Aus der
Klinik und Poliklinik fir Nuklearmedizin
Klinik der Universitat Miinchen
Direktor: Prof. Dr. Rudolf Alexander Werner

In vivo Detektion von
reaktiver Astrozytose und Synapsenverlust
in Alzheimer-Mausmodellen
mittels Positronen-Emissions-Tomographie

Dissertation
zum Erwerb des Doktorgrades der Medizin
an der Medizinischen Fakultat
der Ludwig-Maximilians-Universitat zu Minchen

vorgelegt von
Anna Ballweg, geb. Schander

aus
Thalmann

Jahr
2025



Mit Genehmigung der Medizinischen Fakultat
der Universitat Minchen

Berichterstatter: Prof. Dr. Dr. Matthias Brendel

Mitberichterstatter: PD Dr. Matthias P. Fabritius
Dr. Michael Dieter Ludwig Willem

Prof. Dr. Dominik Paquet
Mitbetreuung durch den
promovierten Mitarbeiter: Dr. Johannes Gndrich

Dekan: Prof. Dr. med. Thomas Gudermann

Tag der mundlichen Prifung: 10.07.2025



| Affidavit und Ubereinstimmungserklarung 3

l. Affidavit und Ubereinstimmungserklirung

LUDWIG-

MAXIMILIANS- Promotionsbiiro )
UNIVERSITAT Medizinische Fakultat |l
MUNCHEN MMRS

Eidesstattliche Versicherung

Ballweg, Anna

Name, Vorname

Ich erklare hiermit an Eides statt, dass ich die vorliegende Dissertation mit dem Titel:

In vivo Detektion von reaktiver Astrozytose und Synapsenverlust in Alzheimer-Mausmodellen

mittels Positronen-Emissions-Tomographie

selbstandig verfasst, mich aul3er der angegebenen keiner weiteren Hilfsmittel bedient und alle Er-
kenntnisse, die aus dem Schrifttum ganz oder annahernd ibernommen sind, als solche kenntlich
gemacht und nach ihrer Herkunft unter Bezeichnung der Fundstelle einzeln nachgewiesen habe.

Ich erklare des Weiteren, dass die hier vorgelegte Dissertation nicht in gleicher oder in 8hnlicher Form
bei einer anderen Stelle zur Erlangung eines akademischen Grades eingereicht wurde.

Kulsheim, 17.03.2025 Anna Ballweg

Ort, Datum Unterschrift Doktorandin bzw. Doktorand



| Affidavit und Ubereinstimmungserklarung

LUDWIG-

MAXIMILIANS-
UNIVERSITAT Dekanat Medizinische Fakultat
MUNCHEN

Promotionsbiiro

Erkldrung zur Ubereinstimmung der gebundenen Ausgabe der Dissertation
mit der elektronischen Fassung

Ballweg, Anna

Name, Vorname

Hiermit erklare ich, dass die elektronische Version der eingereichten Dissertation mit dem Titel:
In vivo Detektion von reaktiver Astrozytose und Synapsenverlust

in Alzheimer-Mausmodellen mittels Positronen-Emissions-Tomographie

in Inhalt und Formatierung mit den gedruckten und gebundenen Exemplaren tbereinstimmt.

Kulsheim, 14.07.2025 Anna Ballweg

ort, Datum Unterschrift Anna Ballweg

Ubereinstimmung abgegebener Exemplare Stand: 14.07.2025



Inhaltsverzeichnis

Inhaltsverzeichnis
. Affidavit und Ubereinstimmungserklarung............ccoereeeeresseseresnsesesesssssessssnns 3
Il INNAItSVErZEeIChNIS ... 5
L. AbKUrzungsverzeiChnis........ccccoieiiiirr s 6
1. Publikationen der kumulativen Dissertation und Beschreibung des
Eigenanteils ........ccco i 7
1.1 PUDIKAtIONSIISTE ... 7
1.2 Beitrag zu Paper I: “['®F]F-DED PET imaging of reactive astrogliosis in
neurodegenerative diseases: preclinical proof of concept and first-in-human data” .8
1.3 Beitrag zu Paper II: “Assessment of synaptic loss in mouse models of B-amyloid
and tau pathology using ['8FJUCB-H PET imaging” ........ccceeoeereeneeiiesee e 9
2, EiNlQItUNG..cciiieii e ———— 10
21 Allgemeine EinfURruNG... ... e 10
2.2 Pathophysiologie des Morbus AlZheimer..........c..ooiiiiiiiii e 11
23 Neuroinflammation in der Pathophysiologie — Astrozytose ..........cccoccveeiiiiieeiiineen. 12
24 Neurodegeneration in der Pathophysiologie — Synapsenverlust..............cccccoveeee. 13
2.5 PS2APP und P301S - transgene Mausmodelle flir Proteinaggregation bei Morbus
ALZNEIMET ...ttt e e s e e e e e e e an 14
2.6 Radioliganden und PET-Bildgebung in transgenen Mausmodellen des Morbus
AIZNEIMET <.ttt e e s e e e e e e as 15
2.7 Zielsetzung der DisSSertation ........... ... 17
3. ZUSaMMENTASSUNG ....occueeriiiinrre i s s s ann e nas 20
4, Abstract (EnNgliSh) .......cccciiiiiiiiiinn s 25
5. PUbliKation L. 29
6. Publikation Il.............ee s 45
7. LiteraturverzeiChnis....... ..o 55
V. D F= ST T 11 4T R 60



Il AbkUrzungsverzeichnis

ll. Abkurzungsverzeichnis

AD

APP

FDG
['®F]F-DED
FAD
GFAP
MAO
MAPT
PET
PS
TG
TSPO
SV2A
VOl

WT

Alzheimer’s Disease

Amyloid Precursor Protein

Beta

Fluoroxyglucose
['®F]Fluorodeprenyl-D2

Familial Alzheimer Disease

Glial Fibrillary Acidic Protein
Monoaminooxidase
Mikrotubuli-assoziiertes Protein-Tau
Positronen-Emissions-Tomographie
Presenilin

Transgen

Translokatorprotein

Synaptisches Vesikel-Glukoprotein 2a
Volume-of-Interest

Wildtyp



1 Publikationen der kumulativen Dissertation und Beschreibung des Eigenanteils 7

1. Publikationen der kumulativen Dissertation und
Beschreibung des Eigenanteils

1.1 Publikationsliste

Die vorliegende kumulative Dissertation umfasst zwei bereits publizierte Manuskripte:

Ballweg A, Klaus C, Vogler L, Katzdobler S, Wind K, Zatcepin A, Ziegler Sl, Secgin B,
Eckenweber F, Bohr B, Bernhardt A, Fietzek U, Rauchmann BS, Stoecklein S, Quach S,
Beyer L, Scheifele M, Simmet M, Joseph E, Lindner S, Berg |, Koglin N, Mueller A, Ste-
phens AW, Bartenstein P, Tonn JC, Albert NL, Kimpfel T, Kerschensteiner M, Perneczky
R, Levin J, Paeger L, Herms J, Brendel M. ['®F]F-DED PET imaging of reactive ast-
rogliosis in neurodegenerative diseases: preclinical proof of concept and first-in-
human data. J Neuroinflammation. 2023 Mar 11;20(1):68. doi: 10.1186/s12974-023-

02749-2. PMID: 36906584; PMCID: PMC10007845.

Vogler L, Ballweg A, Bohr B, Briel N, Wind K, Antons M, Kunze LH, Gnérich J, Lindner
S, Gildehaus FJ, Baumann K, Bartenstein P, Boening G, Ziegler SI, Levin J, Zwergal A,
Hoglinger GU, Herms J, Brendel M. Assessment of synaptic loss in mouse models
of B-amyloid and tau pathology using ['®FJUCB-H PET imaging. Neuroimage Clin.

2023;39:103484. doi: 10.1016/j.nicl.2023.103484. Epub 2023 Jul 26. PMID: 37541098;
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1.2 Beitrag zu Paper I: “['®F]F-DED PET imaging of reactive
astrogliosis in neurodegenerative diseases: preclinical
proof of concept and first-in-human data”

Erarbeitung eines Studienkonzepts gemeinsam mit dem Betreuer. Mitarbeit bei Versor-
gung und Uberwachung der Versuchsmause. Durchfiihrung der Kleintier PET Scans
mit den drei Radiotracern ['®F]F-DED, ['®F]GE-180 und ['®F]-Florbetaben. Prozessie-
rung der Datensatze aus den PET Scans mit anschlieRender statistischer Analyse,
Auswertung und Interpretation der Scan-Daten und der Immunhistochemie, stets in en-
ger Absprache mit dem Betreuer. Erstellung der Abbildungen, Tabellen, Graphen und
Diagrammen. Literaturrecherche, vor allem mit dem Schwerpunkt auf dem neuartigen
Tracer ['®F]F-DED und reaktiver Astrozytose. Verfassen eines ersten Manuskriptes,
Uberarbeitung des Entwurfs bis zur finalen Abstimmung mit dem Betreuer. Erstellen ei-
ner Response-Datei nach Eingang des Reviews und erneute Uberarbeitung des Manu-

skript.

Wir entschieden uns fir eine geteilte Erstautorenschaft, um die préklinischen PET Daten
multimodal und translational zu publizieren (drei Saulen). Es erfolgte die praklinische
Analyse und Evaluierung mit PET Scans in einem Mausmodell zur Untersuchung des
neuen Tracers ['®F]F-DED und ein Vergleich mit anderen Tracern. Als zweite Saule Va-
lidierung der PET Daten durch den Goldstandard der Histologie bzw. Immunhistochemie
(Anteil Carolin Klaus). Um einen translationalen Ausblick in die praktische Anwendung
des Tracers zu geben, erfolgte die Untersuchung des Tracers in humanen Scans als

dritte Saule (Anteil Letizia Vogler).
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1.3 Beitrag zu Paper II: “Assessment of synaptic loss in
mouse models of B-amyloid and tau pathology using
['®F]JUCB-H PET imaging*

Mitarbeit bei Versorgung und Uberwachung der Versuchsmause. Mithilfe bei der Durch-
fuhrung der Kleintier PET Scans mit den Radiotracern ['®F]FDG, ["®FJUCB-H und
['®F]GE-180. Einarbeitung einer weiteren Doktorandin in die Prozessierung, Auswertung
und Analyse der Daten der Kleintier PET Scans. Prozessierung der Datensatze aus den
PET Scans mit anschlieRender Sichtung, statistischer Analyse, Auswertung und Inter-

pretation der Daten. Beitrag zur Erstellung eines primaren Manuskripts.

Wir entschieden uns fir eine Koautorenschaft, da der praktische Studienteil (Versorgung
Versuchstiere, Scans, Einarbeitung in bzw. Mithilfe bei Datenauswertung) hauptsachlich
durch Bernd Bohr und mich durchgefiihrt wurden. Letizia Vogler ibernahm die Erstellung
der Darstellungen, Graphen und Diagramme sowie des Manuskripts mit Implementie-

rung der Revisionsanmerkungen der Gutachter des Journals.
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2. Einleitung

2.1 Aligemeine Einfuhrung

Der Begriff ,Demenz” umfasst eine heterogene Gruppe von Erkrankungen, die vor allem
durch den Verlust der geistigen Leistungsfahigkeit und Alltagskompetenzen gekenn-
zeichnet sind. Durch das Auftreten von Einschrankungen in multiplen Bereichen, wie
beispielsweise Stoérungen des Gedachtnisses, der Orientierung, des Urteilvermdgens,
der Sprache und Motorik sowie der sozialen Interaktion, leiden Betroffene unter einer
stark eingeschrankten Lebensqualitat. Der Morbus Alzheimer stellt die haufigste Form
der dementiellen Syndrome dar [1] und fUhrt aufgrund der steigenden Inzidenz zu einer
wachsenden Belastung flr das Gesundheitswesen [2]. Schatzungen der Weltgesund-
heitsorganisation zufolge leiden rund 55 Millionen Menschen weltweit an einer Demenz.
Es wird erwartet, dass diese Zahl infolge des demographischen Wandels der Gesell-
schaft bis zum Jahr 2030 auf 78 Millionen und bis zum Jahr 2050 auf 139 Millionen
steigen wird [3]. Dies geht zum einen mit einer sozialen Belastung fir Patienten und
Angehorige und zum anderen mit einer finanziellen Herausforderung fir die Industriena-
tionen einher. GemaR den Angaben des statistischen Bundesamtes summierten sich die
Krankheitskosten flir Demenz im Jahr 2020 in Deutschland auf knapp 20 Milliarden Euro.
Das stellt einen Anteil von 4,6% an den gesamten Krankheitskosten dar [4]. Angesichts
dieser zunehmenden gesamtgesellschaftlichen Relevanz wachst der Stellenwert der Er-
forschung neuer frihdiagnostischer und therapeutischer Biomarker beziehungsweise
Medikamente. Die bisherige Therapie des Morbus Alzheimer basiert auf einer sympto-
matischen Behandlung durch Acteylcholinesteraseinhibitoren und nicht-kompetitiven
NMDA-Antagonisten [5, 6]. Dabei ist der Bedarf in Bezug auf krankheitsmodifizierende
Medikamente hoch. Es existiert bereits eine Vielzahl klinischer Studien zu monoklonalen
Antikérpern, die gegen B-Amyloid gerichtet sind. Als potentielle spezifische Therapeutika

sind Aducanumab und Lecanemab (BAN2401) als neuere Antikdrper gegen spezifische
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B-Amyloid-Subtypen gerichtet [7] und werden durch die U.S. Food and Drug Administra-
tion (FDA) fr eine beschleunigte Zulassung geprtift [8]. Neue Ansatze verfolgen die Un-
tersuchung von immunmodulatorischen Medikamenten, die unter anderem — durch Ak-
tivierung oder Hemmung — in die Regulierung von Neuroinflammation eingreifen [9]. Dies
koénnte eine mégliche Erganzung zu den monoklonalen Antikérpern in Bezug auf krank-

heitsmodifizierenden Therapien von Morbus Alzheimer sein.

2.2 Pathophysiologie des Morbus Alzheimer

Die Diagnostik und Detektion der neuropathologischen Auffalligkeiten des Morbus Alz-
heimer verschob sich aufgrund intensiver Forschung von einer urspriinglich rein patho-
logischen (post mortem), zu klinisch-symptomatisch, zu schlie8lich klinisch und biolo-
gisch (Biomarker in PET und Liquor, Bildgebung). Das ATN-Schema umfasst die cha-
rakteristischen Merkmale der Alzheimer Krankheit: extrazellulare B-Amyloid Plaques (A),
intrazellulare Fibrillen aus hyperphosphoryliertem Tau-Protein (T) und die unter anderem
daraus resultierende Neurodegeneration (N) [10]. Die einzelnen Pathologien weisen
eine enge Wechselwirkung in ihrer Entstehung und Auspragung auf. Basierend auf der
Amyloid-Kaskade-Hypothese, stellt die Bildung und Akkumulation von -Amyloid Abla-
gerungen vermutlich die zentrale Pathologie im Anfangsstadium dar, wahrend die Ag-
gregation der charakteristischen Tau Fibrillen zu einem spateren Zeitpunkt erfolgt [11-
13]. Aktuelle Studien erweitern das ATN-Schema um ,X* zum ATX(N)-Schema. Durch
das ,X“ wird beispielsweise der Stellenwert der Neuroinflammation als ein weiterer Pa-
thomechanismus hervorgehoben, wobei unter anderem eine neuroimmunologische Dys-
regulation, synaptische Dysfunktion und Veranderungen in der Blut-Hirn-Schranke da-
runter subsumiert werden [14]. In den letzten Jahren nahm das Interesse an der Unter-
suchung der Rolle von nicht-neuronalen Zellen in der Pathophysiologie neurologischer
Erkrankungen, insbesondere der Alzheimer Krankheit, zu. Es gibt zunehmend Hinweise,

dass Neuroinflammation ein weiteres zentrales Hauptmerkmal der Krankheit ist. Ein be-
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sonderes Augenmerk liegt auf der Erforschung der Frage, ob Neuroinflammation als pri-
mares oder sekundares Ereignis im Verlauf neurodegenerativer Erkrankungen auftritt
und ob dieses Auftreten eine neurotoxische oder neuroprotektive Wirkung auf den Hirn-
metabolismus aufweist [15, 16]. Dysregulierte Mikroglia und reaktive Astrozyten tragen
erheblich zum Fortschreiten der Alzheimer Krankheit und verschiedener anderer neuro-
degenerativer Erkrankungen bei, oft bereits vor dem Einsetzen des kognitiven Verfalls
und dem Anstieg anderer Biomarker [17-19]. Insbesondere der Nachweis reaktiver Ast-
rozyten als entziindlicher Biomarker bietet das Potential fiur die Detektion von Neuroin-
flammation [19]. Dysfunktionale Neuronen, die exemplarisch durch Aggregation von $3-
Amyloid und Tau entstehen, fihren zu einer Aktivierung einer mikroglialen Immunant-
wort. Die reaktive Mikroglia sezerniert Zytokine, die eine funktionelle Umstellung der Ast-
rozyten bewirken. Die dadurch entstandene Reaktivitat der Astrozyten bedingt den Ver-
lust ihrer unterstitzenden Wirkung auf die Neuronen und verursacht stattessen Neuro-
toxizitat. Dieser Prozess I0st einen Synapsenverlust und Untergang von Neuronen aus,

was wiederum zu weiterer Neurodegeneration fiihrt [20].

2.3 Neuroinflammation in der Pathophysiologie — Astrozytose

Astrozyten sind die am haufigsten vorkommenden Immunzellen im Gehirn von Sauge-
tieren [21]. Die physiologischen Aufgaben der Astrozyten umfassen exemplarisch die
Aufrechterhaltung der Homdostase durch Eingriff in den lonen- und Neurotransmitter-
haushalt, den Schutz des zentralen Nervensystems, die Beteiligung an der Bildung der
Blut-Hirn-Schranke und die Phagozytose [22]. Astrozyten besitzen die Fahigkeit durch
Anderung ihrer Funktion, Morphologie und ihres Genexpressionsprofils einen reaktiven
Zustand infolge verschiedener Stimuli, wie dem Untergang von Neuronen, einzunehmen
[23]. Dieser reaktive Zustand kann in diversen neurodegenerativen Prozessen oder nach
Gehirnverletzungen beobachtet werden [24-26]. Reaktive Astrozyten zeigen eine Hoch-

regulation von Proteinen auf, wie beispielsweise dem glial fibrillary acidic protein (GFAP)
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[27], das als Biomarker fir Astrozytose im Hirngewebe, Blut oder Liquor bestimmt wer-
den kann [23]. Das Flavoprotein Monoaminoxidase (MAO) kommt in zwei Isoformen
(MAO-A und MAO-B) vor. Die Funktion des Enzyms MAO-B ist unter anderem der Kata-
bolismus von Katecholaminen, wie beispielsweise der Abbau von Dopamin [28, 29].
MAO-B stellt neben GFAP einen weiteren Surrogatmarker fir reaktive Astrozytose dar
[30]. Im Gegensatz zu GFAP kann MAO-B mittels Radiotracer in PET Scans quantifiziert
werden. MAO-B befindet sich Uberwiegend in der aufderen Mitochondrienmembran in
Astrozyten [29]. Es ist aulterdem in geringeren Mengen in serotonergen Neuronen, Oli-
godendrozyten und Mikroglia zu finden [31]. Eine Uberexpression von MAO-B in reakti-
ven Astrozyten kann aufgrund von neuroinflammatorischen Prozessen bei Morbus Alz-

heimer festgestellt werden [32].

2.4 Neurodegeneration in der Pathophysiologie —

Synapsenverlust

Synapsen sind essenziell fir die kognitive Funktion des gesunden Menschen. Der durch
Neurodegeneration verursachte Synapsenverlust stellt einen elementaren Bestandteil
neurodegenerativer Erkrankungen dar [33, 34]. So kommt es bei Morbus Alzheimer zu
einem relevanten Abfall der Synapsendichte in verschiedenen Hirnregionen, wie bei-
spielsweise dem Hippocampus, was sich durch eine signifikante Korrelation zwischen
Synapsenanzahl und dem Ergebnis in Mini Mental State Untersuchung zeigte [35]. Das
synaptische Vesikel-Glukoprotein 2 (SV2) ist ein Protein, das in der Membran von sy-
naptischen sekretorischen Vesikeln von Neuronen und endokrinen Zellen lokalisiert ist
[36, 37]. Die Isoform SV2A wird ubiquitar im Gehirn exprimiert [38] und dient als Biomar-
ker fur die Synapsendichte. SV2A fungiert als Bindungsstelle fur das Antiepileptikum
Levetiracetam [39], wodurch eine Abwandlung des Antiepileptikums als Radioligand in

der PET Bildgebung als Synapsendichtemarker dienen kann [40].
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2.5 PS2APP und P301S - transgene Mausmodelle fir

Proteinaggregation bei Morbus Alzheimer

Die Etablierung transgener Mausmodelle in der praklinischen Forschung dient als Basis
fur ein besseres Verstandnis der molekularpathologischen Besonderheiten verschiede-
ner neurodegenerativer Erkrankungen wie dem Morbus Alzheimer. Untersuchungen an
transgenen Mausmodellen bieten die Moglichkeit neue diagnostische und medikamen-
tése Ansatze zu evaluieren [41]. Der Anteil der autosomal-dominant vererbten Form der
familiaren Alzheimer-Krankheit (FAD) an allen Alzheimer Demenzen liegt bei lediglich
unter 1% [42]. Gleichwohl ist das wissenschaftliche Interesse an der Untersuchung der
hereditaren Form grof3, da die Erforschung der betroffenen Gene einen wichtigen Beitrag
zu einem besseren Verstandnis der pathophysiologischen Prozesse der Krankheit leis-
ten. Humane Gene die Veranderungen in unterschiedlichen Proteinen auslésen, wie das
Amyloid Precursor Protein (APP), Presenilin 1/2 (PS1, PS2), Mikrotubuli-assoziiertes
Tau-Protein (MAPT), werden in Mausestamme eingebracht und 16sen dort eine moleku-
larpathologische Kaskade mit Ausbildung von B-Amyloid Plaques beziehungsweise Tau

Fibrillen aus [43].

Das transgene Mausmodell PS2APP umfasst ein B-Amyloid Modell, das durch die Uber-
expression von mutierten humanen Formen von PS2 (N1411) und APP (K670N, M671L)
gekennzeichnet ist [44]. Die Entstehung erster Amyloid Plaques kann bereits im Alter

von funf bis sechs Monaten im Cortex und Hippocampus festgestellt werden [45].

Bei P301S Mausen handelt es sich um ein Tau Modell, welches Uberwiegend die 4-
repeat Isoform exprimiert, jedoch auch Anteile der fir die Alzheimer Krankheit typischen
3/4R Isoform aufweisen. Diese Mauslinie ist gekennzeichnet durch die gleichnamige Ex-
pression einer mutierten Form des menschlichen MAPT-Gens. Ausgeldst durch die Mu-

tation wird hyperphosphoryliertes Tau ausgebildet, das sich zu Tau Fibrillen im zerebra-
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len Cortex, Hippocampus und Hirnstamm ablagern [46]. Dies fuhrt wiederum, im Ver-
gleich zu gesunden Wildtypmausen, zu einer Neuroinflammation in oben genannten

Hirnbereichen [47].

Als Basis fur diese transgenen Mausmodelle dienen meist C57BL/6 Wildtypen.

2.6 Radioliganden und PET-Bildgebung in transgenen

Mausmodellen des Morbus Alzheimer

Die Verwendung von PET flr molekulare Bildgebung in transgenen Mausmodellen die
spezifische pathognomonische Pathologien ausweisen, bietet die einzigartige Moglich-
keit das quantitative und qualitative Auftreten und die Interaktion unterschiedlicher Bio-
marker zu untersuchen. Ebenso kdnnen Veranderungen in der Pathologieauspragung
longitudinal in vivo beobachtet werden, um den Krankheitsprozess im Verlauf zu charak-
terisieren. Hierzu existieren bereits diverse etablierte Radiotracer, die eine nicht-invasive
Untersuchung verschiedener molekularer Zielstrukturen im Gehirn ermdglichen. Das
Vorhandensein von B-Amyloid und der Verlauf der Amyloidose kdnnen beispielsweise

durch den Radiotracer ['®F]-Florbetaben detektiert werden [48, 49].

Der Radiotracer ['®F]-Fluorodeoxyglucose (['®F]-FDG) erlaubt die Analyse des cerebra-
len Glukosestoffwechsels in vivo. Bei der Evaluierung der Rolle des Glukosemetabolis-
mus in transgenen Mausmodellen ergeben sich diskrepante Ergebnisse. Wahrend bei
Patienten mit Morbus Alzheimer in bestimmten Hirnarealen ein Hypometabolismus auf-
grund von des Untergangs von Neuronen beobachtet werden kann [50], weisen einige
Mauslinien ein Hypermetabolismus auf, der mdglicherweise durch einen erhéhten Stoff-
wechsel in Astrozyten und Mikroglia basierend auf Neuroinflammation erklart werden

kann [51].

Bei der PET Bildgebung von Neuroinflammation erwies sich der TSPO-Ligand [®F]GE-

180 als geeigneter Tracer fur die Detektion aktivierter Mikroglia [52, 53]. Als Proteinziel-
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struktur dient das 18-kD Translokatorprotein (TSPO), welches in der aufieren Mito-
chondrienmembran von aktivierten Mikroglia Uberexprimiert wird [54]. TSPO zeigt in

PS2APP Mausen einen altersabhangigen Anstieg der Mikrogliaaktivitat [52].

Es liegen Hinweise aus Studien vor, dass eine erhdhte Mikrogliaaktivitat fur Veranderun-
gen des ['®F]FDG-PET Signals bei Patienten mit neurodegenerativen Erkrankungen und
Amyloid-Mausmodellen verantwortlich sein kdnnen [55]. Aufgrund der diskrepanten Er-
gebnisse beziglich eines Hypo- beziehungsweise Hypermetabolismus im Glukosestoff-
wechsel, ist es notwendig, einen sensitiven Marker fur Synapsenverlust zu entwickeln,
der unabhangig vom cerebralen Glukosemetabolismus fungiert. Der Untergang von Sy-
napsen wurde lange mit Immunhistochemie durch die Farbung von beispielsweise Sy-
naptophysin quantifiziert [56]. Die Méglichkeit der in vivo Darstellung des Synapsenver-
lusts durch PET Scans ermdglichte weitere Optionen. Hierzu existieren bereits auf [''C]-
basierende (beispielsweise ['"CJUCB-A) und auf ['®F]-basierende (['®F-UCB-J) [57]
SV2A-Liganden [58]. Der Radioligand ['®F]JUCB-H prasentierte eine ahnliche cerebrale
Verteilung wie [''CJUCB-J [59]. Humane Scans mit ['®FJUCB-H wiesen in Patienten mit
Morbus Alzheimer einen Synapsenverlust vor allem im Hippocampus auf [60], was die
weitere Untersuchung dieses Tracers fir die Detektion von Neurodegeneration durch

Synapsenverlust interessant macht.

Die Annahme, dass Proteinaggregation und Neuroinflammation als friilhe Ereignisse in
der Krankheitskaskade der Morbus Alzheimer auftreten, erhéht die Notwendigkeit der
Etablierung sensitiver Tracer, die spezifische Komponenten der Neuroinflammation
nachweisen kénnen [61]. PET Studien mit [''C]-markierten Radioliganden, die Deprenyl
als chemischen Leitstoff verwenden, wie z. B. [''C]Deprenyl [62], [''C]Deuterium-L-De-
prenyl [63] oder [''"C]SL25.1188 [64] veranschaulichten, dass die in vivo Bildgebung von
MAO-B den Nachweis einer signifikant hdheren Bindung bei Patienten im Prodromalsta-
dium der Alzheimer Krankheit im Vergleich zu gesunden Kontrollen ermdglicht [65]. Auf-
grund der kurzen Halbwertszeit von Kohlenstoff (20,4 Minuten), steht die Untersuchung

von Fluor-basierten Tracern im Fokus kinftiger Entwicklungen. [*®F]Fluordeprenyl zeigt
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in Untersuchungen bei Affen ein ahnliches Bindungsmuster wie auf [''C]-basierte Tracer
[66]. Infolge der Deuterierung von Deprenyl, konnte die Einfangrate verringert und die
Eliminierung aus Regionen mit geringer MAO-B Expression erhéht werden [67]. Daher
hangt der in unserer Studie untersuchte neuartige Tracer ['®F]Fluordeprenyl-D2 (['8F]F-
DED) von der Konzentration der MAO-B-Expression ab, statt von einer Kombination aus
MAO-B-Expression und Blutfluss. Aufgrund vielversprechender Ergebnisse, die die Bild-
gebung von reaktiver Astrozytose im Menschen erforschten [68, 69], bestand unsere
Zielsetzung darin, den Radioliganden ["®F]F-DED zu untersuchen und die Mdoglichkeit

der Detektion von reaktiver Astrozytose zu evaluieren.

2.7 Zielsetzung der Dissertation

Die Relevanz von PET Biomarkern in der Diagnostik und in mdglichen Therapieansatzen
von neurodegenerativen Erkrankungen nimmt kontinuierlich zu. Die Untersuchung neu-
rodegenerativer und neuroinflammatorischer Prozesse und damit die Etablierung spezi-
fischer PET Tracer stellt einen relevanten Bestandteil dieser Entwicklung dar. Primares
Ziel dieser Dissertation ist die Untersuchung der Fahigkeit eines neuartigen MAO-B PET
Liganden (['®F]F-DED) zur Uberwachung reaktiver Astrozytose beziehungsweise eines
SV2A PET Liganden (['®FJUCB-H) als praklinischer Biomarker fiir neurodegenerative

Prozesse in transgenen Mausmodellen des Morbus Alzheimer.

Gegenstand aktueller Forschung ist die Untersuchung des zeitlichen und kausalen Zu-
sammenhangs von Neuroinflammation mit anderen pathologischen Merkmalen der Alz-
heimer Krankheit [49, 52, 70]. Es wird insbesondere untersucht, ob Neuroinflammation
als primares oder sekundares Ereignis im Verlauf neurodegenerativer Erkrankungen
auftritt und ob diese positive oder schadliche Auswirkungen auf den Hirnmetabolismus
hat [15, 16]. In friiheren PET Studien mit dem [''C]-markierten MAO-B Inhibitor Deprenyl
wurde bereits eine signifikant héhere Bindung in Gehirnen von Patienten im Prodromal-

stadium der Alzheimer Krankheit im Vergleich zu gesunden Kontrollen festgestellt [65].
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Der limitierende Faktor liegt bei Kohlenstoff jedoch in der kurzen Halbwertszeit von 20,4
Minuten. Als nitzlichere Alternative fir den klinischen Alltag wurden daraufhin Fluor-
basierte Tracer untersucht, die dhnliche Bindungsmuster wie [''C]-basierte Tracer auf-
wiesen und weniger vom Blutfluss abhangig waren [67]. Es zeigten sich erste vielspre-
chende Ergebnisse in humanen Studien mit Schwerpunkt der Untersuchung von reakti-
ver Astrozytose bei Patienten mit Morbus Alzheimer [68, 69]. Ziel unserer Studie war die
in vivo Detektion von reaktiver Astrozytose in einem transgenen Mausmodell (PS2APP)
fir Morbus Alzheimer in verschiedenen Altersstufen unter der Verwendung des Radi-
otracers ['®F]F-DED. Es erfolgte eine histologische Validierung der praklinischen PET
Ergebnisse durch GFAP-Immunfarbung. In einer Pilotstudie von Patienten mit verschie-
denen neurodegenerativen Erkrankungen untersuchten wir die klinische Anwendbarkeit
von ['8F]F-DED. Durch eine Korrelation von ['®F]F-DED mit den Radiotracern ['®F]GE-
180 und ['"®F]Florbetaben, strebten wir den Vergleich des zeitlichen und ortlichen Ver-
laufs der reaktiven Astrozytose mit anderen etablierten Biomarkern der Alzheimer Krank-

heit (Mikrogliaaktivierung und p-Amyloid Aggregation) an.

Bisher wurden neurodegenerative Prozesse durch humane PET Bildgebung vorwiegend
durch den verringerten regionalen Glukosestoffwechsel und einer somit verringerten
['®F]FDG-Aufnahme demonstriert [71]. In praklinischen Studien existieren jedoch diskre-
pante Ergebnisse, die einen Hyper- versus Hypometabolismus in Mausmodellen flir Alz-
heimer Krankheit diskutieren [51]. Der Hypermetabolismus wird auf den erhdhten Glu-
kosestoffwechsel durch Neuroinflammation zurtickgefihrt [55, 72]. Die Unterschiede
zwischen der Ergebnisse der humanen und praklinischen PET Bildgebung verstarken
die Bedeutung der Identifizierung alternativer Biomarker zur regionalen Bewertung von
Neurodegeneration. Frihere humane und praklinische Studien zeigten, dass die Ab-
nahme der ["®FJUCB-H Bindung mit Synapsenverlust in typischen Hirnregionen bei Mor-
bus Alzheimer Ubereinstimmen [60, 73]. In unserer Studie untersuchten wir die mégliche
Verwendung von ['®F]JUCB-H als alternativen Neurodegenerationsbiomarker durch ver-

minderte Ausbildung von SV2A durch Synapsenverlust in einem transgenen p-Amyloid
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Mausmodell (PS2APP) und einem transgenen Tau Mausmodell (P301S). Die in vivo Er-
gebnisse wurden histologisch durch Immunfarbung von SV2A validiert. Anschlie3end
Uberpriften wir die Beziehung zwischen der Bindung von ["®FJUCB-H und ['®F]FDG in

beiden Mausmodellen.
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3. Zusammenfassung

Ziel dieser Arbeit war die Exploration neuer alternativer praklinischer Biomarker flir neu-
roinflammatorische beziehungsweise neurodegenerative Prozesse in transgenen Maus-
modellen. Wir untersuchten unter anderem die Fahigkeit des neuartigen Fluor-basierten
MAO-B Liganden ['8F]Flurodeprenyl-D2 (['®F]F-DED) reaktive Astrozytose durch MAO-
B Expression im Vergleich von transgenen PS2APP Mausen zu Wildtyp-Kontrollen zu
detektieren. In einer Querschnittkohorte von 24 transgenen PS2APP Mausen und 25
Wildtyp-Kontrollen in einer Altersspanne von 4,3 bis 21,0 Monaten wurden 60-minltige
dynamische Scans mit ['®F]F-DED, statische Scans mit ['®F]GE-180 (TSPO) und
['®F]Florbetaben (B-Amyloid) durchgefiihrt. Die Kohorten wurden in drei Altersgruppen
(5 Monate, 13 Monate, 19 Monate) eingeteilt und als Zielregionen mit pathologisch er-
héhter MAO-B Expression Hippocampus und Thalamus untersucht. Unsere erhobenen
praklinischen Daten zeigten einen altersabhangigen Anstieg der ['®F]F-DED Bindung im
Hippocampus und im Thalamus innerhalb der transgenen PS2APP Mause und im Ver-
gleich zu den Wildtyp-Kontrollen. Da MAO-B ubiquitar im Gehirn exprimiert wird [29, 31],
evaluierten wir das Cerebellum als Pseudoreferenzregion mit geringer spezifischer Tra-
ceraufnahme. Wir stellten im Cerebellum, unabhangig von Alter und Genotyp, keinen
signifikanten Unterschied im ['®F]F-DED Signal fest. Die immunhistochemische Untersu-
chung des Kleinhirns bestatigte die Ergebnisse der PET Scans und ergab ebenfalls in
dieser Region nur wenige GFAP-positive Zellen mit geringer MAO-B Expression. Wei-
terhin konnten wir in den PS2APP Mausen einen altersabhangigen signifikanten Anstieg
der ['®F]F-DED Bindung im Hippocampus und im Thalamus detektieren, im Gegensatz
zu den Wildtyp-Kontrollen. Auch im direkten Vergleich der 13-monatigen und 19-mona-
tigen PS2APP Mause gegen Wildtyp-Kontrollen fanden wir einen signifikanten Anstieg
der ['®F]F-DED Bindung. Die semiquantitative Validation durch den Goldstandard der
Immunhistochemie unterstitzte die PET Daten durch erhohte MAO-B und GFAP-Levels
im Hippocampus und im Thalamus mit einer engen topologischen Assoziation zu B-Amy-

loid Plaques. Das ['®F]F-DED Signal korrelierte stark mit der MAO-B Expression in
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GFAP-positiven Astrozyten, was die Annahme bestarkt, dass dieser Tracer MAO-B po-
sitive reaktive Astrozytose nachweist. Um eine zeitliche Einordnung der neuroinflamma-
torischen Komponente durch reaktive Astrozytose in die pathophysiologische Kaskade
der experimentellen Alzheimer Krankheit vorzunehmen, verglichen wir den Verlauf von
reaktiver Astrozytose (['®F]F-DED), aktivierter Mikroglia (['®F]GE-180) und B-Amyloidose
(['®F]Florbetaben). Bestatigt durch die Immunhistochemie fanden wir heraus, dass Ast-
rozytose als friihes Ereignis bereits bei finf Monate alten PS2APP Mausen auftritt und
mittels PET messbar ist. PS2APP Mause exprimieren typischerweise erste 3-Amyloid
Plaques mit funf bis sechs Monaten [42], mit einer engen Korrelation zur TSPO Expres-
sion im weiteren Altersverlauf [49]. Bei dem Vergleich der PET Signale zwischen MAO-
B mit B-Amyloid und TSPO im Altersverlauf von PS2APP Mausen fiel auf, dass ['®F]F-
DED bereits bei jungen Mausen ein erhéhtes Signal aufwies, jedoch ein Plateau ab dem
mittleren Lebensalter erreichte. Dieses Ergebnis werteten wir als einen weiteren Indika-
tor fur einen frihzeitigen ,Astrocyte burst* [17] in der Kaskade der Alzheimer Krankheit,
was die Bildgebung von reaktiver Astrozytose als friiher Alzheimer-Biomarker interes-
sant machen koénnte. Aufgrund der vielversprechenden praklinischen Daten wurden in
einer Pilotstudie Patienten mit verschiedenen neurologischen Erkrankungen (Alzheimer
Krankheit n=2; Parkinson-Erkrankung n=2; Multiple Systematrophie n=2; Autoimmunen-
zephalitis (n=1) Oligodendrogliom n=1) und eine gesunde Probandin ebenfalls mit ['®F]F-
DED gescannt. Die ['®F]F-DED Bindung stimmte mit der erwarteten Topologie der reak-
tiven Astrozytose bei neurodegenerativen (MSA) und neuroinflammatorischen Erkran-
kungen Uberein. Eine Patientin mit einem Oligodendrogliom und eine gesunde Proban-
din wiesen eine ['®F]F-DED-Bindung auf, die der bekannten physiologischen MAO-B Ex-
pression im Gehirn entsprach. Die Topologie der MAO-B Expression und somit ['8F]F-
DED Bindung kénnte in Zukunft die Differentialdiagnostik neurologischer Erkrankungen
vereinfachen. Diese ersten Ergebnisse sollten durch die Untersuchung einer groReren

Kohorte und einer Langsschnittstudie bestatigt werden. Zusammenfassend liel3 sich
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feststellen, dass das Potenzial fur die Detektion und Bewertung von reaktiver Astrozy-
tose in transgenen Mausmodellen und bei Patienten mit neurodegenerativen bezie-
hungsweise neuroinflammatorischen Erkrankungen durch die vivo Bildgebung mittels

PET mit dem neuartigen MAO-B Tracer ['®F]F-DED hoch ist.

In unserer zweiten Studie untersuchten wir die Moéglichkeit der Darstellung des fort-
schreitenden Verlusts der synaptischen Dichte beziehungsweise Funktion mithilfe von
['®F]JUCB-H und ['®F]FDG. Hierzu wahlten wir zwei transgene Mausmodelle (PS2APP
(Amyloid Modell), P301S (Tau Modell)), die zwei typische pathologische Merkmale der
Alzheimer Krankheit aufweisen. Insgesamt erhielten 29 PS2APP Mause (vier Altersgrup-
pen), 20 P301S Mause (zwei Altersgruppen) und 12 Wildtypen-Kontrollen (eine Gruppe)
im Alter zwischen 4,4 bis 19,8 Monaten einen dynamischen ['®F]JUCB-H SV2A PET Scan
(0-60 Minuten nach Injektion). Als Zielregion mit erniedrigter SV2A-Konzentration auf-
grund Synapsenuntergangs untersuchten wir den Cortex, das Kleinhirn und den Hirn-
stamm. Zusatzlich fiihrten wir statische Scans mit ['"®F]FDG (Glukoseaufnahme) und
['®F]GE-180 (Mikrogliaaktiverung) durch und verglichen diese Biomarker mit der
['®F]UCB-H Bindung in den verschiedenen Altersstufen, um eine Einordnung der Inter-
aktion zwischen der Entitaten Neurodegeneration durch Neuronenuntergang, Glukose-
metabolismus und Neuroinflammation durch Mikrogliaaktiverung vorzunehmen. Die Va-
lidierung der PET Daten erfolgte durch immunhistochemische Farbung mit synaptischen
Markern. Da SV2A ubiquitér im Gehirn exprimiert wird und somit keine pathologiefreie
Region vorliegt, entschieden wir uns fir die Validierung einer Pseudoreferenzregion.
Nach weiteren Analysen wahlten wir das obere Mittelhirn als Pseudoreferenzgewebe fir
semiquantitative Berechnungen der SV2A PET in weiteren Vergleichen. Die ['®FJUCB-H
Bindung in den Zielregionen war in den acht Monate alten P301S Tau Mausen im Ver-
gleich zu den Wildtyp-Kontrollen verringert. Diese Beobachtung unterstreicht die Ergeb-
nisse aus einer Studie, die neurotoxische Tau Aggregate in Zusammenhang mit Synap-

senverlust in Alzheimer Modellen lieferte [69]. Der Prozess der Degeneration von Sy-
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napsen geht vermutlich dem Auftreten der eigentlichen pathologischen Tau Fibrillen vo-
raus, deren Anhaufung mit dem Auftreten und Fortschreiten klinischer Symptome beim
Menschen korreliert [74, 75]. Da auch in unserer Studie bereits bei 4-monatigen P301S-
Mausen ein ['®F]JUCB-H Signalverlust beobachtet werden konnte, deutet dies darauf hin,
dass der Synapsenverlust eine eigenstandige frihe Komponente der Neurodegenera-

tion ist.

Bei den PS2APP Amyloid-Mausen (13 Monate, 19 Monate) war die SV2A Tracerauf-
nahme im Temporallappen und im Cerebellum im Vergleich zu den Wildtyp-Kontrollen
ebenfalls verringert. Im Hirnstamm wies dieses Mausmodell jedoch keine signifikant ver-
anderte Bindung von ['®FJUCB-H auf. Das stimmte mit der Topologie der B-Amyloid Ag-
gregation uberein, die im Hirnstamm von PS2APP Mausen nahezu nicht auftritt. Somit
existiert nicht nur ein Zusammenhang von Synapsenverlust mit dem Auftreten von Tau-
Pathologien, sondern auch von B-Amyloid Plaques. Unsere Beobachtungen passen gut
zu Humanstudien, in denen eine signifikant verringerte ["®FJUCB-H und [''C]JUCB-J Tra-
ceraufnahme im mittleren Temporallappen und Hippocampus von Patienten mit Alzhei-
mer Krankheit beobachtet wurde [60, 76]. Die immunhistochemische Farbung der Maus-

gehirngewebe bestatigte die Erkenntnisse der PET Daten in den Mausmodellen.

Im Rahmen des Multi-Tracer-Ansatzes verglichen wir abschlief’end den regionalen Glu-
kosestoffwechsel in den Zielregionen mit der ['®FJUCB-H Aufnahme beziehungsweise
der Mikrogliaaktivierung. Korrelationsanalysen ergaben einen signifikant negativen Zu-
sammenhang zwischen ['®FJUCB-H und ['®F]FDG im PS2APP Mausmodell, sprich der
Synapsendichte und dem Glukosemetabolismus. Weitere explorative Analysen zeigten
jedoch eine positive Korrelation zwischen ['®F]FDG und ['®F]GE-180 (Mikrogliaaktivitat)
in dieser Kohorte. Diese Ergebnisse unterstrichen die Annahme, dass eine moégliche
Ursache fur den erhohten Glukosestoffwechsel die Co-Lokalisation von aktivierter
Mikroglia zu degenerierten Synapsen sein kdnnte und der Glukosemetabolismus somit
durch die Neuroinflammation beeinflusst wird [55]. In einer kirzlich veroéffentlichten Un-

tersuchung von Patienten mit Chorea Huntington wurde festgestellt, dass ein grofierer
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Synapsenverlust als Hypometabolismus beobachtet werden konnte, was darauf hindeu-
tet, dass ['8F]FDG mdglicherweise nicht sensitiv genug fiir die Erkennung friiher Veran-
derungen in der Pathophysiologie der Erkrankung ist [77]. Diese Erkenntnis wird in wei-
teren Studien genauer beleuchtet werden mussen. Fir die Einordnung des zeitlichen
und raumlichen Zusammenhangs zwischen Glukosemetabolismus, Synapsenverlust
und Neurodegeneration bedarf es weiterer Studien. Die in vivo Bildgebung mit ["®FJUCB-
H detektiert zuverlassig den voranschreitenden Synapsenverlust in zwei transgenen
Mausmodellen mit Pathologien der Alzheimer Krankheit und konnte somit einen robus-

ten Biomarker fur die praklinische Alzheimerforschung darstellen.



4 Abstract (English) 25

4. Abstract (English)

The aim of this work was to explore novel alternative preclinical biomarkers for neu-
roinflammatory or neurodegenerative processes in transgenic mouse models. Among
others, we investigated the ability of the novel fluorine-based MAO-B ligand ['éF]fluro-
deprenyl-D2 (['8F]F-DED) to detect reactive astrocytosis by MAO-B expression in com-
parison of PS2APP transgenic mice to wild-type controls. In a cross-sectional cohort of
24 PS2APP transgenic mice and 25 wild-type controls ranging in age from 4.3 to 21.0
months, 60-minute dynamic scans were performed with ['®F]F-DED and static scans with
['®F]GE-180 (TSPO), and ['®F]florbetaben (B-amyloid). Cohorts were divided into three
age groups (5 months, 13 months, 19 months) and the target regions hippocampus and
thalamus were examined. Our collected preclinical data showed an age-dependent in-
crease in ['8F]F-DED binding in the hippocampus and the thalamus within PS2APP
transgenic mice and compared with wild-type controls. Since MAO-B is ubiquitously ex-
pressed in the brain [29, 31], we evaluated the cerebellum as a pseudo-reference region
with low specific tracer uptake. We found no significant differences in the cerebellum,
independent of age and genotype. Immunohistochemical analysis of the cerebellum con-
firmed the PET data and also revealed few GFAP-positive cells with low MAO-B expres-
sion. Furthermore, we detected an age-dependent significant increase in ['®F]F-DED
binding in the hippocampus and the thalamus in PS2APP mice, in contrast to wild-type
controls. We also found a significant increase in ['®F]F-DED binding in a direct compari-
son of 13-month and 19-month PS2APP mice versus wild-type controls. Semiquantita-
tive validation by the gold standard of immunohistochemistry supported the PET data
through increased MAO-B and GFAP levels in the hippocampus and the thalamus with
a close topological association to B-amyloid plaques. The ['®F]F-DED signal correlated
strongly with MAO-B expression in GFAP-positive astrocytes, reinforcing the notion that
this tracer detects MAO-B-positive reactive astrocytosis. To provide a temporal classifi-
cation of reactive astrocytosis in the pathophysiological cascade of experimental AD, we

compared the progression of reactive astrocytosis (['®F]F-DED), activated microglia
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(["®F]GE-180), and B-amyloidosis (['®F]Florbetaben). Confirmed by immunohistochemi-
cal analysis, we discovered that astrocytosis occurs as an early event in five month old
PS2APP mice and is measurable by PET. PS2APP mice typically express first B-amyloid
plagues at five to six months [42], with a close correlation to TSPO expression with in-
creasing age [49]. When comparing PET signals between MAO-B with $-amyloid and
TSPO in the age progression of PS2APP mice, it was notable that ['®F]F-DED already
showed an increased signal in young mice, but reached a plateau from middle age. We
evaluated this result as another indicator of an early "astrocyte burst" [17] in the AD
cascade, which could make imaging of reactive astrocytosis interesting as an early AD
biomarker. Based on the promising preclinical data, patients with different neurological
diseases (AD n=2; Parkinson's disease n=2; multiple system atrophy n=2; autoimmune
encephalitis (n=1) oligodendroglioma n=1) and one healthy control were also scanned
with ['8F]F-DED in a pilot study. The ['®F]F-DED binding was consistent with the expected
topology of reactive astrocytosis in neurodegenerative (MSA) and neuroinflammatory
diseases. One patient with oligodendroglioma and one healthy control exhibited ['®F]F-
DED binding consistent with known physiological MAO-B expression in the brain. The
topology of MAO-B expression and thus ['®F]F-DED binding may facilitate differential
diagnosis of neurological diseases in the future. These initial results should be confirmed
by studying a larger cohort in a longitudinal study. In conclusion, in vivo imaging by PET
with the novel MAO-B tracer ['®F]F-DED indicates a potential for assessment of reactive
astrogliosis in AD mouse models and patients with neurodegenerative and neuroinflam-

matory diseases

In our second study, we investigated the possibility of visualizing the progressive loss of
synaptic density and function, using ['®FJUCB-H and ['®F]FDG. For this purpose, we
chose two transgenic mouse models (PS2APP (amyloid model), P301S (tau model)) that
exhibit two typical pathologies of AD. A total of 29 PS2APP (four age groups), 20 P301S
(two age groups), and 12 wild-type controls (one group) received dynamic ['FJUCB-H

SV2A-PET scan (0-60 minutes after injection) at ages ranging from 4.4 to 19.8 months.
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We examined the cortex, cerebellum, and brainstem as target regions. In addition, we
performed static scans with ["®F]FDG (glucose uptake) and ['®F]GE-180 (microglial acti-
vation) and compared these biomarkers with ['®FJUCB-H binding at different ages. Vali-
dation of PET data was performed by immunohistochemical staining with synaptic mark-
ers. Because SV2A is ubiquitously expressed in the brain, we chose to validate a pseudo
reference region. After further analysis, we chose the upper midbrain as a pseudo refer-
ence region for semiquantitative calculations of SV2A PET in further comparisons. The
['®F]UCB-H binding in the target regions was decreased in the eight month old P301S
tau mice compared with the wild-type controls. This observation underscores the results
from a study that showed an association between neurotoxic tau aggregates and syn-
apse loss in AD models [69]. The process of degeneration of synapses presumably pre-
cedes the appearance of the actual pathological tau fibrils. The accumulation of tau fibrils
correlates with the onset and progression of clinical symptoms in humans [74, 75]. Since
['®F]UCB-H signal loss was also observed in four month old P301S mice in our study,
this suggests that synapse loss is an independent early component of neurodegenera-

tion.

In the PS2APP amyloid mice (13 months, 19 months), SV2A tracer uptake was also
decreased in the temporal lobe and cerebellum compared with wild-type controls. How-
ever, in the brainstem, this mouse model did not show significantly altered binding of
['®F]JUCB-H. This was consistent with the topology of B-amyloid aggregation being almost
absent in the brainstem of PS2APP mice. Thus, a correlation exists not only of synapse
loss with the occurrence of tau pathologies but also of -amyloid plaques. Our observa-
tions fit well with human studies in which significantly decreased ["®FJUCB-H and
['"CJUCB-J tracer uptake was observed in the middle temporal lobe and hippocampus
of patients with AD [60, 76]. Immunohistochemical staining of mouse brain tissues con-

firmed the findings of PET data in the mouse models.

Finally, using a multi-tracer approach, we compared regional glucose metabolism in the

target regions with ['®F]JUCB-H uptake and microglial activation, respectively. Correlation
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analyses revealed a significant negative correlation between ['®FJUCB-H (synapse den-
sity) and ["®F]FDG (glucose metabolism) in the PS2APP mouse model. However, further
exploratory analyses revealed a positive correlation between ['®F]FDG and ['®F]GE-180
(microglial activity) in this cohort. These results supported the assumption that a possible
cause of the increased glucose metabolism could be the co-localization of activated mi-
croglia to degenerated synapses and that glucose metabolism is thus influenced by neu-
roinflammation [55]. A recent study examining patients with Huntington's disease
showed that greater synapse loss than hypometabolism, suggesting that ['®F]FDG may
not be sensitive enough for detecting early changes in the pathophysiology of the dis-
ease [77]. This findings will need to be further elucidated in studies. Additionally there is
a need to classify the temporal and spatial relationship between glucose metabolism,
synapse loss, and neurodegeneration. In conclusion, in vivo imaging with ["®FJUCB-H
reliably detects advancing synapse loss in two transgenic mouse models with Alzhei-
mer's disease pathologies and thus could provide a robust biomarker for preclinical Alz-

heimer's disease research.
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Abstract

Objectives Reactive gliosis is a common pathological hallmark of CNS pathology resulting from neurodegenera-
tion and neuroinflammation. In this study we investigate the capability of a novel monoamine oxidase B (MAO-B)
PET ligand to monitor reactive astrogliosis in a transgenic mouse model of Alzheimer’s disease (AD). Furthermore, we
performed a pilot study in patients with a range of neurodegenerative and neuroinflammatory conditions.

Methods A cross-sectional cohort of 24 transgenic (PS2APP) and 25 wild-type mice (age range: 4.3-21.0 months)
underwent 60 min dynamic ["®Flfluorodeprenyl-D2 (['®FIF-DED), static 18 kDa translocator protein (TSPO, ['*FIGE-180)
and B-amyloid (["®F]florbetaben) PET imaging. Quantification was performed via image derived input function (IDIF,
cardiac input), simplified non-invasive reference tissue modelling (SRTM2, DVR) and late-phase standardized uptake
value ratios (SUVT). Immunohistochemical (IHC) analyses of glial fibrillary acidic protein (GFAP) and MAO-B were
performed to validate PET imaging by gold standard assessments. Patients belonging to the Alzheimer’s disease
continuum (AD, n=2), Parkinson’s disease (PD, n= 2), multiple system atrophy (MSA, n= 2), autoimmune encephalitis
(n=1), oligodendroglioma (n=1) and one healthy control underwent 60 min dynamic ['®F]F-DED PET and the data
were analyzed using equivalent quantification strategies.

Results We selected the cerebellum as a pseudo-reference region based on the immunohistochemical comparison

of age-matched PS2APP and WT mice. Subsequent PET imaging revealed that PS2APP mice showed elevated hip-

pocampal and thalamic ['®F]F-DED DVR when compared to age-matched WT mice at 5 months (thalamus: +4.3%;
p=0.048), 13 months (hippocampus: + 7.6%, p=0.022) and 19 months (hippocampus: + 12.3%, p <0.0001;
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thalamus: 4+ 15.2%, p < 0.0001). Specific ["8FIF-DED DVR increases of PS2APP mice occurred earlier when compared to
signal alterations in TSPO and B-amyloid PET and ['"®F]F-DED DVR correlated with quantitative immunohistochemistry
(hippocampus: R=0.720, p<0.001; thalamus: R=0.727, p=0.002). Preliminary experience in patients showed ['%F)
F-DED V; and SUVr patterns, matching the expected topology of reactive astrogliosis in neurodegenerative (MSA) and
neuroinflammatory conditions, whereas the patient with oligodendroglioma and the healthy control indicated ['*F]
F-DED binding following the known physiological MAO-B expression in brain.

Conclusions ['*F]F-DED PET imaging is a promising approach to assess reactive astrogliosis in AD mouse models and

patients with neurological diseases.
Keywords MAO-B, PET, Astrocytes, Deprenyl

Introduction

In recent years, a growing body of research has been ded-
icated to deciphering the involvement of non-neuronal
cells in neurodegenerative diseases [1-3]. In this regard,
Alzheimer’s disease (AD), as the most common cause of
dementia is characterized by the “A-T-N" co-occurrence
of beta-amyloid, hyperphosphorylated tau-fibrils, and
neuronal loss [4, 5], but compelling evidence further sug-
gests that neuroinflammation is another major hallmark
of the disease. Dysregulated microglia and astroglia sig-
nificantly contribute to the progression of AD and vari-
ous other neurodegenerative diseases as well, often even
predating the onset of cognitive decline and increase of
other biomarkers [6—8]. Even though the temporal and
causal relationship between these two glial entities and
their various neuroprotective and neurotoxic subtypes
remain to be further elucidated, in vivo detection of these
cell types holds the potential to diagnose and intervene
in the earliest disease stages. Astrocytes in particular
have been proposed as an additional, inflammatory bio-
marker within the A-T-N scheme (I+or I-) to further
improve the phenotyping and staging of the disease [9].
In response to different stimuli, this cell type acquires a
reactive state by changing its function, morphology and
gene expression profile [10]. As a result, many proteins
are upregulated, some of which have been introduced as
semi-specific biomarkers for astrogliosis. For example,
increases of glial fibrillary acidic protein (GFAP) in vari-
ous biofluids—albeit heterogeneously expressed by astro-
cytes—have been associated with both traumatic and
neurodegenerative brain diseases as well as in healthy
aging brains due to astrocyte hypertrophy and prolif-
eration [11, 12]. Consequently, GFAP is currently used
as a frequent marker of reactive astrocytes in brain tis-
sue, blood and cerebrospinal fluid [10]. However, to date,
no small molecular compounds have been established
that selectively bind to GFAP when using more precise
in-vivo imaging techniques, such as positron emission
tomography (PET) [13]. It is for this reason that multiple
radiotracers have so far targeted another semi-specific
surrogate for reactive astrocytes, namely, monoamine

oxidase B (MAOQO-B) [13]. This enzyme is predominantly
located in the outer mitochondrial membrane of astro-
cytes and to a lesser extent in other cell types, such as ser-
otonergic neurons, oligodendrocytes and microglia [13,
14]. Initial PET studies with the [''C] labeled MAO-B
inhibitor Deprenyl have shown significantly higher
binding in prodromal AD patients when compared to
healthy controls [15]. However, the short half-life of [''C]
(20.4 min) limits the use of these tracers to centers with
on-site cyclotrons [16]. Therefore, [*F]fluorodeprenyl
has recently been developed as a more practical alterna-
tive, showing comparable binding patterns to [*'C]-based
tracers while also reducing the trapping rate and increas-
ing elimination from regions with low MAQO-B expres-
sion due to deuteration (i.e., [“C]Deprenyl—DQ}. As such,
["*F]fluorodeprenyl-D2 ([**F]F-DED) is dependent on
MAO-B concentrations rather than a combination of
MAO-B and blood flow [16]. Given promising first-in-
human results that were recently described for imaging
of reactive astrogliosis in AD [17, 18], we sought to target
astrogliosis in-vivo in a transgenic mouse model of AD
at various ages by means of ['*F]F-DED and to provide
histological validation using GFAP immunostaining. We
further aimed to evaluate the clinical feasibility of [**F]
F-DED in a pilot cohort of patients with various neuro-
logical diseases. To determine the temporal and spatial
relationship with other established biomarkers of AD, we
also aimed to directly compare the time course of astro-
gliosis in transgenic and wild-type mice with microglio-
sis and beta-amyloid burden using [**F]GE-180 and [**F]
florbetaben, respectively.

Materials and methods

Radiochemistry

['8F]F-DED was synthesized on a Trasis AllinOne (Ans,
Belgium) automated synthesis unit (ASU) consisting of
3 series-connected manifolds with a total of 18 valves.
The manifolds were clamped into the correct position
at the module. All reagents and materials were assem-
bled on the pre-defined positions of the manifold (posi-
tion 2: eluent, position 5: SAX cartridge, position 8:



5 Publikation |

31

Ballweg et al. Journal of Neuroinflammation (2023) 20:68

precursor solution, position 11: water bag, position 12:
PBS bag, position 13: SPE cartridge, position 15: EtOH,
position 16: HPLC solvent). The software prompts were
followed, and manual intervention was necessary only
during HPLC purification. No carrier added [*®F]fluo-
ride was produced via '®O(p, n)'3F reaction by proton
irradiation of ®0-enriched water and delivered to the
activity inlet reservoir. The activity was then trapped
on a Waters QMA Plus Light Carb cartridge and eluted
into the reactor using the eluent solution (5 mg K,,),,
7.24 uL 1 M K,CO,, 300 pL H,O and 300 pL MeCN).
After azeotropic drying, the precursor solution (2 mg
Cl-Deprenyl-D2 in 600 uL MeCN) was transferred to the
reactor, and the reaction mixture was heated at 120 °C for
20 min. The reaction mixture was quenched with HPLC
solvent (4 mL) and purified via semi-preparative HPLC
(Inertsil ODS-4 C18, 250 x 10 mm, 5 pm, 100 A; iso-
cratic elution with 60% (v/v) 5 mM NaOAc (pH 4)/40%
(v/v) EtOH; flow: 5 ml/min; UV detection: 254 nm). The
product peak was collected, diluted with water (48 mL)
and passed through a Waters Oasis Plus Light HLB car-
tridge pre-conditioned with 10 ml EtOH and 10 ml water.
The cartridge was rinsed with water (10 mL) and the
radiolabeled product was eluted with 1 mL EtOH and
diluted with phosphate buffered saline (11 mL). The for-
mulated product solution was transferred to a dispenser
and filtered through a Merck Cathivex-GV sterile filter.
The product was obtained in a RCY of 15+3.0% n.d.c.
(n=16) and a RCP of 98 +1.2% (n=16). Specific activity
was 267 +120 GBq/pmol (n=7).

Preclinical study overview

All preclinical experiments were performed in compli-
ance with the National Guidelines for Animal Protection,
Germany, with approval of the local animal care commit-
tee of the Government of Upper Bavaria and overseen by
a veterinarian. The preclinical study was conducted in
a cross-sectional design. Small-animal PET scans were
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performed using the three tracers ['*F]JF-DED (MAQ-B),
["®F]GE-180 (TSPQ) and ['®F]florbetaben (B-amyloid)
in male wild-type and transgenic mice (PS2APP) using
young (5-6 months), intermediate (11-13 months),
and aged (18-20 months) animals (Table 1). Every ani-
mal underwent dynamic ['*F]F-DED (0-60 min p.i.)
PET scans and static PET scans using ['®F]GE-180 (60—
90 min p.i.) and ['*F]florbetaben (30-60 min p.i.). Wild-
type controls for [**F]GE-180 and ['®F]florbetaben were
obtained from the large standardized in-house database
[19]. After the final PET session, mice were perfused
using phosphate-buffered saline while deeply anaesthe-
tized. The brain was fixed overnight with paraformalde-
hyde 4% before immunohistochemical analysis.

Animals

Animals were housed in a temperature- and humidity-
controlled environment with a 12-h light—dark cycle,
with free access to food (Ssniff, Soest, Germany) and
water. We used 25 male wild-type C57Bl/6 (WT) and 24
male PS2APP transgenic mice (TG) in this investigation.
The transgenic B6.PS2APP (line B6.152H) is homozy-
gous for both the human presenilin (PS) 2, N141I muta-
tion and the human amyloid precursor protein (APP)
K670N, M671L mutation. The APP and PS2 transgenes
are driven by mouse Thy-1 and mouse prion promoters,
respectively. This line had been created by co-injection
of both transgenes into C57Bl/6 zygotes [20]. Homozy-
gous B6.PS2APP (PS2APP) mice show first appearance of
plaques in the cortex and hippocampus at 5-6 months of
age [21].

Small-animal PET data acquisition, reconstruction

and coregistration

All PET procedures followed an established standard-
ized protocol for acquisition, reconstruction, and post-
processing [22-24]. In brief, [**F]F-DED (13.04 2.5 MBq)
with an emission window of 0-60 min p.i. was used to

Table 1 Overview on animals and key results of the cross-sectional preclinical study

Mouse Age (mo) ["®F]F-DED small ['®FIF-DED small  ['®F]F-DED small  ['®FIGE-180small  ['®Flflorbetaben small
model animal PET (n) animal PET animal PET animal PET (n) animal PET (n)
(DVRyp) (DVRyy,)
PS2APP 59 7 1.09+£0.07 1.17 £0.06* 7
134 9 1.11+0.05% 1.18+0.07 6
195 8 1.20+0.05** 1.25+007%* 5
Wild type 5i 1 1.07+£003 1.09+0.06
1.2, 6 1.03+007 1.08+0.12
186 8 1.06+0.06 1.08+0.03

Small-animal PET DVRs are shown for ['®F]F-DED

Significant differences in PS2APP mice vs. age-matched wild-type controls are indicated by *p<0.5; **p<0.001
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analyze MAO-B expression, ['*F]GE-180 TSPO-PET
(14.2+2.6 MBq) with an emission window of 60-90 min
p.i. was used to measure cerebral TSPO expression, and
['8F]florbetaben B-amyloid-PET (11.14 1.7 MBq) with an
emission window of 30-60 min p.i. was used for assess-
ment of fibrillary cerebral amyloidosis. Existing in-house
normal cohorts of wild-type mice at matching ages were
used for TSPO- and B-amyloid-PET [25, 26]. All analyses
were performed by PMOD (V3.5, PMOD technologies,
Basel, Switzerland). Spatial coregistration was performed
with tracer specific templates as previously described [27].

Small-animal PET data analyses

Hippocampus (24 mm?®) and thalamus (27 mm?®) were
defined as target regions of interests and the cerebellum
(56 mm?®) was defined as a potential reference region
based on the Mirrione atlas [28].

[*®F]E-DED volume-of-distribution (V) images were
calculated with an image derived input function (IDIF)
[29] using the methodology described by Logan et al.
implemented in PMOD [30]. The plasma curve was
obtained from a standardized VOI (3 mm sphere) placed
in the left heart (including myocardium and ventricle).
A maximum error of 10% and a V. threshold of 0 were
selected for modelling of the full dynamic imaging data.
Cerebellar V| were compared between young and aged
mice from both genotypes to evaluate the suitability of
the cerebellum as proposed pseudo-reference tissue. Dis-
tribution volume ratios (DVRs) of [**F]F-DED PET were
subsequently calculated by simplified reference tissue 2
(SRTM2) modelling in PMOD, using the cerebellum as
a reference tissue. DVRs served as the primary endpoint
of [**F]F-DED PET analyses. SUV ratios (SUVR) of the
30-60 min p.i. time window were calculated with the cer-
ebellum as a reference tissue to explore the suitability of
simplified late-static imaging. TSPO- and p-amyloid PET
were analogously quantified as SUVR with the same cer-
ebellar reference tissue [23, 31].

Immunohistochemistry

A total of 19 PS2APP mice and 10 wild-type mice,
each divided into three age-related groups, were used
for immunohistochemistry (wild-type mice: 5 months
n=3, 13 months n=4, 19 months n=3; PS2APP mice:
5 months n=6, 13 months =10, 19 months n=3).
50 pm thick slices were cut in a sagittal plane using a
vibratome (VT1200S, Leica Biosystems). Four slices per
animal, between the lateral coordinates 2.16 mm and
0.84 mm, were collected, containing the regions of inter-
est: hippocampus, thalamus and cerebellum. Slices were
treated with blocking solution (3% normal goat serum
and 2% BSA in 0.3%Triton and PBS to a total volume of
at least 200 pl per well/slice) for 3 h at RT. The following
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primary antibodies were used: rabbit anti-GFAP 1:500
(180063, Invitrogen by Thermo Fisher Scientific, Cali-
fornia, USA), chicken anti-GFAP 1:500 (ab5541, Merck
Millipore, Darmstadt, Germany), mouse anti-MAO-B
1:800 (D-6, sc-515354, Santa Cruz Biotechnology, Texas,
USA), guinea pig anti-Ibal 1:500 (234004, Synaptic Sys-
tems, Gottingen, Germany), mouse anti-B-amyloid 1:500
(NAB228, sc-32277, Santa Cruz Biotechnology, Texas,
USA) and goat anti-TPH2 1:500 (ab121013, Abcam,
Cambridge, UK), diluted in blocking solution (1% normal
goat serum and 1% BSA in 0.3% Triton and PBS to a total
volume of at least 200 pl per well/slice), applied to the
slices and incubated over-night at 4 °C on a horizontal
shaker. Slices were washed three times, each 10 min with
PBS to remove the spillover of the primary antibodies.
Secondary antibodies, goat anti-rabbit Alexa Flour 488
(1:500), goat anti-chicken Alexa Fluor 488 (1:500), goat
anti-guinea pig Alexa Fluor 555 (1:500), goat anti-mouse
Alexa Fluor 647 (1:500) and donkey anti-goat Alexa Fluor
568 (1:500) diluted in blocking solution, were applied.
Slices were incubated for 2 h at RT on a horizontal shaker,
protected from light. Slices were washed 3 x 10 min with
PBS and subsequently incubated in Sudan black for
15 min on a horizontal shaker at RT to reduce autofluo-
rescence. After 3 x 10 min washing with PBS, slices were
mounted and cover slipped with fluorescence mounting
medium (Dako, Santa Clara, USA). Three-dimensional
images were acquired with an Apotome microscope
(Zeiss Oberkochen, Germany) using a 10x, 20x and
60x objective. The analysis programs Zeiss blue and
Image] were used for quantification.

To analyze the MAO-B signal in GFAP positive astro-
cytes, two slices per animal were selected. From each of
these slices, we acquired z-stack images (15 pm) in the
hippocampus (CA1/Subiculum) and thalamus with a
60x objective. Each 4 cells per area got quantified as the
perceptual area of MAO-B in GFAP-positive astrocytes.
To this end, we created a mask of the GFAP-positive
astrocyte and transferred it onto the MAO-B image.
After a local brightness/contrast adjustment, we set a
fixed threshold and used the “analyze particle” function
to calculate the MAO-B area (%) inside the mask of the
GFAP-positive astrocyte.

Plaque load (Ap), astrogliosis (GFAP) and microgliosis
(Ibal) were analyzed in the hippocampus/subiculum of 3
slices per animal by quantifying the total area (%) of each
signal of an orthogonal projection of a 10 pm z-stack.

Human PET imaging

Eight patients belonging to the AD continuum (n=2),
Parkinson’s disease (#=2), multiple system atrophy
(MSA, n=2), autoimmune encephalitis (#=1), oligoden-
droglioma (n=1), and one healthy control received ['8F]
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F-DED PET in a clinical setting at a tertiary center after
giving written informed consent at the Dept. of Nuclear
Medicine, LMU University Hospital. Patient character-
istics are provided in Table 2. Toxicology was assessed in
rats prior to the human study, indicating a No Observed
Adverse Effect Level (NOAEL) of 33.33 pg/kg. The maxi-
mum injected mass was determined at 3.22 pg ['*F]F-DED
for a 60 kg patient and a 100-fold safety margin. The
A-T-N status of patients belonging to the AD continuum
was determined using PET (A: ['°F]flutemetamol late-
phase 90-110 min p.i; T: ['®F]PI-2620 30-60 min p.i; N:
either [*F]flutemetamol early phase 0—10 min p.i. or [**F]
FDG 30-50 min p.i.) or CSF (A: AB,; 4 ratio; T: p-Tau).
Caffeine consumption was prohibited starting 3 h
before tracer injection. No patients with active smoking
history were examined. After 1dCT for attenuation correc-
tion, 177 435 MBq ["*F]F-DED were injected i.v. as a slow
bolus injection (~ 10 s) followed by dynamic 60-min emis-
sion recording on harmonized Siemens PET/CT systems
(Biograph 64, Biograph mCT). OSEM3D reconstruction
was performed as previously described [32]. Data analysis
was approved by the local ethics committee of the medi-
cal faculty of the LMU Munich (Application Number:
21-0721). Calculation of ['®F]F-DED PET volume of dis-
tribution (V) was performed using the average carotid
tracer uptake as image-derived input function (IDIF)
for non-invasive kinetic modeling. For proper quanti-
tative representation of the tracer uptake in the brain,
we calculated and compared four different kinetic mod-
els, since reversible and irreversible components of [°F]
F-DED were not investigated in the human brain yet: a
one-tissue compartment model (Logan plot), a one-tissue
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compartment model with two rate constants (1TC2k) as
well as two-tissue compartment models with either three
(2TC3k) or four rate constants (2TC4k) depending on the
reversibility of the binding behaviour. We then calculated
F tests to statistically compare the simplest model to the
more complex models in each brain region. Selected tar-
get regions of the Hammers atlas consisted of the brain-
stem, the cerebellar white matter, a cortical composite, the
mesial temporal lobe and the putamen. Spatial normali-
zation and brain region definition was performed using
PMOD’s PNEURO tool with existing MRI T1 MPRAGE
sequences. Analysis of PET imaging data was performed
visually and by volume-of-interest-(VOI)-based analy-
sis of V. In addition, static 30—60 min SUVr images and
regional SUVr were evaluated as simplified quantification
using a parietal lobe white matter reference tissue (pre-
defined by the Hammers atlas) to assess relative signal
changes in the investigated subjects. Time-activity SUV
curves were inspected qualitatively.

Statistics

Group comparisons of VOI-based small-animal PET
results or immunohistochemical quantification were
assessed by one-way ANOVA with Tukey post-hoc cor-
rection using Graph Pad Prism (V8). Two-way ANOVA
was used when two categorical variables were included
in the analysis. For correlation analyses, Pearson’s coef-
ficient of correlation was calculated after controlling for
normal distribution. Immunohistochemistry data were
expressed as mean +standard deviation. A threshold of
P<0.05 was considered to be significant for rejection of
the null hypothesis.

Table 2 Overview of the demographics of human subjects included in this study

Diagnosis Age (years) Gender Disease ['8F]F-DED Height Body Disease severity indices
duration dose (MBq) (cm) weight
(years) (kg)
mcl 69 M 05 190 170 69 MMSE: 26/30
Alzheimer's pathologic change
(A+T—N-)
AD-Dementia (A+T+N+) 66 F 20 169 163 52 MMSE: 21/30
PD 55 F 1.7 180 165 62 UPDRS Il 14;
(1.7 y disease duration) MoCA: 28/30
PD 56 F 48 149 167 64 UPDRS Ill: 18; H&Y: 1;
(4.8 y disease duration) MoCA: 29/30
Autoimmune encephalitis 53 M 25.2 217 182 72 -
MSA-C 56 M 21 162 190 84 UPDRS III: 30; H&Y: 2;
MoCA: 28/30
MSA-P 65 M 42 134 173 9% UPDRS 111 19;
MoCA: 29/30
0DG 60 F 13 244 160 61 =
Healthy control 28 F o 150 170 64 =

MCImild cognitive impairment; AD Alzheimer’s disease, A B-amyloid; Ttau; N neurodegeneration; PD Parkinson’s disease; MSA Multiple system atrophy; C cerebellar
subtype; Pparkinsonian subtype; ODG Oligodendroglioma; MMSE mini mental state examination; MoCA Montreal Cognitive Assessment; UPDRS Unified Parkinson's

Disease Rating Scale; H&YHoehn and Yahr scale
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Fig. 1 A, B ['®FIF-DED cardiac blood input curves and hippocampal time-activity-curves in comparison of PS2APP (green) and wild-type (grey)
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Immunohistochemistry of similar GFAP and MAO-B levels in the cerebellum of PS2APP and wild-type mice at 19 months of age
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Results

Suitability of the cerebellum as a pseudo-reference region
for ['®F]F-DED PET quantification in PS2APP and wild-type
mice

The [**F]F-DED blood input curve derived from the
heart showed the expected sharp peak after 90 s and only
low background activity in the late acquisition phase
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(Fig. 1A). Brain uptake of ["*F]F-DED indicated a rapid
influx and sufficient washout from brain parenchyma
(Fig. 1B). IDIF derived [**F]F-DED V. in hippocampus
of PS2APP and wild-type mice were similar at 5 months
of age (1.26+0.06 vs. 1.19+0.14; p=0.216), but PS2APP
mice had higher V; at 19 months of age when compared
to age-matched wild-type (1.31+£0.11 vs. 1.18+0.12;
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p=0.043; Fig. 1C, D). We observed no relevant differ-
ence in ["*F]E-DED V. of the cerebellum regardless of
age and genotype (Fig. 1C, D). Immunohistochemistry
of the cerebellum revealed only few GFAP positive cells
with low MAO-B expression in PS2APP and wild-type
mice (Fig. 1E).

["®F]F-DED PET detects reactive astrogliosis in PS2APP
mice

PS2APP mice suggested an age-depended increase
of ["*F]JF-DED DVR in hippocampus (p=0.003) and
thalamus (p=0.039), whereas wild-type mice did not
show significant changes of ['F]F-DED DVR with age
in hippocampus (p=0.218) and thalamus (p=0.372).
PS2APP mice showed elevated hippocampal ['®F]
F-DED DVR when compared to age-matched wild-type
mice at 13 months (+7.3%; p=0.022) and 19 months
of age (+12.3%; p<0.0001; Fig. 2A, B). Thalamic ['*F]
F-DED DVR of PS2APP mice were significantly higher
at 5 months (+4.3%; p=0.045) and 19 months of age
(+15.2%; p<0.0001; Fig. 2A, B) when compared to age-
matched wild-type mice. There was a strong positive cor-
relation between 0 and 60 min DVR, and the 30-60 min
static frame SUVr for hippocampus (R=0.713;
p<0.0001) and thalamus (R=0.783; p<0.0001; Fig. 2C).
['8F]F-DED quantification in the neocortex showed simi-
lar results when compared to hippocampus and thalamus
(Additional file 1: Fig. S1).

Immunohistochemical staining for MAO-B expres-
sion in GFAP-positive astrocytes showed an early onset
of elevated MAO-B expression in PS2APP mice when
compared to wild-type mice which increased with age
(Fig. 3A, B). Higher MAO-B expression with increase
in GFAP-positive astrocytes of PS2APP mice of all
age-related groups was observed when compared to
their age-matched wild-type controls in hippocam-
pus (all p<0.001) and thalamus (all p<0.01). MAO-B in
GFAP-positive astrocytes showed a strong positive cor-
relation with the ['®F]F-DED uptake in vivo in hippocam-
pus (R=0.720; p<0.001) and in thalamus (R=0.727;
p=0.002; Fig. 3C).

Hippocampal MAO-B PET signal as a potential early
biomarker in PS2APP mice

To compare trajectories of reactive astrocytes, activated
microglia and p-amyloidosis, we calculated standard-
ized differences of tracer signals in the hippocampus of
PS2APP mice (vs. WT) for ['*F]F-DED, ['®F]GE-180 and
['*F]florbetaben. [**F]E-DED as a function of age indi-
cated a logarithmic fit (y=1.33In(x)—1.50; R*=0.298),
whereas ['*F]GE-180 (y=0.02x*—0.15x—0.20; R*=0.684)
and [®F]florbetaben (y=0.01x>—0.05x—0.28; R2=0.621)
indicated exponential fits (Fig. 4A, B). Standardized
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differences between 4.3 and 9.9 months of age were
higher for ['®F]F-DED when compared to ["*F]GE-180
(p=0.044) and ['*F]florbetaben (p=0.039). Inmunohis-
tochemistry confirmed astrogliosis in PS2APP mice start-
ing as early as 5 months, accompanying the AB-plaque
formation, which occurs first in the hippocampus/sub-
iculum and spreads to the cortex and thalamus with
increasing age (Fig. 4C, D; Additional file 1: Fig. S2). In
PS2APP mice at 5 months of age, visual and quantitative
increases of GFAP(+) astrocytes exceeded the increases
of Ibal(+) microglia (Fig. 4C, D).

Initial clinical experience with ['®F]F-DED PET matches
expected magnitude and topology of reactive astrogliosis
in patients with neurological diseases
Based on the promising preclinical data, [**F]F-DED
imaging was translated to the clinical stage. ['*F]F-DED
was administered to eight patients and one healthy con-
trol (Table 2). The mean and standard deviation of the
administered mass of ['*F]F-DED was 0.074+0.057 pg
(range, 0.020-0.197 pg). The mean administered activ-
ity was 177 + 35 MBq (range, 134-244 MBq). There were
no adverse or clinically detectable pharmacologic effects
in any of the nine subjects and no significant changes in
vital signs. The injection and PET/CT procedures were
well-tolerated in all participants. In the kinetic modeling
analyses, a slightly superior fit of the 2TC3k model over
the 1TC2k model was observed in the brainstem, the
medio-temporal lobe and the putamen, however, driven
by a single patient with exceptionally high fitting values.
There was also no further improvement when comparing
the 2TC4k model with the 2TC3k model, since a fourth
parameter to the kinetic model did not lead to a signifi-
cant reduction in the variation of residuals (Additional
file 1: Table S1). We, therefore, concluded that the 1TC2k
model represents human ['*F]E-DED PET data best and
generated V. images based on that model (see Fig. 5). In
addition, we validated the agreement between V  val-
ues based on the 1TC2k compartment model and Logan
Plot by computing Bland—Altman as well as scatter plots
which showed no significant over- or underestimation
for either method of quantification (Additional file 1: Fig.
S$3). A visual comparison of the quantitative V. values
regions confirmed this high level of concordance in all
five target regions (Additional file 1: Table S2).
["8F]E-DED PET V. and SUVr images corresponded to
the expected patterns of MAO-B expression in brain and
to the phenotype of the examined patients (Fig. 5, Addi-
tional file 1: Figs. S4-S6). The patient with Alzheimer’s
pathologic change that did not yet show evidence of tau
pathology (['8F]P1-2620 PET) and who had no signifi-
cant neurodegeneration as assessed by p-amyloid-PET
perfusion imaging (A + T-N-), revealed high cortical and
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subcortical ['*F]E-DED binding with regional predomi- was observed in the patient with AD and who had evi-
nance in cortical AD signature regions (Fig. 5; Additional  dence for the presence of B-amyloid and tau pathol-
file 1: Figs. S4-S7). Relatively low ['®F]E-DED binding ogy (both assessed in CSF) and neurodegeneration as
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Fig.5 Axial and sagittal planes show ['8FJF-DED volumes of distribution (V;) based on the 1TC2k compartment model at levels of neocortical
regions, basal ganglia, hippocampus, cerebellum (all coronal) and brainstem (sagittal). The lesions of patients with autoimmune encephalitis and
oligodendroglioma are indicated with white arrows. ATN indicates biomarker positivity for B-amyloid, tau and neurodegeneration in patients

belonging to the AD continuurn. MSA = multiple systems atrophy

assessed by ["*F]JFDG-PET (A+T+N+; Fig. 5; Addi-
tional file 1: Fig. S7). In Parkinson’s disease, moderate
global ["*F]F-DED binding with pronounced signal in
the basal ganglia was observed in two patients with 1.7
and 4.8 year disease duration. Both patients with MSA
had much stronger ['®F]F-DED binding in cortical and
subcortical brain regions when compared to patients
with PD (MSA-P>MSA-C>PD) with predominance in
basal ganglia (MSA-P), pons (both) and cerebellar white

matter (MSA-C) and with a higher cerebellum-to-puta-
men-ratio in the patient with MSA-C (0.81) when com-
pared to MSA-P (0.73; Fig. 5; Additional file 1: Fig. S7).
The patient with autoimmune encephalitis had a strong
['8F]F-DED binding with predominance in the cerebel-
lar peduncles and the left cerebellar deep white matter,
matching but also extending the lesions on MRI (Fig. 5;
Additional file 1: Fig. S7). The patient with oligodendro-
glioma was [!®F]E-DED negative at the lesion site (right
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frontal cortex) and indicated regional ['®F]F-DED bind-
ing that followed physiological MAO-B expression in
healthy brain, such as the healthy control (Fig. 5) [17,
18]. [*®F]E-DED V. images based on Logan Plot analysis
revealed matching regions of elevated ["*F]F-DED bind-
ing (Additional file 1: Fig. 54).

Time-activity-curves showed fast brain uptake and a
region dependent washout until 10-20 min p.i.. The cer-
ebellar white matter indicated further moderate wash-
out>20 min p.i., whereas [\®F]F-DED binding in all target
regions indicated stable (irreversible) binding in the late
acquisition phase (Additional file 1: Fig. S8).

Discussion

In recent years, several PET tracers have been developed
that target MAO-B, a surrogate for reactive astrocytes
and, therefore, a promising new biomarker for neuroin-
flammation in various neurological diseases. However,
most of these ligands have so far been based on [!!C]
[33-35], whose short half-life (20.4 min) limits its use
in clinical settings to centers with on-site cyclotrons.
Consequently, an alternative radiolabeling has recently
been carried out on the basis of ['®F], which possesses a
much longer half-life of 109.8 min and is, therefore, more
suitable for broad clinical use. Adding to that, the deu-
teration of ["®F]F-DED overcomes previous issues con-
cerning high background signaling by enabling a better
wash-out from regions low in MAO-B expression [16],
thus yielding excellent tracer properties for neuroimaging
in both rodents and humans. Even though in the present
study, we were not able to directly provide evidence for
the binding specificity of [**F]F-DED, initial work done
by Nag et al. (2015) showed high in vitro binding of this
radiotracer to regions with increased levels of MAO-B
in the monkey brain. In addition, blocking of MAO-B
with L-deprenyl successfully suppressed any [**F]F-DED
binding thereafter [16]. We, therefore, based our work
on the assumption that this tracer targets MAO-B with
adequate specificity. With regard to radiometabolites, we
were not able to obtain a direct analysis of arterial blood
in the current study. Here, too, we based our assumption
on previous findings indicating that ['"®F]F-DED is partly
metabolized and has a similar retention time when com-
pared to the less lipophilic metabolites [16]. However,
even though this byproduct could likely contaminate
[‘8F]F-DED PET signal, only about 5% of overall radio-
activity was previously attributed to ['®F]flurometam-
phatamine-D2 [16]. Hence, we assumed that a sufficiently
high proportion of our ['®F]E-DED signal represents the
parent compound and, therefore, aimed to investigate the
potential use of this radiotracer as a biomarker for early
neuroinflammation in both transgenic mice as well as a
human pilot sample.
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The first part of our study consisted of a cross-sec-
tional investigation of ['*F]F-DED PET in the PS2APP
B-amyloid mouse model in conjunction with semi-
quantitative immunohistochemical validation. Our pre-
clinical findings showed an age-dependent increase of
['8F]F-DED signal in the hippocampus and thalamus
in PS2APP mice. These transgenic mice typically start
expressing f-amyloid plaques at about 5-6 months of age
[21], with a close correlation to TSPO expression during
the later life course [23]. Similarly, reactive astrogliosis
in PS2APP showed a close topological association with
B-amyloid pathology during aging with highest abun-
dance in hippocampus, thalamus and cortex. Increas-
ing MAO-B PET signals with age in transgenic models
of B-amyloid pathology are in line with a previous study
using [M'C]DED in APP,, . mice compared to wild-
type mice [36]. However, another study using this tracer
in APPg . mice found increased MAO-B PET signals
before onset of fibrillary B-amyloid pathology compared
to wild type but decreases of cortical and hippocampal
[MIC]DED signals towards wild-type levels during aging
[7]. Thus, longitudinal trajectories of MAQO-B PET signals
may depend on the used mouse model and specific char-
acteristics of their B-amyloid pathology which deserves
head-to-head comparison with equal methodology in
future studies. Interestingly, in our study, we found a
['8F]F-DED signal elevation that preceded those of other
AD biomarkers, showing earlier elevation and a plateau
(logarithmic vs. exponential function) when compared to
TSPO-PET and B-amyloid-PET signal. Keeping potential
differences in both the sensitivity of the tracer and the
target abundance in mind, this supports the assumption
of an early astrocyte burst [37] in the pathophysiology of
AD and substantiates the value of imaging astrogliosis as
an early AD biomarker. In line, elevated GFAP levels were
observed in plasma of early and late onset AD [38], but
also in B-amyloid-positive cognitively normal individu-
als when compared to B-amyloid-negative controls [39].
Furthermore, [\°F]F-DED signal strongly correlated with
MAO-B expression in GFAP-positive astrocytes in our
study, which strengthens the assumption that this radi-
otracer detects MAQO-B positive reactive astrogliosis in
a proportional manner. Importantly, the correlation of
MAO-B PET signals with MAO-B positivity in GFAP(+)
astrocytes allowed to correlate PET signal increases spe-
cifically with the claimed astrocytic source. We note that
previous studies did not consistently report co-localized
MAO-B and GFAP expression in immunohistochem-
istry [36], which indicates that our validated antibody
could have superior sensitivity to astrocytic MAO-B
expression.

Our preclinical study was also used to investigate the
cerebellum as a potential reference tissue for simplified
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['|F]JE-DED quantification, as previous studies have
revealed that this region expresses only low amounts of
MAO-B and shows only low ligand uptake [15, 40]. Add-
ing to that, this tissue is also often used for standardiza-
tion of other radiotracers used in this mouse model [23].
However, defining a proper reference region, i.e., one
with no specific radiotracer uptake, is not entirely possi-
ble with MAO-B due to it being ubiquitously expressed
throughout the brain (Additional file 1: Fig. §9). We,
therefore, decided to normalize our preclinical [*F)
F-DED data by defining a pseudo-reference region with
comparatively low specific radiotracer uptake. This was
indeed the case for the cerebellum, for which we did not
find any significant differences in ['**F]JF-DED V. signal
between transgenic and wild-type mice as well as simi-
larly low staining patterns of GFAP. Thus, we concluded
that specific uptake was not affected by diseases status
or age and that this region could, therefore, serve as a
suitable pseudo-reference for our quantitative analyses
(Fig. 1C, E).

Based on our previous experience with [\*F]THK-5351
in MSA and PD [41], we further applied [**F]F-DED in
a pilot sample of patients and one healthy control, with
the rationale to detect globally and regionally increased
MAO-B expression. Preliminary data of our first-in-
human [*¥F]F-DED sample matched the expected bind-
ing magnitude and topology of MAO-B expression in
various neurological diseases, although no generalized
conclusions can yet be drawn due to the low number of
cases. The topology in the healthy control and in regions
with assumed low neuropathology matched the expres-
sion of MAO-B in healthy brain with highest abundance
in the basal ganglia and low abundance in the cerebel-
lum [17, 18]. Increased MAO-B expression in early
stages of the AD continuum which were ameliorated at
later stages were previously described for ['!C]DED [15].
In line with the hypothesis of an astrocyte burst in early
AD, we found strong ['®F]F-DED binding with predomi-
nance in parietal and temporal AD signature regions
when examining one B-amyloid-positive MCI patient
that had no evidence of tau pathology and neurodegen-
eration yet. Contrary, ['*F]JF-DED binding was only low
in the second patient with AD that had elevation of p-tau
and widespread FDG hypometabolism. [**F]F-DED bind-
ing in two patients with PD indicated low and similar
MAO-B expression at 1.7 and 4.8 year disease duration,
whereas previous observations with the imidazoline 2
astrocyte tracer ["'C]BU99008 showed a decline at later
stages [42]. ['"F]F-DED PET in both examined patients
with MSA was higher when compared to PD and congru-
ent with the phenotype, indicating pronounced binding
in cerebellar white matter and pons in presence of clini-
cal cerebellar predominance and pronounced binding
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in the putamen in MSA-P. A broader range of patients
with typical and atypical Parkinsonian syndromes needs
to be investigated with ['®F]F-DED to allow conclusions
on specific binding characteristics. Assessment of astro-
gliosis could also reflect a useful diagnostic biomarker
in MSA, since MAO-B expression levels of patients with
MSA exceeded the levels of patients with PD and healthy
controls in autopsy [43]. Strong ['®F]F-DED binding was
also observed in a patient with autoimmune encephali-
tis with predominant cerebellar involvement, indicating
astrocytosis/reactive astrogliosis. Thus, ['*F]F-DED PET
could be an interesting additional tool for assessment
of the regional extent and the lesion activity in patients
with inflammatory diseases of the CNS. The patient with
oligodendroglioma had lower ["*F]E-DED binding in the
lesion when compared to cortical regions. Thus, the sig-
nal in brain tissue outside the lesion may serve as a pre-
liminary pseudo control of normal MAO-B expression
together with the young healthy control investigated.
Taken together, these first-in-human ['®F]E-DED data
revealed MAQ-B expression patterns of interest that may
serve differential diagnosis of various neurodegenera-
tive diseases. However, given the small sample size of the
human cohort and lacking controls these observations
should be interpreted with caution. Confirmation in a
larger cohort and longitudinal follow-up imaging is war-
ranted. The [*8F]JF-DED V obtained by an exploratory
IDIF encourage further validation by arterial sampling
including metabolite correction.

Conclusion

In vivo imaging by PET with the novel MAO-B tracer
['®F]E-DED indicates a potential for assessment of reac-
tive astrogliosis in AD mouse models and patients with
neurological diseases. [\*F]F-DED binding correlates with
immunohistochemical gold standard assessment and our
results suggest that ['*F]JF-DED could be used as an early
biomarker for neuroinflammation in this transgenic AD
mouse model. Translation into preliminary human data
showed regional congruence between tracer signal and
expected disease topology, which indicates the potential
for detection of regionally altered MAO-B expression.
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The online version contains supplementary material available at https.//doi.
org/10.1186/512974-023-02749-2.

Additional file 1: Table S1. Kinetic modelling overview in the human
cohort. A superior fit (¥) of the 2TC3k compared to the 1TC2k model was
found in three target regions due to high values in the autoimmune
encephalitis (AIE) patient. F tests indicate that the more complex 2TC4k
model does not lead to a further significant reduction in the variation of
residuals. AIC = Akaike Information Criterion; SC = Schwartz Informa-
tion Criterion; x* = Sum of Squares of the weighted residuals divided

by the degrees of freedom; AD = Alzheimer’s disease continuum; PD =
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Parkinson's disease; MSA = multiple systems atrophy; ODG = oligoden-
droglioma. Table S2. Quantitative comparison of Volumes of distribution
(Vy) generated on the basis of a 1TC2k compartmental and a Logan Plot.
Intraindividual comparison reveals similar values across all target regions
for both quantification methods. AD = Alzheimer’s disease continuum; PD
= Parkinson’s disease; MSA = multiple systems atrophy; AIE = autoim-
mune encephalitis; ODG = oligodendroglioma. Figure S1. (A) Mean

(& SD) distribution volume ratios (DVRs) of ['®F]F-DED PET for PS2APP
animals at different ages compared to age-matched wild-type animals for
the target region cortex. Significant differences between genotypes per
timepoint are indicated. (B) Correlation of ['F]F-DED DVRs calculated from
60-min dynamic small-animal PET recordings with corresponding 30-60-
min SUVR (reference region cerebellum). 95% confidence intervals are
represented by dotted lines. Figure S2. Sagittal plane showing the cortex,
hippocampus and thalamus stained against GFAP for astrocytes and AR
(NAB228) for AB plaques in PS2APP mice at 5, 13 and 19 months of age.
Plaques start to from in the subiculum at 5 months of age and spread to
the cortex and thalamus. The plaque load is accompanied by astroglio-
sis which also starts 5 months and increases in an age-related manner.
Figure S3. Bland-Altman plots (first row) comparing Vy values based on
compartmental and Logan Plot analyses. The red line corresponds to the
mean difference of V; values, the black lines indicate the limits of agree-
ment (Mean + 1.96 * SD). Correlational analyses (second row) reveal high
correlations between V; values based on the 1TC2k and those based on
Logan Plot. Figure S4. Axial and sagittal planes show ["®F]F-DED Volumes
of distribution (V4) based on a Logan Plot at levels of neocortical regions,
basal ganglia, hippocampus, cerebellum (all coronal) and brainstem (sagit-
tai). The iesions of patients with autoimmune encephaiitis and oiigoden-
droglioma are indicated with white arrows. Figure S5. Axial and sagittal
planes show ["®F]F-DED standardized uptake value ratios (SUVr) based on
a parietal white matter reference region and a 30-60-min time frame at
levels of neocortical regions, basal ganglia, hippocampus, cerebellum (all
coronal) and brainstem (sagittal). Scaling is optimized to evaluate signal
changes in the basal ganglia and brainstem regions. Parietal and temporal
Alzheimer’s disease signature regions are indicated with pink arrows.
Regions of interest in patients with Parkinson’s disease and multiple sys-
tems atrophy (MSA) are indicated with orange arrows. The lesions of the
patient with autoimmune encephalitis are indicated with white arrows.
Figure S6. Axial and sagittal planes show ['®F]F-DED standardized uptake
value ratios (SUVr) based on a parietal white matter reference region and
a 30-60-min time frame at levels of neocortical regions, basal ganglia,
hippocampus, cerebellum (all coronal) and brainstem (sagittal). Scaling is
optimized to evaluate signal changes in the cortical regions. Parietal and
temporal Alzheimer’s disease signature regions are indicated with pink
arrows. Regions of interest in patients with Parkinson’s disease and multi-
ple systems atrophy (MSA) are indicated with orange arrows. The lesions
of the patient with autoimmune encephalitis are indicated with white
arrows. Figure S7. Additional imaging characteristics of investigated
patients of the Alzheimer’s disease (AD) continuum, multiple systems
atrophy (MSA) and autoimmune encephalitis as assessed by 3-amyloid-
PET, tau-PET, FDG-PET and MRI. Figure S8. ['®F]F-DED time-activity-curves
(TACs) of patients with neurodegenerative diseases and multiple sclerosis
in contrast to a patient with MAO-B negative oligodendroglioma. All TACs
are scaled to the maximum SUV to allow direct comparison of the wash-
out phase. MSA-P = Multiple systems atrophy-parkinsonian subtype;
MSA-C = Multiple systems atrophy-cerebellar subtype; ODG = Oligo-
dendroglioma; PD = Parkinson’s disease; AD = Alzheimer’s disease (A =
amyloid-B; T = tau; N = neurodegeneration); SUV = standard-uptake-
value; min = minutes. Figure S9. (A) MAO-B expression in GFAP-(+)
astrocytes, (B) TPH2-(+) serotonergic neurons of the raphe nucleus and
(©) in endothelia cells of blood vessels of wild type and PS2APP mice.
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ARTICLE INFO ABSTRACT

Keywords: Objective: In preclinical research, the use of [mF]Fluorodesoxyglucose (FDG) as a biomarker for neuro-
sv2A degeneration may induce bias due to enhanced glucose uptake by immune cells. In this study, we sought to
PET investigate synaptic vesicle glycoprotein 2A (SV2A) PET with [IBF]UCB-H as an alternative preclinical biomarker
Synaptic loss . . . - . .
Tau for neurodegenerative processes in two mouse models representing the pathological hallmarks of Alzheimer’s
AB disease (AD).

Methods: A total of 29 PS2APP, 20 P301S and 12 wild-type mice aged 4.4 to 19.8 months received a dynamic
[“!F]UCB-H SV2A-PET scan (14.7 + 1.5 MBq) 0-60 min post injection. Quantification of tracer uptake in
cortical, cerebellar and brainstem target regions was implemented by calculating relative volumes of distribution
(V) from an image-derived-input-function (IDIF). [ISF]UCBAH binding was compared across all target regions
between transgenic and wild-type mice. Additional static scans were performed in a subset of mice to compare
['®F]FDG and ['®F]GE180 (18 kDa translocator protein tracer as a surrogate for microglial activation) stan-
dardized uptake values (SUV) with [*®F]JUCB-H binding at different ages. Following the final scan, a subset of
mouse brains was immunohistochemically stained with synaptic markers for gold standard validation of the PET
results.

Results: [**F]UCB-H binding in all target regions was significantly reduced in 8-months old P301S transgenic
mice when compared to wild-type controls (temporal lobe: p = 0.014; cerebellum: p = 0.0018; brainstem: p =
0.0014). Significantly lower SV2A tracer uptake was also observed in 13-months (temporal lobe: p = 0.0080;
cerebellum: p = 0.006) and 19-months old (temporal lobe: p = 0.0042; cerebellum: p = 0.011) PS2APP trans-
genic versus wild-type mice, whereas the brainstem revealed no significantly altered ["*FIUCB-H binding.
Immunohistochemical analyses of post-mortem mouse brain tissue confirmed the SV2A PET findings. Correla-
tional analyses of ['F]UCB-H and ['®FIFDG using Pearson’s correlation coefficient revealed a significant
negative association in the PS2APP mouse model (R = -0.26, p = 0.018). Exploratory analyses further stressed
microglial activation as a potential reason for this inverse relationship, since [wF]FDG and [18FIGE180 quan-
tification were positively correlated in this cohort (R = 0.36, p = 0.0076).

Conclusion: [*®F]UCB-H reliably depicts progressive synaptic loss in PS2APP and P301S transgenic mice,
potentially qualifying as a more reliable alternative to ['®FIFDG as a biomarker for assessment of neuro-
degeneration in preclinical research.

* Corresponding author at: Department of Nuclear Medicine, University Hospital of Munich, Ludwig-Maximilians-University (LMU) Munich, Munich, Germany.
E-mail address: matthias.brendel@med.uni-muenchen.de (M. Brendel).
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1. Introduction

Within the spectrum of neurodegenerative diseases, Alzheimer’s
disease (AD) is not only the most prevalent but also amongst the most
complex in terms of its intricate pathophysiology. With many dots yet to
be connected, current consensus defines plaque and neurofibrillary
tangle formation — due to amyloid-beta accumulation and associated
with tau hyperphosphorylation, respectively — as two core characteris-
tics of the disease’s pathogenesis (Jack et al., 2018). In a cascade-like
process, the formation of amyloid-f deposits presumably represents
the central pathology during initial stages, while the aggregation of
characteristic tau fibrils occurs at later times (Jack et al., 2010; Lemere
and Masliah, 2010). Furthermore, a wealth of studies suggests that in-
flammatory cells such as activated microglia and reactive astrocytes are
also a key element of the neurodegenerative trajectories, exerting both
beneficial and harmful effects in a dynamic process over time. Microglia,
in particular, likely engage in the clearance of amyloid debris early on
but become dystrophic when chronically activated, resulting in wide
spread synaptic loss, neuronal apoptosis and propagation of tau aggre-
gates (Kitazawa et al., 2004; Leng and Edison, 2021). Taken together,
this simplified pathological model builds the basis of the current A-T-N
classification of AD, which aims to integrate three biomarkers
(amyloidosis, tau, neurodegeneration) into the diagnostic research
protocol, facilitating a uniform quantification independent of clinical
symptoms (Jack et al., 2018).

Translated into practice, the challenge of both quantifying and
locating these biomarkers in-vivo can be overcome by using target-
specific radiotracers in positron emission tomography (PET). This has
been done both preclinically as well as in humans, e.g. with ['®F]flu-
temetamol to aim at amyloid plaques or ['®F]AV1451 to locate neuro-
fibrillary tangles (Villemagne et al., 2018). With regards to PET targets
representing neurodegeneration, studies in humans have so far taken
advantage of the fact that degenerative processes are accompanied by
reduced regional glucose metabolism, which is reflected by lower ['®F]
Fluorodesoxyglucose (FDG) uptake (Jack et al., 2018). In preclinical
studies, however, FDG-PET delivered controversial results including
hyper- and hypometabolism in AD mouse models (Bouter and Bouter,
2019). In this regard, neuroinflammation in transgenic mouse models
was associated with increased glucose metabolism of astroglial immune
cells (Choi et al., 2021; Xiang, 2021; Zimmer et al, 2017). This
discrepancy between preclinical and human PET imaging results sub-
stantiates the need to identify alternative biomarkers for regional
assessment of neurodegeneration in preclinical research, which could
also translate to more reliable determination of regional neuro-
degeneration in humans. In the present study, we aimed to investigate
the potential use of ['8F]UCB-H as an alternative neurodegeneration
biomarker of AD models. As a modification of the antiepileptic drug
levetiracetam, this radiotracer specifically targets the synaptic vesicle
glycoprotein 2A (SV2A), which is spread out ubiquitously in synaptic
terminals across the brain (Rossi, 2022). Consequently, PET imaging of
decreased [IBF]UCB-H uptake facilitates the in-vivo visualization of
synaptic decline in various neurodegenerative diseases. Here, previous
preclinical as well as human studies have shown that decreases in [*8F]
UCB-H binding is congruent with synaptic loss in brain regions typically
affected in AD (Xiong, 2021; Bastin et al., 2020).

On the basis of this observation, we sought to explore the synaptic
loss representing the degenerative pathology in two distinct mouse
models: one with amyloid-beta (PS2APP) and one with tau (P301S)
pathology. Furthermore, we validated our in-vivo findings histologically
by using immunostaining of SV2A in the same mouse cohort. Lastly, we
also assessed the relationship between ['®FJUCB-H and ['®FIFDG
binding in both mouse models and explored a potentially confounding
influence by microglial activation in PS2APP transgenic mice.

Neurolmage: Clinical 39 (2023) 103484
2. Materials and methods
2.1. Radiochemistry

[IBF]UCB»H was synthesized on a Trasis AllinOne (Ans, Belgium)
automated synthesis unit (ASU) with 3 single-use disposable manifolds
connected in series with a total of 18 valves. The manifolds were
clamped into the correct position at the module. The software prompts
were followed to run the cassette test. All reagents were assembled on
the pre-defined positions of the manifold (position 2: eluent, position 8:
precursor solution pre-mixed with TEMPO in MeCN, position 11: MeCN,
position 12: saline bag, position 15: EtOH, position 16: sodium ascor-
bate) followed by HPLC priming and preliminary steps. No carrier added
[lsF]ﬂuoride was produced via 18O(p, n)wF reaction by proton irradi-
ation of '80-enriched water and delivered to the activity inlet reservoir.
The precursor is labelled by replacement of the iodonium aryl triflate
leaving group by [\®F1fluoride in a SyAr reaction. ['®FTUCB-H is purified
by reversed phase semi-preparative HPLC (Phenomenex Luna C18(2)
column, 5 pm, 10 x 250 mm; isocratic elution with 61% (v/v) / 39% (v/
v) acetonitrile; flow: 5 ml/min) and trapped on a SPE cartridge. The
cartridge is rinsed and [®FJUCB-H is eluted with ethanol and saline. The
formulated product solution was transferred to a dispenser and filtered
through a Merck 0.22 pm Cathivex-GV sterile filter. The product was
obtained in radiochemical yields of 32 + 5.0 % non d.c. (n = 12) within
a synthesis time of 55 min. The RCP was > 99%.

2.2. Animals

We used a total of 49 male transgenic mice in this study, 29 of which
were homozygous B6.PS2APP (PS2APP) mice (Ozmen et al., 2009),
while the other 20 belonged to a homozygous P301S mutant strain
(Allen et al., 2002), Furthermore, 12 male C57Bl/6 wild-type (WT) mice
were used as a control group. More detailed information on each mouse
model is provided in the Supplementary Material. All animals were
exposed to a 12 h: 12 h light-dark cycle and their housing environment
was assured to maintain room temperature and approximately 50%
humidity. Food and water were provided in standard pellets with un-
restricted access (Ssniff, Soest, Germany).

2.3. Small-Animal PET

2.3.1. Study Overview

The preclinical procedure was approved by the local animal care
committee of the Government of Upper Bavaria. All experiments were
conducted on the basis of the National Guidelines for Animal Protection
and constantly supervised by a veterinarian. Small-animal PET scans
with [IBF]UCB—H were carried out dynamically 0-60 min after radio-
tracer injection via a tail vein (14.7 + 1.5 MBq). A detailed overview of
each groups’ characteristics is given in Table 1. Additional static ['®F]
FDG PET scans (30-60 min p.i.) were performed on a subset of trans-
genic and wild-type mice. All mice were deprived of food at least two
hours before scanning and blood glucose levels were measured prior to
each PET scan. These showed no significant difference between P301S
(4 m: 150 + 26 mg/dL; 8 m: 156 + 17 mg/dL) and PS2APP mice (4 m:
137 + 15 mg/dL; 7 m: 134 + 9 mg/dL; 13 m: 137 + 12 mg/dL; 19 m:
131 + 11 mg/dL) when compared to wild-type controls (145 + 16 mg/
dL), irrespective of the age. For more details on the scanning procedure,
we refer to our previous study (Xiang, 2021). Furthermore, a subset of
PS2APP mice (n = 18) received a third scan with ['"*FIGE180 60-90 min
after injection. Once the final PET scan was accomplished, all mice were
anaesthetized and perfused with phosphate-buffered saline. To conduct
immunohistochemical analysis, the brain was preserved using para-
formaldehyde 4%.
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Table 1

Neurolmage: Clinical 39 (2023) 103484

Overview of the cross-sectional quantitative SV2A analysis. Small-animal PET V ratios are shown for ["®F]UCB-H. Significant differences in PS2APP and P301S mice

versus wild-type controls are indicated by *P < 0.05; **P < 0.01; ***P < 0.001.

Mouse Age ['®*FJUCB-H Small Animal PET  Cerebellum ['*FIUCB-H signal (Vr,  Brainstem ['®FJUCB-H signal (Vy,  Temporal Lobe ['*F]JUCB-H signal (V.
Model (mo) () cB) Bs) ™)
PS2APP 4.4 5 0.72 £ 0.05 0.76 =+ 0.02 0.88 + 0.04
7.1 7 0.69 + 0.09 0.74 + 0.05 0.87 + 0.07
135 10 0.62 + 0.05%** 0.74 + 0.02 0.79 + 0.07**
19.8 7 0.60 + 0.05%** 0.74 + 0.01 0.77 + 0.06**
P301S 4.3 6 0.66 £ 0.05% 0.70 £ 0.03** 0.80 £ 0.09
8.4 14 0.65 + 0.05%* 0.71 £ 0.02+* 0.80 + 0.08*
WT 127 12 0.75 + 0.08 0.75 + 0.04 0.90 £ 0.10

2.3.2. PET data Acquisition, reconstruction and analysis

For all PET data acquisition, reconstruction, and image pre-
processing were conducted according to an established, standardized
protocol (Overhoff, 2016). The PET analyses were performed using
PMOD (v3.5, PMOD technologies, Basel, Switzerland). As part of the
PET data quantification, we first defined the temporal lobe, cerebellum,
and brainstem as three target regions of interest. Both the cerebellum
and brainstem volume-of-interest (VOI) were drawn from the stan-
dardized Mirrione atlas (Ma et al., 2005). A predefined VOI of the
temporal lobe was created as a subregion of the Mirrione cortex VOI
(Supplemental Fig. S1). Standardized uptake values (SUV) for [*8FTUCB-
H and ['®FIGE180 (60-90 min p.i.) as well as [*®FIFDG (30-60 min p.i.)
were calculated for the static late-phase time. In addition, volumes-of-
distribution (V1) were computed for [**F]UCB-H image data on the
basis of an image derived input function (IDIF), as has been described by
Logan et al. (Logan et al., 1990). For this purpose, we obtained a blood
input curve from a standardized VOI of the left ventricle (3 mm) with a
maximum error tolerance of 10% and a threshold of 0. No corrections for
radiometabolites were applied. However, according to a recent study
conducted by Goutal et al. in 2021 (Goutal et al., 2021), the metabolite-
corrected plasma input function as well as the plasma to whole-blood
ratio of ['®FJUCB-H SUV has been shown to be stable both within and
between non-human primates. We therefore assumed a stable metabo-
lization across all models and ages.

2.4. Immunohistochemistry and synaptic puncta analysis

Post-mortem mouse brain processing was performed as described
elsewhere (Xiang, 2021; Briel et al., 2021). In brief, parasagittal slices
were cut from paraformaldehyde-fixed hemispheres at 50 um thickness
using a VT1000S vibratome (Leica, Germany). From each animal 2-3
free-floating slices were stained immunofluorescently for SV2A. The
protocol included permeabilization (2% Triton X-100 in PBS) and
blocking (10% normal goat serum) steps before incubation with diluted
primary antibodies (SV2A; 1:200, #ab32942; Abcam, Germany). After
several washing steps secondary antibody goat anti-rabbit Alexa-
Flour®488 (1:1000, #A11008; Thermo Fisher Scientific, Germany) was
applied. DAPI (1:1000, #D9542; Sigma-Aldrich, Germany) was used as
nuclei counterstain. Slides were mounted on Superfrost-plus® slides
(Thermo Fisher Scientific, Germany) with Fluorescence Mounting Me-
dium (#5302380-2, Agilent Dako, Germany) and covered with #1.5H
high-precision imaging glass coverslips (#48393-059, VWR, Germany).

Synapse imaging has also already been described in previous studies
(Xiang, 2021; Briel et al., 2021). In brief, a Zeiss LSM780 confocal sys-
tem (Zeiss, Germany) with Plan-Apochromat 40X (NA 1.4, DIC M27, oil
immersion) objective was used. At constant settings, across 2-3 slices
per animal 5-9 high-resolution images (image depth = 16-bit, dpi =
2048) of size (101.21 x 101.21) pm2 from the Somatosensory Cortex,
Layers II/11, (75.87 x 75.87) ym? from the hippocampal CA1, Stratum
radiatum (PS2/APP cohort), the medial vestibular nucleus (VM) located

in the brainstem and the nucleus interpositus of the cerebellum, and
(48.87 x 75.87) pm? from the hippocampal CA1, Stratum radiatum
(P301S cohort) were sampled randomly. Image processing was autom-
ized with custom 1J2 macros in Fiji/ImageJ, including background
subtraction, thresholding, and ’Analyze Particles’ for puncta metrics.

2.5. Statistics

For each target VOI, a Shapiro-Wilk test was computed to test for
normality of the data, followed by a Bartlett test to check for homoge-
neity of variances. When both tests proved insignificant across all target
regions, multivariate group comparisons for each mouse model were
carried out using a one-way ANOVA with post-hoc Tukey adjustment. If
normal distribution and homogeneity of variances was not met, a
Kruskal-Wallis Test followed by post-hoc pairwise Wilcoxon-Mann-
Whitney-tests was computed. A p-value of 0.05 or less was considered
significant. Furthermore, we explored the association between the [ISF]
UCB-H and ['®*F]FDG signal as well as [*FIFDG and [**F]GE180 uptake
in a subset of mice by means of Pearson’s correlation coefficients and
linear regression. All descriptive and inference statistics were computed
using R Core Team (2022).

3. Results

3.1. [*®FJUCB-H tracer kinetics indicate rapid influx and washout from
brain parenchyma

Averaged [ISF]UCB-H time activity curves (0-60 min) of standard-
ized uptake values (SUV) for each genotype and region of interest
showed an influx peak after about five minutes post injection. This was
followed by a continuous decline in radioactive signaling corresponding
to a fast tracer washout from the regional brain tissue (Fig. 1).

3.2. Low variability of ['®FJUCB-H uptake in the upper midbrain region
suggests suitability as a pseudoreference region

First, we computed Vp images with IDIF to allow unbiased assess-
ment of SV2A quantification across the brain. Exploratory analyses of
[**FIUCB-H binding in VOIs predefined by the Mirrione atlas revealed
least variation of uptake in an upper midbrain region, dominantly
composed of white matter (CoV = 22.6%), across all investigated mouse
models and wild-type mice. Pairwise comparisons of corresponding Vr
values using Bonferroni-corrected t-tests showed no significant differ-
ences between PS2APP, P301S and wild-type mice for any age-related
cohort (Fig. 2B and Supplemental Table 51). Additionally, an intra-
cohort ANOVA of the PS2APP strain as well as t-tests of the respective
P301S and wild-type cohorts also did not show any significant differ-
ences in the VT signal of this region between the different age groups
(PS2APP: p = 0.11; P301S: p = 0.37; WT: p = 0.19). Consequently, we
selected the upper midbrain region as a pseudoreference tissue for the



6 Publikation Il

48

L. Vogler et al. Neurolmage: Clinical 39 (2023) 103484
Temporal Lobe Brainstem Cerebellum
- P3018 - P301S -+ P301S
75 -+ PS2APP 75 = PS2APP 75 - PS2APP
— - WT — - WT — - WT
> > : >
= 2 =
o ) )
T 50 j': 5.0 :|': 5.0
) m ]
o O ]
= 2 2,
ggu' 25 ;-I_f" 25 ;-'_5" 25
0. 0. 0.
0 10 20 30 40 50 10 20 30 40 50 10 20 30 40

Time (min)

Time (min)

Time (min)

Fig. 1. Time activity curves (TAC) of ['8F]UCB-H (SUV) showed a similar influx peak after approximately five minutes followed by a continuous washout of the
radiotracer in all three target regions. Mean TAC across all cohorts is represented by a black graph.
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Fig. 2. (A) Time activity curves of the reference region (upper midbrain) for each cohort showed equivalent kinetic features when compared to target regions. (B)
Multivariate statistics (ANOVA) revealed no significant differences in **FJUCB-H binding in the reference region across all three cohorts. (C) Scatter plots show no
significant correlations between age and ['®*F]JUCB-H binding (V) in the wild-type cohort across all target regions.

computation of Vr ratios in further quantitative comparisons. Further-
more, no significant correlations were found between [IBF]UCB—H up-
take (V) and age in the wild-type cohort (Fig. 2C). Therefore, all wild-
type mice were pooled into a larger and more robust control sample.

3.3. Reduced [*®FTUCB-H uptake portrays progressive synaptic loss in
PS2APP and P301S mice

To test whether there were statistically significant differences in
F]JUCB-H binding across the target regions of transgenic models, we
next conducted multivariate analyses with post-hoc pairwise compari-
sons of Vt ratio values referenced to the upper midbrain region. By

[IB

means of validation, we also performed regression analyses on the Vr
ratio and distribution volume ratios (DVR) values of all target regions
across all mice which revealed a very high correlation between the two
parameters (R = 0.95, p < 2.2e-16; Supplemental Fig. 52). Both young
and old P301S mice showed significantly lower tracer binding than wild-
type mice in the cerebellum (4 m vs. WT: p = 0.018; 8 m vs. WT: p =
0.0018; Fig. 3) and the brainstem (4 m vs. WT: p = 0.0076; 8 m vs. WT:
p = 0.0014; Fig. 3). Additionally, a significantly decreased ['*FJUCB-H
binding in the temporal lobe was found in 8-months old P301S mice
when compared to wild-type controls (p = 0.014).

With regards to the PS2APP model, significantly reduced [**FJUCB-
H binding was detected in the temporal lobe of both 13-months (p =



6 Publikation Il

49

L. Vogler et al.

B Temporal Lobe

Anova, p = 0.012
1.00

20

1.00 o~
0.75 ? t'él 5

e
3
a

i

o
)
o

['®FJUCB-H (VTr)
e o
& 3
['®FJUCB-H (VTr)
o
S

0.00 0.00

Cerebellum
Ead Anova, p = 0.0014

o o

==

Neurolmage: Clinical 39 (2023) 103484

Brainstem

Anova, p = 0.00077

--
(=3
o

dek
o — *k

=]
~
a

['®FJUCB-H (VTr)
o
&

s
Y
i

0.00

P301S 4m P301S 8m WT

P301S 4m P301S 8m WT

P301S 4m P301S 8m WT

Fig. 3. (A) Coronal sections of averaged [*®FJUCB-H images (Vr ratios) show all target regions projected onto a standard MRI atlas for both groups of P301S
transgenic mice and wild-type controls. (B) Boxplots of ['®F]UCB-H binding (Vr ratios) across both groups of P301S mice showed significant SV2A reductions in all

target regions when compared to wild-type controls. *p < 0.05; **p < 0.01; ***p < 0.001.

0.0080) and 19-months (p = 0.0042) old mice when compared to wild-
type controls (Fig. 4). As the data did not allow for parametric com-
parisons, non-parametric Kruskal-Wallis tests were computed for the
brainstem and cerebellum in PS2APP mice. Post-hoc pairwise Wilcoxon-
tests revealed significantly lower [**FJUCB-H binding in 13-months (p
= 0.006) and 19-months (p = 0.011) old PS2APP as opposed to wild-
type mice in the cerebellum (Fig. 4). Brainstem Vr ratios did not show
any significant differences between PS2APP and wild-type mice. With
regards to the younger PS2APP cohorts (4 m, 7 m), no significant dif-
ferences in Vr ratios were found in neither of the three target regions.

3.4. Synaptic loss is confirmed by immunohistochemical staining pattern
in both PS2APP and P301S mice compared to wild-type controls

Immunohistochemical staining of SV2A was performed in the
parieto-temporal cortex, the hippocampus, and the VM/NI as target
regions of interest (Fig. 5A, B) (Institute, 2004) to evaluate the synaptic
SV2A coverage and synaptic density in parallel to the PET results. A
reduced synaptic SV2A coverage was observed in PS2APP mice when
compared to wild-type controls in hippocampus (p = 0.0021) and
parieto-temporal cortex (p = 0.002), and in P301S mice compared to
wild-type controls in hippocampus (p = 2.3e-05) and VM/NI (p = 7e-09)
(Fig. 5D). Similar results could be observed for synapse density of
PS2APP mice when compared to wild-type controls in hippocampus (p
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Fig. 4. (A) Coronal sections of averaged [®F]UCB-H images (V ratios) show all target regions projected onto a standard MRI atlas for all age groups of PS2APP
transgenic mice and wild-type controls. (B) Boxplots of [wF]UCB-H binding (V ratios) across all ages of PS2APP mice indicate significant SV2A reductions in the
temporal and cerebellar target regions when compared to wild-type controls. *p < 0.05; **p < 0.01; ***p < 0.001.

= 0.014) and parieto-temporal cortex (p = 0.0037) and in P301S mice
compared to wild-type controls in hippocampus (p = 0.00025) and VM/
NI (p = 4e-07) (Fig. SE).

3.5. Reduced [*FJUCB-H binding is associated with increased [**FIFDG
uptake in PS2APP mice

To test whether synaptic loss as expressed by reduced ['*FJUCB-H

binding was associated with regi.

1olucose metabolism, we calculated
1 glucose metabolism, we calculated
Pearson’s coefficient of correlation for [\8FJUCB-H Vr ratio and !
FDG SUV across all target regions for both P301S and PS2APP genotypes
(Table 2). As shown in Fig. 6A, no significant correlations between both
biomarkers were found in the P301S model. However, there was a sig-
nificant negative correlation between {IEF]UCB-H binding and [ISF]
FDG uptake in the PS2APP cohort (R = — 0.26, p = 0.018), i.e. lower
['®F]UCB-H binding corresponded to elevated glucose metabolism. To
further investigate a probable reason for this inverse relationship, we
also calculated Pearson’s correlation coefficient for ['®F]FDG and ['®F]
GE180 SUV in the same PS2APP mice. Here, a positive relationship
between the microglial signal and regional glucose metabolism was
observed (Fig. 6B; R = 0.36, p = 0.008).

4. Discussion

The use of molecular imaging with PET in mouse models expressing
specific disease-defining pathologies provides a unique opportunity to
explore the precise interplay between different biomarkers. With
regards to AD research, many radiotracers targeting amyloidosis and tau
aggregates have already been well-established, contributing to a more
detailed understanding of the temporal and spatial dynamics of the

anisms (Vi

aone at al 2012), However. using
agne et al., 2018). However, using
['8FIFDG as a preclinical PET biomarker for neurodegeneration has so
far yielded inconsistent data, thus driving the search for alternative
molecular targets. In this study we investigated the capability to image
progressive loss of synaptic density by means of ['*FJUCB-H in parallel
to []EF}FDG-reiated glucose metabolism in two distinct mouse models
expressing major neuropathological characteristics of AD. This fluorine-
18 labelled radiotracer selectively binds to the synaptic vesicle glyco-
protein 2A and is therefore considered a surrogate biomarker for (pre-)
synaptic density (Becker et al., 2020). Importantly, no on-site cyclotron
is needed for [®FJUCB-H to be used practically, thus making it an
excellent candidate for broad clinical use.

Because SV2A is ubiquitously expressed throughout the entire brain,
defining a proper reference region for the purpose of normalizing ['®F]
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Fig. 5. (A) Overview of sagittal mouse brain highlighting the three brain regions of interest parieto-temporal cortex, hippocampus, and ventral medial nucleus/
nucleus interpositus (VM/NI) from the Allen Mouse Brain Atlas (https://atlas.brain-map.org/atlas). (B, C) Immunofluorescence signal of SV2A compared across the
parieto-temporal cortex and hippocampus in the PS2APP cohort and across the VM/NI and hippocampus in the P301S cohort. (D, E) Boxplots of SV2A-positive

synapse coverage respectively SV2A-positive synapse in the cortex, hippocampus, and VM/NI of PS2APP/ P301S transgenic mice, which showed significant
reduction of both indices in transgenic mice when compared to wild-type controls.
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Table 2

Neurolmage: Clinical 39 (2023) 103484

Overview of glucose uptake in the cross-sectional preclinical study. Small-animal PET SUVs are shown for ['*F]FDG.

Mouse Age [**F]FDG Small Animal Pet Cerebellum [*®F]FDG signal Brainstem ['°F]FDG signal Temporal Lobe [**F]FDG signal
Model (mo) m (SUVen) (SUVgs) (SUVp)
PS2APP 4.8 5 2.41 + 0.76 238 + 0.58 2.09 + 0.67
7.5 5 218 % 0.44 2.26 = 0.41 1.88 + 0.37
14.0 9 2.74 + 0.73 275 +0.75 2.45 + 0.65
19.9 8 2.88 + 0.80 2.80 +0.75 2.52 + 0.68
P3018 4.8 4 1.83+0.13 1.78 £ 0.11 1.48 = 0.09
7.4 10 1.49 + 0.14 1.42 £0.14 1.26 = 0.10
WT 4.7 6 1.60 + 0.33 1.58 £ 0.27 1.43 + 0.17

UCB-H data is not entirely possible (Serrano et al., 2019). We therefore
sought to instead define a pseudoreference region which would express
the least variability in ['®F]JUCB-H uptake across all mouse models and
target VOIs. Although the cerebellum is commonly used as a reference
tissue in human studies of AD due to it being typically spared of amyloid
debris (Chen et al., 2021), various preclinical observations have so far
indicated considerable differences in cerebellar [*FIFDG signal be-
tween transgenic and wild-type mice (Deleye et al., 2016). Therefore,
other brain regions have been proposed for preclinical ['®FJUCB-H PET
standardization, most commonly white matter regions with low specific
binding characteristics such as the centrum semiovale (Nabulsi et al.,
2016; Chen et al., 2018). However, reliably defining white matter re-
gions in the mouse brain is quite challenging and hence prone to
distortion. We therefore decided to base our reference tissue selection on
statistical analyses of variation coefficients applied to predefined Mir-
rione atlas VOIs (Ma et al., 2005). To generate a robust area, we further
combined upper midbrain VOIs with comparatively low variability and
only few grey matter nuclei into one standardized reference VOI that we
then used to quantify ['*FJUCB-H uptake by means of Vr ratios.

In P301S transgenic mice with pathological tau aggregation, our
findings revealed significant decreases of ['*FIUCB-H uptake already at
4 months of age, which aggravated in 8-months old P301S mice when
compared to wild-type controls. Decreases in synaptic density, as
expressed by lower Vr ratio values, were found in all three target re-
gions, i.e. the temporal lobe, brainstem and cerebellum at 8 months of
age. These observations fit well with previous research causally linking
neurotoxic tau aggregates to synaptic dysfunction and loss in AD models
(Lasagna-Reeves, 2011) and primary tauopathies (Bigio et al., 2001;
Briel et al.,, 2022). It is important to note, however, that this process
presumably precedes the occurrence of the main pathological aggregate
of tau, i.e. neurofibrillary tangles (NFTs), whose accumulation is
strongly correlated with the onset and progression of clinical symptoms
in humans (Arriagada et al., 1992; Long and Holtzman, 2019). In our
study, this is particularly well illustrated in the P301S transgenic mouse

A -

model, which already shows decreased ['*F]JUCB-H signal by the age of
4 months in the cerebellum and brainstem. This finding is supported by
previous studies observing synaptic impairment in 3-months old P301S
mice long before the occurrence of NFTs at the age of 6 months (Yosh-
iyama et al., 2007). Taken together, this suggests that synaptic loss is a
separate early entity of neurodegeneration which might facilitate pre-
ventive detection and timely intervention of AD-related pathomechan-
isms even before they manifest themselves clinically.

The second mouse model Included in this study represents another
main feature of AD pathology, namely amyloidosis. Similar to our ob-
servations in P301S mice, we found significant reductions in [IBF]UCB-
H signal in the temporal lobe and cerebellum, but not the brainstem, in
both 13- and 19-months old transgenic mice when compared to wild-
type controls. This shows that synaptic loss can not only triggered by
neurotoxic tauopathy but also in presence of Af. In line, previous studies
concluded that the accumulation of oligomeric forms of A contribute to
a reduction in synaptic density and function as well by directly targeting
synaptic spines (Lacor, 2007; Lacor, 2004). Similar to tau oligomers and
NFTs, this synapto-toxic form of Ap is a separate entity to the insoluble
amyloid plaques, whose presence is not directly related to synaptic
decline (Einstein et al., 1994). Furthermore, our preclinical observations
fit well with human studies, which found significantly reduced [*®F]
UCB-H and [''C]UCB-J tracer uptake in the median temporal lobe and
more specifically the hippocampus of AD patients in comparison to
heathy controls (Bastin et al., 2020; Chen et al., 2018). This synapse loss
correlates strongly with cognitive decline in humans and is again sup-
posed to occur even before the onset of amyloidosis, thus providing
valuable insights into early disease stages (Scheff et al., 2006).

As part of our multi-tracer approach, we further compared the
regional glucose metabolism in all target regions to previously
mentioned quantitative ['®F]UCB-H uptake. We hypothesized that SV2A
is a more specific biomarker of neuronal injury since glucose uptake in
the brain is not restricted to neurons only but also driven by astroglial
cells (Xiang, 2021; Zimmer et al., 2017). As a consequence, studies using
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Fig. 6. (A) Scatter plots show a significant negative correlation between ["®F]UCB-H (V- ratio) and ['®FJFDG (SUV) signal across all target regions in PS2APP mice.
(B) A significant positive correlation was found between ['®*F]FDG (SUV) and [*®*F]GE180 (SUV) in the PS2APP cohort.
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['8FIFDG to measure hypometabolism observed that inflammatory glial
cells infiltrating ischemic regions consume a disproportionate amount of
glucose, thus distorting the actual extent of neurodegenerative decay
(Backes et al., 2016). Contrary to previous findings (Endepols et al.,
2022), we did not observe a significant positive association between
glucose uptake and SV2A expression in either transgenic mice strain, but
instead found that ['*F]JUCB-H and [‘®F]FDG signals were inversely
associated with each other on a significant level in the PS2APP mouse
strain while also showing a distinctly negative trajectory in the P301S
strain. This finding might well be due to a signal distortion by glial cells
colocalized to synaptic loss, which consume particularly high levels of
glucose when in a functionally active state (Xiang, 2021). In line with
our earlier findings (Brendel et al., 2016), we further found a significant
correlation between ['*FIFDG and ['®FIGE180 in PS2APP mice, an
observation which supports the stated hypothesis that increases of
glucose uptake are linked to microglial activation. Further adding to
this, a recently published clinical study also observed much more
widespread synaptic loss than hypometabolism in extrastriatal areas of a
cohort of patients with Huntington’s Disease, thus concluding that [*®F]
FDG is not as sensitive in detecting early changes in the disease’s
pathophysiology (Delva et al., 2022). In future preclinical research, it
will be critical to further illuminate how glucose metabolism and syn-
aptic decline are temporally and spatially linked to neuronal loss in
order to justify the use of one or the other as a representative biomarker
for neurodegeneration.

Several aspects should be mentioned as limitations for the interpre-
tation of our results. First, a previous study has shown that P301S mice
show generalized brain atrophy at 8 months of age, while synapse
impairment was already detected at an even younger age of 3 months
(Yoshiyama et al., 2007). Presence of atrophy needs to be considered for
the interpretation of the SV2A-PET results in the P301S cohort since
signal loss can be attributed to two reasons: synapse loss in the context of
specific neurodegeneration and/or due to a general reduction of brain
parenchyma. In this regard, we have not been able to perform a MRI-
based partial volume effect correction in this study, so that we cannot
rule out a signal interference through spill-over effects in particularly
small volumes of interest. Missing PVE correction was also the reason for
which we omitted the hippocampus as a target region as signal distor-
tion due to the small size was to be expected. Furthermore, we have not
been able to correct the image-derived input functions used in kinetic
modelling for radiometabolites. A transfer of radiometabolite data from
previous study results of non-human primates, to which we have
referred in the methods section, is not entirely permissible since the
metabolic profile of radiotracers can show considerable interspecies
discrepancies. Future studies need to address radiometabolite analysis in
mice and lacking radiometabolite data in this species need to be
considered as a current limitation of [\®F]UCB-H. Finally, in the present
study, we were unfortunately unable to perform a validation of the
pseudoreference region at different ages by immunohistochemistry or
immunoblotting. Thus, age-related reductions of SV2A in any pseudor-
eference tissue may limit the ability to detect small biological effects by
relative SV2A-PET quantification in target tissues.

5. Conclusion

In-vivo PET imaging using ['*FJUCB-H reliably depicts progressive
synaptic loss in two mouse models expressing the major characteristics
of neurodegenerative disorders, i.e. tauopathy and beta-amyloid pa-
thology. Due to distorting metabolic inconsistencies that have previ-
ously been observed with the use of ['8FIFDG, we therefore suggest that
['8F]UCB-H could be a more robust biomarker for neurodegeneration in
preclinical AD research. As the onset of synapse loss is thought to occur
even before other major pathological biomarkers, integrating ['*FJUCB-
H into the diagnostic protocol could prospectively facilitate the detec-
tion and treatment monitoring in the earliest of disease stages of human
patients.
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