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1. Einfuhrung

Die weltweite Anzahl der Demenz-Patienten wurde 2015 auf 46,8 Millionen geschéatzt
und wird sich nach Prognosen alle 20 Jahre fast verdoppeln [1]. Insbesondere
einkommensschwache Lander sind von diesem Anstieg stark betroffen. Aber auch in
Industrienationen, wie in den La&ndern der Europdaischen Union, betragt die Pravalenz
an Demenzpatienten in der Bevdlkerung tber 60 Jahre ca. 7 % und ab 90 Jahre steigt
dieser Anteil auf fast 40 % an [2]. Durch eine steigende Lebenserwartung und die
zunehmend alternde Bevdlkerung ist in den kommenden Jahrzehnten mit einer starken
Zunahme dieser Pravalenz zu rechnen. Die daraus resultierende Kostenbelastung des
Gesundheitssystems in Europa lag 2019 bereits bei etwa 439 Milliarden US-Dollar,
was einem durchschnittlichen Kostenaufwand von etwa 27.815 Euro pro Patient
entspricht und damit dem durchschnittlichen Brutto-Inlandsprodukt pro Kopf in Europa
(ca. 31.000 Euro) nahe kommt [3]. Ca. 50 % dieser Kosten entfallen auf die Pflege
durch Angehdrige [4]. Ab dem 60. Lebensjahr gehért Demenz zu den zehn haufigsten
Ursachen fir einen Verlust an gesunden Lebensjahren, die durch eine Behinderung
verloren gehen [5] und etwa 2/3 der Falle sind auf eine Alzheimer-Erkrankung
zuruckzufihren [4]. Es ist von essenzieller Bedeutung, diesem Trend einerseits durch
eine sichere und friihzeitige Diagnosestellung und andererseits durch die Entwicklung
kausaler Therapien und Praventionsstrategien entgegenzuwirken. Neben nicht-
medikamentbésen MalRnahmen, wie Physio- und Ergotherapie, wird in der klinischen
Praxis  medikamentdés lediglich  eine  symptomatische  Therapie mit
Acetylcholinesterase-Inhibitoren und NMDA-Rezeptor-Antagonisten angewandt [6].
Seit 2023 ermdglichen die kirzlichen Zulassungen spezifischer Antikdrpertherapien
gegen B-Amyloid-Aggregate mit Aducanumab und Lecanemab in den Vereinigten
Staaten erstmals auch eine verlaufsmodifizierende Therapie in den frihen

Krankheitsstadien [7, 8]. Dies betont die Bedeutung krankheitsspezifischer Biomarker,
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die zu einer friihen Diagnosestellung beitragen kénnen. Durch die Entwicklung nicht-
invasiver und moglichst sensitiver Biomarker wie der PET-Bildgebung kdnnen bereits
frihzeitig Muster eines erhohten Risikos, an einer Alzheimer-Demenz zu erkranken,
erkannt werden [9]. Aktuell dauert es bis zur Diagnose einer Alzheimer-Erkrankung bei
Patienten unter 65 Jahren, die von einer verlaufsmodifizierenden Therapie profitieren
kénnten, durchschnittlich 5,5 Jahre [10]. Solche Biomarker tragen nicht nur zu einer
verbesserten Diagnose bei, sondern auch zu einem tieferen &atiologischen Verstandnis
der Erkrankung und geben Aufschluss Uuber individuelle Verlaufe sowie die

Wirksamkeit neuer kausaler Therapieansatze.

1.1 Pathophysiologie der Alzheimer-Erkrankung

Die Akkumulation von extrazellularen B-Amyloid-Plagues, intrazellularen Neurofibrillen
bestehend aus hyperphosphoryliertem Tau-Protein sowie die Initiierung
neuroinflammatorischer Mechanismen werden als etablierte pathophysiologische
Charakteristika der Alzheimer-Erkrankung betrachtet [11-14]. Die genaue Kausalitat,
sowie zeitliche und raumliche Abfolge der neuropathologischen Prozesse, die zum
Verlust der Synapsen und Nervenzellen fiihren, sind nicht abschliel3end geklart [15,
16]. Der Schaden an Synapsen und deren Untergang scheint am starksten mit der
kognitiven Beeintrachtigung bei Alzheimer Demenz (AD) zu korrelieren [17] und dem

Verlust von Nervenzellen vorauszugehen [18, 19].

Durch die pathologische Spaltung des transmembranen Amyloid-Vorlauferproteins
(APP) durch B- und y-Sekretasen [20, 21] kommt es zu einem Ungleichgewicht an
Produktion und Ausscheidung verschiedener Isoformen von (B-Amyloid [22]. Die

progressive Akkumulation von [(-Amyloid fuhrt zur Bildung neurotoxischer Ap-



Oligomere und Fibrillen als Hauptbestandteile extrazellularer Plaques [23, 24], welche

bereits Jahrzehnte vor klinischen Symptomen auftreten kdnnen [25, 26].

Intrazellulare Neurofibrillen werden durch Aggregate des Mikrotubuli-assoziierten
Proteins Tau (MAPT) gebildet [27], welches unter anderem den intrazellularen Vesikel-
Transport gewahrleistet [28, 29].

In hyperphosphoryliertem Zustand verliert Tau seine biologische Aktivitat und
Bindefahigkeit an Tubulin, wodurch die Organisation der Mikrotubuli beeintrachtigt wird
[28]. Als Ursache daflr werden abnormale posttranslationale Modifikationen vermutet
[30, 31]. Durch die Bindung normaler Tau-Proteine und weiterer Mikrotubuli-
assoziierter Proteine (MAP 1 und 2) wird die Bildung und Stabilitat der Mikrotubuli
weiter gestort [32]. Dieser neurotoxische Effekt zeigt sich jedoch durch die
Dephosphorylierung des hyperphosphorylierten Tau-Proteins reversibel [33]. Die Tau-
Pathologie breitet sich Prionen-ahnlich Uber neuronale Schaltkreise entlang eines
stereotypen Musters im menschlichen Gehirn aus [11, 34] und tragt dadurch zum

progressiven Absterben von Neuronen bei [35].

Der Neuroinflammation werden Uber den Abbau der AB-Ablagerungen durch die
Aktivierung von Mikroglia sowohl positive Effekte auf die neuronale Dysfunktion
zugesprochen als auch negative Effekte durch die vermehrte Ausschittung
zytotoxischer Substanzen [36]. Die Mikroglia-Aktivierung fiihrt zu einer Phagozytose
der Synapsen, kann die Ausbreitung der Tau-Pathologie verstarken [37] und zur

Aktivierung neurotoxischer Astrozyten fiihren [38].
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1.2 Mausmodelle der Alzheimer-Krankheit

Transgene (Tg) Mausmodelle haben seit den 1990er-Jahren mal3geblich zur weiteren
Aufklarung der pathophysiologischen Prozesse bei der Alzheimer-Erkrankung und
Identifizierung therapeutischer Ziele beigetragen [39]. Die ersten Generationen dieser
Modelle basierten grof3tenteils auf Mutationen, die zur Ausbildung der autosomal-
dominant vererbten familiaren Alzheimer Demenz (FAD) fuhren. Wesentliche Gene
sind dabei das B-Amyloid Precursor Protein (APP)-Gen [40] und die fur die
Untereinheit der y-Sekretase kodierenden Presenilin-1- und -2-Gene [41]. Im Verlauf
folgte die Entwicklung von Tauopathie-Mausmodellen mit Mutationen im MAPT-Gen.
Die JNPL3-Linie mit Expression der P301L-Mutation war das erste Tg-Mausmodell der

Tauopathie [42].

Die transgene Mauslinie B6.PS2APP koexprimiert homozygot Mutationen im humanen
APP-Gen und im Presenilin-2 (PS2)-Gen [43]. Erste AR Plaques sind im Alter von 6
Monaten im frontolateralen Kortex sowie im Hippocampus festzustellen, bevor sie sich
Uber den Grof3teil des Neokortex sowie des Thalamus und im Bereich der Ponskerne

ausbreiten [44]. Im Alter von 8 Monaten werden erste kognitive Defizite erkennbar [45].

Das APPPS1-Mausmodell exprimiert ebenfalls eine Doppelmutation im APP-Gen und
im Presenilin-1 (PS1)-Gen [46]. Erste AB-Ablagerungen treten in der 6. bis 8. Woche
auf [46], reichlich ausgepréagt im Hippocampus und Kortex im Alter von 9 Monaten [44],

und kognitive Defizite ab einem Alter von 7 Monaten [39].

Als ein weiteres 3-Amyloid-Mausmodell, welches auf einer APP-Gen-Mutation basiert,
ist das AppN-GF-Mausmodell ein Knock-in-Mausmodell bestehend aus drei

integrierten Mutationen im APP-Gen [44]. Dadurch kommt es nach 2 Monaten im

11



Cortex zu einer gesteigerten AB42-Produktion, zu vermehrter Amyloid-Plaque-Bildung
und zu vermehrter Plaque-Akkumulation [47]. Defizite im rdumlichen Lernen und

Gedachtnis treten im Alter von 6 Monaten auf [44].

Das Tau-Mausmodell P301S exprimiert durch eine homozygote Mutation im MAPT-
Gen eine menschliche Isoform von hyperphosphoryliertem Tau (ON4R), welches sich
im Alter von 5 bis 6 Monaten im Kortex, Hippocampus und besonders ausgepragt im
Hirnstamm und Rickenmark nachweisen lasst [48]. Schwere motorische Defizite und
eine Paraparese treten ab 5 Monaten und kognitive Defizite im raumlichen Lernen

bereits ab 2,5 Monaten auf [49].
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1.3 Alzheimer als Netzwerk-Erkrankung

In den letzten Jahren hat sich das Verstandnis der Alzheimer-Erkrankung zunehmend
in Richtung einer cerebralen Netzwerk-Erkrankung entwickelt. Die genauen kausalen
Zusammenhange, die zu den Veranderungen interregionaler Hirnnetzwerke und den
kognitiven Defiziten fiihren, sind jedoch noch nicht vollstandig geklart. Es wird
vermutet, dass eine Stoérung der Synchronitdt spezifischer Netzwerke der
Gedachtniskodierung, sowohl durch Aktivierungs- als auch Deaktivierungsdefizite als
Ursache in Frage kommt und dass diese Verdnderungen bereits Jahrzehnte vor dem
Auftreten der Symptome einer Alzheimer-Demenz auftreten kdnnen. [50, 51].

Ein charakteristisches und frihzeitiges Muster der Alzheimer-Erkrankung besteht in
der Atrophie und einem reproduzierbaren Hypometabolismus im posterioren
cingularen Kortex (PCC) und im parieto-temporalen Kortex [52, 53]. Der PCC ist
gemeinsam mit dem medialen préfrontalen Kortex und dem unterem Parietallappen
Teil des ,Default Mode Network® (DMN), einem funktionellen Netzwerk, das bei
gesunden Probanden im ruhenden, aufgabenfreien Zustand aktiviert ist [53, 54]. Es
wurde festgestellt, dass eine hippocampale Aktivierung wahrend bestimmter
Aufgaben, ohne angemessene Deaktivierung des DMN, mit einer beeintrachtigten
Gedachtnisbildung bei gesunden Probanden assoziiert ist [50]. Bei Patienten mit einer
Alzheimer-Erkrankung wurden ein Verlust der Verbindungen zwischen dem PCC und
anderen temporalen, parietalen und prafrontalen Knoten des DMN [55] sowie eine
beeintrachtigte Deaktivierung des DMN wahrend des Lernens festgestellt [56].

Eine gestorte Deaktivierung von Komponenten des DMN zeigt enge Verbindungen zu
Amyloid-Ablagerungen bei Patienten mit und ohne Alzheimer-Pathologie [57]. Kognitiv
normale &ltere Erwachsene mit Anzeichen von Amyloid-Ablagerungen weisen im
Vergleich zu Menschen ohne solche Ablagerungen eine reduzierte funktionelle

Verbindung im DMN auf [58] und ein linearer Zusammenhang zwischen der Amyloid-
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Belastung und der Beeintrachtigung der funktionellen Konnektivitat konnte
nachgewiesen werden [59]. Im Prodromalstadium der Alzheimer-Erkrankung ist die
Amyloid-Akkumulation im postero-medialen Kortex, inklusive PCC, mit einer
Hypoaktivitat im DMN assoziiert [60] und im Endstadium besteht eine erhebliche
topographische Ubereinstimmung zwischen den Gehirnregionen des DMN und den
Amyloid-Ablagerungen [61].

Aber auch die Tau-Pathologie zeigt einen engen Zusammenhang mit Veranderungen
der funktionellen Konnektivitat, da Regionen, die stark funktionell mit Gebieten hoher
Tau-Belastung verbunden sind, selbst auch einen hohen Gehalt an
hyperphosphorylierten Tau-Aggregaten aufweisen [62]. Es besteht eine bessere
Ubereinstimmung der Tau-Kovarianzmuster in AD, gemessen mit [*8F]Flortaucipir-
PET mit funktionellen Netzwerken junger gesunder Erwachsenen, was die Annahme
stutzt, dass sich die Tau-Pathologie Uber umschriebene Gehirnnetzwerke ausbreitet
[63, 64]. Eine erhdhte Signalaufnahme im Tau-PET h&ngt mit einer Hypokonnektivitat
im DMN im Frihstadium der typischen amnestischen AD zusammen [65, 66]. Im
Gegensatz zu der identischen Verteilung der B-Amyloid-Pathologie in allen AD-
Subtypen (wie der posterioren kortikalen Atrophie, der logopenische Variante der
primar progressiven Aphasie oder der dysexekutiven Variante der AD) [67], korrelieren
die Muster der Tau-Akkumulation besser mit der heterogenen klinischen Symptomatik
und Topologie der Neurodegeneration, die es im phanotypischen Spektrum der
Alzheimer-Erkrankung gibt [64]. Ebenso zeigte sich eine bei Patienten mit atypischer
AD im MCI-Stadium sowie bei der typischen amnestischen Erscheinungsform ein

Verlust der funktionellen Konnektivitat zwischen Temporal- und Parietalknoten [68].

1.4 PET-Bildgebung von Glukosestoffvechsel und Neuroinflammation beim

Morbus Alzheimer
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Das [*®F]-Fluordesoxyglucose (FDG)-PET liefert als molekularer in vivo Biomarker zur
Visualisierung des Glukosestoffwechsels, mit einer hohen Sensitivitat (91 %) und
Spezifizitat (86 %), wertvolle Informationen zur Diagnose, Differentialdiagnose und
Beurteilung des Krankheitsverlaufs der Alzheimer-Erkrankung [69, 70] und Ubertrifft in
der prodromalen Phase sogar Liquor-basierte Biomarker in der Vorhersage des

Krankheitsverlaufs [71].

Durch Veranderungen des cerebralen Glucosestoffwechsels, der im Wesentlichen die
synaptische glutamaterge Aktivitat widerspiegelt [72, 73], kbnnen Rckschlisse auf
die Gehirnaktivitdt gemacht werden. Ein synaptischer Funktionsverlust fihrt zu einer
Abnahme des neuronalen Energiebedarfs, was zu einem verminderten
Glucosestoffwechsel fuhrt. Es lasst sich daher annehmen, dass der
Hypometabolismus bei der Alzheimer-Erkrankung den Verlust der synaptischen

Aktivitdt und Dichte widerspiegelt [74].

Regionale Unterschiede im Hypometabolismus erlauben eine Trennung zwischen
einer Alzheimer-Demenz, einem MCI-AD, anderen neurodegenerativen Erkrankungen

und einem Hypometabolismus durch physiologisches Altern [9, 75].

Zur Bildgebung der Neuroinflammation ist das mitochondriale 18kDa-
Translokatorprotein (TSPO) das am haufigsten verwendete Ziel angewandter Tracer.
Es handelt sich dabei um ein in der duReren Mitochondrienmembran exprimiertes
Protein steroid-synthetisierender Zellen des zentralen Nervensystems, zu denen unter
anderem Mikrogliazellen und Astrozyten gehdren [76]. Als Tracer der dritten
Generation bietet [*®F]GE-180 den Vorteil einer bessern Durchlassigkeit der Blut-Hirn-

Schranke und eines optimierten Kontrastverhaltnisses von Signal zu Hintergrund [77].
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In Patienten mit AD sowie in AD-Tiermodellen wurde eine vermehrte Expression von
TSPO in aktivierten Mikrogliazellen festgestellt [78] sowie eine hohe Korrelation mit

Tau und Amyloid [79].

1.5 PET-Studien zur metabolischen Konnektivitdit am Menschen und Kleintieren

Die Gehirnfunktion ist durch ein Zusammenspiel aus biochemischen und
physiologischen Prozessen innerhalb neuronaler Netzwerke gekennzeichnet. Es ist
von grof3em Interesse, krankheitsspezifische zeitliche und raumliche Veranderungen
betroffener Netzwerke auf neuronaler Ebene, statt allein auf der Ebene von
Veranderungen einzelner Gehirnregionen, besser zu verstehen. Gehirnnetzwerke
kénnen als funktionelle Konnektivitat mithilfe elektrophysiologischer und bildgebender

Verfahren erfasst werden [80].

Unter den bildgebenden Modalitaten ermdglicht FDG-PET neben der Darstellung
regionaler Glukoseaufnahme auch die Untersuchung der metabolischen Konnektivitat
(MC) durch Bericksichtigung des gesamten Bildmusters [53]. Die metabolische
Konnektivitdt impliziert eine  Wechselwirkung zwischen unterschiedlichen
Gehirnregionen [81]. Durch die Korrelation der neuronalen Aktivitait an mehreren
Standorten, gemessen an der FDG-Aufnahme als Parameter fir den
Energieverbrauch, kann der Grad der Synchronitat zwischen neuronalen Populationen

bestimmt werden [50].

In einer klinischen Studie, konnte gezeigt werden, dass ein Verlust der metabolischen
Konnektivitat, insbesondere des posterioren cingularen Kortex (PCC), dem dortigen

Hypometabolismus als Zeichen synaptischer Degeneration vorausgeht [53]. Ein

16



Verlust der Konnektivitat zwischen dem PCC und dem Hippocampus erwies sich als
Gemeinsamkeit bei allen AD-Subtypen, was auf ein charakteristisches Merkmal der
Alzheimer-Erkrankung schlieBen lasst [82]. Regionale Unterschiede in den
Netzwerkveranderungen zwischen den AD-Subtypen sind allerdings auch erkennbar
[82]. Ebenso konnten stadienabhangig signifikante Veranderungen der metabolischen
Konnektivitat in depressionsassoziierten Netzwerken des dopaminergen mesocortico-
limbischen Signalwegs bei Alzheimererkrankten festgestellt werden [83].

Bei Patienten mit Lewy-Body-Demenz, die einen fortgeschrittenen Dopaminverlust
und mittlere bis schwere Nigrostriatale-Degeneration aufweisen, wurde ein Verlust der
metabolischen Konnektivitat im limbischen System und den Basalganglien im
Vergleich zu gesunden Kontrollen beobachtet, was die Verbindung zwischen

Dopaminverlust und dem Gehirnstoffwechsel unterstitzt [84].

Praklinische Studien an B-Amyloid- und Tau-Mausmodellen ermdglichen spezifischere
Analysen einzelner pathologischer Merkmale von AD, wie beispielsweise die der
Auswirkung der Mikroglia-Aktivitat auf die metabolische Konnektivitat [85] oder um den
metabolischen Beitrag von Astrozyten im Rattengehirn zu veranschaulichen [86].
Allerdings wurde MC bisher noch nicht in groRem Umfang fir die Untersuchung der
Neurodegeneration in transgenen Mausmodellen neurodegenerativer Erkrankungen

eingesetzt.
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1.6 Abgeleitete Fragestellung

Die klinische Interpretation der FDG-PET-Bildgebung hat durch ihre hohe Sensitivitat
bei Verdacht auf eine Alzheimer-Erkrankung weiterhin einen hohen diagnostischen
Wert [87]. Insbesondere zur Friherkennung ist ein Alzheimer-typischer
Hypometabolismus im Vergleich zu anderen diagnostischen Modalitdten (MRT,

Liquor) meist friher erkennbar [69, 71].

In den letzten Jahren ist das Interesse an der Erforschung der Auswirkungen der
Alzheimer-Erkrankung auf zerebrale Netzwerke zunehmend, nicht zuletzt aufgrund
des potenziellen Nutzens der funktionellen Konnektivitat als Biomarker fur
Krankheitsstadium, -risiko und -prognose [88]. Die molekulare Bildgebung mittels
[*®F]FDG-PET ist dabei ein vielversprechendes Werkzeug, da sie die Nutzung der-
Daten zur Bestimmung der metabolischen Konnektivitat ermdglicht [80]. Zur weiteren
Anwendung und Bewertung der Methode muss diese auf ihre Validitat und
Reproduzierbarkeit untersucht werden. Zur praklinischen Anwendung an
spezifischen Mausmodellen mit neurodegenerativer Erkrankung existieren dazu

jedoch nur wenige Studien.

In dieser Arbeit wurde daher die Anwendbarkeit und das Verfahren der
metabolischen Konnektivitat an Mausmodellen mit und ohne B-Amyloid- bzw. Tau-
Pathologie untersucht und mit Ergebnissen der kognitiven Verhaltenstestung
verglichen. Das Verfahren wurde hinsichtlich optimaler Auswertung, Einfluss des

Anasthetikums und Inter-Scanner-Reproduzierbarkeit untersucht.

Daruber hinaus wurde der Einfluss des Geschlechts auf die Mikrogliaentziindung in

den verwendeten B-Amyloid- und Tau-Mausmodellen analysiert.
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2. Inhalt der Promotionsarbeit

2.1  Validitdt und Wert der metabolischen Konnektivitat in Mausmodellen fir B-

Amyloid und Tauopathie

Obwohl die Methodik der metabolischen Konnektivitat bereits bei verschiedenen
Fragestellungen am Menschen [83, 84] sowie an verschiedenen Nagetiermodellen
[86, 89] angewendet wurde, richtete diese Studie ihren Fokus darauf, erstmals eine
methodische Grundlage dieser Technik am Mausmodell zu etablieren. Durch
Validierungsanalysen sollte die Anwendbarkeit dieser Methode an Mausmodellen, die
mit B-Amyloid und Tau assoziiert sind, nachgewiesen werden. Alle in dieser Studie
prasentierten Daten  wurden unter  Verwendung  bereits  etablierter
Untersuchungsmethoden an unserem Institut gewonnen, die in zahlreichen Studien

mit transgenen Mausmodellen erfolgreich angewendet wurden [90].

Es erfolgte die Analyse von [*¥F]JFDG-UPET-Daten an zwei Mausmodellen mit B-
Amyloid (PS2APP und APPPS1), einem Mausmodell mit Tau-Pathologie (P301S) und

24 weiblichen PS2APP-

altersgleichen Wildtypen. Die Aufnahmen wurden an n

Mausen, n = 16 altersgleichen weiblichen Wildtypen, n = 16 weiblichen APPPS1-
Mausen und n = 25 altersgleichen weiblichen Wildtypen durchgefiihrt. Zur Uberpriifung
der Inter-Scanner-Vergleichbarkeit wurden an einer kleineren Kohorte von n = 12
APPPS1-Mausen und altersgleichen n = 17 Wildtypen-Aufnahmen im FDG-UPET/MR
generiert. Als Tau-Mausmodell wurden n = 32 weibliche P301S-Mause und n = 32
altersgleiche Wildtypen untersucht. An allen Modellen wurde eine kognitive

Verhaltenstestung mittels des Morris-Wasserlabyrinths durchgefuhrt. Zusatzlich wurde

der Einfluss der Anasthesie auf die metabolische Konnektivitat durch einen direkten

19



Vergleich an n= 11 weiblichen Wildtyp-Mausen untersucht, die jeweils einen Scan im

Wachzustand und unter Isofluran-Narkose erhielten.

Zur Berechnung der interregionalen metabolischen Konnektivitat wurde auf
funktionelle Einheiten und Gehirnnetzwerke in der Maus basierend, ein Set aus
verschiedenen dreidimensionalen Zielvolumina erstellt, um das [*®F]FDG-UPET-Signal

und die metabolische Aktivitat zu messen (Abb. 1). Alle Hirnregionen wurden gemaf

dem Allen Maus Hirn Atlas definiert.

Abbildung 2.1-1: yPET-Zielregionen

Die definierten Zielregionen im Mausgehirns umfassen bilateral das Ammonshorn mit den Abschnitten
1 (CA1) (hellgriin) und 3 (CA3) (dunkelgriin), den Thalamus (rot), die Amygdala (blau), den entorhinalen
Cortex (hellorange), den piriformen Cortex (tlrkis), den visuellen (gelb), auditiven (pink), motorischen
(hellblau), und somatosensorischen (lila) Cortexbereich sowie den Hypothalamus (orange), das

Kleinhirn (blau) und den Hirnstamm (blau).

Zur Auswahl der Skalierung unserer Daten wurden herkémmliche Standard-

Gewicht
injizierte Aktivitat

Aufnahmewerte (SUV = x ) und relative Standard-Aufnahmewerte zur

VoI
Globaler Mittelwert

Referenzregion des globalen Mittelwertes (SUVR = ) gewonnen. Die
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Simulationsanalyse zur Bestimmung der Quadratwurzel des mittleren quadratischen

Fehlers (RMSE = \/ZUCC”";S_ICCWT)Z) mit abnehmender KohortengroRe ergab einen
ICC

vergleichbaren Fehler zwischen beiden Skalierungsmethoden ab einer Kohortengrof3e
von 12 Mausen (Abb. 2A). Die SUVR-Skalierung weist in den intra-neokortikalen
Verbindungen allerdings hohere EffektgroRen der Interkorrelationskoeffizienten
zwischen P301S-Mausen und Wildtyp-Méausen auf (Abb. 2B). Daraus lasst sich
ableiten, dass SUVR eine empfindlichere Anzeige fiir Unterschiede der metabolischen

Konnektivitat zwischen P301S-Mausen und WT darstellt.

A B
0.6 0.8+ ’ :
—— ICCs mit SUVR P301S @ ICCs mitSUVR A ICCs mit SUV
Daten Daten
’ (FDG 6.4M, Global (FDG 6.4M)
ICCs mit SUVR WT
0.6 Mean) . ® ]
w 0.4+ —-=:= ICCs mit SUV P301S T | Rt
H 5 o A e
= ICCs mit SUV WT £ 0.4+ o
© @
0.2
0.2- e®
A
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T
0.0 0.0 A_ad s 1
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Kohortengrésse Kohortengrosse

Abbildung 2.1-2: Simulationsanalyse zur Read-out-Bestimmung

A Quadratwurzel des mittleren quadratischen Fehlers (RMSE) der Summe der
Interkorrelationskoeffizienten (ICCs) basierend auf SUV- und SUVR-Werten und in Abhangigkeit der
StichprobengréfRe bei P301S- und Wildtyp-Mausen. B EffekigroRen (Cohen‘s d) der ICCs in den
intraneokortikalen Verbindungen zwischen P301S- und Wildtyp-Mausen in Abhangigkeit der

Stichprobengrof3e, abgeleitet aus SUV- und SUVR-Werten.

Bei der Gegenuberstellung von [*F]JFDG-UPET-Scans von Wildtyp-Mausen nach
erfolgter Tracer-Injektion, jeweils im Wach- und Anasthesiezustand, zeigten sich in den
meisten untersuchten Volumes-of-Interest (VOIs) vergleichbare SUVR-Werte.

Lediglich im piriformen Kortex wurde eine signifikant reduzierte [*®F]JFDG-Aufnahme
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unter Isofluran festgestellt. Im Gegensatz dazu war die [*¥F]FDG-Aufnahme im
Hypothalamus und in der Amygdala erhoht unter Isofluran (Abb. 3A). Die
Netzwerkmuster in den Korrelationsmatrizen waren vergleichbar, quantifizierbar an

einer starken Gesamtkorrelation zwischen den ICCs der beiden Matrizen (Abb. 3B-

C).
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Abbildung 2.1-3: Vergleich zwischen Tracer-Injektion im Wach- und Anésthesiezustand

A [*®F]FDG-SUVR-Werte. B Korrelationsmatrix mit ICCs fir alle 23 analysierten Hirnregionen. C

Korrelationen zwischen ICCs fir alle 23 analysierten Hirnregionen
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Ein direkter quantitativer Vergleich zwischen beiden Zustanden zeigte ebenso keinen
signifikanten Unterschied in den durchschnittlichen ICCs, sowohl in den kortikalen als

auch in den subkortikalen Verbindungen (Abb.4).
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Abbildung 2.1-4: Vergleich der durchschnittlichen ICCs (AVG ICC) in kortikalen und
subkortikalen Verbindungen zwischen Untergruppen von Mausen mit Tracer-Injektion im

Wachzustand und unter Isofluran-Narkose.

In einem Inter-Scanner-Vergleich zur Uberpriifung der Reproduzierbarkeit wiesen die
ICCs im APPPS1 B-Amyloid-Mausmodell und in den altersentsprechenden Wildtypen
eine starke Korrelation auf, sowohl bei der Betrachtung aller Verbindungen als auch
fur intraneokortikale Verbindungen allein (Abb. 6A-B). Auch die durchschnittlichen
ICCs der intraneokortikalen Verbindungen ergaben keinen signifikanten Unterschied
zwischen pPET- und pPET/MR-Scanner (Abb. 6C). Insgesamt zeigen die Ergebnisse

eine robuste Reproduzierbarkeit zwischen beiden Scannern.
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Abbildung 2.1-5: Korrelationsmatrix der ICCs fiur alle 23 VOIs und intra-neokortikale

Verbindungen (schwarzer Rahmen).
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Abbildung 2.1-6: Reproduzierbarkeitsanalyse der metabolischen Konnektivitat zwischen pPET-

und WPET/MR-Scannern fiir APPPS1- und Wildtyp-Mause.

A Korrelation der ICCs fiir alle 23 VOI-Regionen. B Korrelation der intraneokortikalen ICCs. C Vergleich

der durchschnittlichen intraneokortikalen ICCs (Average ICCs).

In der regionalen Konnektivitatsanalyse ergaben sich in beiden p-Amyloid-
Mausmodellen PS2APP und APPPS1 keine signifikanten Unterschiede der
metabolischen Konnektivitat im Vergleich zu den altersgleichen Wildtypen in den intra-
neokortikalen Verbindungen. In PS2APP-Mausen liel3 sich jedoch ein signifikanter
Verlust in den Verbindungen zum Hippocampus und zur Amygdala feststellen. Im
APPPS1-Modell konnte nur in den Verbindungen zwischen Kortex und Subkortex ein

signifikanter Verlust gemessen werden (Abb. 7)

Im Vergleich zu altersgleichen Wildtypen zeigte das P301S Tau-Mausmodell in allen
regionalen Netzwerkeinheiten einen signifikanten Verlust der Konnektivitat. Am
ausgepragtesten jedoch in den intraneokortikalen Verbindungen und in den
Verbindungen zum Hirnstamm, aber auch in den Netzwerkverbindungen des

raumlichen Lernens (Abb. 7).
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Abbildung 2.1-7: Vergleich des durchschnittlichen ICC (AVG ICC) von PPET-SUVR-Daten

zwischen verschiedenen transgenen (TG) Mausmodellen und entsprechenden Wildtyp (WT)-

Kontrollen
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Die qualitative Validierung der Ergebnisse aus der MC-Analyse bezogen auf
motorische Funktionen und Funktionen des raumlichen Lernens mit denen der
konventionellen  VOl-basierten SUVR-Werte und den Ergebnissen der
Verhaltenstestung im MWM wurde in einer Ubersichtstabelle veranschaulicht (Abb. 8).
In beiden Mausmodellen der Amyloidose wurden keine signifikanten Veranderungen
des motorischen Netzwerks beobachtet. Damit Gbereinstimmend konnte in PS2APP-
und APPPS1-Mausen ebenso keine signifikante Geschwindigkeitsreduzierung in der
Verhaltenstestung festgestellt werden. Die VOI-basierten SUVR-Werte zeigten sich
allerdings mit einem ausgepragten Hypermetabolismus der Regionen des Motorkortex
in beiden B-Amyloid-Mausmodellen dazu abweichend. Im P301S-Mausmodell wurde
ein signifikanter Verlust der motorischen Funktion beobachtet entsprechend ein
Konnektivitatsverlust zwischen motorischen und verbleibenden kortikalen VOIs in
diesem Tau-Modell, wahrend die konventionellen SUVR-Analysen Kkeinen

signifikanten Unterschied erkennen.

Die konventionelle VOIl-basierte Analyse zeigte ebenso keinen signifikanten
Unterschied zwischen den transgenen Mausmodellen PS2APP- und P301S-M&ausen
und entsprechenden Wildtypen in Gehirnregionen, die mit rdumlichem Lernen
verbunden sind. In den intrasubkortikalen Verbindungen, die an r&umlichen
Lernprozessen beteiligt sind, konnte durch die MC-Analyse ein signifikanter
Konnektivitatsverlust im PS2APP-Modell sowie im P301S-Modell nachgewiesen
werden, womit sich die MC in Ubereinstimmung mit den Ergebnissen der
Verhaltenstestung zeigt. Beide transgenen Mausmodelle schnitten bei den raumlichen
Lernfunktionen schlechter ab als die entsprechenden Wildtypen, gemessen an der
Fluchtlatenz. In den APPPS1-Mausen konnte in der ICC-Analyse ein geringflgiger,

jedoch nicht signifikanter Verlust der Netzwerkverbindungen zum Hippocampus
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beobachtet werden, wahrend die VOI-basierten SUVR-Daten einen signifikanten
Hypermetabolismus in den Hippocampusregionen aufwiesen. Die Ergebnisse der
Verhaltenstestung ergaben einen signifikanten Verlust rdumlicher Lernfunktionen.
Somit zeigte sich auch in diesem Mausmodell eine bessere Ubereinstimmung der MC
mit den Ergebnissen der Verhaltensanalyse, was vermuten lasst, dass MC im
Gegensatz zur konventionellen VOI-basierten Methode weniger anféllig fur durch

Mikroglia-Entziindungen bedingte Veranderungen der [*8F]JFDG-Aufnahme ist.

Spatial
learning /Q

SUVR

G Signifikante Zunahme bei transgenen Mausen (TG) im Vergleich zu Wildtyp-Mausen (WT) in dieser Modalitat
Q Kein signifikanter Unterschied zwischen TG und WT in dieser Modalitat

Q Signifikante Abnahme bei transgenen Mausen (TG) im Vergleich zu Wildtyp-Mausen (WT) in dieser Modalitat
Abbildung 2.1-8: Zusammenfassung der signifikanten Unterschiede (p > 0,05) zwischen

verschiedenen transgenen (TG) Mausmodellen und entsprechenden Wildtypen (WT).

Gegentiberstellung der Analyse von [*®F]JFDG-UPET SUVR, metabolischer Konnektivitat (MC) und
Verhalten (MWM). A Motorische Funktionen (SUVR = [*F]FDG-UPET-Aufnahme in motorischen
Cortex-VOIs; MC = durchschnittlicher ICC in Verbindungen des motorischen Cortex; MWM =
Durchschnittliche Geschwindigkeit). B Raumliches Lernen (SUVR = [®F]FDG-puPET-Aufnahme in
hippocampalen VOlIs; MC = durchschnittlicher ICC in intra-subkortikalen Verbindungen; MWM =

durchschnittliche Fluchtlatenz).
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2.2 Die Mikroglia-Aktivitat wird durch das Geschlecht in Amyloid Mausmodellen,

nicht jedoch in Tau-Mausmodellen beeinflusst.

In meiner Koautorschaft war das Ziel, den Einfluss des Geschlechts auf die Mikroglia-
Aktivierung an Mausmodellen mit neurodegenerativer Erkrankung zu untersuchen.
Hierfir wurde eine erneute Verarbeitung der Rohdaten interner Studien zur
Mikrogliainflammation  mittels Positronenemissionstomographie des 18-kDa
Translokator-Protein-Liganden ['8F]-GE-180 (TSPO-PET) durchgefihrt. Die Studien
umfasste Scans von C57BL/6 Wildtypen im Alter von 2 bis 13 Monaten, APPNL-G-F.
Mausen im Alter von 2,5; 5,0; 7,5 und 10 Monaten als B-Amyloid-Modell, sowie P301S-
Mausen im Alter von 2, 4, 6 und 8 Monaten als Tau-Pathologie-Mausmodell. Die
Ergebnisse von [*®F]-GE-180-uyPET wurden durch eine unabhangige
immunhistochemische in vitro Analyse mittels Mikroglia (Iba-1, CD68), Astrozyten

(GFAP) und Tau (AT8)-Markern bestatigt.

Mit zunehmendem Alter zeigten Wildtyp-Mause einen Anstieg an TSPO-uPET-SUVR
im Kortex, wobei eine signifikante Interaktion zwischen Alter und Geschlecht
festgestellt wurde. Der TSPO-uPET-SUVR Anstieg erwies sich als ausgepréagter bei
weiblichen Wildtyp-Mausen ab einem Alter von 6 bis 7 Monaten im Vergleich zu
mannlichen Wildtypen (Abb. 1A). Die immunhistochemische Analyse bestétigte

analog dazu eine héhere Mikroglia-Aktivitat in weiblichen Wildtyp-Mausen (Abb. 2A).
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Abbildung 2.2-1: Geschlechtsspezifische Analyse des TSPO-PET-Signals in verschiedenen

Mausmodellen.

Obere Reihe: Gemischte lineare Modelle des TSPO-PET-Signal bei ménnlichen (gelb) und weiblichen
(blau) A Wildtyp-Mausen, B APPN-G-F-Mausen und C P301S-Mausen. Untere Reihe: [**F]-GE-180
TSPO-PET-Gruppendurchschnittsbilder in verschiedenen Altersstufen, auf einer MRI-Standardvorlage

in horizontaler Ebene.

Bei Vorliegen einer B-Amyloid-Pathologie wie im APPN-G-F-Mausen gab es ebenfalls
einen signifikanteren TSPO-uPET-SUVR-Anstieg mit zunehmendem Alter und eine
signifikante Geschlecht-Alter-Interaktion mit starkerem Anstieg in weiblichen M&ausen
(Abb. 1B). Unter ['®F]-Florbetaben-PET-SUVR zeigte sich eine vergleichbare
Zunahme der fibrillaren B-Amyloid-Aggregation im Kortex zwischen méannlichen und
weiblichen ~ APPN-G-F-Mausen,  was  darauf  schlieRen  lasst, dass
Geschlechtsunterschiede bei TSPO-PET-SUVR nicht auf Unterschiede in der
fibrillaren  B-Amyloid-Belastung  zurickzufuhren sind  (Abb. 3A). Damit
Ubereinstimmend konnte in der Immunhistochemie eine hohere Expression aktiver
Mikroglia-Marker bei weiblichen Mausen (Abb. 2B) und nur ein geringfligig héherer -

Amyloid-Spiegel zum Endzeitpunkt festgestellt werden (Abb. 3B).
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Abbildung 2.2-2: Streudiagramme und reprasentative Bilder der Iba-1- und CD68-Mikroglia-

Marker nach Geschlecht in verschiedenen Mausmodellen.
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Abbildung 2.2-3: Geschlechtsspezifische Effekte auf AB- und Tau-Uberexpression in APPN-G-F.

und P301S-Mausen.

A Gemischte lineare Modelle zur [*8F]-Florbetaben-AB-PET als Funktion des Alters fir weibliche (blau)
und méannliche (gelb) APPN-G-F-Mause und Gruppendurchschnittsbilder in verschiedenen Altersstufen
in einer horizontalen Ebene (n = 6-15). B Streudiagramm und représentative Bilder zur terminalen
Methoxy-X04 AB-Farbung bei mannlichen und weiblichen APPN-C-F-Mausen im Alter von 11 Monaten
C Streudiagramm und reprasentative Bilder zur terminalen AT8-Tau-Farbung bei mannlichen und

weiblichen P301S-Mausen im Alter von 7—8 Monaten.

31



Ebenso ergab die GFAP-Immunhistochemie eine etwas ausgepragtere Reaktivitat der

Astrozyten in APPNSGF -Weibchen zum Endzeitpunkt von 11 Monaten (Abb. 4)

104 AppNL-G-F APPVSF 11M APPNGF 1M

weiblich ménnlich

| P=0.020,d=158

weiblich maénnlich

w0
1

GFAP (area-%)

200 um

Abbildung 2.2-4: Streudiagramme und reprasentative Bilder der GFAP-Immunfarbung zur

Darstellung der reaktiven Astrozyten bei mannlichen und weiblichen APPN-C-F-Mausen.

Auch im P301S-Mausmodell zeigte sich mit zunehmendem Alter ein Anstieg des
TSPO-UPET-Signals, allerdings ohne signifikanten Unterschied zwischen mannlichen
und weiblichen P301S-Mausen (Abb. 1C). Dies wurde in vitro in der terminalen
immunhistochemischen Analyse der P301S-Mause im Alter von 7-8 Monaten bestatigt

(Abb. 2C).
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3.  Zusammenfassung

Die metabolische Konnektivitat bietet als bildgebendes Verfahren die Mdglichkeit,
funktionelle Interaktionen zwischen verschiedenen Hirnregionen auf der Grundlage
von PET-Aufnahmen mit dem Glukoseanalogon [*8F]-Fluordesoxyglukose ([*®F]FDG)
zu identifizieren und krankheitsspezifische Netzwerkveranderungen zu beschreiben.
Mausmodelle erméglichen es, dazu durch genetische Manipulationen spezifische
biologische Prozesse der Krankheit zu untersuchen und darauf basierende
Krankheitsmodelle zu entwickeln und durch Verhaltensstudien zu validieren.

Ziel dieser Arbeit war es daher, eine methodische Grundlage zu schaffen und die
Validitdt sowie Aussagekraft der metabolischen Konnektivitdt an Mausmodellen
neurodegenerativer Erkrankungen zu untersuchen. [*®F]JFDG-PET-Scans an Wildtyp-
und transgenen Mausmodellen mit 3-Amyloid- bzw. Tau-Pathologie wurden dazu im
Alter von 6 bis 12 Monaten analysiert. In einer vergleichenden Simulationsanalyse
erwiesen sich relative Standardaufnahmewerte (SUVR) auf den globalen Mittelwert
skaliert durch hohere Effektgrof3e in den intraneokortikalen Verbindungen (+85%; p <
0,0001) als sensitiveres Read-Out zur Erkennung modellspezifischer Veranderungen
der metabolischen Konnektivitat verglichen mit Standardaufnahmewerten (SUV). Der
gualitative und quantitative Vergleich metabolischer Konnektivitdtsanalysen ergab bei
einer hohen Gesamtkorrelation der Konnektivitatsmatrizen (R = 0.77) keinen
signifikanten Unterschied zwischen einer Tracer-Injektion im Wachzustand oder unter
Isofluran-Narkose, was die Validitat der angewandten Methodik bestatigt. In einem
unabhéangigen Inter-Scanner-Vergleich konnten keine signifikanten Unterschiede bei
den Interkorrelationskoeffizienten (ICC) festgestellt werden, sowohl fir APPPS1-
Mause (p = 0,90) als auch fur Wildtypen (p = 0,93). Fur beide Mausmodelle konnten
die Ergebnisse hoher Korrelation zwischen den Scannern reproduziert werden

(APPPS1-Mause: R = 0,61, p < 0,0001; Wildtypen: R = 0,62, p < 0,0001). Im
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modellspezifischen Vergleich mit altersgleichen Wildtypen lieR sich bei allen
transgenen Mausmodellen ein signifikanter Verlust der Konnektivitdt in den
Netzwerkregionen des raumlichen Lernens feststellen, erkennbar in den
Verbindungen zwischen Kortex und Subkortex, sowie im PS2APP-Modell an den
Verbindungen zum Hippocampus und zur Amygdala. Anders als in den B-Amyloid-
Pathologie-Mausmodellen zeigte das Tau-Pathologie-Mausmodell P301S ebenso
einen Verlust in den Verbindungen zum Hirnstamm (-41 %; p = 0,002) und in den
intraneokortikalen Verbindungen (-21 %; p = 0,001). Dieser Verlust zeigte sich
gegenuber Wildtypen auch in den Verbindungen zum Motorkortex ausgepragter (- 36
%; p = 0,04), womit sich die MC als besserer Pradiktor fir motorische Defizite in der
Verhaltenstestung erweist. Auch die Befunde der abschlielenden kognitiven
Verhaltenstestung mittels Morris-Wasserlabyrinth bezlglich der Funktionen des
raumlichen Lernens erwiesen sich in besserer Ubereinstimmung mit den Ergebnissen
der Netzwerkanalyse als mit denen der herkdmmlichen VOI-basierten regionalen
[*®F]FDG-Aufnahmen, was die Validitat und Aussagekraft der metabolischen
Konnektivitdt an Mausmodellen neurodegenerativer Erkrankungen weiter bestatigt.

Die zweite Arbeit befasste sich mit dem Einfluss des Geschlechts auf die Mikroglia-
Aktivitat in  Wildtypen und in transgenen Mausmodellen neurodegenerativer
Erkrankungen. Dazu erfolgten in einem longitudinalem Studiendesign an C57BI/6
Wildtyp-Mausen, am APPN-GF B-Amyloid-Mausmodell und dem Tau-Pathologie-
Mausmodell P301S, TSPO-UPET-Scans in der Altersspanne von 2-13 Monaten. PET-
Ergebnisse wurde in vitro immunhistochemisch bestatigt. In allen Mausmodellen
zeigte sich mit zunehmendem Alter ein Anstieg des TSPO-UPET-Signals, als Malf3 fur
die Mikroglia-Inflammation. Ein signifikant starkerer Anstieg war sowohl in weiblichen
Wildtyp-Mausen (T =- 4,171, b/SE = - 0,009/0,002, p < 0,001) als auch in weiblichen

APPNSGF B-Amyloid-Mausen (T = - 2,953, b/SE = - 0,011/0,004, p= 0,0048)
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festzustellen. Ein Storeffekt durch das Fortschreiten der fibrillaren AB-Pathologie liel3
sich in vivo nicht als Ursache der Geschlechtsunterschiede nachweisen. Im P301S-
Tau-Mausmodell konnten keine signifikanten Unterschiede im TSPO-UPET-SUVR-
Anstieg zwischen mannlichen und weiblichen Mausen beobachtet werden (T = -
0,671, b/SE = - 0,003/0,005, p = 0,504). Die fehlenden Geschlechtsunterschiede in
den pPET-Befunde werden in vitro in der Iba-1- und CD68-Immunhistochemie und
durch die gleichen Mengen an hyperphosphoryliertem AT8-positivem Tau bei
weiblichen und maénnlichen P301S-Mausen im Alter von 7 Monaten gestitzt.
Zusammenfassend liefern die Ergebnisse damit einen Hinweis auf einen
geschlechtsspezifischen Effekt auf die Mikroglia-Inflammation bei alternden Wildtypen
und im Zusammenhang mit der B-Amyloid-Akkumulation bei transgenen Mausen,
ohne dass allerdings ein Zusammenhang mit der Tau-Pathologie im Mausmodell

nachgewiesen werden konnte.
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4., Summary

Metabolic connectivity, as an imaging technique, allows the identification of functional
interactions between different brain regions based on PET scans using the glucose
analog [*®F]fluorodeoxyglucose ([*®F]JFDG) and describing disease-specific network
changes. Mouse models, through genetic manipulations, enable the investigation of
specific biological processes of neurodegenerative diseases, the development of
disease models, and validation through behavioral studies.

The objective of this study was to lay down a methodological framework and assess
the reliability and validity of metabolic connectivity in mouse models of
neurodegenerative diseases. [*®F]JFDG-UPET scans were analyzed in wild-type and
transgenic mouse models with 3-amyloid or tau pathology at 6 to 12 months of age. In
a comparative simulation analysis, relative standardized uptake value ratios (SUVR)
scaled to the global mean proved to be a better-suited read-out for detecting model-
specific changes in metabolic connectivity by a higher effect size compared to
standardized uptake values (SUV) (+85%; p < 0,0001).

The qualitative and quantitative comparison of metabolic connectivity analyses
showed no significant differences between awake and isoflurane-anesthetized
conditions and a high correlation between connectivity matrices ( R = 0.77), confirming
the validity of the applied methodology. Results were reproducible in an independent
inter-scanner comparison without significant differences in intercorrelation coefficients
(ICC), both for APPPS1-mice (p = 0.90) and wild-types (p = 0.93). For both mouse-
models, the results demonstrated a high correlation between the scanners (APPPS1
mice: R = 0.61, p < 0.0001; wild-types: R = 0.62, p < 0.0001).

In model-specific comparisons with age-matched wild-types, all transgenic mouse-
models exhibited a significant loss of connectivity in network regions related to spatial

learning. This loss was evident in connections between the cortex and subcortex, and
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in the PS2APP-model, also in connections to the hippocampus and amygdala. Unlike
in B-amyloid-pathology-mouse-models, the tau-pathology-mouse-model P301S also
showed a loss in connections to the brainstem (-41 %; p = 0.002) and intra-neocortical
connections (-21 %; p = 0.001). This loss was pronounced in connections to the motor
cortex (-36 %; p = 0.04), making metabolic connectivity a better predictor for motor
deficits in behavioral testing. Regarding spatial learning functions, test results from the
Morris Water Maze also proved to be in better agreement with the results of the
network analysis than with those of conventional VOI-based regional [*¥F]FDG
recordings, affirming the credibility and informative nature of metabolic connectivity in
mouse models of neurodegenerative diseases. The second study examined how sex
influences microglial activity in both wild-type and transgenic mouse models of
neurodegenerative diseases. TSPO-UPET-scans were performed in a longitudinal
study design in C57BI/6 wild-type mice, the B-amyloid-mouse-model APPN-GF and
the tau-pathology-mouse-model P301S in the age range of 2-13 months. PET results
were confirmed in vitro by immunohistochemistry. All mouse models showed an
increase in TSPO-UPET-signal as a measure of microglial inflammation with increasing
age. A significant interaction between age and sex with a more pronounced increase
in female mice was observed both in wild-type mice (T =-4.171, b/SE = -0, 009/0.002,
p < 0.001), as well as in the APPN-G-F B-amyloid mice (T = - 2.953, b/SE = -
0.011/0.004, p = 0.0048). A confounding effect due to the progression of fibrillar AR
pathology could not be detected in vivo as a cause of the sex differences. No significant
differences in TSPO-uPET-SUVR increase were detected between male and female
P301S tau mice (T = - 0.671, b/SE = - 0.003/0.005, p = 0.504). This absence of
significant sex differences is supported in vitro by immunohistochemistry. Overall, the

findings offer support for a sex-specific impact on microglial inflammation in aging wild-
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type mice and in relation to B-amyloid accumulation in transgenic mice, without a

confirmed correlation with tau pathology in the mouse model.
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Among functional imaging methods, metabolic connectivity (MC) is increasingly used for investigation of
regional network changes to ine the pathophysiology of neurodegenerative diseases such as Alzheimer's
disease (AD) or movement disorders. Hitherto, MC was mostly used in clinical studies, but only a few studies
demonstrated the usefulness of MC in the rodent brain. The goal of the current work was to analyze and validate
metabolic regional network alterations in three different mouse models of neurodegenerative diseases (j-amyloid
and tau) by use of 2-deoxy-2-["F]fluoro-p-glucose positron emission tomography (FDG-PET) imaging. We
compared the results of FDG-pPET MC with conventional VOI-based analysis and behavioral assessment in the
Morris water maze (MWM). The impact of awake versus anesthesia conditions on MC read-outs was studied and
the robustness of MC data deriving from different scanners was tested. MC proved to be an accurate and robust
indicator of functional connectivity loss when sample sizes >12 were considered. MC readouts were robust across
scanners and in awake/ anesthesia conditions, MC loss was observed throughout all brain regions in tauopathy
mice, whereas (-amyloid indicated MC loss mainly in spatial learning areas and subcortical networks. This study
established a methodological basis for the utilization of MC in different f-amyloid and tau mouse models. MC has
the potential to serve as a read-out of pathological changes within neuronal networks in these models.

1. Introduction

In Alzheimer's disease (AD) the neurodegenerative process resulting
in cognitive decline is characterized by structural and functional damage
to the brain. Pathological alterations are characterized by regional at-
rophy in structural MRI (Barnes et al., 2009) and regional accumulation
of pathological hallmarks such as extracellular p-amyloid and the
intracellular deposition of hyperphosphorylated misfolded tau protein,
which can be detected by PET i ing li Is. Several imaging mo-

dalities, including PET, can be used to visualize the neurodegenerative

in fMRI (Glover, 2011), as well as through a combination of those mo-
dalities (PET-MRI) (Judenhofer et al., 2008). FDG-PET allows to obtain
not only single- or multi-region glucose uptake but also facilitates
exploration of metabolic connectivity (MC) by consideration of the
entire image pattern (Morbelli et al., 2012). Building on the clinical
interpretation of FDG-PET imaging (Guedj et al., 2021), which is still
considered one of the most informative biomarkers for dementia pre-
diction in patients with mild cognitive impairment (MCI) (Morbelli
et al,, 2015), metabolic connectivity implies metabolic interactions of
regional FDG uptake as a surrogate for cerebral energy consumption.

process in AD (Jack et al, 2016), such as hyp boli in
2-deoxy-2-["*F]fluoro-p-glucose positron  emission  tomography
(FDG-PET) (Smailagic et al., 2015) and reduced functional connectivity

Compared with cl | FDG-PET data analysis, MC offers an additive
value by capturing changes in relations between different brain regions
and therefore allowing the investigation of functional metabolic
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networks. For this reason, MC receives growing interest in AD research
(Yakushev et al, 2017), and some studies applied the methodology also
in preclinical settings (Zimmer et al., 2017; Grosch et al., 2021). How-
ever, the capability of MC to assess functional changes of inter- and
intraregional network levels is still sparsely understood in mouse models
of AD. Establishing MC in mouse models of neurodegenerative diseases
could enable further exploration of model-specific neuronal network
changes as well as serve as a valuable tool in the validation of bio-
markers and therapeutics.

Therefore, this study aimed to interrogate the applicability of MC by
analysis of interregion correlation coefficients (ICCs) in different p-am-
yloid and tau mouse models. Furthermore, we tested if MC has an ad-
ditive value over a single region FDG-yPET analysis. We tested the
robustness of the methodology by comparing standardized uptake value
(SUV) and SUV ratio (SUVR) approaches for the assessment of MC and
we questioned the required sample sizes by simulation analysis.
Reproducibility of MC read-outs was validated by data comparison be-
tween pPET and yPET/MRI scanners as well as between mice injected in
awake and anesthesia conditions. Finally, we compared MC and classical
FDG quantification against spatial leaming to test which read-out better
reflects behavioral changes in f-amyloid and tau mouse models.

2. Materials and methods
2.1. Study design

All experiments were performed in compliance with the National
Guidelines for Animal Protection, Germany, and with the approval of
the regional animal committee (Regierung Oberbayern) and were
overseen by a veterinarian. All animal experiments complied with the
ARRIVE guidelines and were carried out in accordance with the U.K.
Animals (Scientific Procedures) Act, 1986 and associated guidelines, EU
Directive 2010/63/EU for animal experiments. Animals were housed in
a temperature- and humidity-controlled environment with 12 h light-
dark cycle, with free access to food (Sniff, Soest, Germany) and water.
FDG-yPET data were collected from our in-house database for two
different amyloid mouse models (PS2APP and APPPS1) and one tau-
opathy mouse model (P301S) with age- and sex-matched wild-type (WT)
controls (Table 1). All data were acquired in a highly standardized
setting at LMU Munich between 2015 and 2021. FDG-pPET data were
spatially co-registered to an FDG-UPET template. SUV and SUVR data
were extracted using a set of predefined volumes of interest (VOIs)
(Fig. 1). For SUVR calculation, scaling to the mean brain uptake was
applied. Pearson’s R were calculated as the index of regional ICC for SUV
and SUVR approaches using the principle of Seed-Correlation
(Yakushev et al,, 2017) as an indicator for the connection strength of
each VOI pair. A correlation matrix with all ICCs was created for every
model. Average ICCs were calculated for the composite of functional
regions (e.g.: all intra-neocortical connections (CTX-CTX) are repre-
sented in the Average ICC (CTX-CTX), which corresponds to the mean of
all ICCs of cortical VOIs). After scans have been performed, mice were
subject to a standardized Morris water maze (MWM) for behavioral
testing. For APPPS1 we used different batches of mice for the scans and
for behavioral testing at the group level, which, however, originated

Table 1

Overview of FDG-uPET, pPET/MR and behavioral testing (MWM) data.
Mouse Strain Age (months) PET (n) PET/MR (n) MWM (n)
WT (Awake) 6.0 11 - -
WT (Isoflurane) 6.0 11 = =
PS2APP 8.6 0.1 24 - 21
WT 78+18 16 - 14
APPPS1 9.0 £3.0 16 12 8
WT 9.0 £3.0 25 17 8
P301S 6.3+ 0.4 32 - 16
WT 6.0£0.2 32 B 14
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Fig. 1. Target regions used in the study projected on a mouse brain MRI atlas:
bilateral cornu ammonis 1 (CA1) (light green) and 3 (CA3) (dark green),
thalamus (red), amygdala (dark blue forebrain), entorhinal (light orange),
piriform (turquoise), visual (yellow), auditory (pink), motor (light blue), so-
matosensory (purple) cortices as well as hypothalamus (orange), cerebellum
(dark blue hindbrain) and brainstem (dark blue hindbrain).

from the same breeding line.

2.2. Animals

We analyzed FDG-pPET scans of PS2APP, APPPS1, and P301S mice
together with age- and sex-matched wild-type (WT) controls. To test for
an impact of anesthesia on metabolic connectivity in the mouse brain,
we performed a head-to-head comparison between FDG injection in the
awake state and during isoflurane anesthesia (6-month-old female WT
mice). Here, eleven mice received two FDG-|/PET scans with one week
time gap. Awake and isoflurane conditions were switched between
baseline and follow-up, starting with awake condition in 50 % of the
sample.

PS2APP: The transgenic B6.PS2APP (line B6.152H) is homozygous
for the human presenilin (PS) 2, N1411 mutation, and the human amy-
loid precursor protein (APP) K670N, M671 L mutation (Weidensteiner
etal, 2009). FDG-uPET scans in PS2APP (n = 24) were performed at 8.6
=+ 0.1 months of age, and WT (n = 16) mice used for comparison were
imaged at 7.8 + 1.8 months of age.

APPPS1: The transgenic mouse line APPPS1 with the double muta-
tion in APP and PSEN1 genes (APP KM670/671NL (Swedish), PSEN1
L166P) (Radde et al., 2006) express APP in the brain, driven by Thyl.2
promoter. FDG-pPET scans in APPPS1 (n = 16) and corresponding WT
(n 25) mice were conducted at 9.0 = 3.0 months of age.
FDG-/PET/MR scans in different APPPS1 mice (n = 12) were conducted
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at 8.0 + 2.7 months of age as well as in corresponding WT mice (n = 17)
at 10.2 + 2.3 months of age.

P301S: Homozygous human tau P301S mice comprise a mouse line
expressing the human ON4R tau isoform with the P301S mutation in
exon 10 of the MAPT gene under the control of the murine thyl pro-
moter (Allen et al., 2002). FDG-pPET scans in P301S mice (n = 32) were
conducted at 6.3 + 0.4 months of age and in corresponding WT (n = 32)
mice at 6.0 + 0.2 months of age. There was no significant difference in
age between transgenic and corresponding WT mice at the time of
scanning (Supplement Fig. 1)

2.3. Radiochemistry and pPET recordings: data acquisition

[*®F]FDG was purchased commercially, and all \PET imaging was
conducted as reported previously (Brendel et al,, 2017). A minimal
fasting period of four hours was kept before the PET scan. Before in-
jection of 10.1 + 2.1 MBq [*®F]FDG (in 150 yl saline), all mice were
anesthetized with isoflurane (1.5 %, delivered at 3.5 L/min). Following
tracer injection, animals were placed in the aperture of the Siemens
Inveon DPET. Awake mice for the awake/anesthesia comparison, were
placed directly in a restrainer, where tracer was rapidly injected (Sup-
plemental Fig. 2). The uptake phase was up to 20 min in the awake
state in a box. Anesthesia and placement in the pPET scanner occurred
between 20 and 30 min after racer injection. FDG injection was defined
as time ¢ = 0. For anesthesia mice, isoflurane was induced at t = —10 min
before injection and the tail vein catheter was applied t = —5 min before
injection. Isoflurane was continuously administered until ¢ = +30 min
after FDG-injection.

Static [ISF]FDG-PET emission recordings were made in an interval of
30-60 min after tracer injection, followed by a 15 min transmission scan
using a rotating [*’Co] point source for attenuation correction (Brendel
etal., 2017). Image reconstruction was performed using 3-dimensional
ordered-subset expectation-maximization (4 iterations, 12 subsets) with
3-dimensional maximum a posteriori (32 iterations) (OSEM3D/MAP), a
zoom factor of 1.0, and a voxel size of 0.78 x 0.78 x 0.8 mm®, Standard
corrections for decay, scattered and random coincidences were
performed.

A subset of APPPS1 mice from the same breeding line and at com-
parable age as well as matching WT mice were scanned with a 3T
MedisonanoScan LPET/MR scanner (MedisoLtd, Hungary) with a single-
mouse imaging chamber. A 15-minute anatomical T1 MR scan was
performed 15 min after the ['"®F]FDG injection (head receive coil, matrix
size 96 x 96 x 22, voxel size 0.24 x 0.24 x 0.8 mm®, repetition time
677 ms, echo time 28.56 ms, flip angle 90°). pPET acquisition was
performed at 30-60 min post-injection. yPET data were reconstructed
using a 3D iterative algorithm (Tera-Tomo 3D, MedisoLtd, Hungary)
with the following parameters: matrix size 55 x 62 x 187 mm®, voxel
size 0.3 x 0.3 x 0.3 mm®, 8 iterations, 6 subsets. Decay, random, and
attenuation correction were applied. The T1 image was used to create a
body-air material map for the attenuation correction,

2.4. uPET image analysis

Image registration was performed using PMOD Fusion tool (Version
3.5, PMOD Technologies, Basel, Switzerland) and consisted of two steps.
First, individual FDG-/PET images were manually registered to a stan-
dard mouse T1w-MRI template in Ma-Benveniste-Mirrione space (Ma
et al, 2005). Second, to cope for inter-individual differences in brain
since and atrophy, FDG-uPET data were non-linearly registered to
model-specific FDG-yPET templates based on intracerebral reference
regions (Overhoff et al,, 2016) using the automatic SPM5 procedure
implemented in PMOD (equal modality, nonlinear warping with 16 it-
erations, a frequency cutoff of 3, a regularization of 1.0, no thresh-
olding). All templates were located in a harmonized space with
matching brain size. In particular, transformations were saved for each
individual co-registered image to obtain a connected transformation
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matrix from the native to the template space for each mouse brain. The
connected transformation matrix was applied to the native space WPET
data to guarantee minimal interpolation error.

As the pPET templates had been initially aligned to a single high-
resolution T1 MR template, all final fused pPET images had the same
spatial orientation and voxel dimensions, (0.064 x 0.064 x 0.064 mm’)
(Brendel et al,, 2019), We conducted FDG-pPET intensity normalization
of images to standardized uptake value (SUV) by conventional SUV
calculation and to the whole brain global mean (SUVR; Supplemental
Fig. 3). AVOI set based on functional compartments and networks in the
rodent brain (Fig. 1) was designed for the extraction of regional
FDG-PET data. All VOIs were defined according to the Allen Mouse
Brain Atlas and included: bilateral hippocampus CA1 (5 mmg), hippo-
campus CA3 (7 mm®), thalamus (26 mm®), amygdala (12 mm®), ento-
rhinal cortex (10 m.ma), piriform cortex (9 mm:’), visual cortex (8 m.ms),
auditory cortex (7 n1m3), motor cortex (20 mm?®) and somatosensory
cortex (16 mm®), as well as the hypothalamus (10 mm?), cerebellum (12
mm?) and brainstem (12 mm?®). The identical VOI set was used for all
mouse models and corresponding WT.

2.5. Behavioral testing

PS2APP (n= 21), APPPS1 (n=8), P301S (n= 16), and WT mice (n =
22) were investigated by an MWM test for spatial learning and motor
deficits, which was performed according to a standard protocol (Sacher
etal, 2019). On training days 1-5, each mouse had to perform four trials
per day in the test basin, with the maximum time set to 70 s. The test
trial was performed on day six. For analyses of escape latency and dis-
tance during MWM testing, we used the video tracking software Etho-
Vision® XT 13 (Noldus). The frequency and velocity of reaching the
platform were then determined from the recordings.

2.6. Statistics and calculations

All Statistical analyses were performed in SPSS (Version 26, IBM
Deutschland GmbH, Ehningen, Germany) and GraphPad Prism 9
(GraphPad Prism 9.3.1 (350) Serial number: GPS-2,314,993).

Interregion correlation coefficients: SUV and SUVR data were tested for
normal distribution with Kolmogorov-Smirnov tests. For each VOI pair,
we calculated a Pearson’s R correlation coefficient as an index of ICC.
The ICCs were then visualized as heat maps (i.e. Supplemental Fig. 4).
For regional data analysis, VOI pairs were assigned to functional entities,
defined as average ICCs. Sets of identical ICCs were compared between
groups by two-tailed paired t-tests, corrected for multiple comparisons
using the Holm-$idak method. A threshold of p < 0.05 was considered
significant for the rejection of the null hypothesis.

Root mean square error and effect sizes: A simulation analysis was
conducted to analyze appropriate cohort size and data robustness. A
random number generator was used to reduce the cohort sizes by one
mouse at a time, and a new ICC matrix was calculated for each cohort.
For each sample size of P301S and matching sample size of WT controls,
root mean square error (RMSE) was calculated (RMSE = ‘\/(Z(ICCP3015
— 1CCwr)%/ iee). Subsequently, the sample size-dependent effect size
was calculated for individual regions using Cohen's d.

Inter-Scanner comparison: For the scanner comparison, Pearson’'s
correlation coefficients (R) were calculated from the SUVR data of pPET
and pPET/MR, respectively. These were used as index for the ICC from
each VOI pair. The ICCs were plotted in heat maps and correlated with
each other. A linear regression analysis and a paired t-test between the
ICCs of both scanners were performed to assess quantitative agreement.
In a subanalysis, the correlation between the intra-neocortical connec-
tions, as the most representative region, was also performed.
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3. Results

3.1. SUVR scaling is more sensitive for the detection of MC differences
between P301S and WT mice when compared to SUV

We used a large cohort of P301S and corresponding WT mice torun a
simulation analysis to determine the effect of the sample size on MC
results,

Smaller RMSE as a function of increased sample size was obtained for
ICCs from SUV analysis (mean RMSE between n = 10-20: P301S =0.02
+ 0.00, WT = 0.03 + 0.01) when compared to ICCs derived from SUVR
analysis (mean RMSE between n = 10-20: P301S = 0.16 + 0.03, WT =
0.13 # 0.01). For both approaches, RMSE was below 0.25 for a cohort
size > 12 mice (Fig. 2A).

ICCs derived from SUVR analysis delivered robust effect sizes for the
contrast of MC quantification between P301S and WT mice when > 12
mice were considered. Effect sizes for the P301S versus WT comparison
of ICCs derived from SUV analysis were inferior when compared to ICCs
derived from SUVR analysis, regardless of the sample size (Cohen’s d
[CTX-CTX]: AVG[SUVR] = 0.40; AVG[SUV] = 0.06; p < 0.0001;
Fig. 2B). Overall, this analysis indicated that SUVR serve as a more
sensitive read-out for MC alterations in P301S mice vs. WT mice.

3:2; I ISF]PDG SUVR and metabolic connectivity in awake and
anesthetized mice are comparable

Previous studies have observed a reduction of cortical [**F]FDG
uptake in anesthetized rats, compared to awake animals at the time of
['8F]FDG injection (Shimoji et al,, 2004). Such change in glucose uptake
could lead to alterations of the metabolic pattern, which may lead to
deviations in metabolic connectivity. For this purpose, we compared
[*®FJFDG-yPET scans of WT mice after tracer injection in awake and
anesthesia conditions.

Global mean normalized regional [**F]FDG uptake was similar be-
tween awake injected mice and mice injected under isoflurane anes-
thesia in most of the studied VOIs (Fig. 3A and B). A reduced ["®FIFDG
uptake was observed in the piriform cortex (SUVR[Awake] = 1.04 +
0.07; SUVR[Isofluran] = 0.86 + 0.06; p < 0.0001) in the anesthetized
mice. In contrast, the hypothalamus (SUVR[Awake] = 0.94 + 0.1; SUVR
[Isofluran] = 1.09 & 0.04; p < 0.001) and the amygdala (SUVR[Awake]
= 0.73 % 0.09; SUVR[Isofluran] = 0.82 + 0.05; p < 0.01) showed
significantly increased ['FIJFDG uptake in anesthesia condition
(Fig. 3A). The correlation matrices show similar network patterns in
awake and anesthesia conditions (Fig. 3C) and a strong overall corre-
lation between the ICCs of the two matrices (R = 0.77; Fig. 3D). Direct
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quantitative comparison of ICCs revealed no significant differences be-
tween both conditions (Supplemental Fig. 5)

3.3. Metabolic connectivity shows robust results for FDG-PET data
derived from different scanners

For a reproducibility analysis, we performed the calculation of ICCs
for APPPS1 f-amyloid and age-matched WT mice, with images acquired
on two different pPET scanners (Siemens Inveon DPET; Mediso (PET/
MRI) (Fig. 4). Based on SUVR data of both scanners, connectivity
matrices showed a strong quantitative agreement when correlating all
ICC for both APPPS1 mice and WT mice (R[APPPS], all] = 0.61, p <
0.0001; R[WT, all] =0.62, p < 0.0001) (Supplemental Fig. 6) as well as
in a sub-analysis of only intra-neocortical connections (R[APPPS1, CTX-
CTX] = 0.67, p = 0.0001; R[WT, CTX-CTX] = 0.53, p = 0.0041)
(Fig. 4B). In the quantitative evaluation of intra-neocortical ICCs, no
significant differences between (PET and pPET/MRI were evident for
APPPS1 (ICC[CTX-CTX, pPET] = 0.31 + 0.32; ICC[CTX-CTX, pPET/
MR] = 0.29 + 0.40; p = 0.90) or WT (ICC[CTX-CTX, yPET] = 0.41 £+
0.24; ICC[CTX-CTX, pPET/MR] = 0.42 £ 0.27; p = 0.93) (Fig. 4C).

3.4. ICCs indicate significant metabolic connectivity loss in p-amyloid and
tau mouse models

PS2APP mice showed no significant difference compared to WT for
intra-neocortical connections (ICC[CTX-CTX, PS2APP] = 0.57 + 0.20;
ICC[CTX-CTX, WT] = 0.54 + 0.23; p = 0.5) (Fig. 5). Among regions of
the spatial learning network, a loss of connections in PS2APP mice was
found in the hippocampus (ICC[HIP, PS2APP] = 0.33 + 0.21; ICC[HIP,
WT] =0.40 £+ 0.19; p = 0.001) and the amygdala (ICC[AMY, PS2APP] =
0.35 + 0.22; ICC[AMY, WT] = 0.53 + 0.22; p < 0.0001). ICCs of
brainstem connections did not indicate significant differences between
this -amyloid model and WT controls (ICC[BST, PS2APP] = 0.45 +
0.23; ICC[BST, WT] = 0.42 + 0.22; p = 0.5).

ICC Analysis in the APPPS1 model demonstrated no significant al-
terations in any network connections compared to WT controls besides
from inter-cortical connections (ICC[SUBCTX-CTX, APPPS1] = 0.29 +
0.19; ICC[SUBCTX-CTX, WT] = 0.36 + 0.21; p = 0.004).

In P301S mice, ICCs for intra-neocortical comnections showed a
significantly lower connectivity compared to age and sex matched WT
mice (ICC[CTX-CTX, P301S] = 0.43 + 0.30; ICC[CTX-CTX, WT] = 0.54
+ 0.23; p = 0.0012). Among regions of the spatial learning network,
there was a significant connectivity loss for hippocampal (ICC[HIP,
P301S] = 0.31 + 0.21; ICC[HIP, WT] = 0.40 =+ 0.19; p < 0.0001) and
amygdaloidal (ICC[AMY, P301S] = 0.46 + 0.26; ICC[AMY, WT] = 0.57

A B
0.6+ 0.8+
—— ICCs from SUVR P301S @ ICCsfromSUVR A ICCs from SUV
data data
Sk R (FDG6.4M, Giobal  (FDG 6.4M)
0.6 Mean) °
w o4 == ICCs from SUV P301S ° Do
& ICCs from SUV WT § 0.4
o
0.2
0.2-
0.0 0.0 1
0 0 40

sample size

sample size

Fig. 2. A Root mean square error (RMSE) for ICCs derived from SUV and SUVR readouts according to sample size in P301S and WT controls, B Effect sizes (Cohens’
d) in intra-neocortical connections (CTX-CTX) between P301S and WT controls for ICCs derived from SUV and SUVR readouts according to sample size.
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Fig. 3. A Global mean normalized ['°F]JFDG SUVR in the subgroups of awake and anesthetized wild-type mice; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
B Group average images for wild-type mice injected awake and during anesthesia with isoflurane (global mean normalized). C Gorrelation matrix showing ICCs for all
23 analyzed brain regions in mice injected awake and during anesthesia. D Correlation plot between ICCs for all 23 analyzed brain regions in mice injected awake and

during anesthesia.

+ 0.19; p = 0.018) connections. Contrary to the amyloid models, con-
nections of the brainstem did reveal a severe attenuation in P301S mice
(ICC[BST, P301S] = 0.25 + 0.14; ICC[BST, WT] = 0.42 + 0.22; p =
0.002).

3.5. FDG-PET metabolic connectivity indicates better agreement with
behavioral testing when compared to regional FDG uptake

Given the observed robust reductions of FDG-PET MC in AD models,
we questioned whether MC alterations may better resemble behavioral
testing in AD mouse models when compared to common SUVR quanti-
fication of regional FDG uptake (Fig. 6). Escape latency in MWM was
used as a surrogate of cognitive performance and velocity in MWM was
used as a surrogate of the motor function.

VOI-based analysis of FDG-uptake in the area of motor function
showed significant hypermetabolism in the PS2APP and APPPS1 model
compared to WT (SUVR[MOT-CTX, PS2APP] = 0.98 + 0.05; SUVR
[MOT-CTX, WT] = 0.87 £ 0.09; p < 0.0001 / SUVR<[MOT-CTX,
APPPS1] = 0.94 + 0.06; SUVR[MOT-CTX, WT] = 0.89 + 0.06; p <
0.0001). The tau model P301S revealed no significant difference in FDG-
uptake of the motor cortex (SUVR[MOT-CTX, P301S] = 0.83 + 0.09;
SUVR[MOT-CTX, WT] = 0.84 + 0.10; p = 0.5).

In contrast, MC analysis of connections between motor and
remaining cortical VOIs revealed a significant loss of motor connections
in P301S (ICCs[MOT-CTX, P301S] = 0.29 + 0.23; ICCs[MOT-CTX, WT]
= 0.45 £ 0.17; p = 0.04). However, no significant motor network al-
terations were observed in both mouse models of amyloidosis (ICCs
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[MOT-CTX, PS2APP] = 0.51 + 0.2; ICCS[MOT-CTX, WT] = 0.55 + 0.25;
p = 0.61 / ICCS[MOT-CTX, APPPS1] = 0.22 + 0.16; ICCs[MOT-CTX,
WT] = 0.34 + 0.2; p = 0.1). An overview in differences in correlation
matrices of all transgenic mouse models is provided in Supplemental
Fig. 7. MC-based analysis was consistent with behavioral testing, where
no significant velocity reduction was detected in PS2APP and APPPS1
mice (Velocity[AVG, PS2APP] = 20 em/s + 2 cm/s; Velocity [AVG, WT]
=21 em/s & 2 em/s; p = 0.35 / Velocity[AVG, APPPS1] =19 cm/s + 4
em/s; Velocity [AVG, WT] = 19 em/s + 1 em/s; p = 0.63). A significant
loss of motor function was measured in P301S mice (Velocity[AVG,
P301S] = 15 em/s + 4 cm/s; Velocity[AVG, WT] = 21 em/s + 2 em/s; p
< 0.0001).

In brain regions associated with spatial learning, conventional VOI-
based analysis of FDG-uptake showed no significant alterations in
glucose metabolism in PS2APP and P301S mice (SUVR[HIP, PS2APP] =
1.00 £ 0.05; SUVR[HIP, WT] = 1.01 + 0.07; p = 0.16 / SUVR[HIP,
P301S] = 1.00 £ 0.05; SUVR[HIP, WT] = 1.01 =+ 0.06; p = 0.15), but
significant hypermetabolism in the f-amyloid model APPPS1 (SUVR
[HIP, APPPS1] = 1.00 + 0.07; SUVR[HIP, WT] = 0.98 + 0.04; p =
0.03).

MC analysis based on ICCs of intra-subcortical connections detected
significant connectivity loss in the PS2APP model (ICC[SUBCTX-
SUBCTX, PS2APP] = 0.32 + 0.25; ICC[SUBCTX-SUBCTX, WT] = 0.41
=+0.25, p=0.013) as well as in the P301S model (ICC[SUBCTX-SUBCTX,
P301S] = 0.33 + 0.23; ICC[SUBCTX-SUBCTX, WT] = 0.41 + 0.23; p =
0.005; Supplemental Fig. 7). Thus, in the PS2APP and P301S models
MC was in line with findings in behavioral testing, suggesting a loss of
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Fig. 4. Metabolic connectivity reproducibility analysis between dedicated uPET and WPET/MR scanners for APPPS1 and wild-type (WT) controls. A Correlation

matrix of ICCs for all 23 VOIs and intra-neocortical

ion (CTX-CTX) highligh

d by the black frame. B Correlation of intra-neocortical ICCs (CTX-CTX) between

WPET with WPET/MR, in APPPS1 and WT respectively. C Comparison of intra-neocortical ICCs between both scanners for APPPS1 and WT mice.
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spatial learning in MWM (Latency[AVG, PS2APP] =22 s + 12 s; Latency
[AVG, WT] =125+ 10s; p=0.01 /Latency[AVG, P301S] =37 s +£20s;
Latency[AVG, WT] =12 s &+ 10 s; p < 0.001). In the APPPS1 model no
significant alterations of MC were observed (ICC[SUBCTX-SUBCTX,
APPPS1] = 0.31 + 0.25; ICC[SUBCTX-SUBCTX, WT] = 0.33 4 0.21, p =
0.56), while significant loss of spatial memory (Latency[AVG, APPPS1]
= 42 s + 21 s; Latency[AVG, WT] = 22 s + 12 s; p = 0.046) could be
monitored.

4. Discussion

In this study, we performed a systematical analysis of MC in trans-
genic mouse models of neurodegenerative diseases using ['°F]FDG-
pPET. In Alzheimer s research, functional neuroimaging methods are of
growing interest, as they allow the investigation of interacting brain
regions and thus interregional network alterations. Among them, FDG-
PET-based metabolic connectivity is increasingly used (Yakushev
et al,, 2017). Besides monitoring pathology-specific neuronal network
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alterations and thus a more targeted evaluation of diagnostic and pre-
dictive value, utilization of MC in research of neurodegeneration also
may enable assessment of functional changes in the brain during ther-
apeutic intervention.

The informative value of MC has been proven in different clinical
research studies, e.g. in a study demonstrating that the loss of connec-
tions, particularly to the posterior cingulate cortex (PCC), a region
where hypometabolism is commonly associated with AD, precedes
synaptic degeneration (Morbelli et al, 2012) and therefore proving a
prediction value of MC on synaptic network alterations, Further hypo-
metabolism in the PCC, as well as a decrease in metabolic correlation
between PCC and the hippocampus, proved to be common to all AD
subtypes, suggesting a functional decline in this connection as a core
characteristic of AD (Herholz et al., 2018). Additionally, MC enables the
analysis of specific neuronal networks, such as the dopaminergic mes-
ocorticolimbic pathway on the issues of depression-typical network al-
terations in AD (laccarino et al., 2020).

Compared to clinical studies of humans, the usage of g-amyloid and
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tau mouse models allows for a more focused and individual analysis of
pathological hallmarks of AD. However, MC has not widely been used
for the investigation of neurodegeneration in transgenic mouse models
of neurodegenerative diseases yet. MC has been established for the
investigation of vestibular compensation in the rat brain after unilateral
labyrinthectomy (Grosch et al., 2021), and in another rodent model, MC
has been used to illustrate the neuroenergetic contribution of astrocytes
in FDG-yPET of rat brains (Zimmer et al., 2017). In this study, we per-
formed a systematical analysis of MC in f-amyloid and tau mouse
models and thereby demonstrated the strengths and limitations of MC.

Most importantly, for all three investigated mouse models, the al-
terations in MC matched the phenotype in behavioral testing. The P301S
tau model showed a robust MC decrease in networks associated with
motor function as well as a significant loss in MC in spatial learning
networks, which were in line with deficits in motor function and spatial
learning, Contrary, a common SUVR-based FDG-UPET analysis was not
sensitive enough to detect significant alterations of glucose uptake in
these brain regions at the investigated age of 6.4 months in the cohort. In
our previous study in tau P301S mice, we observed that early microglial
inflammation was correlated with reduced cortical and hippocampal
glucose uptake at the late stage (Eckenweber et al,, 2020), regionally
matching the seed regions of MC deficits, Tau-related impairments of
glucose uptake and MC are also in line with a human AD study sug-
gesting that elevated early tau is connected to decreased metabolism and
reduced synaptie activity (Adams et al,, 2019). In humans, tau spread
through brain networks overlaps with a large range of functional net-
works. In contrast, the human g-amyloid network is characterized by a
spatial pattem that shares large overlap with the default mode network
(Sala etal,, 2023). Correspondingly, our analysis of the tau mouse model
showed a participation of all functional network units, reflected by the
decrease in ICC whereas in p-amyloidosis models a decrease of
cortical-subcortical connections can be found.

Interestingly, in both f-amyloidosis models PS2APP and APPPS1
where glial activation is linked to elevated relative glucose metabolism
(Brendel et al,, 2016; Xiang et al., 2021), MC showed likewise more
coherent results with the MWM phenotype than VOI-based analyses.
Conventional VOI-based analysis proved not sensitive or even showed
contradictory results on network impairments for these models. Ac-
cording to our previous findings, we attribute this to increased micro-
glial inflammation and thus increased glucose consumption in the
g-amyloidosis mouse models, which must be considered in FDG-PET
studies (Eckenweber et al., 2020). In APPPS1, amyloid-plaques appear
in the cortex at 6 weeks of age and in the hippocampus at 3-4 months of
age (Radde et al,, 2006), much earlier than in PS2APP animals in which
plaques are found at 6 months of age and a high plaque load is found in
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the hippocampus at 10 months of age (Weidensteiner et al,, 2009;
Ozmen et al., 2009). In PS2APP microglial activation is age-dependent
and correlates positively with the amyloid load (Brendel et al., 2016).
Also in APPPS1, studies indicate, that microglial activation increases
with aging and aggregates particularly within and around Ap4,-positive
plaques in the brain (Cao et al, 2021). Differences in the spatial
arrangement and in the severity of microglial inflammation can be
assumed between the two models, which also lead to differences in
glucose metabolism.

In PS2APP mice, MC proved to be superior to a conventional analysis
by showing clear network impairments in spatial learning regions,
which cannot be monitored by a conventional VOI-based analysis.
Moreover, in this model, MC served as a sensitive predictor for change in
behavioral outcomes in MWM. In APPPS1 mice FDG-/PET data indi-
cated a significant increase in hippocampal regions in the conventional
VOI-based analysis, being completely contradictory to the significant
loss of spatial learning functions we detected in the MWM at approxi-
mately 15 months of age, also confirmed by other behavioral studies
(Webster et al, 2014). In contrast, using MC a minor decrease in hip-
pocampal networks could be found. Although not significant this was
still in better accordance with the findings of the behavioral testing,
suggesting MC is less prone to microglial-inflammation-related change
in FDG uptake, Furthermore, MC proved to be a more suitable predictor
for motor functions and corresponding velocity in APPPS1 mice.

Regarding methodological aspects of the study, we considered SUVR
scaling to be superior to an SUV scaling approach for the assessment of
MC. Primarily measuring global heterogeneity an SUV-based scaling
tends to be the less sensitive read-out of both. Large differences in
regional cerebral uptake in individual mice lead to low basal correla-
tions between different brain regions and thus consistently small effect
sizes all derived from the utilization of SUV scaled data. Using a simu-
lation analysis with a random number generator to evaluate the required
sample size for the calculation of MC showed that SUVR scaling is the
more stable and suitable readout. Effect sizes of SUVR scaled MC in
intra-neocortical connections increased with each additional mouse and
a sample size of approximately 12 mice was necessary to obtain signif-
icant effect sizes with a Cohen’s d over 0.2 at a well acceptable RMSE
<0.2. By performing a comparison of two different yPET scanners we
could demonstrate scanner independent reproducibility of our data.
Connectivity matrices showed similar patterns for both scanners, indi-
cating data source independent applicability of MC for analysis of FDG-
UPET scans.

In previous studies a difference in [**F]JFDG uptake and regional
distribution pattermn between awake and isoflurane-anaesthetized rats
was observed (Shimoji et al., 2004). In fact, differences in arterial blood
flow and consecutive tracer distribution as well as cerebral glucose
utilization can be argued. However, a specific study on [18F]FDG uptake
inmice, showed similar values of whole brain [*®F]FDG uptake in awake
mice compared to isoflurane-anesthetized mice, supporting the routine
use of isoflurane anesthesia in preclinical imaging studies (Bascunana
etal,, 2019). Likewise, we observed only minor impact of FDG injection
during isoflurane anesthesia compared to awake injection in a
head-to-head comparison. Regarding MC analyses, highly similar
network connectivity between both conditions was observed. Therefore,
we consider MC analyses of FDG-PET data in mice that was acquired
after injection during isoflurane anesthesia to be valid and transferable
to the awake state, which also supports the 3R principle of animal
welfare.

Limitations that arose with the study of APPPS1 mice in the scanner
comparison between |PET and pPET/MR, included a sample size
disparity, due to different individual animals used in the scanner com-
parison, minor age differences between the groups (average 0.6 months
for APPPS1 and 0.9 months for WT) as well as day-dependent difference
in the test conditions which aggravated comparability as well as statis-
tical accuracy. Additionally, the differences in the average images
(Supplemental Fig. 3), ICCs (Fig. 4A and B), and R-values
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(Supplemental Fig. 6) between the two scanners can be possibly
explained by such inter-scanner differences as the reconstruction
methods (WPET: OSEM3D/MAP; WPET/MR: Tera-Tomo), the images
used for the attenuation correction (UPET: ransmission scan; (PET/MR:
MR scan), the spatial resolution (UPET: 1.5-3.0 mm FWHM in the radial
direction and 1.5-1.8 mm FWHM in the tangential direction; \PET/MR:
1.50-2.01 mm FWHM and 1.32-1.65 mm, respectively; both reported
for a point source and 2D filtered backprojection reconstruction), and
the peak sensitivity (WPET: 11.1 %; yPET/MR: 8.4 %) (Visser et al., 2000;
Nagy et al,, 2013). Additional cross-scanner harmonization can be per-
formed in the future to reduce the impact of these differences. However,
in summary, we already observed a satisfactory agreement of MC
read-outs derived from FDG-PET imaging of both machines, which likely
represents a real-life scenario for pooling or comparing multi-center
data.

Another limitation was the optimal VOI size for the calculation of MC
in the mouse models used in the study. We did not apply VOIs for po-
tential functional relevant subregions of several brain structures (i.e.
thalamic nuclei) since the limited spatial resolution in yPET leads to an
increase in statistical error with a smaller VOI size (Visser et al., 2009),
Also, a potential proportionally larger spill in of bone uptake and
stronger partial volume effects as well as increased cross-contamination
of surrounding tissue due to atrophy might be a negative aspect of the
usage of smaller cortical VOIs. Therefore, subsequent studies are desir-
able to determine the optimal VOI size for MC in mouse models. One
more concern regarding MC in AD mouse models is the fact that MC is
calculated at group level and therefore no conclusions can be drawn
about individual mice. However in mouse models most important ob-
servations such as therapy effects of drugs are commonly made at group
level. As preclinical usage of MC is sparse and to date no AD mouse
studies have focused on monitoring of therapeutic effects using MC
further research should be carried out in this promising field. Even
though promising results were reported in this work, additional studies
are needed to ensure the reproducibility of the applied methodology.

5. Conclusion

Our study proves that MC serves as a valid tool for the investigation
of specific neuronal network changes in transgenic f-amyloid and tau
mouse models. Compared with a conventional VOI-based pPET analysis
MC shows higher agreement with results of behavioral testing in MWM
as well as better detection of change of interregional glucose metabolism
in different p-amyloid and tau mouse models. Functional connectivity
studies in specific mouse models of neurodegenerative diseases could
contribute to further insight into the link between pathology and brain
function. Further MC may contribute to the validation of biomarkers and
evaluation of disease-modifying therapeutics in AD.
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Abstract

Background: In vivo assessment of neuroinflammation by 18-kDa translocator protein positron-emission-tomography
(TSPO-PET) ligands receives growing interest in preclinical and clinical research of neurodegenerative disorders. Higher TSPO-
PET binding as a surrogate for microglial activation in females has been reported for cognitively normal humans, but such
effects have not yet been evaluated in rodent models of neurodegeneration and their controls. Thus, we aimed to
investigate the impact of sex on microglial activation in amyloid and tau mouse models and wild-type controls.

Methods: TSPO-PET ("®F-GE-180) data of C57B1/6 (wild-type), App™ ©© (B-amyloid model), and P301S (tau model) mice was
assessed longitudinally between 2 and 12 months of age. The App™ © group also underwent longitudinal B-amyloid-PET
imaging (AR-PET; "*Fflorbetaben). PET results were confirmed and validated by immunohistochemical investigation of
microglial (Iba-1, CD68), astrocytic (GFAP), and tau (AT8) markers. Findings in cerebral cortex were compared by sex using linear
mixed models for PET data and analysis of variance for imrmunohistochemistry,

Results: Wild-type mice showed an increased TSPO-PET signal over time (female +23%, male +4%), with a significant
sex X age interaction (T = — 4171, p < 0.001). The AR model App™ ¥ mice also showed a significant sex x age
interaction (T = — 2.953, p = 0.0048), where cortical TSPO-PET values increased by 31% in female App™ © © mice, versus
only 6% in the male mice group from 2.5 to 10 months of age. Immunohistochemistry for the microglial markers Iba-1
and CD68 confinmed the TSPO-PET findings in male and ferale mice aged 10 months. AB-PET in the same App™ ©*
mice indicated no significant sex X age interaction (7 = 0425, p =0.673). The P301S tau model showed strong cortical
increases of TSPO-PET from 2 to 85 months of age (ferale + 32%, male + 36%), without any significant sex X age
interaction (7= — 0671, p=0.504), and no sex differences in Iba-1, CD68, or AT8 immunohistochemistry.
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Conclusion: Female mice indicate sex-dependent microglia activation in aging and in response to amyloidosis but not
in response to tau pathology. This calls for consideration of sex difference in TSPO-PET studies of microglial activation
in mouse models of neurodegeneration and by extension in human studies.

Keywords: Sex, Microglia, TSPO, Amyloid, Tau

Introduction

Alzheimer’s disease (AD) is the most prevalent neurode-
generative disease in societies with aging populations [1].
The neuropathology of AD is characterized by the histo-
logical triad of accumulation of extracellular amyloid-
peptide (AP) plaques, fibrillary tau aggregates within
neurons, and the activation of neurcinflammatory path-
ways mediated by microglia and astrocytes [2-6]. Im-
portantly, the assessment of glial activation by 18-kDa
translocator protein (TSPO) positron emission tomog-
raphy (TSPO-PET) has received growing interest in the
last decade [7], which has spurned the development of a
wide range of tracers for human studies [8]. Molecular
imaging for stratification and monitoring of glial activa-
tion could become crucial for target engagement and re-
sponse assessment of immunomodulatory therapies [9].

Human clinical data indicate that men and women ex-
hibit sex differences in the neuropathological and symp-
tomatic progression of AD [10]. The lifetime risk of later
developing AD for 65-year-old females is twice that of
men of the same age (12% vs. 6.3%, respectively) [11].
Women also show faster progression from mild cogni-
tive impairment to AD dementia when compared to
men [12]. There is growing evidence that sex differences
in neuroinflammation pathways including microglia
could play a crucial role in driving the sex differences
observed in AD [13]. Nonetheless, the few reports on
sex differences in TSPO expression have mainly focused
on astrocytes in culture. For example, cultured astro-
cytes derived from female mouse pups showed stronger
increases in TSPO mRNA expression upon exposure to
bacterial lipopolysaccharide challenge that did cultured
astrocytes derived from male littermates [14]. Notably,
glial cells express receptors for estrogens and androgens,
suggesting the potential for modulation of neuroinflam-
matory responses by sex steroid hormones [15-17]. Fur-
thermore, a key function attributed to TSPO in
microglia is cholesterol transport within the mitochon-
dria [18], which implies downstream effects on the syn-
thesis and metabolism of sex steroid hormones.

A recent human study in cognitively healthy individ-
uals revealed significant sex differences of “'C-PBR28
binding in brain, with women showing a higher TSPO-
PET signal [17]. However, although TSPO-PET is in-
creasingly used for investigation in vivo of microglial ac-
tivation in mouse models of AD [19-22], preclinical

studies have not previously considered possible sex ef-
fects on TSPO-PET findings.

Given this background, we aimed to investigate sex
differences in the TSPO-PET signal in wild-type mice as
well as in mouse models of AR and tau pathology. We
tested if the observed effects are independent from po-
tential sex differences in protein aggregation in these
models. Finally, we aimed to elucidate if our effects are
specific to TSPO-PET binding or if they can be validated
by immunostaining for microglia.

Material and methods

Animals and study design

All experiments were performed in compliance with the
National Guidelines for Animal Protection, Germany,
and with the approval of the regional animal committee
(Regierung Oberbayern), with oversight by a veterinar-
ian. Mice were housed in a temperature- and humidity-
controlled environment with a 12-h light-dark cycle and
with free access to food (Sniff, Soest, Germany) and
water. Males and females were housed separately in the
same animal facility, with cages of equal size and com-
parable handling. A larger sample of female mice was a
priori included in the longitudinal studies listed below
due to the higher frequency of aggressive behavior
among male cage mates, which can cause space issues
when they need to be separated. Cage mates were kept
together in small cohorts when entering the imaging fa-
cility and no mice had to be separated during longitu-
dinal imaging. All mice with longitudinal imaging data
were included in the analysis as stated below. A detailed
overview on the sample size of the mouse cohort is pro-
vided in Table 1.

All PET raw data is derived previous in-house studies
conducted using the same tomograph and with identical
acquisition parameters. The raw data were reprocessed
to obtain maximal agreement of spatial and activity
normalization between studies. We included data from
descriptive datasets or control groups of therapy/geno-
type studies:

o (C57BL/6: Historical cross-sectional *F-GE-180 data
from 126 scans of wild-type C57BL/6 mice aged 2—
13 months were reanalyzed. Iba-1 staining was per-
formed in four wild-type mice of each sex at 12-14
months of age. In total, 86 of the 126 (68%) TSPO-
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Table 1 Sample sizes of the mouse coharts across PET and histo- and immunohistochemistry modalities
Genotype 2-3M 4-5M 6-7M 8-11M 12-14M
Sex Male Female Male Female Male Female Male Female Male Female
C57BL/6 TSPO-PET 16 3 9 18 2 5 5 27 4 9

Iba-1 4 4
App™GF TSPO-PET 6 6 6 15 6 15 6 15

AB-PET 6 6 6 15 6 15 6 15

Iba-1 4

D68 4 4

Methoxy-x04 4 S

GFAP 4 4
P301S TSPO-PET 19 33 18 32 15 27 6 6

Iba-1 7 7

D68 7 7

AT8 7 7

PET scans of C57BL/6 mice were imaged in parallel
with App™ % and P301S mouse models, whereas
the remaining 40 mice (32%) were imaged within
the same time-period (2016-2020) but not in paral-
lel with App™* % and P301S mice included in the
current study.

AppEE(AppNE-FFNLGE): The knock-in mouse
model App™* ¥ carries a mutant amyloid precursor
protein (APP) gene encoding the humanized Ap se-
quence (G601R, F606Y, and R609H) with three
pathogenic mutations, namely Swedish (KM595/
596NL), Beyreuther/Iberian (I641F), and Arctic
(E618G). Homozygotic App™ % mice progressively
exhibit widespread cerebral AB accumulation from 2
months of age [23, 24]. Longitudinal **F-GE-180
data from 75 serial scans of homozygotic App™=F
mice imaged at four different ages (2.5, 5.0, 7.5, and
10 months) from previous [25, 26] and unpublished
studies were reprocessed. Six mice of each sex were
imaged longitudinally at all four time-points whereas
nine females entered PET imaging starting from 5.0
months of age. Only mice with successful imaging
until 10 months of age were included. The average
cage occupancy (1 per cage) was 2.1 for females and
1.5 for males. All these mice had a contemporaneous
'8E_florbetaben AB-PET scan, which was repro-
cessed and analyzed analogously. Iba-1, CD68,
GFAP, and methoxy-X04 staining in four to five
App™F%F mice of each sex at 11 months of age.
P3018: P301S mice express the human ON4R tau
isoform with the P301S mutation in exon 10 of
MAPT gene, which is under control of the murine
thyl promoter on a C57BL/6 background [27, 28].
This model develops aggregates of
hyperphosphorylated tau mainly in the brainstem,
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with onset starting at 2-3 months of age. Tau
filaments in these mice appear mostly as half-twisted
ribbons, with a lesser abundance of larger paired hel-
ical tau filaments resembling those seen in human
AD patients. The behavioral phenotype of P301S
mice manifests as learning deficits from 2—3 months
of age, and onset of motor impairment at 4 months,
leading to early death before 12 months of age. Lon-
gitudinal '*F-GE-180 data from 156 serial scans of
P301S mice imaged at up to four different time-
points (2, 4, 6, and 8 months) from a previous [21]
and an unpublished study were reprocessed. Six
mice of each sex were imaged longitudinally at all
four time-points whereas 27 female and 13 male
mice were imaged from 2 to 6 months of age. Failed
imaging sessions at follow-up time-points were ex-
cluded. The average cage occupancy (1 per cage)
was 2.6 for females and 1.9 for males. Iba-1, CD68,
and AT8 staining had been performed in seven
homozygotic P301S mice of each sex at 7-8 months
of age.

PET imaging

PET data acquisition, reconstruction, and post-processing
For all PET procedures, including radiochemistry, acqui-
sition and pre-processing, we used an established and
standardized protocol [19, 29]. In brief, *F-GE-180
TSPO-PET recordings (average dose 12.3 + 2.2 MBq)
with an emission window of 60-90 min after injection
were obtained to measure glial activation. '*F-florbeta-
ben AB-PET recordings (average dose 11.8 + 1.9 MBq)
with an emission window of 30-60 min after injection
were performed for assessment of fibrillar A accumula-
tion. Anesthesia was induced with 3.0% isoflurane deliv-
ered via a mask at 3.5L/min, with maintenance of
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anesthesia by 1.5% isoflurane during the imaging time
window.

PET image analysis

We performed all PET data analyses using PMOD (ver-
sion 3.5; PMOD technologies). Normalization of TSPO-
PET emission images was performed by standardized
uptake value ratios (SUVR) using previously established
reference tissues in the WT (white matter), App™~ "
(periaqueductal grey), and P301S (nucleus accumbens)
mice [19, 25, 29, 30]. Two bilateral volumes of interest
placed in the frontal cortex (comprising 15mm” each)
served for calculation of target-to-reference SUVR. We
chose frontal cortex for quantification of TSPO-PET sig-
nal based on earlier findings in C57BL/6, AppM'G'F, and
P301S mice (21, 25, 30], and due to the documented
presence of neuropathology in App™rST and P301S
mice, along with the requirement for a sufficiently large
standard volume of interest (VOI).

Immunohistochemistry

Iba-1, CD68, methoxy-X04, and AT8 immuno- and
histochemical stainings were performed as described
previously [21, 25]. In brief, we performed a standard
free-floating immunofluorescence protocol cortex and
brainstem areas matching the PET brain regions. As pre-
viously described, perfusion fixed 50-pm-thick brain sec-
tions were rinsed either overnight or for 48h in PBS
with 0.2% Triton X-100 containing one of the following
primary antibodies: rabbit monoclonal Iba-1 (1:500.
Wako: 19-19741), rat monoclonal CD68 (1:500. Bio-Rad:
MCA1857), and mouse monoclonal phospho-Tau (1:
500. Thermo Fisher: MN1020). After washing in PBS,
sections were then incubated in a combination of three
secondary antibodies (Alexa 488 goat anti-rabbit, Alexa
594 goat anti-mouse, and Alexa 647 goat anti-rat IgG).
Following this step, A fibrils were stained for 25 min
upon addition of methoxy-X04 (10 pug/mL in 50% etha-
nol) at room temperature, followed by washing in buffer
(4 times ten min each).

For GFAP staining, free-floating sections were blocked
with Normal Goat serum (5%) in PBS + 0.3% Triton X-
100 for 1 h at room temperature. We obtained immuno-
histochemical labelling of astrocytes using the antibody
anti-GFAP (Synaptic Systems) 1:500 in 1% NGS blocking
solution overnight at 4 °C and the Alexa Fluor 555 second-
ary antibody anti-rabbit (Invitrogen) 1:500 in 1% NGS
blocking solution for 3 h at room temperature. The un-
bound dye was removed by three washing steps with PBS,
and the slices were then mounted on microscope slides
with fluorescent mounting medium (Dako, Germany).

We performed quantitation in Image] (https://imagej.
nih.gov/ij/) with images obtained from a confocal micro-
scope (LSM 780 Axio invers). For each marker, we

Page 4 of 10

calculated the percentage coverage of positive staining in
a cortical region matching the PET VOIL

Statistics

In wild-type mice, we first assessed whether there was
an age-dependent increase in TSPO-PET signal, using a
linear mixed model with age at scanning as a predictor
of TSPO-PET controlling for sex (fixed effect) as well as
for random slope and intercept. Next, we tested for sex
differences in the age dependence of TSPO-PET results
by additionally including a sex x age interaction as a
predictor.

We applied equivalent models in the Ap, mice
both for TSPO-PET and AB-PET, and likewise in the
P301S tau transgenic mice for TSPO-PET, to determine
whether sex moderated the age-dependent PET in-
creases. When assessing the sex by age interaction effect
on the increases in TSPO-PET binding in the App==E
mice, we additionally controlled the models for individ-
ual concomitant AB-PET levels to isolate sex-specific ef-
fects on the TSPO-PET increases from confound due to
the primary fibrillar A pathology.

Effects of sex on histo- and immunochistochemistry
area-% readouts were tested by unpaired Student’s £ test,
and effect sizes were calculated as Cohen’s d. Statistical
analyses were performed in R using the Ime4 package
for linear mixed models. For all models, we applied an
alpha threshold of 0.05 for considering effects to be sta-
tistically significant.

L-G-F

Results

Stronger elevation of the cortical TSPO-PET signal in
females is reproducible in rodents

Our first objective was to investigate if recent human
findings of higher TSPO-PET signal in cognitively
healthy females when compared to males [17] also hold
true for healthy wild-type mice. Therefore, we availed
ourselves of our large pPET database to make a cross-
sectional comparison of *F-GE-180 TSPO-PET scans by
sex. Wild-type mice showed increasing TSPO-PET
SUVR in cortex with age (7' = 8.915, b/SE = 0.009/0.001,
»<0.001, Cohen’s d = 1.608), in line with our earlier re-
port on this phenomenon [30]. Furthermore, we found a
significant age x sex interaction (7" = - 4.171, b/SE = —
0.009/0.002, p <0.001, Cohen’s d = 0.755) in these ani-
mals, controlling for slope (age) and random intercept,
indicating that female mice showed more pronounced
TSPO-PET SUVR increases than did male mice (Fig. 1a).
Immunohistochemistry confirmed higher Iba-1 quantifi-
cation in female wild-type mice at 12—14 months of age
when compared to males (3.23 + 0.09% vs. 2.97 + 0.10%,
p=0.010, Cohen’s d = 1.87; Fig. 2a). In summary, we
confirmed our hypothesis that (as seen in cognitively in-
tact humans) female wild-type mice would show greater

58



Biechele et al. Journal of Neuroinflammation (2020) 17:374

Page 5 of 10

A wild-type B AppM-G-F C P301S
1.1
0.9
1.0
0.8

TSPO SUVR
o
©

0.8
0.7
25 5.0 75 100 125 2 4 6 8 10
Time in months Time in months Time in months
Sex == female male
wild-type Apph-G-F P301S
25M 50M 85M 125M 25M 50M 75M 10.0M 40M 6.0M 80M

TSPO-PET 0.3

TSPO-PET 05 SUWR 1.1
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age-dependent increases in TSPO-PET binding, which
was evident by diverging slopes of female and male mice
starting from 6 to 7 months of age.

Sex-specific TSPO-PET increase in the presence of A
pathology
Next, we tested whether female App mice showed
greater longitudinal increases in microglial activation,
using TSPO-PET as a proxy. There was a pronounced
TSPO-PET increase in the cortex of App™"* mice with
age when considering both female and male mice (7" =
11.831, b/SE = 0.024/0.002, p < 0.0001, Cohen’s d = 5.893,
linear mixed model, adjusted for sex, random slope, and
intercept). We then proceeded to test for a sex x age inter-
action for TSPO-PET SUVR, controlling for random slope
(i.e., age at scanning) and intercept. As hypothesized, we
found a significant sex x age interaction for TSPO-PET
SUVR (T = - 2953, b/SE = - 0.011/0.004, p = 0.0048,
Cohen’s d = 0.827, Fig. 1b), where the female App™"<*
mice showed a greater increase in TSPO-PET SUVR with
age than did male mice.

To account for potential sex differences in fibrillar Ap
aggregation, we tested whether App™ 7 mice showed
sex differences in AB-PET. Using longitudinal '*F-

NL-G-F

florbetaben-PET data in the same mice, we tested the
sex x age interaction on 8E_florbetaben-PET SUVR,
using linear mixed models controlling for random slope
(i.e., age) and intercept. There was no significant sex x
age interaction on '°F-florbetaben-PET SUVRs (T =
0.425, b/SE = 0.001/0.003, p = 0.673, Cohen’s d = 0.141,
Fig. 3a). Thus, we conclude that the longitudinal in-
creases of fibrillar AB aggregation in cortex are compar-
able between male and female App™* mice (main
effect of age on '®F-florbetaben-PET SUVR, controlling
for sex, random slope, and intercept: T = 6.048, b/SE =
0.009/0.002, p <0.0001, Cohen’s d = 1.872). More im-
portantly, the aforementioned sex effect on TSPO-PET
remained consistent when controlling for **F-florbeta-
ben-PET SUVR at each time-point (7' = - 2.926, b/SE =
- 0.011/0.0038, p =0.0051, Cohen’s d = 0.820), suggest-
ing that sex differences in TSPO-PET SUVR are not
driven by sex-specific differences in fibrillar A burden.
Immunohistochemistry at the terminal time-point con-
firmed the observations in vivo, showing higher expres-
sion of activated microglial markers in the female mice
compared to males (Iba-1: 11.14 + 1.02% vs. 7.44 =+
0.91%, p = 0.0008, Cohen’s d = 2.71; CD68: 3.01 + 0.06%
vs. 1.57 + 0.13%, p = 1E-6, Cohen’s d = 10.13) (Fig. 2b).
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Methoxy-X04 histology indicated slightly higher fibrillar
AB levels in App™ ST females at the terminal time-
point (1.38 + 0.12% vs. 1.14 + 0.12%, p = 0.021, Cohen’s
d = 141, Fig. 3b). GFAP immunohistochemistry showed
slightly higher levels of reactive astrocytes in App™“ %
females at the terminal time-point (7.23 + 1.00% vs. 5.60
+ 0.28%, p = 0.020, Cohen’s d = 1.58, Fig. 4).

In summary, we find a striking effect of sex on the
age-dependent increase in cortical TSPO-PET signal in
AB-transgenic mice, in the absence of notable sex differ-
ences in fibrillar AB pathology to '®F-florbetaben-PET
SUVR, and with only slightly higher fibrillar AB to hist-
ology at the terminal time-point. This indicates that the
sex difference in microglial activation is not readily at-
tributable to sex differences of fibrillar Ap pathology.

TSPO-PET increases in response to tau pathology are not
moderated by sex

Next, we tested whether sex-specific increases of the
TSPO-PET signal were specifically related to cerebral
AP accumulation, or rather a more general function of
AD-like brain pathology. To this end, we assessed longi-
tudinal TSPO-PET in P301S tau transgenic mice, finding
the expected longitudinal increases in TSPO-PET SUVR
with age (T = 15.77, b/SE = 0.038/0.002, p <0.0001,
Cohen’s d = 2.987). There was, however, no significant
sex x age interaction with TSPO-PET SUVR, controlling
for slope (i.e., age) and random intercept (7 = - 0.671,
b/SE = - 0.003/0.005, p=0.504, Cohen’s d = 0.128,
Fig. 1c). Thus, the TSPO-PET SUVR increases in re-
sponse to 4-repeat isoform tau pathology did not differ
between male and female P301S mice. Terminal immu-
nohistochemical analysis likewise did not indicate any
significant sex differences in microglial markers (Iba-1,
11.56 + 1.29% vs. 11.10 + 1.33%, p = 0.523, Cohen’s d =
0.25; CD68, 1.72 + 0.06% vs. 1.71 + 0.05%, p=0.757,
Cohen’s d = 0.12; Fig. 2¢) or AT8-positive tau accumula-
tion (5.69 + 1.79% vs. 5.73 + 1.18%, p = 0.965, Cohen’s d
= -0.02; Fig. 3c) in P301S mice aged 7—8 months.
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Discussion

This is the first investigation aiming to elucidate sex dif-
ferences in microglial activation in aging wild-type mice
and mouse models of AD-like pathologies. Our data
show a sex-specific effect on the cortical TSPO-PET sig-
nal and immunohistochemical markers of microgliosis
in wild-type mice, with a greater age-dependent increase
in female mice, thus in line with human TSPO-PET data
in cognitively healthy men and women. Notably, we also
observed a strong sex-specific effect on TSPO-PET sig-
nal during accumulation of AP pathology, indicating
higher TSPO-PET binding in female App™"“* mice
than in males. Contemporaneous AB-PET from the same
mice allowed us to adjust TSPO-PET results for possible
confounding effects due to sex differences in the pro-
gression of fibrillar A pathology. In contrast, P301S
mice did not indicate sex differences in TSPO-PET sig-
nal increases in response to their accumulation of tau
pathology. Terminal histo- and immunohistochemical
analyses of phosphorylated tau, AP, and microglial
markers confirmed all of the main PET findings.

Similar to a recent multi-center TSPO-PET in cogni-
tively healthy men and women [17], we observed a
strong effect of sex on the cortical TSPO-PET signal in a
cross-sectional cohort of wild-type mice, indicating pro-
gressively higher TSPO-PET signal in cortex of females
as compared to males. Importantly, we used data from
mice housed under standard conditions, and with a
completely matched TSPO-PET protocol, thus minimiz-
ing variance from methodological and environmental
factors. This is critically important, given our compil-
ation of data from various studies.

The human TSPO-PET study showed a more dis-
tinctly higher grey matter signal in younger women,
which declined with increasing age of the subjects [17].
In contrast, our wild-type mouse data showed a sex dif-
ference in TSPO-PET favoring the females, which be-
came more prominent with increasing age. However, we
note that our tracking of TSPO-PET extended to only to
13months of age, which is perhaps comparable to

GFAP (area-%)

Fig. 4 Reactive astrocytes in App™

“F mice. Scatter plots and representative images of GFAP immunostaining

Apph-S, 11M
female

n male and fema
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middle age in humans [31]. Therefore, sex differences in
TSPO-PET may follow differing time-courses in healthy
mice and humans in relation to their vastly different life-
spans. Our histo- and immunohistochemical validations
of the in vivo TSPO-PET results present a distinct ad-
vantage of our preclinical study. Thus, we unambigu-
ously establish the congruence of TSPO-PET findings
with greater elevation of the microglia marker Iba-1 in
aged female wild-type mice when compared to males.
This result also supports the claims made in the human
study cited above that increasing TSPO-PET binding
with healthy aging is attributable to microglial activation,
i.e., neuroinflammation. The large variability of human
TSPO-PET binding in healthy individuals [17] and the
allelic dependence of most TSPO tracers [8] predict a
need for substantial group sizes to detect sex interac-
tions with TSPO-PET signal in neurodegenerative dis-
eases like AD. Our present use of inbred mouse lineages
may have tended to reduce variance in the various end-
points, and our use of transgenic mouse models with
overexpression of AR or hyperphosphorylated tau allows
the isolation of effects of different protein aggregates on
the interaction between sex and TSPO-PET expression.
While preclinical AD patients can show AP-positivity
and tau-negativity [32], there is lingering uncertainty
about the threshold of disease progression for detection
of tau in cerebrospinal fluid or tau-PET assessments
[33]. However, our investigation reveals a sex-specific ef-
fect on TSPO-PET increases during accumulation of AB
pathology in Ap, GF mice, with an interaction of a
magnitude similar to that seen in aging wild-type mice.
The progression of AB pathology is more rapid in female
AD-model mice than in males [34]. A primary accumu-
lation of fibrillar AP triggers a secondary neuroinflam-
mation mediated by activated microglia [35]. Preliminary
results had indicated sex differences in Af accumulation
in App™F mice, albeit with onset in the interval be-
tween 12 and 18 months [23], thus occurring after the
present observation period. We did not observe sex dif-
ferences of the AB-PET increase in App™™ % mice and
inclusion of AB-PET results in the linear mixed model
did not alter the sex difference in TSPO-PET. Methoxy-
X04 staining indicated moderately higher fibrillar Ap
pathology in female App"SF mice compared to male
App™“* mice, which may reflect greater sensitivity of
the histological staining [20], or the preponderant
weighting of the AB-PET signal to fibrillar AP and its in-
sensitivity to soluble A proportions. Thus, we cannot
exclude the possibility that the effect of sex on TSPO-
PET in App™ %" mice may be influenced by sex differ-
ences in the biochemical nature of the AP pathology.
While the main attribution of the TSPO-PET signal is to
activate microglia, there is also a contribution from pro-
inflammatory astrocytes [36]. We note that the
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proportion of astroglial versus microglial contributions
to TSPO-PET signals might differ between male and fe-
male mice and our immunohistochemistry data showed
sex differences for both CD68 reactivity and GFAP re-
activity in App™ %% mice. A direct correlation analyses
between TSPO-PET and immunohistochemistry in lar-
ger cohorts of male and female App™ F mice could
better substantiate the cellular origin of the TSPO-PET
signal.

Surprisingly, we were unable to detect corresponding
sex-specific effects on longitudinal TSPO-PET increases
in the P301S tau mouse model. Negative PET findings
are supported by the absence of sex differences in Iba-1
and CD68 immunohistochemistry, and by the equal
levels of hyperphosphorylated ATS8-positive tau in fe-
male and male P301S mice at 7 months of age. Although
there were significant sex differences in microglial
microRNA expression model mice [37], our present
in vivo findings do not indicate any sex difference in the
TSPO-PET binding with aging of P301S mice. Indeed,
these tauopathy model mice did not manifest the sex ef-
fect seen in wild-type mice, perhaps due to masking by
effects of strong tau pathology in aging P301S mice. We
also note that PET imaging paradigms give a macro-
scopic view of neuroinflammation components in mouse
brain as compared to immunohistochemistry or in situ
hybridization methods. However, we emphasize the
translational relevance of neuroinflammation PET bio-
markers [6]. Thus, the synthesis of our combined find-
ings comprise strong evidence for a sex-specific effect
on the TSPO-PET signal in aging wild-type mice, and
the association between microglia activation with Af} ac-
cumulation in transgenic mice, without corresponding
association with tauopathy in P301S mice. Present ob-
servations are hypothesis generating for studies of
microglial activation by manipulation of sex hormones,
i.e,, by ovariectomy or orchidectomy [10]. Furthermore,
cross-breeding of AP and tauopathy mouse models with
TSPO knock-out mice [38] could mechanistically help
elucidate the effect of sex differences of TSPO on func-
tionally related pathways such as cholesterol synthesis.
We note the present imbalance of numbers of male and
female mice, which arises from retrospective design of
this study.

There is growing evidence that tau pathology follows
accumulation of AR in AD patients [39]. Recent data
showed that NLRP3 inflammasome activation triggers
tau pathology [40], and importantly, there is evidence
that women present a higher level of tau pathology even
at the preclinical stage of AD [41]. This stands in con-
trast to present finding of absent sex differences in tauo-
pathy in the P301S model mice, which lack AP
pathology. Thus, enhanced microglial activation in re-
sponse to AP could constitute the key factor resulting
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elevated in tau pathology in female AD patients. TSPO-
PET in conjunction with tau- and/or AB-PET in cohorts
of AD and primary tauopathy patients (i.e., progressive
supranuclear palsy or corticobasal degeneration) would
translate our present findings into the study of human
disease.

Conclusions

Sex-specific effects on the age-dependent increase in
cortical TSPO-PET signal are present in wild-type mice
and in mouse models of neurodegenerative diseases. Sex
moderates the cortical microgliosis in response to amyl-
oidosis but not to tau pathology in transgenic mice.
Strict controlling for sex is required for TSPO-PET stud-
ies of microglial activation in mouse models of neurode-
generative  diseases and  requires attention in
corresponding studies in human disease.
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