tang et al.,
2014) in conjunction with kinetic compartmental analysis of dynamic
recordings remains the gold standard for TSPO-PET quantitation (Fan
et al., 2016). Nonetheless, dynamic imaging with arterial sampling over
90 min is hardly feasible in clinical routine or in large scale preclinical
applications. At least in preclinical imaging it is now widely accepted that
late acquisition time frames give stable results for static imaging of TSPO
(Brendel et al., 2016; Liu et al., 2015; Mirzaei et al., 2016), but the
optimal normalization procedure for static images remains to be settled.

In our preclinical investigation using the third generation TSPO
ligand ['®F]GE180 in an AD mouse model, we established the fitness of
this tracer for quantifying microglial activity by PET (Brendel et al.,
2016). In that study, we successfully validated a cerebellar/brainstem
white matter pseudo-reference region, based on the very minor AD-like
pathology in these brain areas. Furthermore, the stable quantification
of microglia activation relative to this intracerebral pseudo-reference
region was superior to standardized-uptake-value (SUV) approaches.
Human AD studies have also utilized pseudo-reference regions for TSPO
quantification (Lyoo et al., 2015). Nonetheless, such approaches may not
be valid in disease conditions such as multiple sclerosis, epilepsy or
glioblastoma, where widespread microgliosis can preclude the selection
of a pseudo-reference tissue devoid of pathology. Others have used
normalization to skeletal muscle uptake (James et al., 2015), myocardial
uptake (Mirzaei et al., 2016), and %ID (Pihlaja et al., 2015; Zheng et al.,
2016) for stabilization of quantitative results, or have simply calculated
the SUV by normalization of brain uptake to the injected dose and the
body weight (Biesmans et al., 2015). However, a systematic comparison
of the different simplified normalization methods has not yet
been conducted.

Therefore, the aim of this study was to compare different image
normalization methods using preclinical PET recordings with the TSPO
ligand ['®F]GE180 in wild-type (WT) mice. Gamma counting of tissue
samples was used as the gold standard for of PET e-
ments of brain concentrations, and to identify factors with significant
contribution to the quantitative results. Subsequently, we used compiled
data from a large cohort of WT mice to precisely determine by regression
analysis the weighted influence of several normalization factors on the
PET measurements. We also used scan-rescan variability and agreement
with histology as indices for validation of the tested normalization
methods. Finally, we applied the optimized methods to longitudinal
brain PET recordings from a well characterized transgenic AD
mouse model.

Material and methods
Study design

All experiments were performed in compliance with the National
Guidelines for Animal Protection, Germany, with approval of the local
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animal care committee of the Government of Oberbayern (Regierung
Oberbayern), and overseen by a veterinarian. The protocol was approved
by the Government of Oberbayern. The study design consisted of four
modularly structured blocks:

1.) Ten healthy female C57Bl/6 mice (aged 16.0 + 3.7 months),
assumed to have a uniform TSPO expression in brain, were used
for gold standard gamma counter experiments. All mice under-
went an ['®*F]GE180 PET scan, whereupon they were immediately
killed by decapitation; the entire brain was removed, weighed,
and its radioactivity content measured by gamma counting. We
recorded the injected dose, body weight, and the uptake of [ISF]
GE180 to myocardium and skeletal muscle to PET (60-90 min),
for regression analysis of factors influencing cerebral tracer
uptake.

2) [lsF]GEIBO PET data from a total of 79 female C57Bl/6 mice
(aged 7.4 + 1.6 months), likewise assumed to have constitutively
low and uniform TSPO expression in brain, were compiled from
different ongoing investigations, and used for a detailed exami-
nation of the weighted influence of the factors established in 1),
above. Furthermore, we compared the fitness of the different
normalization methods to account for the variance of cerebral
['8F1GE180 uptake in the large cohort.

3.) [ISF]GEI 80 PET data from a well-characterized AD mouse model
(PS2APP; N = 24; female; 5-16 months of age) were used to study
scan-rescan variability (N = 10) and agreement of PET results for
different normalization methods with histology (N = 24).

4.) Longitudinal [wF]GEIBO PET data from PS2APP mice (N = 10;
female; untreated) at four ages extending from 9 to 14 months of
age were used to challenge and validate the different normaliza-
tion methods in a practical application.

Animal models

Female wild-type C57Bl/6 mice and data derived from female
PS2APP transgenic mice were used in this investigation. C57Bl/6 mice
were purchased from Charles River (Sulzberg, Germany). The double
transgenic B6.PS2APP (line B6.152H) is homozygous for the human
presenilin (PS) 2, N1411 mutation and for the human amyloid precursor
protein (APP) K670N, M671 L mutation. The APP and PS2 transgenes are
driven by mouse Thy-1 and mouse prion promoters, respectively. This
line had been created by co-injection of both transgenes into C57BL/6
zygotes (Richards et al., 2003). Homozygous B6.PS2APP (PS2APP) mice
show first appearance of plaques in the cortex and hippocampus at 5-6
months of age (Ozmen et al., 2009).

Radiochemistry

Radiosynthesis of ['®FIGE180 was performed as previously described
(Wickstrom et al., 2014), with slight modifications (Brendel et al., 2016),
a procedure yielding radiochemical purity exceeding 98%, and specific
activity of 1 400 + 500 GBg/pmol at end of synthesis.

TSPO PET acquisition and reconstruction

Mice were anesthetized with isoflurane (1.5%, delivered via a mask at
3.5 L/min in oxygen) and received a bolus injection of 12.8 + 2.4 MBq
['8F]GE180 in 150 pL of saline to a tail vein. Following placement in the
tomograph (Siemens Inveon DPET), at 45 min post-injection, a 15 min
transmission scan was obtained using a rotating [*’Co] point source,
which was followed by a single frame emission recording for the interval
60-90 min post-injection. A subset of 24 PS2APP mice was imaged in a
dynamic 0-90 min setting (21 frames: 3 x 60's, 6 x 1205, 9 x 300 s,
3 x 600 s) with emission starting directly after tracer injection which was
followed by a 15 min transmission scan. In terminal experiments, the
mice were killed at the end of the recording by cervical dislocation whilst
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in a state of deep narcosis. The image reconstruction procedure consisted
of three-dimensional ordered subset expectation maximization (OSEM)
with four iterations and twelve subsets followed by a maximum a pos-
teriori (MAP) algorithm with 32 iterations. Scatter and attenuation
correction were performed and a decay correction for ['®F] was applied.
With a zoom factor of 1.0 and a 128 x 128 x 159 matrix, a final voxel
dimension of 0.78 x 0.78 x 0.80 mm was obtained.

Image analysis

Spatial brain co-registration

Static emission datasets (60-90 min) were manually co-registered to a
MRI mouse atlas (Dorr et al., 2007) by a manual rigid-body trans-
formation (TXyigig) using the PMOD fusion tool (V3.5, PMOD Technolo-
gies Ltd.), after blinding the reader to the mouse identity. In the second
step, a reader-independent automatic re-registration to tracer-specific
templates was performed as reported previously (Overhoff et al.,
2016). The templates had been generated by averaging all PET scans for a
given age. Initial manual pPET-to-MRI atlas fusion images were
normalized by non-linear brain normalization (TXgy) to the template
using the PMOD brain normalization tool (equal modality; smoothing by
0.6 mm; nonlinear warping; 16 iterations; frequency cutoff 3; regulari-
zation 1.0; no thresholding). The concatenation of TXjigiq and TXgy was
then applied to pPET frames in the native space to obtain optimal
resampling with a minimum of interpolation. This procedure was as well
applied to dynamic scans and the concatenation of transformations
(deriving from 60 to 90 min) was finally applied to the 0-90 min
multi-frame file.

Assessment of glial activity in brain

The whole brain ['®F]GE180 concentration (kBq/cc, 60-90 min) was
measured in a volume-of-interest (VOI) defined by the MRI template. The
VOI, comprising 525 mm?®, included the entire cerebrum, cerebellum,
brainstem and olfactory bulb. For correlation analysis with histology, a
spatially matched VOI placed on the frontal cortex (15 mm®) was used to
measure the local TSPO PET signal. Furthermore, white matter activity in
cerebellum and brainstem was obtained by the previous established
intracerebral reference region (Brendel et al., 2016). Full dynamic data of
cohort 3) was used to calculate distribution volume ratios (DVR) for the
frontal cortex by use of the white matter reference region, as described
previously (Brendel et al., 2016).

Assessment of myocardial and muscle tracer uptake

Myocardial uptake was measured at circulation time 60-90 min by
placing a standard cubic VOI (70 mm) around the anterior ventricle, with
a threshold intensity set to 30% of the hottest voxels (Fig. 1A). Accurate
VOI positioning was confirmed by inspection in axial, sagittal and cor-
onal projections, to minimize spill-over effects from adjacent pulmonary
tissue. The resulting VOI consisted of 34.8 + 6.5 mm® and contained
73 + 14 voxels after thresholding to 30% peak. Our threshold method is
an adaption of an earlier PET study of myocardial hypertrophy (Gross
et al., 2016). For calculating muscle tracer uptake, two skeletal muscle
VOIs per forelimb, resulting in four VOIs per mouse, were drawn
manually, and the mean muscle uptake was calculated (Fig. 1B) (James
et al., 2015).

All data of myocardium and muscle VOI assessments were acquired
twice in data examination sessions two weeks apart to assess methodo-
logical test-retest performance for these two muscle normaliza-
tion methods.

Gamma counter measurements

10 C57BL/6 WT female mice (28.9 + 4.5 g; 16.0 + 3.7 months of age)
were anesthetized with 1.5% isoflurane and [*®F]GE180 (13.3 + 2.6
MBq) was injected through a tail vein. As above, emission recordings
consisting of a single frame (60-90 min p.i.) were preceded by a 15 min
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Fig. 1. VOI definition of myocardium and muscle. (A) Upper row shows placement of
an oval-shaped myocardial VOI onto the anterior heart wall. Lower row depicts the
automatic selection of 30% of the hottest voxels in the VOI by thresholding; from left to
right: axial, sagittal, and coronal projection. L = left; R = right; V = ventral; D = dorsal.
(B) Tllustration of muscle VOI placement in coronal slices.

transmission scan, and reconstruction algorithms were likewise as
described above. Immediately upon conclusion of the PET sessions, mice
were decapitated, and the brains removed. Whole brain was weighed,
and radioactivity concentration measured in a gamma counter (Cobra
Quantum 5002, Packard) cross-calibrated to the tomograph, with decay-
correction to time of tracer injection for the final SUV calculations.

Immunohistochemistry

Immunohistochemical data assessed by IBA-1 staining for activated
microglia were used from a previous study (Brendel et al., 2016). In brief,
the summed area of stained microglia in the cerebral cortex was calcu-
lated as %-area. 24 PS2APP mice were available for this analysis.

Blocking experiments and TSPO expression analyses

Specificity of ['*FJGE180 uptake in brain and myocardium was
characterized by blocking with cold radiotracer followed by [wF]GElSO
PET and gamma counter assessment ex vivo (Deussing et al., 2017).
Expression levels of TSPO were quantified by polymerase chain reaction
(qPCR) and compared with PET results (Deussing et al., 2017).

Statistics

IBM SPSS Statistics (version 23.0; SPSS, Chicago, IL) was used for all
statistical tests. Multiple regression analysis was performed to investigate
the association of injected dose, body weight, myocardial uptake, and
skeletal muscle activity with measurements of cerebral tracer uptake ex
vivo as the dependent variable. The standardized regression coefficients
(p) are reported, and the significance of each factor was assessed. Test-
retest variability (%) was calculated for assessments of myocardial and
muscle uptake as well as for validation by a scan-rescan dataset.

Mean + SD for injected dose, body weight and myocardial uptake
were obtained for the large dataset of 79 C57Bl/6 mice. Z-transformation
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was applied to express all covariates in terms of SD relative to the group
mean. Step-wise multiple regression analysis was performed with z-
transformed variates to investigate the precise contribution of each
variate to the overall variance in cerebral ['®FIGE180 uptake.
Correlation between cortical TSPO signal to PET and %-area by
immunohistochemistry was calculated as the Pearson's coefficient of
correlation (R). DVR data deriving from dynamic imaging of 24 PS2APP
mice were correlated with endpoints of all brain-independent methods.
In the longitudinal PET dataset, we applied a standardized measure of
dispersion as the ‘coefficient of variation’ (CV), which was defined as the
ratio of the standard deviation to the mean (expressed as %-SD). The
intra-individual homoscedasticity was assessed using a Levine's test;
Tamhane-T2 post hoc test for multiple comparisons was applied for inter-
method contrasts. Root-mean-square-deviations (RMSD) in individual
mice from the mean slope were obtained for the follow-up time points
relative to the baseline. We considered a threshold of p < 0.05 to be
significant for rejection of the null hypothesis in all statistical tests.

Results

Test retest of myocardium and muscle measures and gamma counter
assessment

Test retest results deriving from PET data proved excellent stability
for the threshold-based radioactivity extraction from the ventral
myocardium (test-retest variability: 1.6 + 2.5%). Mean myocardial up-
take was 788 + 258 kBq/cc. PET assessment of skeletal muscle activity
had a considerably higher variance (test-retest variability:
17.3 + 11.7%), such that we did not further pursue that normaliza-
tion approach.

Injected dose (f = 0.40; p = 0.006), body weight (B = —0.30;
p = 0.002) and ['®F]1GE180 activity concentration in the myocardium
obtained by PET (§ = 0.64; p = 0.0003) significantly accounted for ce-
rebral [18F]GE180 radioactivity measured ex vivo (F3, ¢) = 226.0;
p < 0.001; R? = 0.991; R%gjusted = 0.987).

Large scale evaluation

We tested the performance of the different normalization methods in
the large dataset of WT mice of comparable age (7.4 + 1.6 months).
Regression analysis revealed the lowest explanation of variance in brain
activity through simple scaling to the injected dose (F(y, 77y = 57.4;
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myocardial activity was considered in addition to injected dose and body
weight (F3, 75 = 4067, p < 0.001; R? 0.942;
R%djusted = 0.940; Fig. 2C).

Regression coefficients were obtained for the latter method to assess
the weighted influence of the three contributory factors, after stand-
adization of individual values by z-transformation (Table 1). The highest
single contribution was observed for the myocardial uptake ( = 0.846)
followed by the injected dose (B = 0.191) and the body
weight (§ = —0.031).

Validation by scan-rescan data, dynamic imaging and histology in a disease
model

Application of different normalization methods to a dataset for
PS2APP mice with two TSPO PET scans within a single week gave
distinctly lower scan-rescan variability by the myocardium correction
method (2.6 + 2.4%) when compared to ID or SUV (both 12.4 + 9.7%;
p < 0.05), which was in the range of scan-rescan variability obtained for
this tracer previously by white matter reference region normalization
(1.9%) (Brendel et al., 2016).

Correlation of results of the scaling methods for TSPO quantification
to the DVR in PS2APP mice indicated the highest correlation for the
myocardium correction method (Fig. 3).

Correlation of cerebral [18F]GEISO uptake with %-area values by IBA-
1 staining in the frontal cortex, as the brain area of highest TSPO
expression and amyloid deposition of PSPAPP mice, also indicated the
highest agreement when the myocardium correction was applied
(R = 0.51; p < 0.01), with lesser correlations seen for ID (R = 0.44;
p < 0.05) and SUV (R = 0.42; p < 0.05) (Fig. 4). Performance of our
previously reported scaling to an intracerebral reference region
(R = 0.61) (Brendel et al., 2016) was superior to the present methods.

Application to longitudinal data in a disease model

Different normalization methods were applied to a longitudinal
dataset of transgenic mice to investigate their fitness in a realistic study
setting (in vivo monitoring of elevated TSPO expression in PS2APP
mice). Levine's test for homoscedasticity between different normalization

Table 1

analysis for of the optimal weighting of contributing factors to ce-
rebral [*®*F]GE180 uptake. p = beta, RC = regression coefficient.

p < 0.001; R? = 0.427; R%qjustea = 0.420; Fig. 2A). Little improvement Nodalization Method Mean (5D  :f LS pyalie
was observed with additional use of the body weight for calculation of Injected Dose (MBq) 14.3 1.6 0.191 9.794 p < 0.001
SUV (F(z, 76) = 36.9; p < 0.001; R? = 0.493; R%gjustea = 0.480; Fig. 2B). Body Wzisr' ® y 254 37  -0031 -2420 p=0294
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Fig. 3. Correlation analysis of different nor

methods with full dynamic imaging in an amyloid mouse model (PS2APP). Plots show the correlation of brain-independent

60-90 min PET quantification of the cortex by (A) ID%, (B) SUV, (C) myocardium correction, with 0-90 min distribution volume ratios (DVR), deriving from Logan analysis with white

matter reference.

methods indicated highly diverging variance (L = 69.85; p < 0.001) to
follow-up. Variance was significantly lower by the myocardium correc-
tion method (CV: 6.5 + 2.0%) when compared to ID (CV: 14.5 + 2.5%;
p < 0.001) and SUV (CV: 14.5 + 1.8%; p < 0.001). The normalization to
white matter (Brendel et al., 2016) gave significantly lower variance than
the present brain-independent approaches (CV: 3.3 + 0.6%; all:
p < 0.001). Fig. 5 illustrates the test-retest variance of all different
normalization methods graphically.

Visual interpretation of individual longitudinal TSPO kinetics in
control mice over 20 weeks indicated far higher stability when using the
myocardium correction method when compared to ID and SUV, as
illustrated in Fig. 6. When using the mean slope of each method over
time, significantly lower RMSD were observed for the myocardium
correction method (7.7%) when compared to ID (13.5%; p < 0.005) and
SUV (13.5%; p < 0.005). The intracerebral reference scaling yielded
lower intra-individual deviations from the mean slope (RMSD: 2.8%).

Blocking experiments and TSPO expression analyses

Results of pre-blocking of TSPO by treatment with non-radioactive
GE180 indicated a higher specific binding in the myocardium (80% of
total tracer binding) when compared to that in brain (36% of total tracer
binding), (see Fig. 1A in (Deussing et al., 2017)). There was a correlation
between specific TSPO binding in myocardium and brain, whereas un-
specific binding was not correlated (see Fig. 1B in (Deussing et al.,
2017)). The specific TSPO activity in the myocardium exceeded that of
the whole brain by 17-fold. Regional analyses revealed the highest spe-
cific binding in regions with abundant ependymal glia cells, e.g. adjacent
to the fourth ventricle, whereas specific binding in the cortex was low
(see Fig. 2 in (Deussing et al., 2017)). qPCR gave comparable results
showing far higher TSPO gene expression levels (11-fold) in the
myocardium when compared to the brain (see Fig. 3 in (Deussing
et al., 2017)).
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y in an amyloid mouse model (PS2APP). Plots show the correlation of cortical

PET quantification by (A) ID%, (B) SUV, (C) myocardium correction, and (D) SUVR with activated microglia as assessed by IBA-1 staining (%-area). Stainings illustrate an exemplary mouse
(E) with low IBA-1 reactivity (red) and low amyloidosis (blue) as well as an exemplary mouse (F) with high IBA-1 reactivity (red) and high amyloidosis (blue).
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Discussion

This is the first preclinical investigation comparing different
normalization methods for late phase brain TSPO PET-imaging using the
novel third generation ligand ['®F]GE180. Relative to gamma counter
measurements ex vivo, we saw significant and independent impacts of ID,
body weight and myocardial uptake on the cerebral tracer uptake in
groups of control mice expected to have similar and homogeneous TSPO
binding in brain. Regression analysis in a large dataset revealed far su-
perior explanation of the variance in cerebral [*®F]1GE180 uptake when
myocardial uptake was additionally considered for normalization, as
compared to ordinary ID and SUV normalizations. Thus, the strikingly
observed coupling between cerebral and myocardial TSPO expression
under physiological conditions stabilized the quantification of tracer
uptake in the brain. The myocardium correction method was successfully
validated by scan-rescan data and histologically verified datasets
deriving from animals with pathologically elevated TSPO expression.
Application to a longitudinal dataset of these transgenic AD mice showed
a reduced number of outliers in sequential imaging, aiming to monitor
disease-related elevation of TSPO expression, and decreased variance of
the uptake through use of the proposed myocardium correction method.

The question arises why myocardial ['®FIGE180 uptake serves so
aptly for normalization of the individual brain uptake. To date, there is a
single report showing a possible relationship between TSPO binding sites
(also measured with [*®F]GE180) in heart and brain in a mouse model of
myocardial infarction (Hupe et al., 2016). We suppose that the TSPO
expression in brain and heart might be under common regulation,
depending upon the physiological state of the animal. This would
potentially minimize confounders differentially affecting TSPO expres-
sion between tissue types. The observations of high variances when
scaling cerebral uptake to the ID or SUV (Fig. 2) indeed suggest that
diverse intra-individual factors may destabilize these normalizations
between individual mice, but also between longitudinal scans of the same
animal (Fig. 6 B C). Elaborating this concept further, TSPO levels in
different tissues can be upregulated by acute stress or down-regulated by
chronic stress (Morin et al., 2016). It seems obvious that individual mice
may have differing vulnerability to stress from handling and anesthesia
induction. However, for the present it remains a matter of conjecture that
stress levels can contribute to the variability of ['*F]GE180 PET signals
normalized by SUV calculation. We suppose that coupled regulation of
TSPO in heart and brain, irrespective of altered regulation of TSPO in
other tissues, likely account for strong stabilization of cerebral TSPO
uptake by myocardium normalization. Importantly, the coupling was
absent for the additional pathophysiological increase of the TSPO signal
seen in the AD disease model, which is known to have increased cerebral
TSPO binding (sections 3.3 and 3.4). Thus, our scaling method only
stabilizes the estimation of physiological background uptake, and thus
enables the sensitive detection pathological alterations with a lower
variance. This conclusion was also strengthened by results of blocking
experiments, which revealed inter-relation of the specific physiological
binding densities in brain and myocardium of WT mice (Deussing
et al., 2017).

The observed scan-rescan variability with the newly-introduced
myocardium correction method was gratifyingly low (2.6%), which
substantiates its superiority to conventional ID or SUV normalizations.
Regression analysis in a large dataset of control mice (assumed to have
similar TSPO binding in brain) also showed that variance in myocardial
uptake was the major driver for accommodating the variance
(R? = 0.94). Thus, our method proved to be very robust, although with
the caveat that we have not measured arterial input functions, and as-
sume that our immunological marker is a surrogate for the true TSPO
expression in brain. Robust preclinical imaging of late phase [**FIGE180
uptake with brief PET recordings will likely decrease the number of drop-
outs and increase the cost-efficiency for large-scale studies with, for
example, intervention arms.

The rationale for the PS2APP AD mouse model in the longitudinal
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validation arm of this study was based on the known correlation of the
[wF] GE180 PET signal with microglia measurements with IBA-1
immunohistochemistry in vitro (Brendel et al., 2016). This relationship
as well allowed us to test for agreement between cortical ['*FIGE180
uptake values and %-area of IBA-1 in the same cortical region. Here we
found higher agreement for the myocardium correction method than for
other approaches, excepting the intracerebral (white matter) reference
approach. Thus, the immunohistochemically-assessed surrogate of neu-
roinflammatory disease was well captured by the proposed method for
['®F]GE180 PET analysis. Furthermore, we found that with this
normalization the progress of neuropathology tended to be nearly linear
across the present age group of AD mice, a trait which facilitated the
testing of individual longitudinal data (relative to baseline) against the
mean slope of the group, as an indicator of stability. Our data clearly
revealed superior performance of the myocardium correction method
compared to ID and SUV scaling. Outliers with implausible decreases in
brain uptake occurred by ID and SUV normalization (Fig. 6), which
would substantially hamper the reliability of such analysis methods for
longitudinal observations of individual mice. Scaling to our
previously-evaluated intracerebral pseudo-reference region was feasible
and valid in the PS2APP model, as the developing amyloid pathology has
a negligible effect on TSPO expression in white matter regions of cere-
bellum and brainstem. Such approaches are likewise feasible when dis-
ease pathology is restricted to one hemisphere, as in a focal cerebral
ischemia model (Tiwari et al., 2015). We find the highest longitudinal
stability by the pseudo-reference white matter scaling, but with the
caveat that global effects of treatment or disease model on TSPO
expression in brain cannot be excluded a priori. In such scenarios, the
pseudo-reference region approach would induce bias masking the real
microglial changes in the cerebral grey matter.

Relative to rodent studies, TSPO imaging in humans suffers from low
brain permeability, and the consequently low signal-to-noise ratio ham-
pers quantification (Vivash and O'Brien, 2016). Although signal-to-noise
ratios have improved with development of third generation TSPO li-
gands, the optimal quantification method remains an issue (Vivash and
O'Brien, 2016). In a recent human PET study with kinetic modelling of
['sF]GEl 80 uptake relative to the metabolite corrected arterial input, the
authors settled upon dynamic imaging over 90 min and a reversible
two-tissue compartment model as the optimal method for this ligand in
humans (Fan et al., 2016; Feeney et al., 2016). While this seems beyond
dispute, it remains the case that such a demanding experimental protocol
can hardly be transferable to routine clinical (or for that matter pre-
clinical) imaging. Thus, there remains an urgent need for robust and
facile simplified approaches to TSPO quantitation. We can only speculate
that our preclinical myocardium correction method may be translatable
to the case of human imaging. However, a single pilot study has shown
promising results with scaling to a single 5-min myocardial scan after
completion of the I_IBF]GEISO head scan (unpublished observations).
Naturally, it must be considered that cardiac disease may perturb
myocardial tracer uptake, thus limiting the applicability of this approach
in clinic. However, many patients with conditions presenting a target for
TSPO imaging, such as multiple sclerosis or glioblastoma, will undergo
clinical imaging at ages were cardiac diseases are rare. Thus, the pro-
posed method may find translational employment in human PET studies.

Limitations

Body weight did not exhibit a significant independent influence on
['®F]GE180 brain uptake to PET in the regression analysis of the exten-
sive dataset of WT mice. This presumably indicates the leveling effect of
rather homogenous body weights and dosages in that group. Nonethe-
less, body weight contributed a significant explanation of variance to the
gamma counter analysis, a difference presumably related to the greater
variation of body weight in that experiment, which occurred by design.
We included older animals in that group, aiming to obtain higher vari-
ance in body weight. Thus, favor including body weight as a minor factor
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influencing the myocardium scaling method, especially if the study group
includes mice as heavy as 40 g.

Skeletal muscle tracer activity proved difficult to measure accurately
by PET, which propagated to excessively high test-retest variability.
Hybrid PET/MR or PET/CT imaging would probably facilitate a more
accurate VOI definition, perhaps supporting more convenient scaling of
brain uptake to skeletal muscle. The variability could as well be
decreased by expending more effort in repeated assessments (e.g. the
mean of 10 replications). The use of skeletal muscle for PET normaliza-
tion in studies investigating pathological alterations of TSPO activity in
the myocardium might be particularly interesting.

Conclusion

Scaling to myocardial uptake has great potential to facilitate stabili-
zation of late phase cerebral TSPO imaging by ['*F]GE180 in mice. In
cases when intracerebral pseudo-reference regions are not suitable,
myocardial scaling presents a workable approach for convenient analysis
of rodent brain ['®FIGE180 uptake, being clearly superior to ID or SUV
scaling. Translation of this approach to human scanning, requiring only a
brief second recording over the thorax, may prove useful for TSPO PET
data analysis in a practicable clinical setting, where economy is of great
importance.
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Expression of TSPO was compared between rodent brain and
myocardium by quantitative polymerase chain reaction.
© 2018 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Specifications Table
Subject area Nuclear Medicine
More specific subject area Preclinical PET imaging of neuroinflammation
Type of data PET images, blocking plots, correlation plots
How data was acquired ['8F]GE180 TSPO PET, gamma counter, TSPO qPCR
Data format Quantification of PET and tissue samples, Listmode, NIFTI
Experimental factors C57BI6 mice, cold GE180, ['8F]GE180, Analysis of TSPO expression
Experimental features TSPO PET, TSPO qPCR
Data source location Department of Nuclear Medicine, Munich, Germany
Data accessibility The data is provided within this article

Value of the data

e Blocking by pretreatment with non-radioactive GE180 for quantification of specific ['*F]GE180
TSPO binding in rodent brain and myocardium to positron-emission-tomography.

® Regional analysis for characterization of ['®F]JGE180 binding specificity in different areas of the
rodent brain.

e Data provide information about the physiological relationship between specific 18 kDa translocator
protein (TSPO) tracer signal in normal rodent brain and myocardium.

e Quantitative polymerase chain reaction gives additional information about the relative magnitudes
of TSPO expression in brain and myocardium.

1. Data

We observed that the myocardium presents a potential extra-cerebral reference region for ['*F]
GE180 TSPO positron-emission-tomography quantitation |1]. The following data provide additional
information about the association and specificity of brain and myocardium TSPO tracer binding, as
obtained by blocking experiments (Fig. 1, Fig. 2). Furthermore, we performed quantitative polymerase
chain reaction for assessment of TSPO gene expression in brain and myocardium, independent of
tracer-based measurements (Fig. 3).

2. Experimental design, materials and methods
2.1. Radiochemistry

Radiosynthesis of ['*F|GE180 was performed as previously described [3], with slight modifications
[4], in a procedure yielding radiochemical purity > 98%, and specific activity of 1400 + 500 GBq/
umol at end of synthesis. For blocking, non-radioactive GE180 was used at a mass concentration ratio
of 1000:1 compared to the radiolabeled ligand.
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Fig. 1. Gamma counter measurements of tracer uptake in brain and myocardium ex vivo. (A) Bar graphs (logarithmic scale)
show %-injected dose-(ID)/g at 107 min after injection of [*®F]GE180 with (red) and without (blue) prior blocking with excess
non-radioactive GE180 (1000:1). Specific binding was estimated to be 36% in the brain and 80% in the myocardium. Absolute
specific binding was 17-fold higher in the myocardium when compared to the brain. (B) Correlation between %-ID/g of brain
and myocardium in single mice indicate a relationship between specific TSPO tracer binding in the two tissues, whereas
nonspecific binding did not correlate (R?> < 0.2). Data derive from N = 5 unblocked and N = 7 blocked C57BI/6 mice at seven
months of age. Error bars indicate standard deviations. Single data points are available in the supplement.
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Fig. 2. Dynamic and regional in vivo positron-emission-tomography (PET) measurements of the brain. (A) Mean dynamic brain
PET standardized uptake value (SUV) plots for groups of unblocked (blue) and blocked (red) mice during 90 min after injection
of ["®F]GE180. Error bars indicate standard deviations. (B) Regional analysis shows axial slices of 60-90 min ['®F|GE180 PET SUV
projected upon a magnetic resonance imaging template |2]. Upper row illustrates mice with prior blocking by a large mass dose
of GE180 (1000:1), whereas the middle row shows unblocked mice. Voxel-wise percentage of specific binding in the rodent
brain is depicted in the bottom row. Highest specific binding was observed in regions with high abundance of ependymal glia
cells, e.g. adjacent to the fourth ventricle, whereas specific binding in the cortex was low. Data derive from N = 3 unblocked
and N = 5 blocked C57BI/6 mice at seven months of age. Error bars indicate standard deviations. Single data points are
available in the supplement.

2.2. Gamma counter analysis

We performed blocking experiments with excess non-radioactive tracer for quantification of
specific ['®F]GE180 binding components in the rodent brain and myocardium. A total of twelve female
C57BI6 mice were analyzed at the age of seven months. Isoflurane anesthesia (1.5% in 2-4 I/min O,)
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Fig. 3. Quantitative polymerase chain reaction assessment of TSPO gene expression in brain and myocardium. Bar graphs show
relative normalized (actin-beta and glyceraldehyde 3-phosphate dehydrogenase) TSPO expression as assessed by the quanti-
tative polymerase chain reaction. TSPO expression was 11-fold higher in the myocardium compared to that in brain. Data derive
from N = 6 C57BI1/6 mice at seven months of age. Error bars indicate standard deviations. Single data points are available in the
supplement.

was maintained during the experimental procedure, and mice were finally killed by cervical decap-
itation at 107 min post injection, while in a state of deep narcosis. Five mice received an injection of
14.7 + 2.2 MBq ['®F]GE180 into the tail vein (150 ul saline) Seven mice received an injection of excess
non-radioactive GE180 (1000:1) prior to injection of 14.5 + 2.1 MBq ['®F]GE180 (in 150 ul saline) to a
tail vein. Brain and myocardium tissues were quickly removed, and radioactivity concentration was
measured in a gamma counter (Cobra Quantum 5002, Packard) with decay-correction to time of
tracer injection [5].

2.3. Positron-emission-tomography acquisition and analysis

A subset of mice (N = 5 with blocking and N = 3 without blocking) was placed in the tomograph
(Siemens Inveon DPET) immediately after injection of ['®*F]GE180, whereupon we began a 90 min
dynamic emission recording as described previously [6]. A 15min transmission scan was then
obtained using a rotating [*’Co] point source. The image reconstruction procedure consisted of three-
dimensional ordered subset expectation maximization with four iterations and twelve subsets fol-
lowed by a maximum a posteriori algorithm with 32 iterations. Framing was 3 x 60s,6 x 180s,9 x
300s, 3 x 600s. Scatter and attenuation correction were performed and a decay correction for ['®F]
was applied. With a zoom factor of 1.0 and a 128 x 128 x 159 matrix, a final voxel dimension of 0.78
x 0.78 x 0.80 mm was obtained.

Summations of the dynamic emission datasets were manually co-registered to a magnetic reso-
nance imaging mouse atlas [2] by a rigid-body transformation using the PMOD fusion tool (V3.5,
PMOD Technologies Ltd.), after blinding the reader to the mouse status (blocked/unblocked). In the
second step, a reader-independent automatic re-registration to tracer-specific templates was per-
formed, as reported previously |7]. Initial manual positron-emission-tomography to magnetic reso-
nance imaging atlas fusion images were normalized by non-linear brain normalization to the tem-
plate using the PMOD brain normalization tool (equal modality; smoothing by 0.6 mm; nonlinear
warping; 16 iterations; frequency cutoff 3; regularization 1.0; no thresholding). The concatenation of
both transformations was then applied to positron-emission-tomography frames in the native space,
to obtain optimal resampling with a minimum of interpolation. The whole brain ['®F]GE180 con-
centration (standardized uptake value; SUV) was measured in a volume-of-interest defined by the
magnetic resonance imaging template. The volume-of-interest, comprising 525 mm?, included the
entire cerebrum, cerebellum, brainstem and olfactory bulb. The 60-90 min image frames were used to
calculate voxel-wise percentages of specific ['®F]JGE180 binding throughout the rodent brain.
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3. Quantitative TSPO polymerase chain reaction
3.1. RNA isolation and reverse transcription

Brain and heart tissue from adult mice was immediately frozen to — 80 °C in liquid nitrogen after
resection. Tissue was lysed with QIAzol Lysis Reagent (Quiagen) and homogenized. The InviTrap™
Spin Universal RNA Mini Kit (Stratec) was used to isolate RNA and to separate it from contaminating
DNA. RNA concentration was measured with NanoDrop™ 2000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). Extracted RNA was assessed based on spectral data and purity ratios
(A260/A280). Reverse transcription from 50 uL of 50 ng/uL RNA was performed by incubating with 4 p
L 25x dNTPs, 10 uL 10x random primers, 5 uL MultiScribe™ Reverse Transcriptase 50 U/uL, 21 puL
Nuclease-free H,0 for 10 min at 25 °C, then 120 min at 37 °C. The transcription was terminated by
incubating at 85 °C for 5 min.

3.2. Real-time polymerase chain reaction

TSPO mRNA expression was measured using a CFX connect optics module RT-System (BioRad,
Hercules, CA, USA). ¢cDNA template 9ul was added to 20 x TagMan™ Gene Expression Assay
MmO00437828_m1 1 ul and 2x TagMan™ Gene Expression Master Mix 10 ul. Thermal cycling condi-
tions were 2 min at 50 °C and 10 min at 95 °C, followed by 40 cycles at 98 °C for 15 s and at 60 °C for 1
min. To test specificity of the polymerase chain reaction product a melt curve analysis was performed.
TSPO expression was normalized to the housekeeping genes Actin-beta and glyceraldehyde 3-
phosphate dehydrogenase expression was used for comparative quantification.
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Comparison of 18F-T807 and
18F.THK5117 PET in a Mouse Model
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Medicine, Tohoku Medical and Pharmaceutical University, Sendai, Japan

Positron-emission-tomography (PET) imaging of tau pathology has facilitated
development of anti-tau therapies. While members of the arylquinoline and pyridoindole
families have been the most frequently used tau radioligands so far, analyses of their
comparative performance in vivo are scantly documented. Here, we conducted a head-
to-head PET comparison of the arylquinoline '8FT807 and the pyridoindole "8FTHK5117
PET in a mouse model of tau pathology. PET recordings were obtained in groups
of (N = 5-7) P301S and wild-type (WT) mice at 6 and 9 months of age. Volume-of-
interest based analysis (standard-uptake-value ratio, SUVR) was used to calculate effect
sizes (Cohen’s d) for each tracer and age. Statistical parametric mapping (SPM) was
used to assess regional similarity (dice coefficient) of tracer binding alterations for the
two tracers. Immunohistochemistry staining of neurofibrillary tangles was performed for
validation ex vivo. Significantly elevated '8F-T807 binding in the brainstem of P301S
mice was already evident at 6 months (+14%, p < 0.01, d = 1.64), and increased
further at 9 months (+23%, p < 0.001, d = 2.70). "8F-THK5117 indicated weaker
increases and effect sizes at 6 months (+5%, p < 0.05, d = 1.07) and 9 months (+10%,
p < 0.001, d = 1.49). Regional similarity of binding of the two tracers was high (71%)
at 9 months. 8F-T807 was more sensitive than 18F-THK5117 to tau pathology in this
model, although both tracers present certain obstacles, which need to be considered in
the design of longitudinal preclinical tau imaging studies.

Keywords: tau, small animal PET, transgenic mice, '®F-T807, ®F-THK5117

INTRODUCTION

Neurofibrillary tangles constitute one of the most characteristic neuropathological findings in
Alzheimer’s disease (AD), which is the most frequent form of dementia, and likewise occur in
certain non-AD forms of dementia known as tauopathies (Duyckaerts et al., 2009). Whereas AD is
characterized by paired helical filaments containing equal amounts of 3R and 4R isoforms, non-AD
tauopathies present with other tau ultrastructures and isoforms. For example, the pathology in
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progressive supranuclear palsy and corticobasal degeneration
consists of 4R tau aggregating into straight filaments (Murray
et al, 2014). The recent development of '*F-fluorinated
radioligands for positron-emission-tomography (PET) studies
of tau aggregates intensely accelerated research in the field of
tau imaging in AD and non-AD tauopathies (Villemagne and
Okamura, 2016). Members of the arylquinoline and pyridoindole
structural families have been the most frequently used tau
radioligands to date. Although tau PET has been hindered due
to off-target binding of ligands to neuromelanin (Hansen et al,
2016) and MAO-B (Ng et al, 2017), both tracer classes can
differentiate AD and non-AD tauopathy patients from healthy
controls.

Small animal PET (WPET) has emerged as a useful
tool for translational research involving in vivo imaging of
-amyloid and neuroinflammation markers in rodent models of
neurodegenerative diseases (Zimmer et al.,, 2014; Brendel et al,
2015; Liu et al, 2015). However, there have been relatively
few tau-PET studies in wild-type (WT) and transgenic mice
(Maruyama et al,, 2013; Okamura et al, 2013), due in part
to concerns about the sensitivity of tau ligands for species-
dependent isoforms and intracellular compartmentation of tau
aggregates. We previously characterized the performance of
WPET with the arylquinoline ®F-THKS5117 in two transgenic
mouse models of tau pathology (Brendel et al, 2016); this
tracer showed elevated brain uptake in both types of model
mice relative to WT mice, and brain uptake patterns correlated
with autoradiography and immunohistochemistry findings of
tau deposition. Nonetheless, the sensitivity of '*F-THK5117
was rather low, with a detection threshold of 10% tau/area,
and quantitation was degraded by spillover from extracerebral
structures compounded by rapid washout from brain.

In light of the previous findings, further research is needed
to improve preclinical imaging of tau pathology in mouse
models. Thus, the aim of the current WPET study was to
compare representative members of the two major classes of tau
radioligands with regard to their ability to track longitudinally the
expression of tau pathology in the brain of P301S transgenic mice.

MATERIALS AND METHODS

Radiochemistry
Radiosynthesis of the pyridoindole '*F-T807 was performed as
previously described (Gao et al., 2015), with modifications for
a fully automated preparation on Neptis perform module’ as
specified in the Supplementary Methods. A radiochemical yield
of >20% was achieved, with chemical and radiochemical (HPLC)
purities of >98%. The 'F-T807 was directly used for pPET with
a specific activity of >216 GBq/jumol at the end of synthesis.
Radiosynthesis of **F-THK5117 was performed as previously
described (Tago et al, 2014), with slight modifications as
specified in the Supplementary Methods. The procedure
yielded a radiochemical purity >98% and specific activity of
202 + 56 GBg/pumol at the end of synthesis.

!http://www.neptis-vsa.com/
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Animals and Study Design

All experiments were carried out in compliance with the German
national guidelines for animal protection (TierSchG, Germany)
and approval of the local animal care committee (Regierung von
Oberbayern), with supervision by a veterinarian. Animals were
housed in a temperature- and humidity-controlled environment
with a 12-h light-dark cycle, with free access to food (Ssniff, Soest,
Germany) and water.

Tau-P301S (P301S) transgenic (TG) mice were investigated in
this study together with age-matched WT controls. P301S mice
express human P301S mutant 4R/ON tau (Thyl-hTau.P301S) in
CBA.C57BL/6 background (Allen et al, 2002). This model is
characterized by predominant tau hyperphosphorylation in the
brainstem, where tau filaments appear mostly as half-twisted
ribbons. Larger paired helical tau filaments reminiscent of those
seen in human AD are observed less frequently. The behavioral
phenotype manifests as learning deficits from 2 to 3 months of
age, and onset of motor impairment at 4 months, leading to early
death before 12 months of age. Eight P301S mice and eight age-
matched C57BI/6 littermates serving as controls were included in
the study. Imaging with dual tracers was performed at baseline (at
6 months of age) and at follow-up (at 9 months of age). Maximum
time span between paired measurements was 10 days.

Tau PET

Data Acquisition and Analyses

For details of data acquisition and reconstruction see
Supplementary Methods. In brief, summed 5-65 min dynamic
emission frames for each tracer (*3F-T807 and '®F-THK5117)
were co-registered to an MRI mouse brain atlas (Dorr et al,
2007) after frame-wise correction for motion using the PMOD
fusion tool (V3.5, PMOD Technologies Ltd.). The reader
was blind to the type of mouse. A second experienced reader
ensured accurate alignment of the fusion image and corrected if
necessary. Volumes-of interest (VOI) were defined on the MRI
mouse atlas (Figure 1).

Due to progressively increasing bone labeling with '*F-T807
scan duration, we modified our previously published brainstem
VOI (Brendel et al, 2016) by reducing its width and increasing
its length, so as to reduce signal spill-in from extra-cerebral
structures near the ovoid VOI (11 mm?). Bone uptake was
obtained from a bilateral VOI in the petrous bone (9 mm?)
and uptake in the bilarteral Harderian glands was also measured
(40 mm®). A whole brain VOI was applied to measure the
radiotracer uptake in the entire brain (525 mm?). The cerebellum,
with exclusion of voxels of the cerebellar peduncle (volume
56 mm?), which was the optimal reference VOI identified for
I8E.THKS5117, (Brendel et al., 2016), proved to be vulnerable to
spill-in from the extensive bone uptake occurung in the '*F-T807
scans. Therefore we used the bilateral striata together with the
septum (volume 38 mm?) as the reference tissue VOI, which
was unaffected by cranial spill-in from '8F-T807, and is not
reported to contain tau deposition in P301S mice (Allen et al.,
2002). To enable direct comparisons of both tracers using the
same reference region, we performed additional analyses with
modified striatal and cerebellar reference regions, which are

June 2018 | Volume 10 | Article 174
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FIGURE 1 | Definition of VOIs projected on the mouse brain MRI atlas (Dorr

et al,, 2007) in sagittal and coronal slices: (A) Oval-shaped brainstem VOI
including central parts of the pons and the midbrain (middle row; 11 mm®; red
line). (B) Spherical striatal reference VOI (top row; 38 mm®; green line).

(C) Crescent-shaped cerebellar reference VOI (top row; 56 mm?; blue ling).

presented in the Supplementary Material. Time-activity-curves of
brainstem, striatum, cerebellum, Harderian glands, and petrous
bone were extracted from the dynamic emission sequences.
Brainstem and reference VOIs were employed for calculation of
the mean brainstem-to-striatum ratio for **F-T807 (40-60 min,
SUVRgst/sTR) and the brainstem-to-cerebellum ‘*F-THK5117
(30-60 min, SUVRgst/cpL), where SUVR is the standardized
uptake value ratio. A reader-independent coregistration was
established after validation of the optimal time window by
stability analysis of ratio TACs in the emission sequence for each
tracer. Further details are provided in Supplementary Methods.

Statistical Parametric Mapping (SPM)

For whole-brain voxel-wise comparisons of the two tau
tracers, SPM was performed using SPM5 routines (Wellcome
Department of Cognitive Neurology, London, United Kingdom)
implemented in MATLAB (version 7.1) (Rominger et al., 2013).
SUVR images were scaled by the tracer-specific reference region
before statistical analysis.

Immunohistochemistry

After completion of the final WPET scans, mice were killed
by cervical dislocation, and the brains rapidly removed. After
fixation by immersion overnight in 4% paraformaldehyde
at 4°C, brains were post-fixed in phosphate buffered saline.
Two representative 50 pm thick slices per animal were cut
in the sagittal plane using a vibratome (VT 1000 S, Leica,
Wetzlar, Germany). Free-floating sections were permeabilized
with 2% Triton X-100 overnight and blocked with I-Block™
Protein-Based Blocking Reagent (Thermo Fischer Scientific).
We obtained immunohistochemical labeling of microtubule-
associated protein tau (MAPT) using PAS5-27287 primary
antibody (Invitrogen, dilution 1:400) - recognizing amino
acids 1 - 286 of human Tau and the A-21244 secondary
antibody (Invitrogen, 1:500). The unbound dye was removed
by three washing steps with PBS, and the slices were then
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mounted on microscope slides with fluorescent mounting
medium (Dako, Germany). Images were acquired with a LSM
780 confocal microscope (Zeiss) equipped with a 40x/1.4
oil immersion objective. The excitation wavelength was
633 nm and emission was detected from 650 to 758 nm.
For each brain slice 3-dimensional 16 bit data stacks of
10240 pixels x 9216 pixels x 67 pixels were acquired from the
brainstem (area matching the VOI of PET) at a lateral resolution
of 0.35 um/pixel and an axial resolution of 1.0 pm/pixel. Whole
brain overview images were obtained by two-dimensional
acquisition.

To quantify tau volume load, we employed custom-
written Matlab software. Local background subtraction was
used to diminish intensity variations among different stacks.
Subsequently, MAPT was identified by applying the 80th
percentile as minimal intensity threshold. Noise was excluded by
applying a connected component analysis excluding patches of
contiguous voxels smaller than 1 pum. Within this tau 3D mask
contiguous patches with a minimum diameter of 3 pum in all
spatial directions were considered as tau-positive somata. These
analyses were performed by an operator who was blind to the
WPET results.

Statistics

Group comparisons of VOI-based PET results between TG and
WT mice (baseline and follow-up) were assessed by an unpaired
Student’s t-test using IBM SPSS Statistics (version 23.0; SPSS,
Chicago, IL, United States). Longitudinal data were compared
between baseline and follow-up by a paired Student’s t-test.
A threshold of p < 0.05 was considered to be significant for
rejection of the null hypothesis.

RESULTS

Overview

One P301S and one WT mouse died before the first PET scan.
Two P301S mice had to be euthanized after the follow-up '3F-
T807 scan due to poor health and did not receive the second *F-
THKS5117 scan. Resulting final animal numbers and PET SUVR
results by group are presented in Table 1.

Comparison of Tracer Characteristics

Head-to-head comparison of the TACs indicated a faster tracer
washout of F-THK5117 from whole brain when compared
to '8F-T807. Relative to the mean peak activity, 57% remained
at 10 min and 11% remained at 60 min after '*E-THK5117
injection, while 72% remained at 10 min and 26% at 60 min
after '*E-T807 injection (both contrasts p < 0.001; Figure 2A).
Radioactivity uptake in the petrous bone relative to the whole
brain uptake was 42% higher for '8F-T807 than 'E-THK5117
(p < 0.001) at 10 min post injection (p.i.), and +164% higher
at 60 min p.i. (p < 0.001) (Figure 2B). 'SF-THK5117 uptake
in the Harderian glands relative to the whole brain significantly
exceeded that for 8F-T807 after 15 min p.i. (+15%, p < 0.05),
with a widening gap between the two tracers until 60 min p.i.
(+32%, p < 0.001) (Figure 2C). A previously reported frontal
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cortex hotspot (Brendel et al., 2016) was evident in 31% of
BE.THK5117 SUVR images, but was absent in all '*E-T807
scans.

Dynamic Tau Imaging

TAC ratios (SUVRpst/sTr) for I8R_T807 stabilized after
30 min p.. in baseline and follow-up scans, with the 40-
60 min p.. interval period giving the best discrimination
between P301S and WT mice at 6 and 9 months of
age (Figures 3A,B). TAC ratios (SUVRgsr/cpL) of 'SF-
THKS5117 also stabilized after 30 min p.i. for baseline
and follow-up time scans, but the 30-60 min period p.i.
gave the best discrimination between P301S and WT mice
(Figures 3C,D).

VOI and SPM Analyses of Static SUVR

Images

I8E-T807 indicated significantly higher uptake in the brainstem
VOI of P301S mice when compared to WT mice at baseline
(+14%, p < 0.01) and follow-up PET scanning (+23%,
p < 0.001). Brainstem uptake of SF-THK5117 was slightly
elevated at baseline (+5%, p < 0.05) in the same contrast,
and increased further at follow-up (+10%, p < 0.05). Effect
sizes were distinctly higher for '®F-T807 brainstem uptake
when compared to '®F-THK5117 at both scanning ages
(Figure 4A). Utilization of the same reference regions resulted
in a loss of the significant results for 'F-T807 when the
modified cerebellum was used, and for F-THK5117 when
the modified striatum was used (see Supplementary Results).
The modified cerebellar reference region appeared to be
generally less affected by bone uptake for ®F-T807, but the
substantial bone uptake in some animals distinctly increased the
variance and made group results unreliable. Even a modified
striatal VOI degraded the otherwise significant results for 'SF-
THKS5117, most likely due to hot spot noted above. SPM
congruently showed higher T-scores for baseline and follow-
up contrasts of 'E-T807 in comparison to 'SF-THK5117
(Figures 4B,C). A comparison of T-score maps of both tau
ligands (P301S vs. WT; 9 months) indicated a high dice similarity
of 71%.

TABLE 1 | Demographics and result overview.

PET session Age SUVR SUVR WT Effect size
(months) P301S (d)

BL "8F-T807 6 1.11+£0.07** 0.97 +0.09 1.64
N=7) W=7

FU '8F-T807 9 1.18 £0.04*** 0.95+0.07 270
WN=T7) =17

BL "8F-THK5117 6 1.11+£0.04* 1.06+0.05 1.07
N=7) W=7

FU "8F-THK5117 9 1.16 £0.05*** 1.06 £0.09 1.49
(N=5) N=T7)

BL, baseline; FU, follow-up. P301S versus WT: *p < 0.05; **p < 0.01;
***p < 0.001; d, Cohen’s d.
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FIGURE 2 | Comparison of '8F-T807 and '8F-THK5117 wash-out from brain
(A) and uptake in adjacent extracerebral structures (B: Petrous bone; C:
Harderian glands).

Longitudinal Imaging of Tau Pathology in
P301S Mice

Longitudinal increases in SUVR between baseline and follow-up
scanning in P301S mice were 5.9 % 4.5% for "*E-T807 (p < 0.05)
and 4.7 & 4.4% for 'S E-THK5117 [p = not significant (n.s.)]. SPM
indicated comparable longitudinal changes in the brainstem of
P301S mice by both tracers. (Figures 5C,D). WT mice did not
show any longitudinal changes in SUVR for either tracer.

Immunohistochemical Validation

P301S mice revealed tau-positive staining predominantly in the
brainstem, and penetrating into the cerebellar peduncles, with
lesser amounts in the forebrain, and complete absence in the
cerebellar hemispheres, as previously demonstrated (Brendel
et al, 2016). Similarly, the striatum did not indicate any
tau deposition to immunohistochemistry. The tau burden was
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FIGURE 3 | Curves of ratios over time derived from dynamic PET imaging of '®F-T807 (A,B) and '®F-THK5117 (C,D). Red lines/squares show transgenic P301S
mice and black lines/circles indicate WT mice. Each point is the mean of 5-7 measurements, with error bars indicating SD.

154 + 1.5% per volume in the brainstem by the new 3-
dimensional approach. %-tau positively correlated with SUVR
of 'SE-T807 (R = 0.68, p = 0.21) and SUVR of '$F-THK5117
(R = 042, p = 0.48), although these associations did not reach
significance (Figure 6).

DISCUSSION

This is to our knowledge the first longitudinal small animal PET
study of tau distribution in a transgenic mouse model of tau
pathology, comprising an in vivo comparison of representatives
of the two currently most frequently used tau PET tracers.
Quantitation of the pyridoindole ligand ®F-T807 and the
arylquinoline ligand ®F-THK5117 present specific obstacles for
preclinical PET imaging, arising from the substantial uptake
in bone and Harderian glands, resulting in signal spill-in,
compounded by especially fast washout of brain signal from
18F-THKS5117. In addition, we again observed the inexplicable
accumulation of 'SF-THKS5117 at the frontal pole of some mice,
irrespective of the genotype. Despite these issues, the current
data provide compelling evidence that longitudinal preclinical
PET imaging of tau pathology in P301S mice is feasible with

v.frontiersin.org
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both radioligands. We found moderately superior sensitivity of
SE-T807 for the contrast of P301S versus age-matched WT
mice, compared to 'F-THK5117. Voxel-wise analysis of the
age-dependent increases in SUVR in P301S mice indicated high
regional similarity for the two ligands, suggesting that they are
both sensitive to tau accumulation in the brainstem.

Head to Head Comparison of '8F-T807
and 18F-THK5117

A strength of this study lies in the head-to-head dual tau tracer
assessment in the same animals examined within a span of only
a few days. By this approach, we were able to directly compare
E-T807 and 'SF-THK5117 labeling of tau pathology in the
brainstem of P301S mice at two different ages. Higher effect
sizes were observed with '*F-T807 for baseline and follow-up
comparisons of P301S versus WT groups. Thus, considering
results of the baseline scans, the detection threshold of tau
burden (%/area) in the brainstem of P301S mice is evidently
lower for '8F-T807 than for 'F-THK5117. This is in accord
with results of a recent study showing higher sensitivity for
1SE-AV-1451 in a head-to-head comparison *F-THK5351 by
PET imaging of AD patients in vivo (Jang et al, 2017). As
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FIGURE 4 | (A) Bar graphs show group mean SUVRs of P301S (red) and WT
(gray) mice for baseline and follow-up PET measurements of 18F.T807 and
18F.THK5117. Error bars indicate SD, effect sizes are given by Cohen's d.
Sagittal slices (median and 0.6 mm paramedian) show voxel-wise statistical
parametric mapping (SPM) between transgenic P301S and WT mice at
baseline (BL) and follow-up (FU) for '8F-T807 (B) and '8F-THK5117 (C).
SPM-maps are depicted upon a MRI mouse atlas and extracerebral voxels
are masked. The t-score threshold of 2 complies a significance threshold of
0.01 uncorrected.

histological tau burden is already present at the age of 6 months
in these mice (Brendel et al,, 2016), it seems that both ligands
are practically insensitive to early tau deposition in the rodent
brain. A limitation of our comparison lies in the impossibility
of using exactly the same reference region for both tracers.
While reasons for this difficulty are discussed below, we are
convinced that using the optimal reference tissue for either tracer
is a valid approach. Both reference tissues were lacking in tau
pathology to immunohistochemical analyses, which substantiates
their suitability, despite the lack of a single region optimal for
both tracers. In general, the signal of both radioligands was
only moderately increased (versus WT) at the follow-up PET
scan at 9 months of age, despite the very heavy tau burden in
the brainstem of P301S mice at this age (14-18%). The lower
histological tau concentrations in the frontal cortex were not
detected by either PET ligand irrespective of the TG mouse
age. In this regard, present results are consistent with our
previous 'SF-THK5117 investigation in the same TG mouse
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model (Brendel et al, 2016), although we note that percentages of
the newly developed 3-dimensional approach fell distinctly below
the earlier 2-dimensional immunobhistological assessment. This
is surely related to overlay effects arrising from a 2-dimensional
acquisition, were several cell layers are summed in the calculation
(illustrated in Figures 6B-D).

There is still some controversy about the specificity of
pyridoindole and arylquinoline ligands for non-AD tau, with
conflicting findings reported in vivo and in vitro (Chiotis
et al, 2016; Ishiki et al, 2016; Smith et al, 2016). Aged
P301S mice contain 4R tau, mainly occurring in a half-twisted
ribbon conformation typical of human frontotemporal dementia,
but they also express paired-helical filaments similar to those
occurring in AD (Allen et al,, 2002). Although both radioligand
classes showed binding to 4R non-AD tau in brain of patients
with corticobasal degeneration or progressive supranuclear palsy
in vivo (Josephs et al,, 2016; Hammes et al.,, 2017; Smith et al,,
2017), and likewise to post mortem examination (Josephs et al,
2016; Kikuchi et al,, 2016), other studies did not find significant
binding in 4R-tauopathies, e.g., using '*F-T807 (Coakeley et al,
2016; Marquie et al,, 2017). The ultrastructure of tau as expressed
in P301S mice might not be perfectly suited for high affinity
binding by ®F-T807 and '*F-THKS5117. This issue will only be
circumvented if sensitive and specific ligands for the 4R form of
tau are developed. For the present, translational comparisions
between tracer binding to tau in mice and humans should be
interpreted with caution as tau ultrastructures in mouse models
only partially match the human pathology.

We have also evaluated the arylquinoline 'F-THK5351 in
mouse models of tau pathology and WT mice. However, 18p.
THKS5351 proved to have such rapid kinetics in mouse brain
that specific tau signal in brain was overwhelmed by spill-in
from extra-cerebral regions (see Supplementary Results). Thus,
we elected to use the previsously evaluated arylquinoline'$F-
THKS5117 for the current study.

Challenges of Preclinical Tau PET

Bone uptake is more pronounced for F-T807 than to 'SF-
THKS5117 (Figure 2), but extracerebral binding must be taken
into consideration when planning the target and reference region
of preclinical tau PET studies with either of these ligands. In
general, bone labeling is indicative of hepatic defluorination of
the tracer, which is often more pronounced in rodents than in
humans or non-human primates. Present results suggest that
tracking of mouse cortical tau pathology may be favored with '$F-
THKS5117, due to the less contribution of signal spill-in than from
I8E_T807. On the other hand, imaging of tau in the frontal pole of
the cortex is problematic for '*F-THK5117 due to spill-over from
the Harderian glands, and the still inexplicable hot-spot signal in
about one third of mice with C57Bl/6 background, irrespective of
their transgenic status. Mice of other backgrounds do not seem to
be affected by the latter phenomenon (Brendel et al,, 2016). The
current brainstem target region (in the modified version) did not
indicate clear advantages or disadvantages for one or the other
of the ligands, although we chose in the present study to alter
its shape so as to better avoid spill-over from the petrosal bone,
which is pronounced in the case of '*F-T807 WPET.
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mice.

Another difficulty presented by tau PET with the arylquinoline  in vivo blocking experiments by MAO inhibitors were not
.- THKS5351 and also the pyridoindole '®F-T807 is off-target possible in the present cohort due to the high rate of drop-
binding to monoamine oxidases (MAO) A or B (Vermeirenetal, outs expected for aged TG exposed to additional scanning
2015; Ng et al,, 2017). A recent study has also indicated off-target ~ sessions. Thus, we cannot presently exclude a contribution of
binding of ®F-THK5117 to MAO-B in brain (Lemoine et al, MAO binding to the present findings with '3F-T807 and !SF-
2017), which might have been predicted from structural motifs. = THK5117 PET, although we note that the immunohistochemical
However, the contribution of MAO to the '*F-THK5117 binding ~ findings support our attribution of the PET results mainly to
signal in mouse brain remains to be established. Additional tau deposition. Most relevantly, MAO can be elevated as part
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of inflammatory responses in the course of neurodegenerative
diseases (Carter et al., 2012). If parts of the tracer signal in our
tau model indeed belongs to MAO binding, it will be necessary
to separate the binding components by pharmacological blocking
studies, or in double TG mice with knockout of MAO A or B.
Due to the configuration of our animal holder, we are unable
to obtain blood samples during the recording. This introduces
some variance due to individual differences in tracer metabolism,
although our use of SUVR values should largely compensate for
such factors.

Longitudinal Imaging

Present data give a first demonstration of the value of longitudinal
WPET imaging in tau transgenic models. The phenotype of
mouse models of neurodegenerative diseases is well-known to
show considerable heterogeneity, as seen in the present study
from the different baseline SUVR results of P301S mice for
both tau tracers in Figure 5. By recording the kinetics of tau
deposition in individual animals it should in future studies
be feasible to minimize possible biasing effects of differing
pathological trajectories depending on baseline differences. This
scenario is reminiscent of our earlier preclinical findings with
amyloid-PET, whereby individual responses to an anti-amyloid
treatment proved to be dependent on the amyloidosis at baseline
(Brendel et al, 2015). Thus, PET imaging of P301S mice
can be translationally used to monitor anti-tau drugs during
preclinical evaluation and this data will potentially lead to a better
understanding of tau-PET monitoring in humans. As a limitation
we note that longitudinal increases of MAO could as well lead to
a elevated PET signal due to off-target binding, however, recent
data in AD suggests different time courses for astrocytosis and
tau protein deposition (Scholl et al., 2015).

CONCLUSION

Longitudinal pPET imaging of tau pathology is feasible in
a preclinical setting using P301S mice. Analysis of brainstem
uptake showed '®F-T807 to be moderately superior to ' F-
THK5117 regarding sensitivity for preclinical tau imaging. The
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