UNIVERSITE DU QUEBEC A MONTREAL

CLINICAL VALIDATION OF [18F]-FLUOROETHOXYBENZOVESAMICOL USED WITH POSITRON
EMISSION TOMOGRAPHY IMAGING FOR THE DETECTION AND QUANTIFICATION OF
ALZHEIMER’S DISEASE ON THE BASIS OF CORTICAL CHOLINERGIC DENERVATION

THESIS
PRESENTED
IN PARTIAL FULFILLMENT OF REQUIREMENT

DOCTOR OF PSYCHOLOGY

BY

MEGHMIK AGHOURIAN-NAMAGERDY

DECEMBER 2022



UNIVERSITE DU QUEBEC A MONTREAL

VALIDATION CLINIQUE DU [18F]-FLUOROETHOXYBENZOVESAMICOL UTILISE AVEC L'IMAGERIE
CEREBRALE PAR TOMOGRAPHIE D’EMISSION DE POSITONS POUR DETECTER ET QUANTIFIER LA
MALADIE D’ALZHEIMER A PARTIR DE LA DENERVATION CHOLINERGIQUE

THESE
PRESENTEE
COMMIE EXIGENCE PARTIELLE

DOCTORAT EN PSYCHOLOGIE

PAR

MEGHMIK AGHOURIAN-NAMAGERDY

DECEMBRE 2022



UNIVERSITE DU QUEBEC A MONTREAL
Service des bibliothéques

Avertissement

La diffusion de cette thése se fait dans le respect des droits de son auteur, qui a signé le
formulaire Autorisation de reproduire et de diffuser un travail de recherche de cycles
supérieurs (SDU-522 — Rév.04-2020). Cette autorisation stipule que «conformément a
l'article 11 du Réglement no 8 des études de cycles supérieurs, [I'auteur] concede a
'Université du Québec a Montréal une licence non exclusive d’utilisation et de
publication de la totalité ou d’'une partie importante de [son] travail de recherche pour
des fins pédagogiques et non commerciales. Plus précisément, [I'auteur] autorise
I'Université du Québec a Montréal a reproduire, diffuser, préter, distribuer ou vendre des
copies de [son] travail de recherche a des fins non commerciales sur quelque support
que ce soit, y compris I'Internet. Cette licence et cette autorisation n’entrainent pas une
renonciation de [la] part [de l'auteur] a [ses] droits moraux ni a [ses] droits de propriété
intellectuelle. Sauf entente contraire, [I'auteur] conserve la liberté de diffuser et de
commercialiser ou non ce travail dont [il] posséde un exemplaire.»



ACKNOWLEDGMENT

Who knew this day would finally come! This journey has thought me a great deal about myself as a person
and as a scientist. | could have never overcome to the challenges without the help and moral support of
everyone around me. | would like to extend my gratitude and appreciation to everyone who has been a
part of my journey: Everyone at UQAM, the McConnell Brain Imaging Centre, the McGill Centre for Studies

in Aging, and especially those in my personal life.

| would like to express my gratitude to my supervisor Dr. Marc-André Bédard. Thank you for giving me a
chance to work at your lab and to take part in the realization of your research objectives. | appreciate the

support and guidance over the years, and | am grateful for everything you have done for me.

| would like to thank my lab members (present and past) Camille, Etienne, Rebekah, Maxime, Marilyn, and
Guillaume for their contribution and support. Each one of you has taught me something about being a
scientist. | would specially like to thank Camille for all her help regarding patient recruitment and PET data

analysis. We made a great team, and | could have not done it without you.

| would also like to acknowledge all the precious support and technical experience that | acquired from Dr.
Pedro Rosa-Neto and his lab. | would specially like to thank Peter, Sulantha, Tharick, and Andréa. Without

your help | could not have published my first article.

Of course, none of this would have been possible without my family (including Brucie and Gypsie), Samuel
and friends outside of the laboratory. Everyone who has come in my life, especially during my years as a
graduate student, has shaped me in a way. Special shout out to Alexandra, Catherine, Taline, Raluca, Marie
as well as to the many CSP friendships that | hold very dear. You came in my life for a reason. Each of you
have taught me something and have helped me evolve and become the person that | am today. | thank

you all for the encouraging words, for believing in me, and for being patient with me.

Lastly, | would also like to thank my committee members Dr. Christian Bocti, Dr. Marc Lussier and Dr.

Francois Richer for their time and effort in reviewing my dissertation and their precious contribution.



DEDICATION

| would like to dedicate this work to my family, mom, dad, Meghedi, and Maral, and to the memory of

my grandparents, Siran, Marthan, Hagop and Vartan.

Dedicated to the 5000+ Armenian soldiers who in 2020 and
2022, at the prime age of 18 to 20, lost their lives
protecting their motherland.

In memory of my late grandparents. Although they left us too
early, they are forever in our hearts.

To my family, for their continuous support of my personal
and academic endeavors.

To my friends and colleagues, for their consistent
encouragement throughout the last 8 years.



TABLE OF CONTENTS

ACKNOWLEDGIMENT .....uttiitiiiiite e ettt e e sttt e s sstate e s ssaeaeeessabeeeesssssbaeeesasssaeeesaansaaeesessseeeesssnseneesansssenesssnssens iii
D] =10 (072 I @ ] PRSP iv
LIST OF FIGURES ...ttt ettt ettt e e e ettt e e e e e e e s e s s bbb et e teeaeeeeeas e nnsssbeeaeeeaeeesssanannnns viii
Y O o Y2 1 = PP ix
LIST OF ABREVIATIONS AND ACRONYIMS ....ooiiiiiiiiiteiiiiieee e seiite e s ssitee e s s eiteee s s ssabeeeesssnbaeaessnaseaeesssnseessssnnsens X
LIST OF SYMBOLS AND UNITS .eitiiiiiiiiiiee ettt seiiteee s settee e e seveeeesssstaeeessasbeeeessansaaeeesansteeeessnsseseessnseseessnnne Xiv
RESUME . ...ttt b bbbt b st bbb st s bbb a bbb b st b b a bbbt b s et s s s s s XV
A B ST RACT ..ttt ettt ettt et e et e e s e s e et bttt e e e eeeeae s e aaabe b ettt e eeeeeeea e nnbeeeteeeeeaeeeeaaannbrreeteeeeeeeeeeeaaannn XVii
CHAPITRE 1 LITERATURE REVIEW AND BACKGROUND .......uvttiiiiiiiieeiiiiiee e esiiee e eiieee s ssiee e s e sneeeesssanreeas 19
1.1 Epidemiology and clinical presentation of Alzheimer’s Disease (AD).......ccocueeeeecireeeeeeciiieeeeecciieeeeeeas 19
1.2 NeuropatholOgY OF AD .......uuiiiiiiiiiii ittt ee e e e e e e e e e es et e e aeeeeaaaeeessssnstesaseeeaaaesssnnnnnrnnes 21
1.2.1 Tau, amyloid, and neurodegeneration iN AD............ceeeeeeieiiiiiiiiiiiiiereee e eecccrrrre e e e e e e e e e e e ennrnees 21
1.2.2  Cholinergic dysfunction iN AD ..........uuiiiiiiiiii e e e e e e e e e e e s rreeeeeeeeaesseeennnrnnes 23
1.3 The Basal Forebrain Cholinergic SYSteM ......uuei it e e e e e e e e e e eanennes 25
1.3.1 The cholinergic systems of the Brain ... 25
1.3.2  Nucleus basalis of Meynert and its cortical projections ........ccceccuveeiiiiiiiieiiiiec e 26
1.3.3 Neuronal vulnerability of nucleus basalis of Meynert and their fate in AD.......cccccceeeeeiiiicnnnnns 28
1.4 The basal forebrain cholinergic system and cognitive functioning..........cccccceeiiiiiiiiiieieee s 29
1.5 The current biomarkers Of AD ......ccoocciiiiiiiiiiiie e e e s e e e s satr e e e s ssbeeeessenbeeeessnnnes 31
1.6 The in vivo quantification of brain cholinergic denervation in AD.........ccccceeeeiiiiciiiiiiieeeee e 36
1.6.1  PET NEUIOIMAGING c.uueeiiiitiiieeee ettt ettt e e e e e e ettt e e e e e e e e e e anbebeeeeeeeeeeseaaannsenbeeeeeeaesssasannnsnnes 36
1.6.2  Cholinergic PET BiomMarkers ... ettt e e e e e rre e e e e e e e e e e e nnnenes 37
1.6.3 [*®F]-FEOBV as a reliable cholinergic PET radioligand ..........ceoveveieieieeeieceeeeeeieceeeeeeee e 39
CHAPITRE 2 RESEARCH QUESTION, OBJECTIVES AND RATIONALE ...ccneeiiieieieee et 42
2.1 General QUESION AN @IM.....iiiiiiiiiiiei e e e s st e e e st e e e e s s nrae e e s e nbreeeeeanrreeeean 42
B A {1 o 1Y 0 U UEPERN 42
0 ] (U T Y A O ] o 1=t V=T U SUPUPRN 43
D ] [ NV Rl o Y 0T o g T=TY YU RPPRPRN 43
G T U o 1Y AU UUPUUN 44
. T ] (U 1o VA @ ] o T =Tt 1V =T3S SUPPPRN 44
DS T ) T AV A o V] To o T T3 U SUPRRRN 44



2.4 Rationale for the MEthOAS USEd .......cooiiiueiiieeeeee et e e et e e e e e e b e e e e e aaaaaeees 45

Nt R o B o 1T U T o1 g - = 1o V- 45
D Sy A |V, 1 P PSP 46
2.4.3  COZNILIVE MEASUIES ...coeeeeeeieeeeeeeeeee ettt er s s e e e e e e e eeeeaaaeeeaeeeeeeereeraesesessesesnnnnnnnnnnnnnnnaaeeeens 46

CHAPITRE 3 STUDY 1 - QUANTIFICATION OF BRAIN CHOLINERGIC DENERVATION IN ALZHEIMER’S

DISEASE USING PET IMAGING WITH [2F]-FEOBV .....ocviveeiiteeeetecteeeeteeteeeteeese ettt etesaese et aeseesensesesneneas 47
R A [0 o Yo [T e Yo O PSPPI 50
A Y 1= Vo o [P SPP 51
20 A U o [T o1 U SUPRPRN 51
3.2.2  Imaging data aCqUISITION ......ueeiiii et e e e e e e e e e e rra e e e e e e e eeaaan 52
3.2.3  Image processing and @NalySeS......cccicciiiiiiiiieee et e e e e e e e e e e e e e e e e e bt raaraaaaaaeaaaan 53
R T 2 =YYW PSR SPPR 54
3.3.1 PET imaging in AD and control SUDJECES......uuiiiiiii i e e 54
3.3.2 FEOBV correlations With FDG and NAV .......coiiiiiiiiiiiiiiieeeciitee s esiree e ssiree e s sree e s s ssbeeeesssnreeas 58
3.3.3 Correlations between FEOBV and cognitive SCales........ccccvereeiieiiciiiiiiiiiieee et 59
I B 110l U 1Y (o] o HO OO P TP P PTT U OOPPPPTPPPN 59
3.4.1 FEOBV and the cholinergic systems iN AD ......cccoi oot e e e e e e e e e 59
3.4.2 FEOBV amongst AD DIiOMArKersS......cccccuuiiiiiiiieee e e ettt e e e e e e e e e eearrreeeeseeaaeesesennnrsaaeseeaasaesennns 61
R Wi d o To T ol oY i g1 o TV 4T o - PP SPP 64
R I 2 0=Y =T 4= o TP PRSPPI 65
3.7 Conclusion of the first study and the conception of the subsequent study ........ccccceeeieiiiiiciniiennn.n. 70

CHAPITRE 4 STUDY 2 — FEOBV-PET TO QUANTIFY CORTICAL CHOLINERGIC DENERVATION IN AD :

RELATIONSHIP TO BASAL FOREBRAIN VOLUMETRY .....utiiiiiiiiiiiieeniieeieesite ettt ste ettt svee st e snee e 71
R o o Yo [0l 4o o TP PO UPPOTOUPROPRTROPRPRIOt 74
A |V, =1 d o To o [T PSP PP TOURROPRROURPRINt 74
A R o [ o ol T = | 3N 74
4.2.2 PET and MRI data PrOCESSING.......uuuuiiiiiieeeeeieeeiiiiitttreeeeeeeeseessesstareeeeeesaeseesssaassssssssseeaseesssassnssrnns 75
oy B - 11 13 o= 1 =T = 1 LYY YU URSUUPRN: 76
4.3 ROSUIES ettt ettt ettt e st e st e e s bt e s bt e s b e e e s b et e e be e e s b ee e e bae e e bt e e s beeeebeeesaneeesneeesaneeenan 76
4.3.1 Between groups differences of [*¥F]-FEOBV uptake and ChBF VOIUMES .........ccceevveveeeevreereerenene 77
4.3.2 Correlations between [*®F]-FEOBV uptake and ChBF VOIUMES ........c.cveviieieeieeeceeeeecee e 78
L B T 1Y of U LYo o TSRO SPPRPP 79
4.5 AULhOr CONTIDULION ...eiiiiie e et e st e s b e e s nr e e sneeesneeeeans 81
4.6 REFEIENCES .. .eeiiiiee ettt ettt h e sttt e s bt e e s bt e e s bt e e sbee e s beeesaneeesabeeesaseeesaneeesaneeesanseesaneeesneeenans 82
4.7 Conclusion of the SECON SEUAY ......eeuiiiiiiiieeee e e e e e e e e e e e rr e e e e eeeeeeeessnnnrnnns 84
CHAPITRE 5 GENERAL DISCUSSION AND CONCLUSION ....ouiiiitiiiiiiee sttt ettt 85
5.1 Recapitulation of the tWO STUdIES .......eeeiiii i e e e e e rar e ee e 85

Vi



5.2 Reliability of the current findings.........ceev i e e e e e e e e e e e 86

5.2.1 The representativeness of the current results ........ccccvviiieeer e 86
5.2.2 Potential nonspecific FEOBV DINAING.........cuiiiiiiiiiiieeee ettt e e e 88
5.3 Implications of the current fiNdiNgS........cccoo oo 89
5.3.1 Using PET-FEOBV as a tool for differential diagnosis of AD..........cccccvviiiiieie et 89
5.3.2  Using PET-FEOBV as an AD bioMarker........eeuiiiiii oottt e e nrrrae e e e e e e 91
ST TG T o (@ 1= A VAT o I oloY={ oY 4 T o U SPPUPRN 93
LR A e T ol 1 T o TSP SPP 95
APPENDIX A ETHICS CERTIFICATE-UQAM ......oviiececececeeeeeeeeee ettt aeas s s st tesesssss s ssssssenas 96
APPENDIX B ETHICS CERTIFICATE- MCGILL UNIVERSITY ...ooiiiiiie ettt et e ecvveeeee e vre e s veeesnae e eneee e 99
APPENDIX C CONSENT FORM ....cctiiiiiieectiee ettt e steeeetteesteeesnteeestaeesateaesssseesnsaeesnsseesnseeesnseeesseeesnsaeesnsenenn 103
APPENDIX D REPRINT OF ARTICLE BY TAYLOR SCHMITZ AND COLLEAGUES 2018........ccccveevcveeeiireeenenn. 110
REFERENCES ... ..viiiiiee ettt e etee sttt e ettt e st e e et e e s te e e sataeesaseeesateeeansaeessseeeansaeesaseeeansaaesnseeesnseeeanseeesnseeesnsenennnens 121

vii



LIST OF FIGURES

Figure 1.1 Cortical cholinergic NeUrotranSMIiSSION . .......ccccciiiiiiieee et e e e e eecerrrre e e e e e e e e e s e e annenees 24
Figure 1.2 Basal forebrain cholinergic SYyStemMS. ......ucvi i e e e e e e e nrnees 26
Figure 1.3 NBM/Ch4 subdivisions with corresponding cortical topographic projections. ............cccueeeuee... 27
Figure 3.1 FEOBV SUVR in three different participants With AD. ... 55
Figure 3.2 Average SUVRs for the three PET radiotracers (FEOBV, FDG and NAV)........ccccceccveeeeeccrvieeeeenns 56

Figure 3.3 Brain mapping showing significant radiotracer uptake differences in AD compared to control.

............................................................................................................................................................ 57
Figure 3.4 Brain mapping showing significant positive and negative correlations between the radiotracers.
............................................................................................................................................................ 57
Figure 4.1 Spatial location and extent of the cholinergic forebrain nuclei. ........cccccooeieiiiiiiei, 76

viii



LIST OF TABLES

Table 1.1 Cholinergic nuclei, efferent projections and interneurons ...........ccccoveeeeeeee e cccccciieieeeee e 25
Table 1.2 Different AD DIOmMarkers........coo ittt e s e e s neeesneee s 32
Table 1.3 Current PET imaging biomarkers inN AD ......ceccee i ettt e e e e e e e e e senrraee e e e e e e e e e enan 33
Table 1.4 Cholinergic PET radiotracers. ... iiiieeee e e ettt e e e e e e e e et re e e e e e e e e e e e e snssbaaeeeeeaeaeeeennnn 38
Table 1.5 Main PET radiotracers fOr VACKT .......co ittt ettt e s s e e s 39
Table 2.1 Description of the different cognitive scales used in this thesis. ........ccccceeiiiiiiiiciiiiiiiieiee, 46
LI ] o] LR 0 Y- T oY o] [l o] o =Y = Lot o =T o o oLy U EEUUURN 54
Table 4.1 Sociodemographic and clinical fEAtUIES .......ceee e 77
Table 4.2 Between group comparisons of [18F]-FEOBV SUVRs for each hemisphere.........ccccocvvveeeeeeennnn. 77
Table 4.3 Between group comparisons of ChBFs volumetric values™®...........cccccoiveiieiiiieececieee e 78
Table 4.4 Partial correlations, controlling for @ge. ... 78



LIST OF ABREVIATIONS AND ACRONYMS

AB Amyloid beta protein

ACh Acetylcholine

AChE Acetylcholinesterase

ACHEI Acetylcholinesterase inhibitor

AD Alzheimer’s disease

ANCOVA One-way analysis of covariance

APOE Apolipoprotein E

apoE Apolipoprotein-E lipid transport protein

APP Amyloid precursor protein

BDNF Brain Derived Neurotrophic Factor

BF Basal forebrain

Chl Cholinergic neurons of Medial septum

Ch2 Cholinergic neurons of Vertical limb of the diagonal band of Broca
Ch3 Cholinergic neurons of Horizontal limb of the diagonal band of Broca
Cha Cholinergic neurons of Cholinergic neurons of the NBM
Ch4a-i Cholinergic neurons of anterior and intermediate Ch4
Chd4am Cholinergic neurons of anteromedial Ch4

Ch4al Cholinergic neurons of Intermediodorsal Ch4

Ch4id Cholinergic neurons of Intermediodorsal Ch4

Chaiv Cholinergic neurons of Intermedioventral Ch4

Ch4p Cholinergic neurons of Posterior Ch4

Ch5 Pedunculopontine nucleus

Ché Laterodorsal tegmental nucleus

Ch7 Medial habenular nucleus



Ch8
ChAT
ChBF
Cho
CDK5
CSF
FDG
FEOBV
FTD
GABA
GDS

Gl

GM
GSK-3
HRRT
IPL
LBD
LDT
mAChR
MAP
MCI

ml
MMSE
MoCA
[M'CIMP4A

MRI

Parabigeminal nucleus

Choline Acetyle transferase
Cholinergic systems of basal forebrain
Choline

Cyclin Dependent Kinase 5
Cerebrospinal fluid
[*8F]Fluorodeoxyglucose
[*8F]Fluoroethoxybenzovesamicol
Frontotemporal dementia
Gamma-Aminobutyric acid

Geriatric Depression Scale
Gastrointestinal tract

Grey matter

Glycogen synthase kinase 3

High Resolution Research Tomograph
Inferior parietal lobule

Lewy body dementia

Laterodorsal tegmental complex
Muscarinic acetylcholine receptors (M1-M5)
Microtubule-associated protein

Mild cognitive impairment
Myo-inositol

Mini-Mental State Examination
Montreal Cognitive Assessment
[1!C]Methyl-4-piperidyl acetate

Magnetic resonance imaging

Xi



MRS Proton magnetic resonance spectroscopy

MSA Multiple Systems Atrophy

NAA N-acetylaspartate

NAV [*8F]-NAV4694

nAChR Nicotinic acetylcholine receptors (c4B2-nAChRs - at7-nAChRs)
NBM Nucleus basalis of Meynert

NFT Neurofibrillary tangles

NGF Nerve growth factor

OP-OSEM Ordinary Poisson-Ordered Subset Expectation Maximization
p75NTR Nerve growth factor receptor

PET Positron Emission Tomography

PD Parkinson’s disease

PKA protein Kinase A

[**c]PIB [*C]Pittsburgh compound B

*clpmp [*!C]Methyl-piperidin-4-yl propionate

PPN Pedunculopontine nucleus

PSP Progressive Supranuclear Palsy

P-tau Phosphorylated tau

PVE Partial volume effect

ROI Region of interest

SCI Subjective cognitive impairment

SPECT Single-photon emission computed tomography
SUv Standard uptake values

SUVR Standardized uptake value ratio

SV2A Synaptic vesicle glycoprotein 2A

TIV Total intracranial volume

xii



T-tau Total tau

VAChT Vasicualr acetylcholine transporter
VD Vascular dementia
WM White matter

xiii



LIST OF SYMBOLS AND UNITS

MBq Megabecquerel (unit of radioactivity)
keV kilo-electron-Volts

ug microgram

mm? millimeter cube

Xiv



RESUME

La mesure de la perte cholinergique cérébrale pourrait étre la meilleure facon d’identifier et quantifier
I’évolution de la maladie d’Alzheimer. Le [*F]-fluoroéthoxybenzovesamicol (FEOBV) est un nouveau
radiotraceur utilisé avec I'imagerie cérébrale par tomographie d’émission de positons (TEP) qui se lie au
transporteur vésiculaire de I'acétylcholine. Chez I'animal et I'humain, le FEOBV s'est révélé sensible et
fiable pour caractériser les terminaisons nerveuses cholinergiques présynaptiques. Dans le cadre de cette
these, le FEOBV a été utilisé pour la premiére fois chez des patients atteints de la maladie d'Alzheimer
(MA), afin de mieux en connaitre son potentiel comme biomarqueur.

L'échantillon comprend 12 participants répartis également entre un groupe de sujets contrble et de
patients atteints de la MA. Chaque participant a été évalué a l'aide des échelles cognitives « Mini-Mental
State Examination » (MMSE) et « Montreal Cognitive Assessment » (MoCA). lls ont aussi subi trois séances
d'imagerie cérébrale par TEP avec (1) le FEOBV comme traceur des terminaisons cholinergiques, (2) le
[*8F]-NAV4694 (NAV) comme traceur de la protéine béta-amyloide et (3) le [*8F]-Fluorodéoxyglucose (FDG)
comme traceur du glucose et indice métabolique. Le ratio dela valeur de fixation standard
normalisée (SUVR) a ensuite été calculé pour chaque traceur et comparé entre les deux groupes a l'aide
de tests-t voxel-a-voxel. Des corrélations ont également été calculées entre chaque traceur et les échelles
cognitives, ainsi qu'entre le FEOBV et les deux autres radiotraceurs. Les résultats ont montré des
réductions importantes de I'activité du FEOBV dans de multiples zones corticales connues pour étre
touchées dans la MA. Ces réductions étaient non seulement détectées dans le groupe MA, mais chez
chacun des patients pris individuellement. Les traceurs FDG et NAV ont également permis de distinguer
les deux groupes, mais avec une plus faible sensibilité que le FEOBV. De plus, I'activité du FEOBV était
positivement corrélée a l'activité du FDG dans de nombreuses régions corticales, et négativement
corrélées a I'activité du NAV dans certaines zones restreintes. Les échelles cognitives MMSE et MoCA
présentaient aussi des corrélations significatives avec I'activité du FEOBV et du FDG. Ainsi, nos résultats
confirment une sensibilité et fiabilité optimale du traceur FEOBV pour identifier la MA et en quantifier la
sévérité. La mesure de la perte neuronale cholinergique chez ’humain représente donc un excellent
biomarqueur de la MA.

Dans le but de vérifier si la perte des terminaisons cholinergiques corticales, telle que mesurée par le
FEOBV, concorde bien avec la mort neuronale des cellules cholinergiques, une seconde étude fut mise sur
pied. Celle-ci s’intéressait aux corrélations entre, d’'une part, l'intensité du signal FEOBV au niveau du
cortex et, d’autre part, le degré d’atrophie des noyaux cholinergiques du prosencéphale basal (ChBF). Ces
analyses ont été réalisées a partir du méme échantillon de participants décrit plus haut. Des régions
d’intéréts (RI) corticales ont été définies a partir des résultats obtenus avec le FEOBV dans la premiere
étude. Une segmentation du ChBF a aussi été effectuée a partir des images IRM de chaque participant.
Des comparaisons ont alors été réalisées entre les deux groupes, ainsi que des corrélations chez les
patients atteints de la MA entre |'activité du FEOBV dans des Rl corticales et le volume des noyaux du ChBF,
comprenant le noyau basal de Meynert (Ch4) et le septum médial/médian verticale de la bande diagonale
de Broca (Ch1/2). Les patients atteints de la MA ont montré a la fois des volumes du ChBF-Ch4 et une
activité du FEOBV plus faible que les sujets sains. De plus, les volumes de la subdivision du noyau Ch4
étaient significativement corrélés a I’activité du FEOBV observée dans les RI. Par ailleurs, les volumes de la
subdivision du noyau Ch1/2, qui reste relativement intacte dans la MA, n'étaient pas corrélés a I'activité
du FEOBV dans I'hippocampe, ni dans aucune zone corticale. Ces résultats suggerent que la dénervation
cholinergique corticale mesurée par le FEOBV est proportionnelle a I'atrophie du ChBF mesurée par IRM,

XV



ce qui confirme la fiabilité et la validité du traceur FEOBV pour quantifier la dégénérescence cholinergique
dans la MA. Cette conclusion est également celle formulée par une équipe de chercheurs canadiens qui
ont utilisé nos données avec le FEOBV dans la MA, pour illustrer les fortes corrélations avec les mesures
du ChBF obtenus dans un vaste échantillon issu de I'Alzheimer's Disease Neuroimaging Initiative (ADNI).
Leurs résultats ont montré que la topographie de dénervation cholinergiques telle que mesurée par le
FEOBV dans la MA est concordante avec les patrons de dégénérescence du ChBF, ce qui renforce la
consistance de nos propres résultats.

Mots clés : Maladie d’Alzheimer (MA); Démence; Biomarqueur; Noyaux cholinergiques du prosencéphale
basal; Tomographie d’émission de positons (TEP); [*3F]-fluoroéthoxybenzovesamicol (FEOBV)
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ABSTRACT

Measuring brain cholinergic degeneration might be considered as the best approach to identify and
quantify Alzheimer's disease (AD). The [*®F]-fluoroethoxybenzovesamicol (FEOBV) is a new radiotracer
used with positron emission tomography (PET) neuroimaging technique. This radiotracer binds to the
vesicular acetylcholine transporter and was previously found reliable to characterize presynaptic
cholinergic nerve terminals in both animals and humans. It has been used in the current study to quantify
brain cholinergic loss in AD, for the first. Twelve subjects were included in this thesis project, divided
equally in healthy subjects and patients with probable AD, all assessed with the Mini-Mental State
Examination (MMSE) and Montreal Cognitive Assessment (MoCA) cognitive scales. In this thesis, the 12
participants underwent three consecutive PET imaging sessions with (1) [*®F]-FEOBV (FEOBV) as a tracer
of the cholinergic terminals, (2) [*®F]-NAV4694 (NAV) as an amyloid-beta tracer, and (3) [*®F]-
Fluorodeoxyglucose (FDG) as a glucose tracer and brain metabolic measurement. Standardized uptake
value ratios (SUVRs) were computed for each tracer and compared between the two groups using voxel
wise t-tests. Correlations were also computed between each tracer and the cognitive scales, as well as
between FEOBV and the two other radiotracers. Results showed major reductions of FEOBV uptake in
multiple cortical areas known to be affected in AD. These reductions were seen both in the AD group as a
whole when compared to the control group, and in each individual AD subject. FDG and NAV were also
able to distinguish the two groups, but with lower sensitivity than FEOBV. FEOBV uptake values were
positively correlated with FDG in numerous cortical areas, and negatively correlated with NAV in some
restricted areas. The MMSE and MoCA cognitive scales were found to correlate significantly with FEOBV
and FDG, but not with NAV. These results suggest optimal sensitivity and reliability of the FEOBV
radiotracer to identify AD and quantify its severity. Measuring cholinergic neuronal loss in human with
FEOBV is therefore as an excellent surrogate biomarker for AD.

In order to verify whether cortical cholinergic denervation, as measured with FEOBV, correlated well with
cholinergic cell death, a second study was conducted with the data set obtained from the first study. This
second study aimed at correlating the FEOBV cortical uptake with the degree of atrophy of the cholinergic
nuclei of the basal forebrain (ChBF). Cortical regions of interest (ROIs) were defined from the results
obtained with FEOBYV in the first study. ChBF segmentation was also performed using MRI images of each
participant. These variables were compared between the two groups, and partial correlations were
performed in the AD patients between FEOBV uptake in specific ROIs and volumetry of the corresponding
ChBF subareas, which include the nucleus basalis of Meynert (Ch4), and the medial septum/vertical limb
of the diagonal band of Broca (Ch1/2). Patients with AD showed both lower ChBF-Ch4 volumetric values
and lower FEOBV cortical uptake than healthy volunteers. Volumes of the Ch4 subdivisions correlated
significantly with the FEOBV uptake values observed in the relevant ROIls. Volume of the Ch1/2, which
remains relatively unaffected in AD, did not correlate with FEOBV uptake in the hippocampus, nor with
any cortical area. We concluded that cortical cholinergic denervation as measured with FEOBV-PET is
proportional to ChBF atrophy measured with MRI-based volumetry, further supporting the reliability and
validity of FEOBV-PET to quantify cholinergic degeneration in AD. Such a conclusion was also obtained by
a team of Canadian researchers who used our data with FEOBV in AD, to illustrate the strong correlations
with the ChBF volumetry obtained in a large sample from the AD Neuroimaging Initiative (ADNI). Their
results showed that the cholinergic denervation topography as measured by FEOBV in AD was consistent
with the patterns of ChBF degeneration, reinforcing therefore the consistency of our own results.
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CHAPITRE 1
LITERATURE REVIEW AND BACKGROUND

1.1  Epidemiology and clinical presentation of Alzheimer’s Disease (AD)

Alzheimer's disease (AD) is a progressive neurodegenerative disease and the leading cause of dementia
(Hebert et al., 2003). According to World Health Organization, AD accounts for more than half of the
dementia cases and affects more than 47 million people worldwide. This number is increasing with the
ageing population, and it is predicted to reach 66 million by year 2030, and 115 million by 2050 (Wortmann,
2012). In Canada, it is estimated that the prevalence of AD will double by 2038 to more than 770,000

people, placing a heavy burden on the Canadian society (Herrmann et al., 2015).

AD may be present as an inherited form in a small percentage of patients (less than 5% of cases) aged 65
or younger (early-onset AD), however the majority of AD cases are sporadic (late-onset AD), with an
increase in prevalence with the advancing age. Indeed, age is commonly considered as the strongest risk
factor for developing AD (Hebert et al., 2001; Liu et al., 2013), doubling the incident rate every five years
after the age of 65 (Lindsay et al., 2002). Other risk factors include female sex, genetic and environmental
risk factors. Women are at a greater risk of developing AD, almost a twofold increased risk compared to
men (Farrer et al., 1997; Zhao et al., 2016). A sudden drop in sex hormones during the fifth decade and a
longer life span are speculated to explain this increased susceptibility (Seshadri et al., 1997; Pike, 2017).
AD has also been linked to certain genetic predisposition. The variation in Apolipoprotein E (APOE)
genotype is a well-established risk factor for AD (Liu et al., 2013; Husain et al., 2021). In human, the APOE
gene encodes for the apolipoprotein-E lipid transport protein (apoE), with three major isoforms (E2, E3,
E4) that regulate lipid metabolism and redistribution. Carriers of the APOE4 allele are known to present
with an increased predispositions to AD and an earlier age of onset, compared to non-carriers (Borgaonkar
et al., 1993; Sando et al., 2008; Liu et al., 2013; Husain et al., 2021). Cardiovascular risk factors (diabetes,
hypertension, and obesity) or unhealthy lifestyle habits such as smoking, sedentary life, decreased social
and mental activity, have also been associated with an increased AD risk (de Bruijn & lkram, 2014; Crous-
Bou et al., 2017). Conversely, some protective factors have been identified to reduce the risk of developing
AD. Cognitive, social and intellectual activity together with higher education and occupational attainment
have shown to decrease the risk of cognitive decline and AD by increasing cognitive reserve, the capacity

of the brain to resist the effects of neuropathological damage (Stern, 2012; Martorana et al., 2021).
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The clinical symptomatology of AD is characterized by an insidious onset and progressive cognitive decline,
interfering with independence in everyday activities. According to the DSM-5 diagnostic criteria, the
cognitive decline must be significant and affect one or more of cognitive domains (complex attention,
executive function, learning and memory, language, perceptual-motor, or social cognition) (American
Psychiatric Association, 2013). In addition, the observed deficits must not be explainable by any other
medical or psychiatric conditions (American Psychiatric Association, 2013). The earliest and the most
distinguishable cognitive feature in typical AD is an impairment in episodic memory and learning, which is
present in more than 71% of confirmed post-mortem cases (Reed et al., 2007; Baker et al., 2018). Other
cognitive functions may also be affected with the progression of the disease, but are generally of lesser
magnitude, such as attention, working memory, executive function, and language (Dubois et al., 2007;
McKhann et al., 2011). It must be mentioned that an atypical clinical presentation of AD may also arise,
where memory impairment is not the principal feature. The atypical or non-amnestic presentation could
present prominent deficits in domains such as language, visuospatial and executive functioning (McKhann
et al.,, 2011). Furthermore, concurrent neuropsychiatric symptoms such as behavioral disorders,
depression, and personality changes may also be present early on and worsen over the course of the
disease. With the evolution of the disease, the neurodegeneration progressively affects the whole central
and peripheral nervous systems, causing motor, autonomic and systemic complications such as a
dehydration, malnutrition or infection which lead to incapacitation and ultimately death. Currently, there

is no curative treatment or disease-modifying medication in AD.

It is generally assumed that AD evolves over decades before the onset of the first noticeable cognitive
symptoms. Compensatory processes are therefore thought to occur during the preclinical or
asymptomatic phase despite the initial neuropathological changes (Albert et al., 2011; Sperling et al., 2011;
Gaubert et al., 2019). The Mild Cognitive Impairment (MCI) phase is thought to occur as a transitional or
prodromal phase of AD. Although the MCI does not affect daily activities, it can be detected and objectified
using cognitive testing batteries. The MCI can be categorized further as an amnestic or a non-amnestic
type, the former being at highest risk to evolve towards an AD diagnosis within three to five years

(McKhann et al., 2011).

Currently, the clinical diagnosis of AD is principally based on the progressive deterioration of cognitive and
behavioral functions, and the presence of some risk factors such as being a carrier of APOE4 allele. The

cognitive symptoms are mainly measured using standardized neuropsychological scales in clinical settings.
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However, these symptoms are not always specific to AD and cannot identify or measure the biological
processes underlying the disease, nor detect the disease at its preclinical stage. Other forms of dementias
with different neuropathologies such as Lewy body dementia (LBD), and frontotemporal dementia (FTD)
could present comparable and overlapping clinical symptoms to AD, making the differential diagnosis
challenging (Weintraub et al, 2012; Rascovsky et al., 2011; McKeith et al., 2017). Furthermore, it is not
uncommon to have a mixed presentation, that is a combination of two or more types of dementias, posing
further difficulty in the differential diagnosis. For instance, co-occurrence of AD and vascular dementia (VD)
is estimated at 30% of the diagnoses in clinical settings (Matej et al., 2019). Given the complexity in
differential diagnosis and the need to detect AD very early on, even at a preclinical stage, effort has been
made to shift from the clinical diagnosis towards a biological diagnosis based on an AD neuropathology

(Perrin et al., 2009; Jack et al., 2010, 2018).

1.2  Neuropathology of AD

The exact etiopathology of AD remains unknown, but it is believed to be multifactorial, involving an
interplay of several degenerative pathways, leading to synaptic loss and neurodegeneration with disease
progression (Chen & Mobley, 2019). Although several neuropathological hallmarks have been
characterized in AD, the most studied are the brain aggregation of amyloid beta (AB) and tau proteins,
leading respectively to the accumulation of the senile plaques and intracellular neurofibrillary tangles
(NFT), which ultimately lead to neuronal death (Hardy & Higgins, 1992; Braak & Braak, 1991; Naseri et al.,
2019; Hampel et al., 2021).

1.2.1 Tau, amyloid, and neurodegeneration in AD

Amyloid plaques are formed from aggregation of AB peptides which are produced by the enzymatic
cleavage of the amyloid precursor protein (APP) (Hardy & Selkoe, 2002). In a normal, “non-amyloidogenic”
metabolic pathway, APP is successively cleaved by the c—secretase and y-secretase enzymes, resulting in
a soluble extracellular segment, which gets cleared in the cerebrospinal fluid (CSF). The purpose of APP
and its metabolism are not very well understood, but there is some evidence showing that it plays a
neurotrophic role (Meziane et al., 1998; Roch et al., 1994; Tan & Gleeson, 2019). For reasons yet unclear,
APP is sometimes “dys-metabolized”, starting with a cleavage by a different enzyme, -secretase, which
produce extracellular insoluble segments of either 40 or 42 amino acids-long (AB40 and AB42). Unlike the
larger and soluble APP segments, these AP fragments are hydrophobic and lipophilic, so instead of being

cleared in the CSF, they tend to get trapped in the extracellular space and accumulate together, forming
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fibrillar aggregates called amyloid plaques. The non-aggregated A3 monomers are not toxic, and may even
have neuroprotective properties (Giuffrida et al., 2009). Indeed, it has been shown that A is modulated
in response to a variety of environmental stressors (exposure to microorganisms, viral challenges,
infectious agents) and is able to induce pro-inflammatory activities. There is evidence indicating that A
can act as an antimicrobial peptide, that is, it can bind directly to pathogens and eliminate them,
highlighting its protective role in the immune system of the brain (Soscia et al., 2010; Bourgade et al., 2015;
Gosztyla, Brothers & Robinson, 2018). However, in their oligomeric form, AP exert neurotoxic effects on
the surrounding neurons (Goodman & Mattson, 1994). The toxic outcome of oligomeric A} might be
mediated by several different pathways, including disruption of mitochondrial function (Lustbader et al.,
2004), formation of extraneous ion channels that disrupt homeostasis (Kagan, 2012), and inhibition of the
Whnt signaling pathways (required for synaptic plasticity), eventually triggering cell death by apoptosis

(Caricasole et al., 2003).

The amyloid cascade hypothesis, which assumed cortical accumulation of A3 as the primary driving force
of AD pathogenesis, dominated the field of AD research for the past two decades. However, the validity of
this hypothesis has been questioned. Mainly because therapeutic approaches targeting to clear A failed
to show any amelioration in cognition, and longitudinal studies showed that there was an uncoupling of
amyloid concentration with disease progression very early on in the disease (Drachman, 2014; Mullane &

Williams, 2013, 2018). Focus thus shifted towards the detection and characterization of tau protein.

Tau proteins are well-known components of the neuronal cytoskeleton, serving mainly as stabilizers of the
microtubules involved in axonal guidance and intracellular transport. The phosphorylation of tau depends
on several kinases including GSK-3, CDK5, MAP and PKA which together control its function (Igbal et al.,
2005; Pei et al., 1999; Lindwall & Cole, 1984). In AD, however, this regulatory mechanism is disrupted, and
levels of phosphorylated tau (p-tau) are much higher than in healthy brains (Khatoon et al., 1992). This
hyperphosphorylation leads to the polymerization of tau into paired helical filaments, which forms
complex neurofibrillary tangles (NFTs). These intraneuronal NFTs interfere with the normal function of tau
and other microtubule-associated proteins, resulting in cytoskeletal disruption that eventually leads to cell

death by apoptosis (Alonso et al., 1994; Igbal et al., 2010; Kametani & Hasegawa, 2018).

Like amyloid plaques, NFTs accumulation follows a specific spatial pattern in the brain, appearing first in

the transentorhinal cortex, then progressively spreading to the limbic region and neocortical areas (Braak
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& Braak, 1991; Braak & Del Tredici, 2018). However, recent findings have challenged the cortical origin of
AD, as they show an early subcortical tau pathology (Braak & Del Tredici, 2011; Arendt et al., 2015; Geula
et al.,, 2021). These studies suggest that AD tauopathy may begin earlier than previously thought as it is
detectable in subcortical nuclei projecting to the cerebral cortex, such as the cholinergic neurons of the
basal forebrain (ChBF) (Arendt et al., 2015; Stratmann et al., 2016; Tiernan et al., 2018). Although Schliebs
& Arendt (2011) had previously shown that there was an early cholinergic dysfunction in the ChBF rather
than cell death in MCI, their subsequent findings actually showed an early neuronal loss in this region,
which became detectable at preclinical stage and was clearly manifested at the prodromal MCI stage

(Ardendt et al., 2015; Richter et al., 2022).

1.2.2  Cholinergic dysfunction in AD

The central cholinergic system is the most affected neurochemical system in AD showing the earliest
neuropathological changes in the evolution of the disease (Geula & Mesulam, 1999). This cholinergic loss
is the most clinically relevant event in AD as it is closely coupled with the decline in cognitive functioning
and disease severity (Mesulam et al., 2004, 2013). It is noteworthy to mention that other systems such as
the noradrenergic, glutamatergic, dopaminergic and serotoninergic systems also undergo pathological
remodeling in AD, although these are generally much less affected than the cholinergic cells (Dringenberg,
2000; Garcia-Alloza et al., 2005; Grudzien et al., 2007; Lai et al., 2002; Nazarali & Reynolds, 1992). In this

thesis the focus will be on the cholinergic system.

Cholinergic neurons of the basal forebrain provide the primary source of the neurotransmitter
Acetylcholine (ACh) to the cortex and the hippocampus (Mesulam, 1990). ACh is considered as a primary
neuromodulator in the brain. Indeed, the neocortex is densely innervated by cholinergic projections and
the ACh release regulates the activity of efferent circuitry involved in higher-order cognitive functions such
as attention and memory (Hasselmo & Sarter, 2011; Colangelo et al., 2019). Because of its prominent role
in regulating such functions, deficits in cholinergic transmission could potentially influence all aspects of
cognition (Sarter & Bruno, 1999; Hasselmo & Sarter, 2011; Ballinger et al., 2016). In AD, there is a
progressive degeneration of cholinergic neurons of the ChBF and their projections (Mesulam &Geula, 1988;
Teipel et al., 2011; Grothe et al., 2012; Kilimann et al., 2014). As a result, there is a reduction in the
enzymatic activity of choline acetyltransferase (ChAT) and acetylcholinesterase (AChE), the enzymes
responsible for ACh synthesis and degradation, respectively. There is also a decline in the vesicular

acetylcholine transporter (VAChT) located in the presynaptic cholinergic terminals (Wenzel et al., 2021),
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which is responsible for the transport of cytoplastic ACh into the presynaptic vesicles (See Figure 1.1 for

an overview of the central cholinergic transmission).

As part of the cholinergic dysfunction, pre and post synaptic ACh receptors such as ionotropic nicotinic
receptors (nNAChRs) and metabotropic muscarinic receptors (mAChRs) also undergo changes. The brain
nicotinic receptors have at least six a subunits (c2-c.7), and three B subunits (82-B4) that together make
the different subtypes. The presynaptic ¢7-nAChRs and the pre and post synaptic c482-nAChRs are the
most abundant subtypes of nicotinic receptors expressed in the human cortex and undergo substantial
decline in AD (Hernandez & Dineley, 2012). Muscarinic receptors consist of many subtypes (M1-M5), of
which M1 and M2 subtypes are mainly expressed in the brain and considered the most relevant in AD
(Caulfield & Birdsall, 1998). The presynaptic M2 subtype, expressed in the basal forebrain/septum, is
shown to decrease in AD (Caulfield & Birdsall, 1998; Flynn et al., 1995), while the postsynaptic M1 subtype,
which is expressed throughout the cortex and hippocampus is believed to be preserved (Terry &
Buccafusco, 2003; Overk et al., 2010). This M2/M1 distribution pattern in AD is thought to reflect a
reduction of the presynaptic terminals, caused by a significant loss of neurons arising from the ChBF and

projecting to the cortex (Whitehouse et al., 1982; Hampel et al., 2018).

Figure 1.1 Cortical cholinergic neurotransmission
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This figure demonstrates cortical cholinergic neurotransmission. Ach is synthesized in the cytoplasm of
the nerve terminal from choline and acetylcoenzyme-A, by the synthesis enzyme, choline
acetyltransferase (ChAT). Ach is then transported into the presynaptic vesicles via the vesicular
Acetylcholine transporter (VAChT) and stored there. When released in the synaptic cleft, ACh binds to
nicotinic (nNAChR) and muscarinic receptors (mAChR). The degradation enzyme, Acetylcholinesterase

24



(AChE), present in the synaptic cleft breaks down Ach upon release into choline and acetate. The liberated
choline in this reaction is captured and re-enters the nerve terminal and is again used for the synthesis of
Ach. ( Figure created using www.Biorender.com)

1.3  The Basal Forebrain Cholinergic System
1.3.1 The cholinergic systems of the brain

Cholinergic innervation is widely distributed and includes multiple nuclei located in the central and
peripheral nervous systems. These nuclei can be distinguished according to their projection sites as shown

in Table 1.1.

Table 1.1 Cholinergic nuclei, efferent projections and interneurons

Basal forebrain Cholinergic system

o Ch1 (medial septal nuclei) projecting to hippocampus;

o Ch2 (vertical limb nucleus of the diagonal band of Broca) projecting to the hippocampus and
hypothalamus;

o Ch3 (horizontal limb nucleus of the diagonal band of Broca) projecting to the olfactory bulb
and piriform cortex;

o Ch4 (nucleus basalis of Meynert) projecting to the cortical mantle, and amygdala.

Cholinergic nuclei of the brainstem

o Ch5 (pedunculopontine nucleus (PPN)) projecting to the thalamic complex and partially the
medial dorsal striatum; basal forebrain, brainstem, and spinal cord;

o Ché (laterodorsal tegmental complex (LDT)) projecting to the thalamic complex and partially
the anteroventral striatum; basal forebrain, brainstem, and spinal cord;

o Ch7 (medial habenula in the epithalamus) projecting to the interpeduncular nucleus of the
mesencephalon;

o Ch8 (parabigeminal nucleus of the mesencephalon) projecting to the superior colliculus ;

o Medial vestibular nucleus (pons) projecting to the cerebellum and the basal interstitial
nucleus of the cerebellum;

o The dorsal motor nucleus of the vagus and vagus nerve efferents that provide
parasympathetic innervation to the Gl tract.

Other cholinergic nuclei

o Striatal cholinergic interneuron;

o Cholinergic enteric neurons and glial cells;

o The descending and sigmoid colon receive parasympathetic innervation from sacral
cholinergic preganglionic neurons;
Interomediolateral preganglionic sympathetic neurons;

o Spinal cord cholinergic interneurons.

This table summarizes the different cholinergic nuclei and interneurons in the central nervous system and
their projection sites (From Mesulam, 1990, 2004, 2013).
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Not all of these cholinergic systems have a prominent role in AD pathology as most of the literature in this
field is concerned with Chl to Ch4. These nuclei correspond to the ChBF as a whole, and they are
distributed in a series of heterogenous areas without clear borders projecting to the entire cortical mantle,
the hippocampal complex, and the amygdala (Mesulam, 2004) (See Figure 1.2). Among them, Ch4, also
called nucleus basalis of Meynert (NBM), has been described as the most severely affected in AD and will

be discussed in detail below.

Figure 1.2 Basal forebrain cholinergic systems.
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Schematic representation of the main basal cholinergic nuclei and their projection sites in the brain. NBM
or the Ch4 projects to the cortical mantel, MS and BD (Ch1/Ch2) project mainly to the hippocampus
(Adapted from Newman et al., 2012, p.2).

1.3.2 Nucleus basalis of Meynert and its cortical projections

Detailed human anatomical studies show that NBM is a flat nearly horizontal structure extending from the
olfactory tubercle anteriorly to the level of the uncal hippocampus, spanning 13-14 mm in the sagittal
plane (Mesulam &Geula, 1988). In humans, NBM has around 210,000 neurons in each hemisphere of
which 90% are cholinergic and interspersed with smaller GABAergic neurons (Gilmor et al., 1999; Mufson
et al., 2003). NBM or the Ch4 is the largest nucleus of the basal forebrain, and its cholinergic neurons can
be further subdivided into five subsectors based on their cortical topographical projections (based on the

topography of their cortical projections) (see figure 1.3). These include the anterior part of Ch4 which
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subdivides this into anteromedial (Ch4am) and anterolateral (Ch4al) subsectors; the intermediate part
which subdivides into intermediodorsal (Ch4id) and intermedioventral (Ch4iv) subsectors, and the most

posterior part (Ch4p) (Mesulam & Geula, 1988; Mesulam et al., 1983, Mesulam, 2004).

Figure 1.3 NBM/Ch4 subdivisions with corresponding cortical topographic projections.
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Schematic representation of the five subdivisions of the NBM (Ch4) and their corresponding cortical
projection sites visualized by different colors. These include the anterior part of Ch4 which subdivides this
into anteromedial (Ch4am) and anterolateral (Ch4al) subsectors; the intermediate part which subdivides
into intermediodorsal (Ch4id) and intermedioventral (Ch4iv) subsectors, and the most posterior part
(Ch4p). Cortical projections of the Ch4ai are not currently known (From Liu et al., 2015, p. 530).

These cholinergic nuclei are oriented in a caudal-rostal axis and are known to innervate the cortex in a
concordant posterior-anterior pattern (Liu et al., 2015). The anterior part of the Ch4 innervates more
anterior parts of the cortex and the posterior part innervates more posteriors areas. Indeed, the Chdam
and Ch4al provide the major cholinergic projection to medial aspects of frontal, parietal and cingulate
cortices, and frontoparietal opercular and amygdalar regions, respectively (Mesulam, 2013; Liu et al.,

2015). Whereas, the Ch4p subsector has a more restricted projection site which is the superior temporal
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gyrus and the temporal pole (Mesulam, 2013; Liu et al., 2015). The intermediate NBM (Ch4id and Ch4iv)
subsectors have similar projection patterns and innervate the remainder of the cortical mantle. Prominent
projections are sent to ventrolateral orbital, insular, periarcuate, peristriate areas as well as to the inferior
parietal lobule (Mesulam, 2013; Liu et al., 2015). Alongside their principal projections, each Ch4 subsector
sends lesser projections innervating adjacent and non-ascent cortical areas, except for the Ch4p which has
a more restricted projection site (Mesulam & Geula, 1988; Mesulam et al., 1983). Overall, those cortical
innervations are not uniform, as there are differences in the regional density of projections, with limbic
and paralimbic areas receiving substantially higher levels of cholinergic input than adjacent neocortical

association areas (Mesulam, 2013).

Despite the widespread Ch4 cortical efferent, the afference towards Ch4 is not reciprocal or symmetrical
as it is restricted mainly to fibers originating in the limbic and paralimbic areas (Mesulam & Geula, 1988;
Russchen et al., 1985). Subcortical structures such as thalamus, amygdala, hypothalamus, and other
neurotransmitter systems originating in the brainstem (substantia nigra, raphe nuclei nucleus locus
coeruleus) also provide additional input to the Ch4 (Mesulam, 2013; Jones & Cuello, 1989). Given the
extensive anatomical connections with various cortical and subcortical areas, and the distal locations of
these areas, the long cholinergic fibers arising from the NBM are more susceptible than any other CNS

neurons to be affected by changes occurring at any place along their course.

1.3.3  Neuronal vulnerability of nucleus basalis of Meynert and their fate in AD

Post-mortem data from Whitehouse and colleagues (1982), demonstrated for the first time a profound
loss of NBM cholinergic neurons (Ch4) in patients with AD, and a severe denervation of the cortex. Indeed,
the loss of Ch4 neurons appears to be selective in AD as the other cholinergic nuclei (Ch1,2,3,5,6) remain
relatively preserved (Mesulam, 2013 ; Liu et al., 2015). Recent in vivo neuroimaging studies also confirmed
the selective vulnerability and early NBM (Ch4) degeneration in AD patients (Hanyu et al., 2002; Teipel et
al., 2011, 2018). Furthermore, longitudinal voxel-based morphometric analyses showed that progressive
atrophy of NBM follows a posterior to anterior pattern, with the posterior Ch4 showing smaller volumes
already detectable in preclinical and MCI stages compared to the anterior part (Grothe et al., 2010, 2012).
Most importantly, recent in vivo longitudinal structural imaging studies show early volumetric reductions
and pathological changes (pretnagles, changes in gene expression and dysregulation of neurotropic and
neurotransmitter signaling) in the cholinergic neurons of NBM as this precedes the cortical spreading of

AD pathology and memory impairment, emphasizing the selective vulnerability of the NBM cholinergic
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neurons early on in AD entorhinal (Fernandez-Cabello et al., 2020; Tiernan et al., 2018a, 2018b; Schmitz &
Spreng, 2016).

Cholinergic neurons of NBM have very specific morphological and metabolic properties rendering them
susceptible, more than any other type of neurons, to early neurofibrillary tangle formation and
neurodegeneration in AD (Mufson et al., 1989; Mesulam, 2013; Tiernan et al.,, 2018a). Indeed, post-
mortem studies have shown that the loss of cortical cholinergic innervation is associated with and is
probably caused by the neurofibrillary tangles that accumulate primarily in the NBM (Braak & Del Tredici,
2013; Cantero et al., 2020). The NBM cholinergic neurons are among the largest and most complex
neurons with very long axonal length, spreading throughout the cortical mantle with more than 1000
branchs per neuron, requiring therefore a very high demand in energy and trophic factors such as the
nerve growth factor (NGF) (Szutowicz et al., 2014; Wu et al., 2014; Chen & Mobley, 2019). Evidence
indicates that B-amyloid and NFT formations may ultimately disrupt NGF metabolism, causing the
degeneration of the NBM cholinergic neurons early on, while sparing the other cholinergic nuclei which

express no specific NGF receptors (Cuello et al., 2019; Fahnestock & Shekari, 2019).

Non-pathological aging has also been shown to negatively impact the ChBF (Schliebs & Arendt, 2011).
Aging is associated with reduced neurotrophic factors in the ChBF, accompanied by a gradual cell loss and
diminished projection to the cortex and the hippocampus (Shekari & Fahnestock, 2019). In vivo MRI
volumetric studies also confirm this selective involvement by showing ChBF atrophy in advancing aging in
humans (Grothe et al., 2013). The NGF induced shrinkage of the cholinergic neurons of NBM and medial
septal region of the basal forebrain neurons may account for the decline of cholinergic innervation that
occurs with aging, leading to the known age-related cognitive and memory decline (Mesulam & Mufson,
1983; Bartus et al., 1982). However, the cholinergic changes seen in AD are more severe when compared
to non-pathological aging, which is thought to be exacerbated by the presence of amyloid and tau

pathology (Schliebs & Arendt, 2011; Chen & Mobley, 2019).

1.4  The basal forebrain cholinergic system and cognitive functioning

Since the 70s, there has been a continuous interest towards the role of the central cholinergic system in
cognition, as it was shown that cholinergic markers in the cerebral cortex were reduced in patients with
AD and that these reductions correlated with both cortical pathology and the degree of cognitive

impairment (Bowen et al., 1976; Perry et al., 1978). A vast number of experimental studies showed
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learning and memory impairments after compromising the cholinergic system using pharmacological or
lesion methods. The first experimental studies that evaluated the effects of Scopolamine (non-selective
muscarinic receptor antagonist) on cognitive functions showed that when given to healthy volunteers,
Scopolamine mimicked many of the cognitive dysfunctions (learning and memory deficits) that could be
observed in aging or in AD (Crow & Grove-White, 1973; Drachman & Leavitt, 1974). Additionally, when
given to AD patients, Scopolamine seemed to exacerbate their cognitive dysfunctions (Sunderland et al.,
1987). Conversely, cognitive performances were increased with cholinergic enhancers such as
acetylcholinesterase inhibitor (AChEI), which works by partially blocking the degradation of acetylcholine
in the synapse and enabling more of the neurotransmitter to reach and activate cholinergic receptors
(Fibiger, 1991; Mohammed, 1993). These studies further reinforced the cholinergic hypothesis of memory
dysfunction in geriatric aging and in AD, inciting the development of cholinergic enhancers for treating

such cognitive deficits (Bartus et al., 1982).

During the last decades, the role of the central cholinergic system in cognition has been refined. The
development of the selective cholinergic immunotoxin 192-IgG-saporin (eliminates cells expressing nerve
growth factor receptor ) was a breakthrough in this field (Wiley, 1992). This selective toxin binds to specific
receptors expressed on the ChBF neurons and can induce specific cholinergic lesions when injected in
discrete parts of the brain (cortical vs hippocampal). Animal behavioral studies using this method provided
support for the role of cortical ACh in attentional processes, where ACh plays a vital role in the top-down
control of attentional orienting, working memory and stimulus discrimination (Klinkenberg et al., 2011).
As such, deficits in its transmission could impair learning and memory processes (Everitt & Robbins, 1997;
Ballinger et al., 2016). In contrast, cholinergic signaling in the septal-hippocampal system is suggested to
be involved in the encoding of new information, as a modulator of hippocampal networks (Everitt &

Robbins, 1997).

More recent experiments focus on the role of the cholinergic receptors in mediating the effects of
acetylcholine on cognition. There is an emerging unanimity that blocking the postsynaptic M1 receptor is
particularly associated with memory impairment, as this subtype is highly involved in memory and learning
processes, and that the use of M1 agonists ameliorate cognitive decline in preclinical and clinical AD (Eglen,
2006; Terry & Buccafusco, 2003; Hasselmo & Sarter, 2011). It is also shown that the presynaptic M2
receptor (autoreceptor) antagonists may be associated with improvements in memory, perhaps by

increasing acetylcholine release (Baratti et al 1993, Hasselmo & Sarter, 2011). Results regarding nicotinic
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AChR subtypes, however, have been less consistent. It has been shown that nicotine (a non-selective
nAChR agonist) can improve attentions in individuals with early-stage AD, through the activation of a4R2-
nAChR (Sahakian & Coull, 1994). The effect of a7-nAChRs on attention is still conflicting as pharmacological
studies have failed to implicate this receptor in such functions (Grottick & Higgins, 2000; Hasselmo & Sarter,
2011). Thus, it appears that the role of ACh in cognition is different per brain region and per cholinergic
receptor subtypes, emphasizing the complex role of the cholinergic system as an important

neuromodulator of the brain.

Currently, the most widely prescribed treatment for AD are the AChE inhibitors, such as donepeuzil.
However, the success of these treatments has been very limited. Despite statistically significant
improvements in cognitive tests and dementia scales observed in multiple clinical trials, the impact of
these treatments in real life situations is modest at best. Moreover, these treatments remain symptomatic
as they do not stop or reduce the AD neurodegenerative process. Consequently, the scientific and
pharmaceutical communities have reoriented the focus of their works and investments during the last
twenty years toward other therapeutic avenues, such as disease modifying drugs that may reduce Tau or
APB aggregations. This reorienting of research strategies produced a great enthusiasm for new diagnostic
tools that are based on Tau and amyloid proteins detection in the brain of patients with AD. However, it is
still not known whether these proteins aggregations are the cause or the consequence of AD, and as such
we might again be on a wrong track to find reliable biomarkers for this disease. Perhaps, the best approach
would be to measure neuronal loss, irrespective of the pathophysiology. In this respect, measuring

cholinergic cell death could be a gold standard, if a reliable marker could be found.

1.5 The current biomarkers of AD

A biomarker is a biological molecule in a given tissue that provides an objective and measurable indicator
of a normal condition or of a disease state in a living individual. These molecules can be identified using
various methods, such as detection in the blood, in the cerebrospinal fluid (CSF), or via imaging tools. In
the field of neurodegenerative disorders, such as AD, a biomarker should reflect a pathological process
that is s specific to AD, in order to distinguish this disease from other forms of dementias. It should also
be highly sensitive to detect the disease early on and to follow the progression in a given individual.
Biomarkers specific to a neuropathological process in AD are sought after not only for detection but most

importantly for the assessment of efficacy of a potential therapeutic treatment.
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Several potential AD biomarkers have been explored during the last decades such as the detection of
tau/AB proteins and quantification of neuronal loss using various methods. The field of neuroimaging has
seen the fastest growth as a preferred tool for the development of a biomarker as it provides a visual map
of these changes in the brain. Techniques such as brain magnetic resonance imaging (MRI) and positron
emission tomography (PET) are commonly used in AD to measure brain atrophy and functional alterations.
PET imaging is more prolific as it can be used to quantify synaptic/metabolic activity and detect various
proteins in the brain (receptors, enzymes, transporters). PET imaging is described in detail in the following
subchapter. The search for the ideal biomarker, however, has not been fruitful as there are limitations

with the currently used biomarkers. See table 1.2 and 1.3 for a list of different biomarkers, their

characteristics, and limitations as a reliable tool for AD.

Table 1.2 Different AD biomarkers

Biomarkers Characteristics

Limitations

CSF biomarkers

This method is used for the detection of
tau and AB proteins in the CSF. An
elevated (P-tau) or total tau (T-tau) level
and a decreased AB4,/ ABsoratio are
found in patients with AD and MCl who
progress to AD (Buerger et al., 2006;
Palmquvist et al., 2015; Santangelo et al.,
2020).

These biomarkers are found to correlate
with AB or tau levels detected by in vivo
brain imaging or by post-mortem
guantifications (Strozyk et al., 2003;
Gordon et al., 2016).

the variation in these indices is very
low and it is almost impossible, in a
given individual, to distinguish the
different degree of severity
evolving over a period of one or
two years (De Leon, et al., 2006;
Stomrud et al., 2015).

The margin of error is very wide
between the various laboratories
that test for these CSF proteins,
making this approach less reliable
(Hansson et al., 2018).

There are also novel fluid
biomarkers (neuroinflammation
proteins) but their validity as AD
biomarkers have yet to be validated
(Molinuevo et al., 2018).

MRI biomarkers

MRI volumetry is used to quantify brain
atrophy. It can characterize
hippocampal atrophy with high
specificity in AD (Gonzalez et al., 2016).
3% reduction in hippocampal volume in
patient with MCl, 10-30% reduction in
patients with mild-to-moderate AD, and
close to 40% loss in the most severe
cases of AD are reported (Khan et al.,

Hippocampal atrophy is not
exclusive to AD, and also observed
in many other degenerative
dementias (Elder et al., 2017; Patel
et al., 2017).

This method cannot detect the
exact tissue type affected by the
hippocampal atrophy (gliosis vs.
neuronal loss), which could explain
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2015; Westman et al., 2011a, 2011b;
Josephs et al., 2017).

There is significant correlation between
hippocampal volume and AD cognitive

severity (Jack et al., 1999, 2002).
Higher annual rate of hippocampal
atrophy in AD patients (2-6%) than in
the normal aging population is

demonstrated (0.2-1.7%) (Cover et al.,

2016).

Inconsistent results between
hippocampal atrophy measured by
MRI and post-mortem
neuropathological measures
(amyloid plagues and tangles)
(Burton et al., 2012).

MRS biomarkers

Proton magnetic resonance
spectroscopy (MRS) is used for the

analysis of brain metabolites, such as N-

acetylaspartate (NAA), choline (Cho)
and myo-inositol (ml), which are

The MRS findings are not exclusive

to AD, and also reported in patients
with VD, and hypertensive subjects
without dementia (Graff-Radford et
al., 2013).

associated with neuronal loss and gliosis MRS data is significantly affected by
(Kantarci et al., 2000, 2005). the AChE inhibitors used in the
Results have shown a decrease in NAA symptomatic treatment of AD

and an increase in ml in amnestic MCl (Modrego et al., 2006).

who convert to AD (Glodzik et al., 2015;

Fayed et al., 2017), and a significant

decrease in NAA and an increase in ml

and Cho in AD (Wang et al., 2015).

This table summarizes the characteristics and limitations of different types of AD biomarkers such as those
related to CSF, MRl and MRS.

Table 1.3 Current PET imaging biomarkers in AD

PET biomarkers Characteristics Limitations
Biomarker of

hypometabolism

FDG provides only an indirect
functional assessment of neuronal
activity, and cannot be considered
as a direct biomarker per se, as it
does not directly quantify a
neuropathological substrate

[*8F]fluorodeoxyglucose (FDG) is used
for quantification of metabolic
dysfunction. It is a marker of cellular
glucose uptake, which is closely
correlated with tissue metabolism and
synaptic dysfunction.

[*F]FDG

Reduction of FDG uptake in certain
brain areas (temporal and parietal

lobes) is considered as a hallmark of AD

pathology, resulting in 90% correct

classification of these patients (Chetelat

et al., 2003; Rocher et al., 2003;
Mosconi et al., 2013; Brown et al.,
2014).

specific to AD.

Uptake by other cell types such as
astrocytes, which could bias FDG
results (Zimmer et al., 2017).
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FDG-PET can predict the conversion of
MCI to AD, and facilitate the differential
diagnosis of AD, hence its widespread
use as a supporting diagnostic tool
(Minoshima et al., 2001;McKhann et al.,
2011; Pagani et al., 2017).

Biomarker of
Synaptic density

[1'C]UCB-J

Most successful and suitable PET ligand
so far has been [*!C]JUCB-J, which binds
to a ubiquitous synaptic vesicle
glycoprotein 2 A (SV2A) found in
synaptic vesicles of any neuron,
independent of its neurotransmitter or
neuron type (Nabulsi et la., 2016;
Becker et al., 2020).

Useful indicator of direct synaptic
density in AD, as opposed to FDG.
Widespread reductions of SV2A binding
in medial temporal and neocortical
brain regions in early AD/MCI compared
to control participants (Chen et al.,
2021; Mecca et al., 2020).

More sensitive that MRI volumetry to
indicate cognitive severity. Significant
association between synaptic density
(hippocampus) and cognitive
performance (episodic memory) in MCl
and early stages of AD, better than
volumetry (Mecca et al., 2022).

However, despite being a direct
marker of synaptic integrity, it is
still considered as a non-specific
biomarker for neurodegeneration
in AD, as (SV2A) is not directly
linked to a specific pathology of AD.
This also means that the synaptic
changes of selectively vulnerable
neurotransmitter systems, such as
the cholinergic system, cannot be
accurately assessed using UCB-J.
Furthermore, SV2A proteins are not
exclusive to synaptic vesicles, as
they are also expressed in
mitochondria (Stockburger et al.,
2016).

Biomarkers of
amyloid deposition

[1C] Pittsburgh
compound B (PIB)
[1F]NAV4694 (NAV)
[*8F]Florbetapir

These amyloid PET tracers are very
sensitive to detect the presence of
amyloidosis at the pre-clinical stage
(asymptomatic subjects) or at the MClI
stages (Cselényi et al., 2012; Hatashita
& Wakebe, 2017; Rowe & Villemagne,
2013).

Brain distribution of these radiotracers
in AD are found to be concordant with
senile plagues observed at autopsy
(Ikonomovic et al., 2008; Rowe et al.,
2013; Seo et al., 2017).

These tracers have limited ability to
guantify amyloid in the progression
of AD, as amyloidosis reaches a
maximum level and plateaus in
later disease stages (Jack et al.,
2010; Chételat et al., 2020).
Amyloid deposition does not show
a close correlation with symptom
severity in AD (Landau et al., 2012).
Amyloid imaging alone is
considered insufficient to predict
clinical conversion in prodromal
and asymptomatic stages of AD
(Chételat et al., 2020).
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Amyloid imaging is thus
uninformative to quantifying AD
progression or measure the efficacy
of disease modifying treatments.

Biomarkers of Tau

proteins:

The second-generation tau radioligands  There is still off target binding with
[*8F]-THK-5117 show better sensitivity to tau than the newest tau PET tracers, which
[*8F]-THK-5351 amyloid deposits, and there seems to could preclude accurate in vivo
[*8F]-AV-1451 be a more linear relationship between guantification, and limiting their

Tau radioligands and disease severity selectivity as a tracer (Lemoine et

(zhang et al., 2012; Chiotis et al., 2016).  al., 2018; McClauskey et al., 2020).
The type of tau deposits
(conformation, maturation stage,
isoform) and their specific binding
sites are not yet fully known in AD
which could affect the binding
intensity of tau tracers currently
used (Saint-Aubert et al., 2017;
Lowe et al., 2016).
The added challenge of tau
deposition in normal aging must be
addressed to provide a reliable
threshold and avoid false positives
(McClauskey et al., 2020).
Further work is required to fully
characterize tau and the binding
properties of the tau PET tracers
(Zimmer et al., 2014).

This table summarizes the characteristics and limitations of different types of PET biomarkers in AD such
as those developed for quantifying metabolic activity, synaptic density, and detection of amyloid and Tau
proteins.

As shown above, the current AD biomarkers have several shortcomings, as some of the targets are not
directly anchored into the AD neuropathology, while others lack sensitivity and reliability to identify and
quantify AD. Using a theoretical model of the current AD biomarkers, Jack and colleagues have
demonstrated that an approach sensitive to neuronal loss, irrespective of the pathophysiological process,
is ideal for identifying and quantifying AD severity, from the pre-symptomatic stage up to the most severe
AD stages, as such measures are closely coupled with symptom severity (Jack et al., 2010; Jack & Holtzman
2013). It has been shown that synaptic loss is an important structural correlate of cognitive impairment in
AD (DeKosky et al., 1996; Mecca et al., 2022), however, as a general measure of neurodegeneration, it is

not specific to any neuronal type or neurochemical system and as such it is probably not a hallmark specific
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to AD (Scheff et al., 2014). As a biomarker that is specific to a hallmark of AD and which also encompasses
neuronal death, irrespective of the underlying neuropathology, the cholinergic degeneration could indeed
be a more suitable target. As discussed earlier, the degeneration of cholinergic neurons in AD is one of the
earliest and most prevalent features in AD, as a specific neuromodulator which is selectively impacted in
AD, that has a prominent role in cognition, its decline is more closely coupled to cognitive deficits
compared to other neurochemical systems (monoaminergic) or other neuropathological features (Bierer
et al., 1995; Dournaud et al., 1995; Shinotoh et al., 2000; Schliebs & Arendt, 2011; Ballinger et al., 2016).
Even though these neurochemical systems probably have a role in cognition, directly or indirectly, their
individual/distinctive dysfunction is more correlated with non-cognitive symptoms such as changes in
mood, behaviors and vegetative functions (Wang et al., 2009; Simi¢ et al., 2017). Compared to these
systems, cholinergic changes have a more direct relationship with cognitive function and are shown to
progress with the disease (Mesulam, 2004). Also, the fact that some cognitive improvement is obtained
by specifically targeting the cholinergic system is also indicative that the cholinergic dysfunction is more
tightly linked to the cognitive decline seen in AD. Thus, an in vivo biomarker sensitive to cholinergic cell
denervation would be a specific surrogate marker of neurodegeneration, as compared to quantification of

synaptic density or a specific pathology such as amyloid or tau proteins.

1.6  Thein vivo quantification of brain cholinergic denervation in AD

In the past, methods relied on postmortem identification and quantification of the cholinergic depletion
in AD. However, there are now different methods to quantify these changes in vivo in human. Amongst
these, positron emission tomography (PET) remains the most prolific and promising one for the

development of in vivo biomarkers in AD.

1.6.1 PET neuroimaging

PET is an imaging technique derived from nuclear medicine that is vastly used in the field of
neurodegenerative disorders for the examination of metabolism, enzyme activity, protein accumulation,
etc. It allows the visualization of positron emissions produced by the decay of a radioactive agent
previously injected in very small quantities into the systemic circulation (Wernick & Aarsvold, 2004). PET
imaging relies on the injection of a radiotracer molecule (also called a radioligand), which is “tagged” with
a positron-emitting isotope (usually Carbon-11, Oxygen-15 or Fluorine-18) that binds to a specific target
in the brain. A positron emitted during the B+ decay of these isotopes, travels a short distance before being

attracted to an electron of the surrounding tissue, at which point both particles annihilate, emitting two
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perpendicular gamma rays (photons) at a 511 keV energy. The PET detector ring (scanner) records
coincident events of these pairs of photons; the sum of these events can be computerized and
reconstructed into images representing the spatial distribution and intensity of radiotracer concentrations
in the tissue, from which the binding or uptake parameters can be derived. Since these radioactive
molecules are bound to a ligand that specifically binds to a given target, PET can be used to localize the
distribution of a radiotracer in the body that has a specific affinity for that target. For example, one of the
most widely used radiotracers is FDG, which is a radioactive substitute for glucose, and thus makes it
possible to define the sites in the body that consume the most energy. FDG is therefore widely used in the
detection of cancer cells, which consume a lot of energy, or to determine the brain areas most involved in

various cognitive, motor or sensory tasks, as they consume more glucose.

1.6.2 Cholinergic PET biomarkers

Currently, there are three classes of cholinergic PET biomarkers, i.e., radioligands binding to three different
components of the cholinergic transmission. These are radioligands specific for 1) AChE 2) cholinergic
receptors (nicotinic or muscarinic subtypes) and 3) VAChT. The synthesis enzyme of ACh (ChAT) has often
been used in vitro for the identification of cholinergic neurons, although no successful in vivo PET

radiotracer has yet been developed (Tiepolt et al., 2019).

Radiotracers for AChE and cholinergic receptors are generally considered to be an indirect cholinergic
measure and less accurate than VAChT radiotracers, since the binding sites of the first two categories are
found extracellularly in the pre and post synapse (Pappata et al., 1996; Hillmer et al., 2012; Ravasi et al.,
2012; Mulholland et al., 1998). As such, both categories are strongly influenced by extracellular
metabolism and by commonly used prescription drugs in AD (Ryu & Chen, 2008; Shinotoh et al., 2004).
The selectivity of the AChE tracers has also been questioned as it is shown that significant concentrations
of AChE are also found in non-cholinergic neurons (Mesulam & Geula, 1992). Furthermore, the majority
of these radiotracers are Carbon-11 labeled which has a short half-life (20 minutes), as opposed to fluorine-
18 (half like of 110 mins), limiting their use in clinical settings where no radio-synthesizing cyclotron is

housed. See table 1.4 for the characteristics of AChE and cholinergic receptor radiotracers.
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Table 1.4 Cholinergic PET radiotracers

Radiotracers Characteristics Limitations
[*1CIPMP/ [**C]MP4A  These tracers bind to the the enzyme No correlation with PMP and
AChE. hypometabolism in AD (Kuhl et al.,

Reduction in binding of these tracersin 1999).

AD (Bohnen et al., 2005; Hirano et al., MP4A barely distinguishes MClI

2018). patients from control subjects, and
no correlation with cognitive scores
(MMSE) are obtained (Rinne et al.,
2003).
Significantly influenced by AChE
inhibitors such as Donezepil.
AChE enzyme surrogate biomarker
show poor reliability and specificity
(Bohnen et al., 2005; Roy et al.,
2016; Van Waarde et al., 2021).
Both have short half-life ([!C ]

labelled).
[8F]ASEM Highly specific to nicotinic a7-nAChRs.  Not yet characterized in AD.
Increased cortical binding over the Significantly influenced by
course of healthy aging. commonly prescribed medications

Higher binding in MCI patients thanin  in AD (neuroleptics) and by smoking

controls (Coughlin et al., 2018, 2020).  (nicotine intake), in addition to
variable results due to the different
guantification methods used
(Tiepolt et al., 2019).

[*8F]-Flubatine Binds to nicotinic a4pf2-nAChRs. Significantly influenced by
Reduction mainly present within the commonly prescribed medications
basal forebrain-cortical and in AD (neuroleptics) and by smoking
septohippocampal cholinergic (nicotine intake) (Tiepolt et al.,
projections in mild AD. 2019).

Positive correlation with cognitive
impairment (Sabri et al., 2018).

[*1C]-LSN3172176 Binds to muscarinic M1 subtype Not yet characterized in MCl or AD.
radiotracer.
Recently translated to human PET
imaging (Naganawa et al., 2021).

This table summarizes the characteristics and limitation of the main cholinergic PET tracers used to
quantify the cholinergic system of the brain.

The third category of cholinergic PET radiotracers, the VAChT binding ligands, are believed to be more

reliable than the previously mentioned classes. This category is predominantly composed of derivatives of
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the molecule vesamicol, a selective inhibitor that binds non-competitively to the intracellular VAChT,

making it a direct pre-synaptic measure of cholinergic terminals (Efange, 2000).

1.6.3  [*®F]-FEOBYV as a reliable cholinergic PET radioligand

Many PET radioligands have been developed for VAChT imaging, but only a few have proven useful for

clinical use in humans. Indeed, most of them have shown poor selectivity for VAChT, a slow uptake and

distribution, and a fast metabolism in the brain (see Table 1.5 for a list of various VAChT radiotracers).

Table 1.5 Main PET radiotracers for VAChT

Radiotracers

Characteristics/Limitations

(-)-[3H]vesamicol

Low selectivity for VAChT (Altar & Marien, 1988)

[**CIMABV Short half-life ([*1C ] labelled) limiting use in PET (Kilbourn et al., 1990)
[*8F]FMV Kinetics profile not suitable for PET scanner

Imprecise quantification of VAChT (Rogers et al., 1994; Widen et al., 1992)
[*]F]FAA Very rapid metabolism (Rogers et al., 1994)

(+)-["*FIFBT

Low selectivity for VAChT; rapid metabolism.
(Efange et al., 1994; Gage et al., 2000; Mach et al., 1997)

(+)-[*8F]SpiroFBT

Very rapid metabolism (Efange et al., 1994, 1999)

(-)-[**FINEFA

Very rapid metabolism with no uptake in the cortex (Rogers et al., 1994)

(-)-[*ClomV

Short half-life ([*'C ] labelled) limiting use in PET, Low selectivity for VAChT
(Kuhl et al., 1994; Mazere et al., 2013; Van Dort et al., 1993)

[®F]FPO-BV

Low brain absorption and significant defluorination.
(Giboureau et al., 2007)

[*]FJFAMV Low lipophilicity, very rapid metabolism and accumulation of metabolites in
brain and blood (Sorger et al., 2008)
[*8F]FBVM Good selectivity for VAChT and metabolism, further studies needed (Sorger et

al., 2009).

(-)-[*8F]FEOBV*

Seems to be the best candidate for cholinergic PET imaging in humans.

It shows high selectivity for VAChT, and its safety is approved in humans.
(Kilbourn et al., 2009; Landry et al., 2008a, 2008b; Mulholland et al., 1998;
Mzengeza et al., 2007; Rosa-Neto et al., 2007; Soucy & Bedard, 2007;Petrou et
al., 2014)

This table summarizes the main PET radiotracers developed for the VAChT.

[*8F]fluoroethoxybenzovesamicol (FEOBV) has been recently developed and investigated in Canada by our

team and is the most promising PET radioligand for brain imaging of cholinergic terminals to date
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(Mzengeza, et al., 2007; Cyr et al., 2015; Landry et al., 2008a; 2008b; Parent et al., 2011; 2012; 2013; Rosa-
Neto et al., 2007; Soucy et al., 2010). FEOBV exhibits a very high binding affinity and an excellent specificity
for VAChT and is an excellent biomarker for cholinergic system (Landry et al., 2008a, 2008b; Mulholland
et al., 1998; Rosa-Neto et al., 2007). FEOBV provides an estimate of the presynaptic neuronal integrity and
is thought to remain unaffected by the post-synaptic activity of enzymes such as AChE, although this has
yet to be demonstrated in vivo. This demonstrates clear advantages over other existing cholinergic
radiotracers that essentially target AChE in the synaptic cleft, or the pre-post synaptic receptors, hence

making FEOBV a reliable method for quantifying cerebral cholinergic nerve terminals.

Animal studies in rats have confirmed the high sensitivity of FEOBV in quantifying the severity of
cholinergic degeneration in the brain (Cyr et al., 2015; Parent et al., 2012, 2013). More specifically a
reduced FEOBV uptake was observed in older rats (18 months), which was limited to the hippocampus, a
finding that supports current data in the literature in non-pathological aging (Canas et al., 2009). A similar
reduction in binding distribution was also seen in rats with selective lesions of the cholinergic systems.
Excellent correlations (r = .88 to .97) were observed between the binding potential of FEOBV, and the
extent of the lesions measured ex vivo by choline acetyltransferase (ChAT) immunocytochemistry (Cyr et
al., 2015; Parent et al., 2011, 2013). In addition to the high sensitivity and specificity, FEOBV is found to be
selective to the location of the cholinergic lesions. Brain mapping reveals a different distribution pattern
of the tracer depending on whether the lesions involve the NBM, whose cholinergic projections are
essentially cortical, or whether the lesions exclusively involve the pedunculopontine nucleus (PPN), whose
cholinergic projections are mainly thalamic. This is particularly important in humans when establishing a
differential diagnosis using FEOBV, given that the cholinergic lesions seen in AD affect the NBM but not
the PPN, whereas the reverse is observed in other neurodegenerative diseases. For example, in
Parkinson’s disease (PD), Multiple Systems Atrophy (MSA), Progressive Supranuclear Palsy (PSP) and
dementia with Lewy body (DLB) that mainly affect the brainstem cholinergic systems, there is a significant
subcortical cholinergic reduction along with some cortical involvement but in patterns that differ from the
denervation in AD (Warren et al., 2007; Schmeichel et al., 2008; Mazere et al., 2012; Nejad-Davarani et al.,

2019). Similar findings also apply to VD which has a prominent subcortical involvement (Mesulam, 2003).

Recent studies in humans have shown the safety of this tracer when used in humans, and its distribution
in the healthy brain which corresponds to the known anatomical distribution of cholinergic terminals

(Kilbourn et al., 2009; Landry et al., 2008b; Rosa-Neto et al., 2007, Petrou et al., 2014). The greatest specific
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activity of FEOBV is seen in the striatum, followed by the thalamus, the temporo-parietal cortex, the
hippocampus, and the cerebellar hemispheres concordant with the known distribution pattern of brain
cholinergic density (Parent et al., 2012; Petrou et al., 2014). Furthermore, an autoradiographic study in AD
brain tissue using FEOBV was able to detect reduced VAChT in the same brain regions documented in AD,
which reflects the degeneration of the NBM cortical cholinergic pathways (Parent et al., 2013). Such results,
thus indicate that FEOBV is indeed a promising PET radioligand to explore cholinergic abnormalities in vivo

in humans.
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CHAPITRE 2
RESEARCH QUESTION, OBJECTIVES AND RATIONALE

2.1 General question and aim

There is currently a lack of data on the ability of FEOBV-PET to detect in vivo cholinergic degeneration or
denervation in humans presenting with a cholinergic degeneration such as AD. Therefore, validating this
approach for the quantification of cholinergic integrity would be a substantial contribution to the field of
AD biomarkers. Given the recent promising results obtained with FEOBV-PET in animals and cognitively
normal humans, this radiotracer might represent the best candidate for such a purpose. Thus far (at the
time of this research project) FEOBV has never been used with PET imaging in humans with a degenerative

disorder.

The general aim of this thesis project is to characterize FEOBV used with PET imaging for the first time in
a cohort of patients with AD, and to show its sensitivity and reliability to detect and quantify cholinergic
denervation in these patients. We will conduct two studies within the scopes of this thesis project. The
first one focuses on the quantification of cholinergic loss with FEOBV-PET and its sensitivity compared to
other commonly used PET biomarkers of AD. The second study explores the concordance between cortical
cholinergic denervation, as measured with FEOBV-PET, and cholinergic cell death in the cholinergic basal

forebrain of AD as assessed with MRI volumetry.

2.2 Study1l

The first study aims to verify for the first time in humans with AD the sensitivity and reliability with which
FEOBV could quantify the cholinergic denervation in AD, and to compare this imaging method with those
currently used for the diagnosis and follow up of patients with AD: PET imaging for hypometabolism (FDG)
and amyloid deposition (NAV). PET imaging with FDG is a gold standard in AD diagnosis. It is considered as
an indirect measure of synaptic loss, hence the interest in comparing it with FEOBV that is believed to

reflect cholinergic denervation.
Imaging of AP plaques has been extensively studied in the last decades, and the current best surrogate

marker of this is the NAV PET radiotracer. We will use this tracer to confirm amyloid accumulation in our

participants, and to compare its sensitivity with that of FEOBV. We chose NAV as an amyloid surrogate
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biomarker, as this tracer shows the highest specificity to AR sheets compared to other amyloid tracers and

has a longer half-life (~110 minutes) given that it is a F-labeled radiotracer.

General cognitive measures such as the Mini-Mental State Examination (MMSE) and Montreal Cognitive

Assessments (MoCA) will be used to quantity cognitive impairment in our sample and to explore

associations with FEOBV and the other two tracers in AD.

221

2.2.2

Study 1 - Objectives:

To demonstrate in cognitively normal control subjects that the brain distribution of FEOBV
corresponds to the known distribution of cholinergic terminals documented in the literature.

To verify the sensitivity of FEOBV as a cholinergic biomarker, in comparison with that of FDG
(metabolism) and NAV (amyloid) to distinguish between AD and control subjects.

To identify the relationship between AD severity measured by the cognitive scales and each of the

three PET radioligands (FEOBV, NAV, and FDG).

Study 1- Hypotheses:

Since FEOBV has shown high specificity to cholinergic terminals in previous animal and human
studies, its distribution in healthy control subjects is expected to correspond to the known
topography of brain cholinergic innervation: the highest concentration is expected in the striatum,
thalamus, cerebral cortex, hippocampus and cerebellum.

Given the substantial cholinergic denervation revealed in post-mortem studies in AD, there is an
expected significant reduction of FEOBV uptake in the whole cortical mantel of the AD group
compared to control.

Cholinergic system is heavily depleted in AD and is suggested to be a direct indicator of AD pathology
compared to amyloid or metabolic biomarkers. As such, the group difference obtained with FEOBV
is expected to be more sensitive to distinguish the AD subjects from control, when compared to NAV
or FDG.

Additionally, the cholinergic system is shown to be the best correlate of cognitive decline in AD. Thus,
FEOBV uptake is expected to show the strongest positive correlation with scores obtained on the
cognitive measures, as compared to FDG. No correlation is expected with cognitive measures and

NAV, as there is an uncoupling between amyloid deposition and cognition early in AD.
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2.3

Study 2

In order to verify the concordance between the cortical cholinergic denervation, as measured with FEOBV,

with cholinergic cell death, a second study is conducted with the imaging data obtained from the first

study. The second study aims at correlating the FEOBV uptake in brain areas affected vs. nonaffected in

AD with the degree of atrophy of the corresponding cholinergic nuclei of the basal forebrain (Ch4 and

Ch1/2), using MRI volumetry, in the AD subjects.

23.1

2.3.2

Study 2 - Objectives:

To demonstrate, using in vivo MRI-based volumetry, the topography of atrophy in different nuclei
of the ChBF (Ch4 and Ch1/2), in AD subjects compared to control.

To demonstrate differential FEOBV uptake in cortical areas affected in AD and those areas that are
relatively preserved, compared to control.

To identify in the AD subjects the relationship between ChBF (Ch4 and Ch1/2) volumes and FEOBV

uptake in the cortical areas that are affected vs. those that are unaffected in AD.

Study 2 - Hypotheses:

Given the selective vulnerability of the NBM cholinergic neurons in AD, the AD subjects are expected
to have smaller Ch4 (NBM) than control, and lower cortical FEOBV uptake in specific cortical regions
usually affected in AD. No reduction is expected for the volume of Ch1/2 and the hippocampal
FEOBV uptake, which are shown to be relatively preserved in mild-moderate AD.

As the Ch4 supplies cholinergic input to the cortex in a specific topographical pattern, positive
correlations are expected between the Ch4 volumes and FEOBV uptake in the corresponding cortical
areas that are affected in AD. As such, the posterior Ch4 is expected to correlate with the FEOBV
uptake in the superior temporal areas and the more anterior portions of the Ch4 with the more
anterior/frontal cortical areas.

Given that the cholinergic Ch1/2 is relatively preserved in AD and no cholinergic reduction is
assumed in hippocampus, no relationship is expected between the Ch1/2 volume and FEOBV uptake

in the hippocampus nor in any cortical area affected in AD.
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2.4 Rationale for the methods used
2.4.1 PET neuroimaging

In this thesis project we used the newly developed [*®F]fluoroethoxybenzovesamicol (FEOBV) radioligand,
as this has been shown to be the most promising vesamicol derivative to be used with PET. It is highly
sensitive and specific to VAChT and as such, FEOBV fulfills all the requirements to be a reliable PET

radioligand.

First and foremost, FEOBV is a fluorine-18 labeled radioligand, which is inherently superior to the other
isotopes, as this has a much longer half-life and can be synthesized off location and be transported. FEOBV
easily crosses the blood-brain barrier, and binds with high affinity to its target, the VAChT. The kinetic
profile of FEOBV is fast enough to allow short and accurate image acquisition (Mulholland et al., 1998).
Furthermore, the metabolism of FEOBV reveals no radioactive metabolites capable of penetrating the CNS,
in addition to exhibiting a transformation and elimination rate that is ideal for PET imaging (Landry et al.,
2008a, 2008b). FEOBV is stable in the plasma and does not generate significant amounts of [18F] radicals
(Kilbourn et al., 2009; Soucy et al., 2010), unlike several other vesamicol derivatives (Giboureau et al.,
2007). Finally, its use in rodents, primates and humans suggests good safety when used at the microdoses
required for PET (Kilbourn et al., 2009; Soucy et al., 2010, Petrou et al., 2014). While PET imaging following
240 MBq of FEOBV was sufficient to produce excellent quality PET images, human dosimetry calculations
demonstrate that up to 450 MBq could be administered while keeping radiation doses below regulatory
limits (Petrou et al., 2014). Moreover, no sign of toxicity was observed with this radio-compound, nor any
alterations in vital signals a result of FEOBV administrations in humans at doses of 0.7 £0.3 ug (Petrou et

al., 2014).

Studies using high-performance liquid chromatography were able to rule out the existence of any lipophilic
metabolite capable of penetrating the blood-brain barrier and interfering with the binding of FEOBV in the
brain (Landry et al., 2008b). Based on a Simplified Reference Tissue Model, it was possible to determine
the binding potential of FEOBV, thus making it more accessible for routine PET scans performed in clinical
settings. Additionally, FEOBV reversibly binds to VAChT and this has been demonstrated in both rats,
primates and humans (Cyr et al., 2015; Landry et al., 2008a; Rosa-Neto et al., 2007; Parent 2012; 2013;
Soucy et al., 2010, Petrou et al., 2014). Furthermore, rapid penetration to and subsequent elimination
from the brain is observed within the first 20 minutes following an IV administration of FEOBV, with

localization observed mainly in the regions rich in cholinergic nerve terminals (Parent et al., 2012; Petrou
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et al., 2014). The greatest specific activity of FEOBV is seen in the neostriatum and the frontal cortex,
followed by the thalamus, the temporo-parietal cortex, the hippocampus, and the cerebellar hemispheres
concordant with the known distribution pattern of brain cholinergic density (Parent et al., 2012; Petrou et
al., 2014). Such data clearly suggest that FEOBV can be used safely and reliably as a PET radiotracer for the

purpose of imaging brain cholinergic integrity.

2.4.2 MRI

A structural MRI is an essential aspect of PET studies. PET images are superimposed on to the MRI image
for the visualization and analysis of anatomical properties of the brain structures underlying the PET signal.
In this study we used a 1.5T MRI machine, as this is a rapid way to obtain optimal resolution of brain images

which will also be used for the volumetric analysis used in the second study.

2.4.3 Cognitive measures

In order to have an objective level of the general cognitive functioning of the recruited participants, we
administered two well-known and commonly used measures in clinical settings, the Mini-Mental State
Examination (MMSE) and the Montreal Cognitive Assessment (MoCA) (Folstein et al., 1975; Lonie et al., 2009;
Nasreddine et al., 2005; Freitas et al., 2013, Costa et al., 2014). We did not focus on any specific cognitive
domains, as this was not the aim of the study. Instead, we wanted to have a general cognitive index to
correlate with the cortical FEOBV uptake. Moreover, as clinical depression is an exclusion criterion for AD,
we used the commonly used screening questionnaire, Geriatric Depression scale- short version (GDS-15), to

exclude participants with any clinical depressive symptoms (Yesavage et al., 1982). See table 2.1.

Table 2.1 Description of the different cognitive scales used in this thesis.

MMSE MOCA GDS-15
Clinically standardized Clinically standardized and Standardized screening tool for
guestionnaire to measure sensitive tool for diagnosis and depressive symptoms in the
cognitive impairment and follow  follow of AD. elderly.
up of AD progression. The total score is out of 30. Short form of the original 30-
The total score Is out of 30. Normal cognitive functioning item GDS.
Normal cognitive functioning Scores 2 26 Scores between (0-4 inclusive)
score is between 28-30. Scores below 26 indicate signify no depressive, or
Mild to moderate AD scores are cognitive impairment. minimal depressive symptoms.
between 10-26. Administration time: 10-15 Administration time: 5-7
Administration time: 8-10 minutes minutes.

minutes.
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RESUME

Le [18F]-fluoroéthoxybenzovesamicol (FEOBV) est un nouveau radiotraceur TEP qui se lie au
transporteur vésiculaire de I'acétylcholine. Chez I'animal et I'humain, le FEOBV s'est révélé sensible
et fiable pour caractériser les terminaisons nerveuses cholinergiques présynaptiques dans le
cerveau. Il a été utilisé ici pour la premiére fois chez des patients atteints de la maladie d'Alzheimer
(MA) pour quantifier les pertes cholinergiques cérébrales. L'échantillon comprenait 12 participants
répartis équitablement entre un groupe de sujets controle et de patients atteints de la maladie
d'Alzheimer. Chaque participant a été évalué a l'aide des échelles cognitives Mini-Mental State
Examination (MMSE) et Montréal Cognitive Assessment (MoCA). Chaque participant a effectué trois
séances d'imagerie TEP avec (1) le FEOBV comme traceur des terminaisons cholinergiques, (2) le
[18F]-NAV4694 (NAV) comme traceur de la protéine béta-amyloide et (3) le [18F]-
Fluorodéoxyglucose (FDG) comme agent du métabolisme cérébral. Le ratio de la valeur de fixation
standard normalisée (SUVR) a ensuite été calculé pour chaque traceur et comparé entre les deux
groupes a l'aide de tests-t voxel-a-voxel. Des corrélations ont également été calculées entre chaque
traceur et les échelles cognitives, ainsi qu'entre le FEOBV et les deux autres radiotraceurs. Les
résultats ont montré des réductions importantes de I'activité du FEOBV dans de multiples zones
corticales, évidentes chez chacun des sujets atteints de la MA et dans I'ensemble du groupe atteint
de la maladie, par rapport au groupe contréle. Les traceurs FDG et NAV ont également permis de
distinguer les deux groupes, mais avec une plus faible sensibilité que le FEOBV. De plus, I'activité du
FEOBV était positivement corrélée a I'activité du FDG dans de nombreuses régions corticales, et
négativement corrélées a I'activité du NAV dans certaines zones restreintes. Les échelles cognitives
MMSE et MoCA présentaient aussi de significatives corrélations avec I'activité du FEOBV et du FDG.
Ainsi, nos résultats suggeérent que le traceur FEOBV est plus sensible que les traceurs FDG ou NAV
pour distinguer les patients atteints de la MA des sujets sains et qu’il pourrait s’avérer utile pour
quantifier la sévérité de la maladie. Le FEOBV pourrait ainsi étre utilisé pour évaluer la
dégénérescence cholinergique chez I’humain, et représenter un excellent biomarqueur de la MA.

Mots clés: Acétylcholine; Alzheimer; Biomarkeur; Démence; FEOBV; FDG; Vesamicol.
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ABSTRACT

[*8F]-fluoroethoxybenzovesamicol (FEOBV) is a new PET radiotracer that binds to the vesicular
acetylcholine transporter. In both animals and healthy humans, FEOBV was found sensitive and reliable to
characterize presynaptic cholinergic nerve terminals in the brain. It has been used here for the first time
in patients with Alzheimer’s disease (AD) to quantify brain cholinergic losses. The sample included 12
participants evenly divided in healthy subjects and patients with AD, all assessed with the Mini-Mental
State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) cognitive scales. Every participant
underwent three consecutive PET imaging sessions with (1) the FEOBV as a tracer of the cholinergic
terminals, (2) the 18F-NAV4694 (NAV) as an amyloid-beta tracer, and (3) the 18F-Fluorodeoxyglucose (FDG)
as a brain metabolism agent. Standardized uptake value ratios (SUVRs) were computed for each tracer and
compared between the two groups using voxel wise t-tests. Correlations were also computed between
each tracer and the cognitive scales, as well as between FEOBV and the two other radiotracers. Results
showed major reductions of FEOBV uptake in multiple cortical areas that were evident in each AD subject,
and in the AD group as a whole when compared to the control group. FDG and NAV were also able to
distinguish the two groups, but with lower sensitivity than FEOBV. FEOBV uptake values were positively
correlated with FDG in numerous cortical areas, and negatively correlated with NAV in some restricted
areas. The MMSE and MoCA cognitive scales were found to correlate significantly with FEOBV and with
FDG, but not with NAV. We concluded that PET imaging with FEOBV is more sensitive than either FDG or
NAV to distinguish AD patients from control subjects and may be useful to quantify disease severity. FEOBV
can be used to assess cholinergic degeneration in human, and may represent an excellent biomarker for
AD.

Key words: Acetylcholine; Alzheimer; Biomarker; Dementia; FEOBV; FDG; Vesamicol.
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3.1 Introduction

Postmortem studies have shown that cholinergic cell death occurs early in Alzheimer’s disease (AD), and
strongly correlates with symptom severity throughout the evolution of the disease (Dournaud et al., 1995;
Grothe et al., 2014; Mufson et al., 2016). Recent neuroimaging evidence revealed that the Ch4 cell group
of the basal forebrain known to contain the cholinergic cells innervating the cortex may degenerate many
years prior to the cortical spread of amyloid plaques and the appearance of cognitive symptoms (Schmitz
& Spreng, 2016). However, there is currently a lack of in vivo measurements sensitive enough to measure

such cholinergic cell death in human.

Over the last decade, our team has conducted studies allowing us to better characterize the radiochemical
properties (Landry et al., 2008a, 2008b; Mzengeza et al., 2007) and the PET imaging suitability (Cyr et al.,
2014; Parent et al., 2012; Parent et al., 2013; Rosa-Neto et al., 2007; Soucy et al.,, 2010) of
[18F]fluoroethoxybenzovesamicol (FEOBV). This radiotracer exhibits a very high binding affinity and an
excellent specificity for the vesicular acetylcholine (ACh) transporter (VAChT), a glycoprotein found on the
membrane of synaptic vesicles of cholinergic neurons, which ensures the translocation of cytoplasmic ACh

into synaptic vesicles.

The use of FEOBV as an in vivo marker of cholinergic nerve terminals in the brain was first suggested by
Mulholland et al., (1998) who identified the sub-nanomolar affinity of the (-)-FEOBV enantiomer toward
the vesicular ACh transporter and described the dosimetry and biodistribution of its Fluor-18 equivalent
in rodents. More recently, our studies in rats have demonstrated the ability of FEOBV PET imaging to detect
and quantify experimentally induced brain cholinergic denervation. Excellent correlations were observed
between the in vivo binding of FEOBV and the extent of cholinergic losses measured ex vivo by
cholineacetyltransferase immunocytochemistry (Cyr et al., 2014 ; Parent et al., 2012 ; Parent et al., 2013).
Moreover, this sensitivity was not only quantitative, as brain mapping revealed a different distribution of
the tracer, depending on whether the lesions involved the nucleus basalis of Meynert (NBM) (Parent et al.,
2012), whose cholinergic projections are essentially cortical, or the pedunculopontinenucleus (PPN) (Cyr
et al., 2014), whose cholinergic projections are mainly thalamic. This feature suggests that FEOBV could
be used clinically to differentiate neurodegenerative diseases. For instance, cholinergic lesions in AD affect
the NBM but not the PPN, while the opposite is observed in other degenerative diseases, such as
progressive supranuclear palsy (Mazere et al.,, 2012; Warren et al., 2005) or multiple system atrophy

(Schmeichel et al., 2008).
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FEOBV has recently been studied in healthy human volunteers (Petrou et al., 2014), and showed a very
good safety profile for injected mass doses between 0.3 and 1.3 pg. Its brain distribution in human was
similar to that observed in rats (Parent et al., 2012; Rosa-Neto et al., 2007) and primates (Soucy et al.,
2010), with the greatest specific binding found in the neostriatum, followed by the thalamus, the cortex
and the hippocampus. Thus far, FEOBV has never been used with PET imaging in humans presenting brain
cholinergic degeneration. The aim of the present study was therefore to evaluate whether FEOBV PET can
detect regionally specific cholinergic denervation in AD, and to compare its sensitivity to those of
[18F]fluorodeoxyglucose (FDG), and [18F]NAV4694 (NAV) PET imaging in distinguishing AD patients from
normal subjects. FDG uptake abnormalities in AD are thought to reflect regional cerebral hypometabolism
associated with decreased neurotransmission, with potential applications in monitoring AD severity and
progression, as well as assessing the efficacy of disease-modifying interventions (Jagust et al., 2007). NAV
(formerly known as AZ4694) is an amyloid-beta PET imaging agent with characteristics similar to those of
the more frequently used CPiB, but with the convenience of ®F labeling, and a higher specific cortical
binding coupled to lower nonspecific white matter binding than those of the other available 8F labeled
agent (Rowe et al., 2013; Cselényi et al., 2012). We hypothesized that FEOBV imaging would distinguish

patients with AD from healthy participants with greater accuracy than either FDG or NAV imaging.

3.2 Method
3.2.1 Subjects

The study sample consisted of 12 participants, including six patients diagnosed with probable AD, and six
age-matched healthy volunteers enrolled mostly among the spouses of the patients. This sample size is
similar to those of previous studies conducted with FEOBV in rodents, showing significant differences
between the experimental group with induced mild cholinergic lesions and controls (Cyr et al., 2014;
Parent et al., 2012). AD patients in the present study were diagnosed using the standard criteria of the
‘Alzheimer’s Association Workgroup on Diagnostic Guidelines for Alzheimer’s Disease’ (Dubois et al., 2007).
Abnormal levels of brain amyloid-beta (AB) plagues were confirmed in patients with AD by using PET
imaging with NAV, with a SUVR cut off value of 1.5 or greater. At the time of their enrolment, all AD

patients had undergone treatment with a cholinesterase inhibitor for at least two months.

To be included in this study, all participants were assessed with the Mini-Mental State Examination
(MMSE), and the Montreal Cognitive Assessment (MoCA). The main inclusion criteria for AD patients were

MMSE and MoCa scores of 26 or lower. In control subjects, only participants with MMSE and MoCA scores
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higher than 26 were included. The Geriatric Depression Scale (GDS) was also administered to all
participants, in order to rule out the presence of mood disorders. Participants with a GDS score over five
were excluded. Participants with other active medical or psychiatric issues that could affect cognitive
function were also excluded from the study. In addition, any clinical or brain imaging evidence of vascular
disease, Lewy body disease, any form of Primary Progressive Aphasia, or frontotemporal dementia/frontal

temporal lobar were considered as exclusion criteria.

All participants were recruited at the McGill Center for Studies in Aging (MCSA) and assessed at the
McConnell Brain Imaging Unit (BIC) of the Montreal Neurological Institute (MNI). The study protocol was
approved by ‘Université du Québec a Montréal’ (UQAM) and McGill University Research Ethics Boards,
covering all the authors and their affiliated hospitals and research centers (including the MCSA and MNI).

Informed consent was obtained from all subjects prior to participation in the study.

3.2.2 Imaging data acquisition

All participants first underwent a structural T1 MRI (1.5T Siemens Sonata), followed by a PET scan (Siemens
HRRT) done on the same day with one of the three radiotracers FEOBV, FDG, or NAV. PET scans using the
two remaining tracers were completed within a 2-week interval. For FDG scans the participants had to fast
for 3h prior to the injection of the tracer. FDG was purchased from a local vendor (Isologic Innovative
Radiopharmaceuticals, Montreal, QC, Canada). FEOBV and NAV were synthesized at the BIC Cyclotron
Facility. The precursor for both FEOBV and NAV were purchased from commercial vendors (ABX Advanced
Biochemical Compounds, Radeberg, Germany and NAVIDEA Biopharmaceutical, Dublin, OH, USA).
Radiolabeling methods for the compounds are similar and have been described elsewhere (Mzengeza et
al., 2007). A total of 36 PET scans were performed for the purpose of this study, corresponding to one scan
for each radiotracer (FEOBV, FDG and NAV) for each of the 12 participants. Each radiotracer was
administered by slow IV bolus injection with radioactive doses varying between 160 and 340 MBq. Before
data acquisition, the PET scanner was calibrated by performing a standard quality control protocol. A 5
min transmission scan for attenuation correction, using a source of [137Cs], was performed before
injection of the tracer. PET data acquisition was done in 3D list mode. For FEOBV, data was acquired three
hours following injection, over 30 min in six frames of 5 min. For FDG, data were obtained 30 min following
injection, and acquired over 30 min in one frame of 1200s. For NAV, data were obtained 30 min following
injection and acquired over 30 min in 6 frames of 5 min. A head holder was used to minimize head motion

during the scan.
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3.2.3 Image processing and analyses

PET images were reconstructed using an OP-OSEM (OrdinaryPoisson-Ordered Subset Expectation
Maximization) algorithm correcting for scattering, random coincidences, attenuation, decay and dead time;
frame-based motion corrections were also performed if needed. The MINC software toolbox was used to

perform all image analyses (http://www.bic.mni.mcgill.ca/ServicesSoftware/MINC) according to the

following steps: (1) MR images of all participants were first co-registered to the MNI-152 standard
reference template by the CIVET image-processing pipeline, using a 6-parameter affine transformation
and non-linear spatial normalization; (2) time-averaged PET images were normalized as a function of the
injected dose of tracer and the subject’s weight to obtain standard uptake values (SUVs); (3) The PET SUVs
image was then co-registered to the subject’s own MRI, and from there to the MNI-152 template using
the linear and non-linear transformations obtained in the first step; (4) Standardized uptake value ratio
(SUVR) maps were generated for FEOBV, FDG and NAV, by using respectively the global cerebral white
matter, the pons, and the cerebellar cortex as reference regions. While previous studies (Cyr et al., 2015;
Parent et al., 2012; Petrou et al., 2007) have used the cerebellar cortex as reference tissue for FEOBV, we
chose the global cerebral white matter based on the non-specific binding observed on the time activity
curves of each subject. In addition, it is known also that cerebellar cortex receives cholinergic projections
from various brainstem nuclei, while the global cerebral white matter is devoid of such neurochemical
projections; (5) Finally, smoothing of the PET images was performed using a Gaussian kernel of 8 mm. No

correction for partial volume effect was applied to the PET imaging data.

The two groups were compared on demographic variables and on total score of each cognitive scale using
independent Student t-tests. SUVR differences between AD and control subjects were explored separately
for FEOBV, FDG and NAV, using voxel-wise analysis of covariance, with age as a covariate. Statistical t-
maps were then generated for each radiotracer. In comparison to control subjects, AD subjects were
expected to show lower SUVRs for both FEOBV and FDG, and higher SUVRs for NAV. Significance thresholds

were therefore based on one-tailed t-tests with a minimal statistical significance of 2.2 (p = 0.03).

Correlational analyses between FEOBV and each of the two other radiotracers (FDG and NAV) were
performed in AD patients by using VOXELSTATS, a MATLAB package for multimodal voxel-wise brain image
analyses (Mathotaarachchi et al., 2016). On the basis of the generated correlational statistical t-maps,
significant voxel clusters were identified. MNI predefined brain topographical masks were applied over

these voxel clusters for each subject, in order to extract the regional SUVRs. The SUVRs were then
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corrected for age by using a linear model to obtain the standardized residual values. Pearson’s r-values

were computed from these residuals.

In order to perform correlational analysis in AD between the cognitive scales (MMSE and MoCA) and the
cortical SUVR values of each radiotracer, a mask covering the whole cortex was used. Standardized
residuals for the cortical SUVR values and cognitive scales were obtained by using a general linear model
adjusting for age and education, using Rstudio. Pearson’s r-values 