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ABSTRACT

Cognitive decline can result from both neurodegenerativ@wnalaging
processePDefinitive diagnosisofmang eur odegener ati ve di seases
diseas€AD) and progressive supranuclear pdB$P) requires posimortem
neuropathological examination and focuses on the identification of structural changes and
protein aggregation in the braim additon to a clinical presentatiaconsistent withthe
disease during life.

Herein, we examined clinicopathological correlatesagfnitive decline in
sporadicand familial tauopathyand normal agingVe hypothesized that structural
neuropathological changesuld be insufficient to explain symptomology in these cases,
and that alternate mechanisms, such as cholinesterase expressibridgethe gap
between observed neuropathological changes and clinical symiptoegsons that are
important to cognitionincluding the rostral prefrontal cortex (rPFC) and hippocampal
formation.

In cognitively normalCN) octogenarians and oldehere isanaccumulation of
b-amyloidplaque, tau neurofibrillary tanglend phosphylatedTAR DNA-binding
protein pathologgomparable to AD. Butyrylcholinesterase (BChE), however, remains
specific to AD pathology and lower acetylcholinesterase and BlepBsition in these
pathological structuremay contribute to their preserved cognitionPBP, therarelow
levels of AD-associated neuropathological aggregasind cholinesterasgositive
neuropathology in the rPE€omparable to CN individual§ his suggests thaisruption
of rPFC functionin this conditionrmay occur through alternate nmsaFinally, in familial
tauopathy caused by the IVS10 +NMIAPT mutation, there was a high degree of intra
and interfamilial phenotypic heterogeneity, with one case presenting severe cognitive
symptoms which did not correspond to the miéadiropathologybserved in regions
associated with cognition.

Our findings support the need to explore alternate diagnostic and therapeutic
targetsfor neurodegeneration as the protein aggregates do not always accurately reflect

clinical phenotypen tauopathy andging.
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CHAPTER 1 Introduction

1.1. Preface

Auguste Deter of Kassel, Germany started exhibiting abnormal behavioural and
cognitive changes at the age of 51, includ
and progressive memory impairment that interfered with her dail{Hifgpius and
Neunddrfer, 2003)She was aditted intoa Frankfurt mental hospital under the care of
Dr. Al ois Al zhei mer who di a(ippusamdl her with
Neundorfer, 2003Postmor t em anal ysi s of attophgafthga e 6s br a
cerebral cortex, senile plaques, tangles and atherosclékt=igimer, 2006)Alzheimer
published his clinical and neuropathologisat c ount of  Alisegseande Det er
brainin his seminal paper, whigloughlyt r a n s | Goricerrsng & uniqu@ diseasie
thecerebralco r t (@&lxhéimer, 2006)L at er , Al zhei mer 6s mentor
thediseasA | zhei mer 0si i sxclkasewl(aAdgement of Al zhe
to characterizing the disease proog$ippius and Neundorfer, 20Q3)hile senile
plaques haddmn described previousl@gwWalker, 2020) Alzheimer was the first to
describe intraneuronal filaments that remedims & t aadlphdieo f f i bri | so aft
death(Alzheimer, 2006)We now knowthese inclusionas neurofibrillary tangles
(NFTs), a pathological hallmark of AD composed of the microtuaskociategrotein
tau. Since Al zheimero6s description of NFTs
range of neurodegenerative disord@itsis thesis sought to characterthe
neuropathological and cholinergic changes the brain undergoes as a result of tau
depasition inneurodegenerative diseases like Albpgressive supranuclear palsy (PSP),

and familial tauopathyas well as aging



1.2. Overview
In this chaptewe reviewthe present understandinfitau-associated dysfunction

in neurodegeneration and aging.

1.3. Tau (Tubulin -associated unit)

The protein&u was accidentally identified as a contaminant during purification of
microtubulesoy Weingarteret al. (1975) They determined that whenicrotubule
associagd proteins were removed from tubuline proteinwas incapable of self
assemblyand thereforgau isaregulator of cytoskeletal integrity through tubulin
stabilization and polymerization. Functions of tau include axonal trandertl and
Bennett, 2013; Scholnd Mandelkow, 2014¥ynaptic plasticity and functigBiundo et
al., 2018; Boehm, 2013; Spirdsnes and Hyman, 201d)d nucleic acid protection
(Sultan et al., 2011; Violet et al., 2015, 20a#4)ong others (Fig. 1A). Human tau is
predominantly expressed in the central nervous system (CNS) in neurons, although low
levels arealsoexpressed in astrocytes and oligodendrociBasder et al., 1985; Muller
et al., 1997; Papasozomenos and Binder, 19&7presence is increased during
pathogenic condition@inder et al., 1985; Kahlson and Colodner, 20 2@)ditionally,
tau is expresseat relatively lower levels in the peripheral nervous systieamcompared
to the CNS under both normal and pathologicalditions(Francois et al., 2014;

Miklossy et al., 2010; Shi et al., 2011; Souter and Lee, 2009)

1.3.1. Tau genestructure
The tau encoding genB®IAPT,is located on the long arm of chromosome 17 at
band position 17921 and is comprised of 16 eXamsireadis et al., 1995; Neve et al.,

1986) In the CNS, alternate splicing of tau pn&RNA results irsix developmentally
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Figure 1.1 A simplified representation of arépeat tau isoform associating with a

mi crot ubul e -a r dubfirosshents(Apand human tau isoforms (Blau
binds to the microtubule via repeated amino #uwide, or in this isoform, four 332
amino acid imperfect repeats (yellow cylindprdmoting microtubule polymerization
and stability(Adapted fromKrestova et al., 2012A). Microtubules are important for
dendritic arborization and axonal outgrowth, cytoskeletal stability and spindle formation
during meiosis and mitosis as seen in representative images on théhagktare six tau
isoforms present in the human brain comprised pifolinerich region flanked by
variable Nterminal and @erminal region (B). Isoforms differ by both the number ef N
terminal cassettggesent (NJandN2) and either three or four-@minal microtubule
binding repeat sequenc@®l, R2, R3, and R4Adapted fromAndreadis et al., 1995;
Neve et al., 1986Alternate splicing of the third repeat (R3) riésun an even ratio of-4
repeat and-8epeat isoforms in a normal braifhe smallest tau isoform is only present
in the fetal brain while the remaining five isoforms are expressed in the adult brain.



regulated tau isoforms. Theex isoforms differ in the expression of zero (ON), one (1N),

or two (2N) Nterminal cassettes, atittee(3R) orfour (4R) Gterminal repeaté-ig.

1.1B; Andreadis et al., 1992; Andreadis, 2005; Goedert et al., 198%a) 1 contains

part of the untranslated promoter sequdAgelreadis et al., 1996The N-terminal
cassettes are | ocated in tausiwllagxon3d ecti on
which is rot present independently of exor{&ndreadis et al., 1995xon 4 5 and 7are
constitutively expressed whiled4 6 and 8 arexpressed almost exclusively in the
periphery(Andreadis, 2005; Couchie et al., 1992; Nunez and Fischer, .IR9Y)
microtubulebinding domain located at thet€rminus is ecodedby exons 9 through 12

which all contain 33 amino acid repeat sequeffid@amler et al., 1989; Lee et al., 1989)

Exon 13 is constitutively express@ahdreadis, 2005; Qechie et al., 1992; Nunez and
Fischer,1997) and finally, exon 14 (Goedeadtals t he 3¢
1989b, 1989a)Alternate splicing of exon 10 determines-g&R and 4Rau isoforms

(Andreadis et al., 1996)

1.3.2. Tau posttranscriptional processing

Posttranscriptional processing of the tau primary transcript results in three
separate mRNApecieq2, 6, and 8/9 kb)which isdependent on the stage of neuronal
maturation and neuronal subtyf@ndreadis et al., 1996; Couchie et al., 1992; Goedert et
al., 1989b, 1989a; Nunez and Fischer, 199 least abundant 2 kb transcript encodes
nuclear tayWang et al., 1993)The 6 kb mRNA is primarily expressed in neurons of the
CNS encoding taassociated with soma and ax¢Asdreadis, 2005; Liu and Gotz,
2013) The 8/9 kb transcript is expressed in the retina and peripheral nervous system

(Georgieff et al., 1993; Nunez and Fischer, 199%lusion of exon A during



premRNA processing results in the 8/9 kb transgiyptdreadis, 2005 eorgieff et al.,
1993; Goedert et al., 1989yhile the 2 and 6 kb mRN#&anscriptsare produced from
the same prenRNA with different polyadenylation sit¢Sadot et al., 1994)

Alternate splicing of exon 10 during tau preRNA processing results in either
three or four tandem repeatsiné pr ot ei n6s mi c rconfemingu !l e bi ndi
different microtubule binding affinitieAndreadis et al., 1992; Butner and Kirschner,
1991; Goedert et al., 1989b; Gustke et al., 1994)icingin humans is catalyzed by the
spliceosome complex composed of five small nuclear RNA (U1, U2, U4, U5, and U6)
bound to over 300 different proteins to form small nuclear ribonucleopr@ssiRNPS;
Jurica and Moore, 2003; Lerner et al., 1980; Will and Luhrmann, 26aRNPs mediate
the binding of the spliceosome complex to-ptBNA, catalyzetie removal of introns
and |igate the remaining exons together. A
sequences, is regulated by traasing proteins binding to cis elements in thepiRNA.
Transacting factors include serinand argininerich proteins, heterogenous nuclear
ribonucleoproteingKornblihtt e al., 2013) One vital tau cielement is the stetloop
structure at the exon fiftron 10 interface that forms due to a high degree of
complementaritfGoedert et al., 1989bIisruption of the sterlbop results in an exon
10 inclusion ad the production of more 4R tau isoforwiten resulting in
neuropathological aggregati¢@rover et al., 1999; Hutton et al., 1998; Varani et al.,
1999)

Alternate splicing of prenRNA increases the complexity of gene expression and
allows for additional mechanisms of cellular and developmental regulation of proteins

(Baralle and Giudice, 2017; Roy et al., 2Q13ifferential expression of exon 10 during



development indicates that tau isoforms likely have specific physiological roles to meet
developmental and cellular requirements. F@magle, the smallest tau isoform, ON3R,

has the lowest rate of microtubule assembly and it is only expressed during fetal stages.
The remaining five isoforms are expressed throughout adulil@é@aedert and Jakes,

1990; Kosik et al., 1989)n the developing CNS, tau drives the development of neuronal
cell polarity, axonal elongation and transport, and ginasne translocation which

requires dynamic microtubul¢€aceres and Kosik, 1990; Dixit et al., 2008; Drechsel et
al., 1992; Drubin et al., 1985; Esmaalad et al., 1994; Panda et al., 2Q08)the

mature brain, there is a shift to axonal and cytoskeletal maintenance through increased
microtubule stabilityBlack et al., 1984; Panda et al., 200&ne tuniry of microtubule
dynamics is in part due to localized expression patterns of 3R and 4R isoforms
(McMillan et al., 2008; Panda et al., 2008)hile levels of 3R and 4R tare

approximately equal in the normal adult brain, isoform imbalance is observed in several
tauopathies resulting in abrmal protein aggregates with distinct isoform compositions
(Hong et al., 1998; Niblock and GalldQ22). For example, all six tau isoforms have been
identified in neurofibrillary tangles in AGoedert et al., 1992)vhereas in PSP, there

are predominantly 4R tau isoforms in neuropathological aggre@ister et al., 2019)

1.3.3. Tau protein structure

Tau belongs to the family of microtubtéssociated proteins that act as stabilizers
and organizers of the microtubule cytoskelgidadakuntla et al., 2019).ike other
microtubue-associated proteins, tau is resistant to therara acidinduced loss of
function due to its natively unfolded structift&eveland et al., 1977; Gamblin, 2005;

Jeganathan et al., 2008heabsence of a tau secondary structure is primarily due to a



lack of hydrophobicityJeganathan et al., 2008; Uversky, 2002) T arimang structure,
however, can be split into two major functional domains: the projection domain
composed of an ferminal acidic and prolirgch region, and the microtubul@nding
repeat domain composedsifort tandem repeaequenceand the Gterminal region
(Gustke et al., 199Mandelkow et al., 1995)

The projection domain, so named as it projects from the microtubule surface
where it can interact with elements of the cytoskeleton, plasma membrane, and
mitochondria, is composed of highly acidic amino acids followed bylnpfrich region
(Brandt et al., 1995; Hirokawa et al., 1988; Jung et al., 199®) projectio domain
varies between isoforms depending on the inclusion or exclusion of two 29 amino acid
sequences encoded by exons 2 af@d&dert et al., 1989an neurons, the projection
domain determines the spacing between axonal microtubules sifgcts axon width
(Chen et al., 1992 he addition of the sequence encoded by exon 4A at-teenNnus
in neurons of the peripheral nervous systemresuli n t he #Abi g tauo
produces wide, long axons that demonstrate the effect of-teenhinal region of tau on
axonal width and stabilizatiofCouchie et al., 1992; Georgieff et al., 1993; Goedert et al.,
1992)

The prolinerich regionwithin theprojection domairof tauis involved in signal
transduction and cytoskeletal stabilizat{@uee et al., 2000Regarding cytoskelet
interactions, the prolirach region mediates binding to cytoskeletal elements such as
spectrin and actin filaments, which allows for the connection of microtubules to
neurofilaments and the regulation of cytoskeletal flexib{ligrias et al., 2002; He et al.,

2009; Yu and Rasenick, 2008)he prolinerich domain has also been demonstrated to

S
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interact with the SH3 domains of Siramily nonreceptor tyrosine kinases at the plasma
membranghatmay allow tau to modify cell morpholodi.ee et al., 1998)Tau likely

plays amodulabry rolein thephospholipase®@ t ransducti on pathway
interaction with the SH3 domaiiwang et al., 1996; Jenkins and Johnson, 1,998)

further implicating tau in the regulation of several physiological functions such as
chemotaxis, cell proliferation and survival, and opioid sensit{liyyon and Tesmer,

2013)

Tauds af frotubles ig defermined iny its-@rminal tandem repeat
region. The repeats are encoded by exeh2 @ith alternative splicing of exon 10 during
premRNA processing resulting in either three or four copies of a highly conserved 18
amino acid repeat sequeneaulting in 3R and 4R isoform&oedert et al., 1989b;
Himmler et al., 1989; Lee et al., 1989) less conswed 13 or 14amino acid inter
repeat domain separates each repeat. The repeat sequences bind to microtubules through
a series of relatively weak sipecific interactiongButner and Kirschner, 1991; Lee et
al., 1989) It has been demonstrated that 4R tau isoforms have a greater biffidiityg af
for microtubules compared to 3R isofor@@utner and Kirschner, 1991; Goedert and
Jakes, 1990; Gustke et al., 1994)part, isoformspecific microtubule binding affinity is
due to the additional repeat sequence, but the region between repeatsthamnsl 2
present only in 4R tau isofornsslely accounts for the 4f0ld difference(Goode and
Feinstein, 1994; Panda et al., 19958Jditional roles of the microtubueinding domain
include embryonic developme(itee et al., 1996)metabakm (Stieler et al., 2011 )and
phosphorylatior{Sontag et al., 1999; Takashima et al., 1998 microtubulébinding

domain may contribute to the degree of tau phosphorylation through its interactions with



phosphatase 2A and gl ycogen s yYSortagatale ki

1999; Takashima et al., 1998)au has also been demonstrated to have the capacity to
bind mMRNA, although, a functional significance hashexn identifiedKampers et al.,

1996)

1.3.4. Tau posttranslational modification

Tau frequently undergoes various forms of gostslational modification,
including truncation, nitration, glycation, glycosylati@JMOylation,ubiquitination
and polyaminationand phosphorylatigrihat can affect tau microtubule binding affinity,
cleaance, and aggregatidAlquezar et al., 2021While posttranslational modifiation
of tau likely has a role in the context of both physiology and disease, it is difficult to
identify whethereach modificatiortonfersa causal, contributory or bystander effect

(Alguezar et al., 2021)

1.3.4.1. Tau phosphorylation

Phosphorylation ishe most common ararguably the most relevapost
translationamodification of tauto neurodegeneratigqiMartin et al., 2011)Tau contains
85 potential serine, threonirend tyrosine phosphorylation sites, the majority of which
are located in the prolinech region and the @rminus flanking the microtubule
binding regionBuee et al., 2000)JUnder normal conditions, tau phosphorylation is
highly regulated. During embryonic development, relative phosphorylation of tau is
increasecindpromoesdynamic microtubules. However, in the adult brain, tau
phosphoriation is relatively low(Bramblett et al., 1993; Brion et al., 1993; Kenessey
and Yen, 1993; MashimaKawashima et al., 1995; Yu et al., 200Bgtal tau is

phosphorylated at many of the same sites agmtAD brains, however, it retains its
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function and does not abnormally aggregate unlike in(Aldnso et al., 2001, 2006,

1994; Igbal et al., 1986; Yoshida and Ihara, 19938y hyperphosphorylation results in

the dissociation of tau from microtubules due to a loss of affinity and in the formation of
selfassociated aggregates relatedearodegeneratiofBramblett et al., 1993; Lee et al.,
2001)

A wide range of kinases are capable of phosphorylating tau including proline
directed kinasege.g. glycogen synthase kina3¢GSK3), cyclin dependent kinase, and
adenosine monophosphaetivated protein kinase), ngmoline directed kinases (e.g.
casein kinase 1 and microtubule affiarggulating kinases), and tyrosine kinases (e.g.
Fyn, Abl,and Syk Noble et al., 2013)Additionally, tau can beephosphorylatéby
severaphosphatasgg®.g. protein phosphatases 1, 2A, 2B, andbgt al., 2005)
Dysregulation otau kinase and phosphatase activity results in the hyperphosphorylated
tau observed in AlMartin et al., 2013)The kinasé5SK3has been a particular focus in
AD research as is capable of phosphorylating tausatveralof the epitopes identified in
AD paired helical filamentéishiguro et al., 1993)nd is found to accumulate in the
cytoplasm of pretangle neurofi®ei et al., 1999)t is hypothesized that GSK3 is a link
betweenA b dan meuropathology, &s bincreases GSK3 activation through the wnt

(Magdesian et al., 200&nd insulin(Townsend et al., 2008jgnaling pathways.

1.4. Tauopathy

Tauopathies are a family of clinically heterogenousropathological disorders
characterized pathologically by abnormal deposition of microtudsgeciated protein
tau aggregates in the brain. Presently, recogripedcadidauopathies include AD,

agingrelated tau astrogliopathARTAG), argyrophilic grairdisease, chronic traumatic



encephalopathy, corticobasal degeneration, globular glial taugpasisetoP i ¢ k 6 s
diseaseprimary agerelated tauopathy, and P&R®sephs, 2017While most tauopathies
have a clinical phenotype, some, such as ARTAG, do not have a defined clinical
presentatiorfKovacs et al., 2016a)

Abnormally phosphorylated tau aggrdgatis a pathological hallmark of
tauopathieglLee etal., 2001 Table 1.). Tau aggregates are composed of abnormal,
hyperphosphorylated, fibrillar tau structures. The most common of which is the paired
helical filament of ADtypeNFTs Loss of function and aggregation of tau is thought to
be a direct radt of dysregulation of tau phosphorylatiGhlonso et al., 2008; Gong et
al., 2006) Tau aggregation in neurodegeneamtiliseasesan occur in the cell bodies and
processes of neurons.g.,argyrophilic grains and threads, NFTs, neuropil threaidd,
Pick bodies), astrocytes.(.,astrocytic plagug fuzzy astrocytes, globular glial
inclusions, Pick bodies, thowshaped astrocyteandtufted astrocytes), and
oligodendrocytes (e.g., argyrophilic threads and coiled bodies). In different disorders, tau
vary in tau isoform composition and phosphoryglatias well as the filament
polymerization, conformation and sidece etal., 2001) While tau accumulation in the
brain has long been correlated with clinical and neuropathological markers of
neurodegeneration, such as cognitive decline and neuronal and synaptic loss, the
definitive mechanism(s) of tau toxicity remains unkndWwalke et al., 2003; Guilket et
al., 2003; Ingelsson et al., 2004; Santacruz et al., 200%) prevailing theory of tau
induced neurotoxicity suggests the effect occurs through synaptic dysfufdettirav et

al., 2015)



Table 1.1 Summary of the neuropathological and clinical features of primary, sporadic

tauopathies

Tau Tau Aggregate Primary Clinical
Tauopathy .
Isoform Neuron Astrocyte  Oligodendrocyte Feature(s)
Aging-related
tau Thorn+
astrogliopathy 4R N/A shaped N/A Unknown
(Kovacs et al., astrocyte
2016a)
Al zhei m
diseasqHyman Neurofibrillary . .
g GRad wmgmadpe
Trojanowski, 4R neurofibrillary méfnor y
1997; McKhann tangles y
etal., 2011)

- Argyrophilic . "
Arg_yrophlllc grains, ballooned Thorn Varlablg cognitive
grain disease 4R neuronsandpre shaped Coiled bodies decline, and
(Grinberg and Andp P behavioural

. neurofibrillary astrocytes L
Heinsen, 2009) abnormalities
tangles
Chronic Neurofibrillar
traumatic | y | Cognitive, motoand
encephalopathy 3R and VLT es pre De.ep ayer psychiatric features
2 neurofibrillary perivascular N/A . ;
(Bieniek et al., 4R with a history of head
) tanglesand astrocytes
2021; Katz et dotlike neurites trauma
al., 2021)
Corticobasal .
degeneration qutlcobasal . .
bodies, neuronal . Parkinsonism motor
(Armstr ong et . Astrocytic . . o
! 4R lesions,and Coiled bodies features and cognitive
al., 2013; ) plagues . .
. threadlike impairment
Dickson et al., structures
2002)
Globular glial Globular thawoural an(_:i
Globular . . cognitive dysfunction,
tauopathy . oligodendroglial - .
4R N/A astrocytic . ; and/or parkinsonism
(Ahmed et al., » : inclusions,and
inclusions - . and motor neuron
2013) coiled bodies di
isease
3R
. R (limbic
I(:’Claircnske?asl structurey Pick bodies and Behavioural and
AR and 4R Ramified Pick bodylike cognitive deficits,
2007, ballooned . : S
(cerebral astrocytes inclusions extrapyramidakigns,
Zhukareva et neurons -
cortexand and apraxia
al., 2002) 4
white
matter)
Primary age-
related _
tauopathy SR Neure il N/A N/A Cognitive decline
4R tangles
(Crary et al.,
2014)
Progressive Disordered movement
supranuclear . including ocular
palsy (Collins et 4R Net{[g)rflblg!ary a;rt%tce(ies Coiled bodies dysfunction, postural
al., 1995; Hauw 9 y instability, and
et al., 1994) parkinsonism




Tau hyperphosphorylation is a consistent feature of tauoaéany et al., 1995;
Grundkelgbal et al., 1986h)lthough each tauopathy has a distinct phosphorylation
profile (Samimi et al., 2021)0Oncetau ishyperphosphorylat, it gains the ability to
sequester namal tau and other microtubuéessociated proteins resulting in microtubule
disassembly, and sedissemble into neuropathological aggregédsnso et al., 2001,

1994)

141. Al zhei mer 6s di sease (AD)

AD is the most commotauopathy andause of deentiain older adults

contributing to 6670% of case¢ Al zhei mer 6 s ARhesprevaleaceofAln, 202
is expected to increase as the global population ages presenting a significant
socioeconomical burdgn Al z hei mer 6 s AQuarlappimgdiiicalon, 202 1)

presentation and neuropathology with other neurodegenerative disorders, as well as

unknown pathogenesis have impeded the development of definitive diagnostic methods

for AD prior to deati(Swerdlow, 2007)

1.4.1.1. Clinical Presentation

The present consensus on the clinical criteria for AD was established by the

Nati onal I nstitute of A@MIAPAG) in20ld(MeKhanrhee i me r 0

al., 2011) A diagnosis of AD relies on an initial diagnosisdefmenta. Dementia is
describechsa decrease in cognitive function that interferes waitivities ofdaily life
andthatis unexplained by delirium or psychiatric disordéxgslocumented history of
cognitive declinas establishedhrough seHlreporting or interview with knowledgeable
informants such as family members, ambbjective cognitive assessmesit

administered by a physiciaauch as the minnental state examinatigfolstein et al.,



1975) Montreal cognitive assessméNtasreddine et al., 2005he Toronto cognitive
assessmerfEreedman et al., 201,8nd the Behavioural Neurology Assessment
(Darvesh et al., 2005T hese interviews and tests maapport impairment in a minimum
of two cognitive domains, including learning, reasoning, visuospatial ability, language,
and behaviour.

Impairedcognition detected by formal cognitive assessmeahbe attributedo
numerous underlying causes includimgurodegeneration, vascular disease, traumatic
brain injury, medication side effesadr other underlyindnealthconditions such as
depressiorfKnopman and Petersen, 201%ihe differentiation of dementia from a
diagnosis of mild cognitive impairment (MCI) relies the demonstration of cognitive
impairment on objective testing, bdibes not interfere with daily living unlike AD
(Albert et al., 2011; McKhann et al., 2011; Petersen, 2004dking the distinction
between a clinical diagnosis BICI or AD is important for clinical treatment and
outlook.While MCI presents a higher risk of progression to deméhtiak et al., 2012;
Manly et al., 208; Petersen, 2004, 2003; Ravaglia et al., 2a@8mayencompass the
symptomatic predementia phase of AD, many individuals with MCI do not progress to
dementia due to underlyingp-morbidities(Ganguli et al., 2019ther subsets of MCI
may not progressignificantly,and a lesser proportiaf individuals with MCimay
revert to normatognition(Ganguli et al., 2019)

According to NIAAA criteria (McKhann et al., 201]1)dementia is attribatbleto
probable AD if there is an insidious onset and a history indicating progressive cognitive
decline. There should be no evidence of alternate explanatory conditions that cause

dementiaincluding significant cerebrovascular events, dementia with Lewy bodies,

10



frontotemporal dementia, variants of primary progressive aplasaide effect of a
medication. The initial or prominent features of the disease course must fall into one of
two categories: amnestic presentation, orammestic presentatioAmnestic ADis the
most commorpresentationand it ischaracterized by impairment in learninglaecall of
new informationwhereas noamnestic presenting AD is characterized by predominant
visuospatial, language, or executive functiimpairment.

The Consortium to Establish a Registry for AD (CERAD) developed a standard
for the clinical and neurgychological assessment of AD through consolidating pre
existing clinical batteriesneuropathological staging techniques, eatthg scalegMirra
et al., 1991; Morris et al., 1989)

CERAD defines a typical clinical presentation of AD as a gradual onset of
memory loss that progressively decline over at least 12 m@vihs et al., 1991)The
clinical battery developed and tested by CERA@isadopted andhodifiedfrom the
National InstituteoNeur ol ogi cal and Communicati ve
Disease and Related Disorders Associations Work Groups criteria which defined
diagnostic confidence ithreelevels: probable AD, possible AD, and definite AD
(McKhann et al., 1984; Morris et al., 198®robable ADncludesa typical presentation
of AD without confoundingsymptoms thatayindicate the involvement of other
disorders Possible AD inludesa typical clinical presentatioof AD, butwith additional
atypical symptomse.g.,aphasiaor potentiallycontributing cemorbidities(e.g.,strokg.
Finally, a diagnosis of definitive AD requires clinical dementia witstmortem

neuropathologiddindings ofb-amyloid (A B plaques and tau NFTs.
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Annual cognitive testngghi ch assesses a patientds ab
tasks related tmemory, languagealculation, andiisuospatiabrientationis used to
confirmthat there is an initial deficand monitorthe rate of disease progressiming
available cognitivéDarvesh et al., 2005; Folstein et al., 197%]ditionally, interviews
are administered wittomeone close to the patient t@kiatethe patients ability to
complete activities of daily livingErkinjuntti et al., 1988; Morris et al., 1989)

Consensus AD diagnostic criteria has been more recently revised to better reflect
clinical heterogeneity, and advances in AD biomarkglskhann et al., 2011Clinical
heterogeneity presents a barrier A diagnosis The original criteria centred on a
typical amnestic presentation of Aprecluding patients with an atypical presentation
from receiving a diMogisebas,il3B9)Thé revisedrcraebieca bl e AD
recognizepredominantanguage, visuospatial, and executive dysfunction as valid
symptoms taneet the confidence threshold fob g r o b a bklihieal didadh@sis
(McKhann et al., 2011While amnestic AD is the most commfrm, atypical variants
of AD, such adrontal or behavioural variant AD, posterior cortical atropdryd
progressive aphasialso exist and are associated with the same pathophysigkitpdi
et al., 2007; Galton et al., 200@typical AD variants are often referred to as focal AD
asthere is often a clear clinicopathological correlation with atrgpiegominantly
isolated to specific brain regiofalladi et al., 2007; Galton et al., 2006)or example, in
posterior cortical atrophyognitive domains such as memory remain intact until late in
the diseaseoursewhile earler symptoms predomindly affect viswospatialfunction.

These symptoms correlate with marked atrophy irpreetcoccipital cortexBenson et

al., 1988) In additionto an atypical clinical presentation, a patient could receive a

12



diagnosis of probable AD if there is clinical evidence of a causative mutation, like family
history orearly disease ons@¥icKhann et al., 1984)

The category of gssible AD was revised to focus more on unusual features of the
disease courséke sudderonset as well asnsufficient or unreliable evidence of
cognitive declindMcKhann et al., 2011; Morris et al., 198%his updated prognosis
also describegotential cemorbidities such as cardiovascular disease, evidence of other
neurodegenerative disorders like early Parkinsonism, and medications that could affect
cognition andthat disqualify a patient from a probable AD diagn@slsKhann et al.,

2011)

While not mentioned iAD diagnostic criteria, nuclear medidechniquegan be
usedto differentiate AD from other conditionghen there is an atypical disease course
(Health Quality Ontario, 2014Computed tomograph¥C{I) scangrovide stuctural
images of the brain based otissues susceptibility to-ray penetratior(Pasi et al.,

2011) Magnetic resonance imaging (MRI3es a magnetic field and radio waves
causng protons in the wateand othemolecules in tissue to align with the magnetic
field. Sensors detect tlemergy emitted by the protons as they realign once the field is
turned off(Berger, 2002)While structural imaging modalities cannot be used to
diagnose AD alone, they can be used to confirm struatbeaigesn the brainthat could
beassociatedavith thedeposition of AD neuropathologyhesemodalities can also be
used taule outothercauses of cognitivenpairment such as strokéMendez et al.,

1992; Pasi et al., 20L1YIRI is used for identical reasoasCT, but can provide higher
resolution imagethatallow for the detection of more subtle structural and vascular

changs (Frisoni et al., 2010; Pasi et al., 2013upporting evidence for an AD diagnosis
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using either CT or MRI includes focal volume loss in the entorhinal c@&€xand
hippocampus, generalized cortical volume J@s&l ventricular enlargeme(krisoni et

al., 2010; Pasi et al., 2011)

1.4.1.2. Preclinical diagnostic techniques

Since thantroduction of theoriginal CERAD criteriathe field has made
significant progress in the development of neuroimaging techniques and cerebral spinal
fluid (CSF)and bloodbasecdassays for AD biomarke(8lennow and Zetterberg, 2018;
Hampel et al., 2018However, the se of AD biomarkers remains a feature of research
to inaease confidence that clinical symptoms can be attributable to AD pathophysiology
(McKhann et al., 2011 )although consensus recommendations have recently been made
to begin integrating AD biomarkers into clinical 8abois et &, 2021; Pemberton et
al., 2022)

Positron emission tomography (PEAfdsingle photon emission computed
tomography (SPECT) both use raézersto visualize neuropathological aggregates,
and brain functiomn vivo (Valotassiou et al., 2011Both imaging modalities work
similarly, the difference being that PET ssameasure themission of positrons while
SPECT imaging measures gamma r&@8ath modalities have different strengtRET
has greater sensitivity and resolutiamereas SPECT has the potential for dual tracer use
(Rahmim and Zaidi, 2008PET radioligandghattargetA b wWi'Q]Pittsburgh
compound Bor [*éF]florbetapir(Clark et al., 2011; Landau et al., 201&8hdmore
recently, tau withfF]flortaucipir (Leuzy et al., 2019re most commonly used to
Vi sual i ze neur op a tldgues amdtaudNBTs respectiveBpangesotd A D

regional glucose metabolism calsobe examined witl2-deoxy-2-[*8F]fluoro-D-glucose
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PET or [*®™Tc]-hexamethyl propylene amine oxime SPEGTRD patients who
typically exhibit reducedemporoparietaliptake(Coleman, 2005; Valotassiou et al.,
2015) Additional PET and SPECT tracers are being develtp&tgetother AD
biomarkerssuch asutyrylcholinesterase (BChibarvesh, 2016; DeBay et al., 2017,
Macdonald etla 2010)

The development of CSF and blebdsed biomarkers have also focused primarily
i n det ect i n,dau,anidasurgftasenti light, Arbarker of neuronal injury,
vivoas a lower cost alternative to radioimag(Béennow and Zetterberg, 2018ampel
et al., 2018)The abundance of Abiomarkersn patient CSFand blood plasmean be
guantifiedwith immunePCR,immunoassay®r mass spectromgt{Blennow and
Zetterberg, 2018; Schroder et al., 2QBihough this is not standard of care in Canada
(Ismail et al.,2020) While both techniques usédienticaldetection strategies, blood
sample collection is less invasive than the lumbar puncture required to extract CSF and
most health care professionals are already trained to perform blood(tfampel et al.,
2018) Increased total tauhpsphorylatedau andneurofilamentevels,along witha
lower42-amino acidA b /-d @i n o a c |ade assdriatedavithiclmical AD in CSF
(Andreasen et al., 1999; Blenn@wal., 1995; Delaby et al., 2022; Dhiman et al., 2020;
Grundkelgbal et al., 1986and blood plasméBrickman et al., 2021; Jiao et al., 2021;

West et al., 2021)

1.41.3. Treatment
Treatment of AD is complicated by both limitations in clinical diagnostics and our

lack of understanding of AD pathophysiolodgiyus,preventing the development of more

effective pharmacologic therapidhe presence b and t au has resul t e
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aggregate clearance through immunizatfaeled by positive results in rodent models
(CastilloCarranza et al., 2015; Wilcock et al., 20a3pwever, all of these trials have
failed to produce clinically meaningful resuitshumangGiacobini and Gold, 2013;
SanduskyBeltran and Sigurdsson, 202@8ducanumab, a monoclonal antibody targeting
A b(Sevigny et al., 2016)asthe first of thesemmundherapiesapproved byhe United
States Food and Drug Administrationan accelerated process despite a near unanimous
vote to reject the drug by tind>eripheral and CNS Drugs Advisory Committeevas
stated thathe drugs manufacturer, Biogdailed topresent sufficien¢vidence to
correlate biomarker changes with cognitbenefitsat the proposed dose, indicating a
need for further research prove it has a positive effeah cognition(Knopman et al.,
2021)

The current standard for AD treatment eelinesterase inhibito(<hls),
namely rivastigmine, galantamine, and donepezil, which offer modest improvement in
cognitive and behavioural symptoraad slove the rate of cognitive decli{Birks,
2006) Memantine, an NmethytD-aspartate rstagonistis sometimes used in conjunction
with Chls enhancing their effeci®latsuzono et al., 2015andit has been recommended
over Chl monotherap§Schmidt et al., 2015While Chlsare usually onlyprescribedor
a short period of - months, evidence suggests thatse drugbave long term efficacy
from 1-5 yearsandoffer a stabilizing effect in some patients, allowing them to live at
homewith a better quality of life for longgiGiacobini et al., 2022However, many AD
patients are not offeredhlsor areprescribeda suboptimal dos@eardorff and

Grossberg, 2016; Giacobini et al., 2022)addition to explorig novel therapies for AD,
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re-evaluation of thee approved drugand how we use them mawgprove standard of

care for AD patientand reduce healthcare burd&iacobini et al., 2022)

1.4.1.4. Neuropathologcal evaluation

In addition to clinical consensus criteria for AD, CERAD also proptsedirst
major consensuxiteriafor theneuropathological diagnosis of AMirra et al., 1991)

Gross neuropathological changes of the brain, spinal cord, meninges and vessels
should beexamined, and any abnormalities nofstirra et al.,1991) Such changes
shouldincludeevidence otortical atrophy and ventricular enlargement, along with
evidence of possible comorbid conditiqesy.,pallor of the substantia nigeand locus
coeruleusthe presence affarcts, hemorrhages, and atheaierosis.

Microscopicchanges are then examined in five bragionscontaining the middle

frontal gyrus, superior and middle temporal gyrus, inferior parietal lobule, hippocampus
andEC, and midbrainncluding the substantia nig(&irra et al., 1991)Histochemical
techniquessuch asThioflavin-S orBielschavsky silver stainingareused for

visualization ofneuritic plaques and NFTs, amdmunohistochemicdkechniques may

alternatively be used tovisualitau.F i br i | | ar appeéauoNFTg Ab pl ag
abundancés semiquantitatively scored as sparse, moderate, or frequent in a medium
powerfield (Fig. 12). Age-related plaque score is determined to roughly account for the
deposition of Ab plaque pathology associ at
pathology in the frontal, temporal, and parietal cortices. Finally, the clinical history of the
patient is integrated with the neuropathological findings. A history of demantia
combination with sufficient neuropathol ogi

age at death is required for a neuropathological AD diagnosis. Findings of additional
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Figure 1.2 Photomicrographs depicted representative fiefdsew of tissue stained for

pb-amyl oi d

based

on
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score of 0 (A), sparse (B), moderate (C), and frequent\iDja et al., 1991)
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comorbid conditions, such as infarcts associated with vascular dementia, or pallor of the
substantimi gra associated with Parkinsonds dise
confidence that dementia can solely be attributed to AD neuropathology. A

neuropathologist must rank concurrent conditions by their suspected contribution to the
dementia phenotype.

The NIA-AA proposed a revision to AD neuropathological diagnostic criteria that
incorporates the predominant neuropathol og
NFTs, and neuritic plaques throughout the disease course, often referred to as ABC score,
andal so screens for other commonsynookeimr opat hol
(Montine et al., 2012)

The O0A6 aspect i s based on tMoetineleh a l pha
al., 2012; Thaletal.,2002) Local i zation of ADb pl aapere pat |
is as follows(Thal et al., 2002)no deposition indicates phase 0, deposition in frontal,
parietal, temporal, and ocdigl cortices indicates phase 1, deposition in entorhinal
regions, CALl of the hippocampus and insular cortex indicates phase 2, deposition in
specific regions of basal forebrain indicates phase 3, deposition in specific midbrain and
medulla structures indates phase 4, and deposition in specific regions of the pons, and
often cerebellum, indicates phase 5. Each sequential phase includes the identification of
Ab plaque pathology in the regions describ

ABC scoing simplifies Thal pase intdour GAéscoregMontine et al., 2012)A
Thal phase of 0 corr eThg phasdal or2wouldreceidedd scor
®Abscore of 1, a Thal phase ofWduld receive ardAdscore of 2, and a Thal phasedof

or 5would receive aifAdscore of IMontine et al., 2012; Thal ei., 2002)
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The@daspect of th&BC score is Braaland Braakstaging of tau NFT
deposition(Braak et al., 2006; Braak and Braak9%9Montine et al., 2012NFTs are
identified in the following structures in eaBnaakstage 0 denotes no NFTs identified, |
denotes deposition in thnsentorhinal regigrl indicates depositiom the entorhinal
region, lll denotes deposition in the fusiform gyrus, IV denotes deposition in the medial
temporal gyrus, V denotes deposition in the peristriate region of the occipital lobe, and VI
denotes deposition in the parastriate and striates afatie occipital cortefBraak et al.,
2006; Braak and Braak, 199%)ach stage includes the fimdis of the previous stages.
ABC scoring simplifies Braak stage into fo
to a 06B6 score of 0, a Braak stage of | or
stageoV or VI corr espo (Modineetal., 20120 B6 score of 3
Theddaspect of the score incorporates CERAD scoring for neuritic plaques
(Mirra et al., 1991; Montine et al., 2012jsing either Thioflavif6 or Bielschowsky
silver stainingNeuritic plaque deposition is examined in the middle frontopolar gyrus,
superior and middle temporal gyrus, and inferior parietal lobuleassigned a semi
guantitative score of absent, sparse, moderate, or fre(iignL2) , corr espondi n(
scores of 0 through 3 respectively
ABC score is then translated imot, low, intermediatepr high degree of AD
neuropathologic changessuming neuropathology characteristic of other
neurodegenerative disegg9@ablel.2 Montine et al., 2012)Evidence of Lewy body
disease, cerebvascular disease, hippocampal sclerosis, and TAR-DINdAing protein

43 inclusions should also be reported and may indicate-ABDoor mixed diagnosis.
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Table1.2ABC score for | evel of Al zhei mer 6s
AD neuropathologic change B

A C Oorl 2 3

0 0 Not Not Not

1 Oorl Low Low Low
20r3 Low Intermediate | Intermediate

2 Any C Low Intermediate | Intermediaté

3 Oorl Low Intermediate | Intermediaté
20r3 Low Intermediate High

Adapted fromMontineet al.(2012)
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1.5. The Cholinergic System

The cholinergic system refers to tielecular and neuronal networks that utilize
the neurotransmitter acetylcholi(®Ch; Fig. 1.3A; English and Jones, 201ACh is
synthesised in neursrexpressing the enzyme choline acetyltransferase, which catalyzes
the transfer of an acetyl group from acetyl coenzyme A to ch@liamdor and Brown,
1999) Newly synthesized ACls transported in vesicles bound to vesicular ACh
transport and released at the syngpsglor and Brown, 1999ACh can bind to one of
two receptor subtypebgand-gated nicotiic ACh receptors and-@rotein coupled
muscarinic ACh receptof®ani and Bertrand, 2007; van Koppen daiser, 2003)
Nicotinic ACh receptorgnAChR)are found in the CNS and peripheral nervous system,
and mediate fast, excitatory neurotransmission for processes such as cognitive asnction
well assynaptic transmission from nerves to muséhs et al., 202Q)Muscarinic ACh
receptormAChR), howeverare found in the CNS and parasympathetic nervous system
where they modulate neurorexcitability and initiate parasympathetic responses such as
smooth muscle contraction or hormone secrd(ismi and Kurachi, 2006)Cholinergic
neurotransmission is eegulated by thenzymes acetylcholinesterase (AChE) and
BChE, which catalyze ACh hydrolygiParvesh et al., 2010)

Cholinergic dysfunctiois characteristic of AD pathophysiology different
stages in ACh neurotransmissi@terreiraVieira et al., 2016)Selective loss of choline
acetyltransferase expressing neurons reduces acetylcholine avgi(sfilitehouse et
al., 1981) There is also aelective loss ohAChRspositive synapses the hippocampus
and cerebral cortex in AQDddo and LaFerla, 2006IAChRsspecifically have been

implicatedwith severe dementia associated viitipaired mAChR &orotein coupling
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Figure 1.3 Thelife cycle of acetylcholindACh; Adapted fromEnglish and Jones, 2012)
(A) and cholinergic pathways in the centnakvous syster(Adapted fromBertrand and
Wallace, 2020; Hedreen et al., 198B). ACh is synthesized from acet#@loA and

choline by the enzyme choline acetyltransferase (ChAT) (A). Acetylcholine is then
packagd into vesicles by vesicul#&Ch transporter (VAChT) and released at the
synapse where it can bind to one of two receptor typedigandgated ion channel,
nicotinic ACh receptor (hnAChR) anthe Gprotein coupled muscarin&Ch receptors
(mAChR). nAChRare postsynaptic and are responsible for rapid depolarization of the
cholinoceptive neuron whileWlAChR aremost notably responsible for presynaptic
modulaton as well as post synaptic recovery response. Acetylcholinesterase (AChE) and
butyrylcholinesteras (BChE) are coegulators of cholinergic neurotransmission, through
the hydrolysis oACh. The choline molecules this produces can be taken up into the
presynaptic terminal by choline transporters, to produce mGte The basal forebrain

and brainstem arthe two main cholinergic centres of the central nervous system (B).
Basal forebrain cholinergic neurons project to the cerebral cortex, hippocampal
formation,amygdalaolfactory bulb, and thalamwshereas brainstem cholinergic neurons
project to the basganglia, thalamus, hypothalamasnygdalapasal forebrain,
cerebellum, anthe periphery

24



(Tsang et al., 2006MAChRs agonists been shown to redufepfoduction(Buxbaum
et al., 1992pand tau phosphorylatidifrorlenza et al., 200@roviding an alternative
target for AD therapeutics. Finally, and most pertinent to this thesis, AChdd¢igra
particularly in the cerebral cortex, is dysregulgtigdrvesh et al., 2010; Geula and

Mesulam, 1989a; Macdonald et al., 2Q17)

1.5.1. Cognition and the Choinergic System

Cholinergic neurotransmission is responsible for cognition in the CNS, as well as
chemical transmission at the neuromuscular junction, autonomic nervous system, and the
peripheral nervous systefianglish and Jones, 2012)he CNS has two main cholinergic
pathwaygqFig. 1.3B) The magnocellular basal forebrain is comprised oficbi@ic
neurons in th@ucleus basalis of Meynert (nbM), medial septal nucleus (MS) and
diagonal band of Broc@dedreen et al., 1984¢holinergic neurons in the nbM project to
the neocortex, while those in both the MS and the diagonal band of Broca project to the
hippocampus and the olfactory systéertrand and Wallace, 2020)dditionally, the
MS has neurons which project to the EC, and amyd@&aearand and Wallace, 2020; Liu
et al., 2018) The brainstem cholinergic pathway has cholinergic neurons in the
pedunculopontine nucleus and pontine tegmental nucleus which projecthaldmaus
and basal forebraifBertrand and Wallace, 2020)

Pharmacological, lesion, and functional MRI studies have implicated cholinergic
neurotransmission in executive function, learning and meifBokland, 1995; Newman
etal., 2012) The nbM and the MS are involved in cognition due to their projection to
frontal cortices and the hippocamg@dokland, 1995; Newman et al., 201Zhe

contribution of cholinergic neurons of the nbM to cognition has been further
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demonstrated by their role in AD. There is a significant loss of neurons in the nbM in AD
(Whitehouse et al., 1981and reduced expression of choline acetyltransferase in frontal
and temporal cortice®artus et al., 1982; Wilcock et al., 198Zhese findings resulted

in the formation of the cholinergic hypothesis of AD, that observed cognitive decline is

associated with cholinergic dysfuncti@artus et al., 1982)

1.5.2. Cholinesterases

AChE and BChE are serine hydrolases which coregulate cholinergic
neurotransmission through the degradation of AlQdrvesh et al., 2003a; Leuzinger,
1969) Historically, early work demonstradthat only AChE hd a critical role in neural
developmen(Bigbee et al., 1999and nerve impulse transmissigtawkins and Gunter,
1946; Mendel et al., 1948pusedesearch exploring thehysiological functiorof BChE
to stagnatdor decades until its use as protection against organophosphate poisoning was
demonstrate@Broomfield et al., 1991)AChE knockout miceexpress several
developmental delays, behavioural deficits, motor dysfunction and experience early death
in adulthoodrom seizures or loss of gastrointestinal functiont are still viabldDuysen
et al., 2002)AChE mutationghat result in a loss of functidrave not been identified in
humansimplying fetal letlality (Lockridge et al., 2016 However,BChE knockout
mice(Li et al., 2008) and humaswho expressne of the 34 identified BChE mutations
which result in a loss of the enzyme functitockridge et al., 2016; Manoharan et al.,
2007)are healthylnterest in BChEjrewasi t 6 s physi ol ogi cal redun
does not interfere with other systefasclinical applicationgLockridge et al., 2016)
Additionally, BChE was demonstrated to regulate cholinergic neurotransmission in the

brain(Mesulam et al., 2002)
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The enzymatic activity of both AChE and BChE is due to-& 2i2epactive site
gorge containing a catalytic triad of serine, histidine, and glutamate regitinetet et
al., 2003; Sussman et al., 199The different substrate affinities of AChE and BChE is
attributable to the aromatic residyggsent in the gorge, with AChE expressing 10 while
BChEexpresses 84 Har e | et al ., 1Thi9 &counk fodtheldiffeeent al . |
kinetic response to ACh concentrations, namdeBhE is very efficient approaching
diffusion controlled rateat lowconcentrations of ACh but is inhibited at high
concentration¢Silver, 1974; Szegletes et al., 199BLChE, however, is more efficient at
low concentrations of AC[Silver, 1974)

In additiontotemi nat i ng cholinergic neluasogiraalsdmi
roles can be attributed to AChE and BGhtumangSilman, 2021)AChE acts as an
adhesion molecule in certain contexts, such as at the neuromuscular j@iRotiomdo et
al., 2008)and during embryonic developmd@enever et al., 1999; Paraoanu et al.,
2006) AChE, and potentially BChE, may have a direct trophic effect on neurite
outgrowth and synapse developmgitman, 2021; Sternfeld et al., 1998)d AMPA
reeptor potentiatioriOlivera et al., 2003)Both cholinesterases are capable of
hydrolyzing a wide range of estd&ilman, 2021)with BChE notably ble to hydrolyze
heroin(Williams et al., 2019and cocainéStewart et al., 197%emonstrating a potential
for use as a clinical detoxicafitarrimore et al., 2020BChE may also have a specific
role in regulating théunger hormone ghrelin in plasr{ahen et al., 2015)nteractions
via the peripheral aniongiteof cholinesterasemay pr omot e AbnADIi br i | f
(De Ferrari et al., 2001Yhe rapid rate at which@hE hydrolyzes ACh results in the

accumulation of protonsreating a more acidic microenvironment, which may have
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localized effects such as increased ion channel gene(&iloman, 2021)Finally, AChE
is necessary during apoptosis for formation of the apoptog@ark et al., 2004and its

function as a DNasgu et al., 2015)

1.5.3. Normal Cholinesterase Distribution

AChE and BChEhave distincpatterns of distribution in the normadain
(Darvesh et al., 1998; Darvesh and Hopkins, 2003; Green and Mesulam, 1988; Mesulam
and Geula, 1991 AChE-pasitive neuronsreobserved throughout the cerebral cortex,
hippocampus and other subcortical structkdssulam et al., 1983; Mesulam aGeéula,
1991; Selden et al., 1998)ChE is onsistently associated with cholinergic and
cholinoceptive neurons&nd cholinergic positive fibres are visible at the terminal ends of
medial and lateral cholinergic pathwasesulam et al., 1983; Mesulam and Geula,
1991; Selden et al., 1998)euronal expression &ChE is less widespreadnd isfound
in distinct neuronal populations in the amygdala, hippocampal formation and thalamus
(Darvesh et al., 1998; Darvesh and Hopkins, 20BBhE is also expresseddortical
white matter and gliacells(Darvesh et al., 1998; Darvesh et al., 2010; Darvesh and

Hopkins, 2003; Mesulam et al., 2002)

1.5.4. Cholinesterassin AD

Cholinesterasexpression in the brain is altered in ADecrease@®ChE activity
and increaseBChE activityin the cerebral cortexas well as the association of
cholinesterase activity with Ab pDameplues t h
et al., 2010; Geula and Mesulam, 1989a; Macdonald et al., . 2Da&)o low expression
of BChE in the normal cerebral corteeampared tAChE, increased BChE activity in

the @rebral cortex has been proposedraglaaldiagnostic biomarker for ADarvesh,
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2016; DeBay et al., 2017; Macdonald et 2017) BChE associates with a subset of
predominantly fibrillar Ab plfibrdarAbB associ a
plaques often observed @ognitively normablder adult{Fig. 14; Macdonald et al.,

2017) It has been proposed that BChE may be involved in the maturation of benign, non
fibrillar plaques to neurotoxic, fibrillar plaquebserved in AD(Darvesh et al., 2012;
Mesulam and Geula, 1994; Reid and Darvesh, 2@flinesterashavealsobeen

observed to associate witliu NFTsin AD (Cash et al., 2021; Gomé&zamos et al.,
1992;Hamodat et al., 2017; Mesulam and Asuncion Moran, 1981yrn, BChE has not
been shown to associate with tau pathologsoirticobasal degeneratian

frontotemporal dementja-syhucleinpathologyin dementia with Lewy bodies or

infarcts in vascular dementfgig. 15; Macdonald et al., 2017Jhe importance of
cholinesterase expressitmAD pathophysiology is also demonstrated by the use of
cholinesterase inhibitors for the treatment of AD to increase ACh availgilits,

2006; Giacobini et al., 2022)

1.6. Thesis Objective and Hypothesis

It has been an aim of the Darvesh Research Group to identify more sensitive and
specific biomarkers for AD. Imaging technigues, the only window into the brain during
an AD patientds | ifetime, have predominant
aggregates associated with AD pathophysi ol
However,none of these features are specific to AD. The development of diagnostics
targeting a sensitive and specific biomarker for AD are a necessary step for optimal
clinical management of the disease and to determine applicability of therapies as they are

discovered.
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Figure 1.4 Photomicrographs of pestortem human orbitofrontal cortex from normal
(A, D,G), cognitively normal with Ab plaque
stained foramyloicb ( A, B, C)-S (D,E,R)aml butyeylghblinesterase (BChE,

G,H,l). Note, no BChE staining in normal orbitofrontal cortex (G), paucity of BChE
activity associated with NwAD brain pathol
(). Scale bar for all frames (A) = PVadilonaldret al., 2017)
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Figure 1.5 Photomicrographs of pestortem human entorhinal cortex from corticobasal
degeneration (A,B), frontotemporal dementia with tau (C,D), dementia with Lewy bodies

(E, F), and vascular dementi a {yayclEin(E)st ai ned
A b (n@ butyylcholinesterase (BChE) activity (B,D,F,H). Note, insets are higher
magnification photomicrographs demonstrating examples of the pathology observed in

each of the neurodegenerative diseases including neurofibrillary tangles (A), neuropil

threads ad degenerating neurites (C), Lewy bodies (E), and intraneuronal inclusions (G).
Note, BChE staining was limited to a few scattered cortical neurons (insets B,D,F,H) and

did not label pathological structures in these neurodegenerative diseases. Scakbbars =

em, I ns éMacdonal@et a.2017)
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The objectiveof this thesis was to examiénicopathological correlates and the
specificity ofneurodegeneratieassociated proteins in tauopathy and aging.
Cholinesterase expression, particularly BQWwasfurtherevaluated as potential
biomarkerfor AD compared to octogenarians and older, and PSP to validate its use as a
sensitive and specifidagnostic targetor the disease

We hypothesizethat neuropathological aggregates would not correlate well with
clinical outcomes in tauopathy and aging, nor would they be specific to
neurodegenerative disease when compared to aged individlddlgonally, we
hypothesized that BChE would be sensitivel specific to ABassociated

neuropathology.

1.7. Chapter Overviews

The following three chapters outline work to address the objective of this thesis,
to identify clinicopathological correlates in tauopathy and aging@adaluate the
specificity and sengitity of BChE as a biomarker for AD.

Chapter 2 describesd compareseuropathological and cholinesterase
expression irseverakegions vital to cognition withihumancognitively normal
octogenarians and oldandAD brains.This study sought to establish thieundancef
neuropathology in a very old population and identifgkx@hE andBChE associate with
plaque pathology differently than previous studies in a younger normal population
(Macdonald et al., 2017)

Chapter 3 describes neuropathological and cholinesterase expression in the rostral
prefrontal cortex, a region implicated in executive functiothetauopathieBSPand

AD, andin cognitively normal human brains. iBhstudy sought to evaluate the
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specificity of AChE andBChE toAD associated neuropathology relativehe tau
positiveglial aggregatesharacteristic oPSP.

In Chapter 4yve described a nov€lanadian familyvith arareMAPT mutation
Clinical and neuropathological findings are compawétiin thefamily and to three
previously reported families with the same mutatibims study sought to examine
clinicopathological correltes in tauopathy with a known cause.

Chapters consolidates the findings of the previous chapters and affers
discussion of future directions pertaining to the association of neuropathology with
neurodegeneration and evaluating the role of BChE inT&i@.significance of this thesis

will then be contextualised within current literature and discussed.

1.8. Authorship
All work included herein was predominantly investigated, curated, analyized)ized,

and written by the student.
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CHAPTER 2 Clinicopathological Correlates inAging: Neuropathology and

Cholinesterase Expression irDctogenarians and Older

2.1. Publication Status

Published manuscript presented with permission.

S.P. Maxwell, M.K. Cash, S. Darvesh. Neuropathology and cholinesterase expression in
the brains obctogenarians and oldé€Zhem Biol. Interad. 364.DOI:

10.1016/j.chi.2022.110065

2.2. Overview

The following chapter examines expression of neuropathological aggregates and
cholinesterases the rostral prefrontal cortex and hippocampal formatiocoghitively
normal octogenarians andoldeo mpar ed t o Al zhei mer 6s di sea:

of neuropathological resiliency.

2.3. Abstract

A subset of octogenarians and older maintain normal cognitive function (CNOO)
despite high prevalence and incidence of cognitive decline attributed to
neurodegeneration or aging in the population. The rostral prefrontal cortex (rPFC) and
hippocampal forma&in are brain regions integral to cognition, namely attention and
memory, facilitated in part by cholinergic innervation. We hypothesized that preserved
cholinergic neurotransmission in these regions contributes to intact cognition in the
CNOO. To test tlH, we evaluated the burden of neuropathological and cholinesterase
associated protein aggregates in the rPFC and hippocampal formation. Tissues from age
andsexmat ched CNOO and Al zhei mer6s disease (A

wer e st aamnleai d o( Ayliclein, phesphorylated TAR DNBinding
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protein 43 (pTDR43), acetylcholinesterase (AChE), and butyrylcholinesterase (BChE).
The relative abundance of neuropathological aggregates was|santitatively scored.
Deposi ti ons,@adneukdibrillady mnglesgNFT) and pTi3B inclusions
were comparable between CNOO a+pabiveD cases.
thorny astrocytes consistent with agirgjated tau astrogliopathy, were also noted in the
rPFC. Abundance of BChpostive plaque pathology was significantly higher in AD

than in CNOO cases in most regions of interest, followed closely by abundance of AChE
positive plaque pathology. BChE and ACaéivities were also associated with varied

NFT morphologies. CNOO cases miained cognition despite a high neuropathological
burden in the rPFC and hippocampal formation. B{bEitive and, to a lesser extent,
AChE-positive pathologies were significantly lower in most regions in the CNOO
compared to AD. This suggests a spedyiaf cholinesterasassociated neuropathology
with AD. We conclude that while CNOO have cholinestei@ssociated neuropathology

in the rPFC and hippocampal formation, abundance in this population is significantly

lower compared to AD which may contributetheir intact cognition.

2.4. Introduction

Successful aging, as defined Rgwe and KahifRowe and Kahn, 199/)equires
the absence of disease and diseatxed disability, high cognitive and physical
function, and active engagement with life. The global population of the -alttist
defined as individuals at least 80 years and old@rojected to triple between 2015 and
2050(He et al., 2016)However, this population has the highest prevalence efedgied
neurodegenerative disord€kou et al., 2019) such as Al zhei mer 6s

(Al zhei mer 6 s Aas wall asiagetlated cognitive Gezlihe) separate from
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pathological neurodegenerative procegdasrman, 2015)Given that a decline in
cognitive function correlates with a lower quality of Ifféussenoeder et al., 202@)is
vital to understand how certain individuals age successfully.

A subset of the oldestld, the cognitively normal octogenarians and older
(CNOO), do not exhibit cognitive declin@®iu and Fratiglioni, 2018)The prevailing
hypotheses for successful brain aging in this population relies aitivegeserveStern,
2002) -afmy | o i (dansenteba)., 28), tau(Nelson et al., 2012) -syhuclein
(Mikolaenko et al., 2005)and phosphorylatedAR DNA-binding protein 43 (pTDR3)
(Nascimento et al., 2018ygregates are common in normal older adult brains. Therefore,
mechanism(s) must exist to compensate &hplogical changes allowing for neural
processes, such as cognitive function, to be maintéBtedn, 2002)Protective lifestyle
factors which may affect cognitive reserve have been identified including education,
exercise, social interactipand several othef&ivingston et al., 2020)Higher education,
for example, has been correlated with increased functional connectivity in older adults
(Chen et al., 2019However, the mechanism(s) by which other neuroprotective factors
act to increase cognitive reserve have not been elucidated. Frailty, a collective decline in
physiological function, also influences clinical outcomes inalldestold with less frail
individuals having a lower incidence of dementia despite high neuropathological load
(Wallace et al., 2020)

The rostral prefrontal cortex (rPFRaz et al., 1997and hippocampu@\obis et
al., 2019; Schuff et al., 1998ave been identified as regions that undergo volume loss in
the aging brain. flese regions are also implicated in many facets of cognition, such as

memory(Preston and Eichenbaum, 2013; Squire, 189#8)executive function
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(Funahashi, 2017; Reuben et al., 2011; Rossi et al., 2008)e hippocampal atrophy
has been consistently observed in A& Leon et al., 1997; Jack et al., 1988}lis a
predictor of conversiorrém mild cognitive impairment to Al@Jack et al., 1999}he
rPFC is an understudied area under both physiological and pathological conditions.
Both the rPFC and hippocampus are richly innervated by cholinergic projections,
with the rPFC receiving cholinergic innervation from the nucleus basalis of Meyudert an
the hippocampus receiving major cholinergic input from the medial septal nucleus and
vertical limb of the diagonal band nuclgddesulam et al., 1983; Mesulam and Geula,
1988) Cholinergic neurotransmissios vital to cognition, asholinergicdysfunction
leads to cognitive and behavioural disturbances in@éyle et al., 1983)This includes
the loss of the neurotransmitter, acetylcholine, and reduced activity of its synthesizing
enzyme, choline acetyltransferasel &s hydrolyzing enzyme, acetylcholinesterase
(AChE) (Davies and Maloney, 1976; Perry et al., 1978; Wilcock et al., 1982)
Butyrylcholinesterase (BChE), an enzyme whickregulates acetylcholine hydrolysis
with AChE, has increased or unchanged activity in(8DDarvesh et al., 2010; Perry et
al.,1978) A ChE and BChE activities are associ af
neurofibrillary tangles (NFTs) in AS. Darvesh et al., 2010; Geula and Mesulam, 1995;
Macdonald et al., 2017However, increased cortical BChE activity has beenvshto
have preferential accumulation in fibrillar plaques in AD compared to diffuse plagues
typically observed in cognitively normal brai(i3arvesh et al., 2012; Macdonald et al.,
2017; Mesulam and Geula, 199Fhe importance of cholinergic signalling is further
demonstrated by the effectiveness of cholinesterase inhibitors in improving cognitive

function and, consequentially, daily ing in AD patientgBirks, 2006)
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Based on the above observations, we hypothesized that preservation of the
cholinergic system in the rPFC and hippocampal formation is one means by which
cognition is maintained in the CNOO. We examined andpawed the neuropathological
load and cholinesterase involvement within the rPFC and hippocampal formation of
CNOO and AD brains to test the hypothesis that cholinergic preservation is a potential
mechanism of optimal cognitive aging. Neuropathologicaléurxd of Ab, t au, U

synuclein, and pTDR3, as well as AChE and BChE activities, were assessed in the

rPFC and hippocampal formation in these two groups.

2.5. Materials and Methods

2.5.1. Brain Tissues

Postmortem brain tissues were obtained from the Maritime Brain &iBsunk
(Halifax, Nova Scotia, Canada) with approval from the Nova Scotia Health Research
Ethics Board. These included sexd agematched brains from 10 CNOO and 10 AD
cases. In this study, CNOO cases were defined as individuals who were 80 years and
older with no clinical history of dementia, and AD cases fulfilled clin{sdé¢Khann et
al., 2011)and neuropathologicéMontine et al., 2012jliagnostic criteria for AD.
Demographic details of all cases are summed in Table2.1.

Brains were bisected at the midline during autopsy with half of the brain used for
neuropathological diagnosis by a neuropathologist, and the other half sent to the
Maritime Brain Tissue Bank. The latter half, once reediby the Maritime Brain Tissue

Bank, was cut into-2 cm coronal slabs, then immersion fixed in 10% formalin in 0.1 M
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Table 2.1Demographic details

Case Sex Age (y) Brain Braak CERAD Plaque
Weight Stage  Score(Mirra et
(9) (Braak al., 1991)
et al.,
2006)
= CNOO1 F 82 1240 v Sparse
_3 CNOO2 F 86 1430 \Y Moderate
g _2 CNOO3 F 89 1294 I SparseModerate
g 5. CNOO4 F 96 1303 1] ModerateFrequent
> 8 CNOO5 F 109 1065 Vi ModerateFrequent
E % g CNOO6 M 89 1365 [ Sparse
g S ~ CNOO7 M 91 1195 Il Sparse
8 S CNOO8 M 92 1386 Il Moderatefrequent
3 CNOO9 M 93 1650 I Moderatefrequent
CNOO10 M 101 1126 Il Sparse
= AD1 F 87 1030 VI Frequent
< AD2 F 91 1210 VI Frequent
® AD3 F 92 1009 \Y, Frequent
s AD4 F 93 990 \% Frequent
2 AD5 F 99 1024 Y Frequent
n ADG6 M 86 1440 Vi Frequent
GE’ AD7 M 92 1230 v Frequent
I ADS8 M 90 1350 VI Frequent
g AD9 M 92 1149 VI Frequent
AD10 M 98 1066 \% Frequent
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phosphate buffer (PB; pH 7.4) at 4 °C fer flays. Tissue blocks from the rPFC and
hippocampal formation were cryoprotected in increasing concentrations of sucrose,
ranging from 10% to 40% in PB, for approximately 2 days at each concentration. Tissue
wasstored in 40% sucrose in PB with 0.6% sodium azide at 4 °C prior to sectioning.
Note, hippocampal tissue was unavailable for €407 due to excessive white matter
degeneration.

The cryoprotected tissue blocks from the rPFC and hippocampal formation were
cut with a Leica SM2000R microtome (Leica Microsystems Inc., Nussloch, Germany)
with a Physitemp freezing stage and BFBVIPA controller (Physitemp Instruments
LLC, Clifton, NJ, United States) in 50 e&m
sucrosewith 0.6% sodium azide in PB &0 °C until they were required for staining
experimentsanging from 10% to 40% in PB, for approximately 2 days at each
concentration. Tissue was stored in 40% sucrose in PB with 0.6% sodium azide at 4 °C
prior to sectiomg. Note, hippocampal tissue was unavailable for CA#20O7 due to

excessive white matter degeneration.

2.5.2. Immunohistochemical staining

Standard immunohistochemical techniques were employed using specific primary
antibodies (Table aAu2NFTe daeateacatuAbppl agbe
synuclein Lewy bodies and neurites, and pT43xytoplasmic inclusions and dystrophic
neurites.

All tissue sections were rinsed in PB f

underwent antigen retrieval which includedinse with 0.5 M PB for 5 min, followed by
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Table 2.2Antibodies used for immunohistochemical staining

Antibody H.O St Dilution Manufacturer Catalogue
Animal Number
Polyclonal anti . . Invitrogen,Rockford, i
amyloid-b-peptide Rabbit  1:400 IL, United States 71-5800
Polvclonal anti DakoCytomation,
o Rabbit 1:16,000  Santa Clara, CA, A0024
uman tau .
United States
Monoclonal anti- , Invitrogen, Frederick,
synuclein Mouse  1:200 MD, United States 180215
Monoclonal ant
TAR DNA-binding
protein 43, . Cosmo Bio, Tokyo, = CAC-TIP-
phosphe Mouse  1:48,000 Japan PTD-MO1
Ser409/410 (Clone
11-9)
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arinse in distilled water (d#®) for 15 min, gentle agitation in 95% formic acid for 2

min, then five rinses in d® for 1 min, and a final rinse in PB for 30 min. All sections
were placed in 0.3% hydrogen peroxide@g) in PB for 30 min to quench endogenous
peroxidase activity after which they were rinsed in PB for 30 min. Sections to be stained
f o fsynlitlein and pTDR3 underwent antigen retrieval, which included incubaiio

0.01 M citrate buffer (pH @) at 80 °C for 30 min followed by a 30 min rinse in PB. All
sections were incubated overnight-® h) in PB with 0.1% Triton X.00, normal goat
serum (1:100) and the appropriate primary antibody at room temperature. Afterwards,
sections were rinsed foO3nin in PB and incubated in PB with 0.1% TritorLBO,

normal goat serum (1:1000) and the corresponding biotinylated secondary antibody
(1:500) at room temperature fohlSections were then rinsed in PB for 30 min and
incubated in PB with 0.1% Triton-X00 and the Vectastain Elite ABC kit (1:182; PK
6100, Vector Laboratories. Burlingame, CA,
instructions at room temperature for 1 h. After rinsing in PB for 30 min, sections were
devel oped i wiazbbeddhe tetldhyd®qciBoéide (DAB) in PB for 5 min.

For every mL of D®IBPBwaaddedto eadh se@tior8 Yhe H
reaction was stopped by rinsing sections in 0.01 M acetate buffer (pH 3.3) for 30 min. In
control experiments, no staining was ebh®d when the primary antibody was omitted.

All sections were mounted on slides and coverslipped for examination with brightfield
microscopy.

2.5.3. Histochemical staining

A thionin stain for Nissl substance was used to visualize cytoarchitecture of the

rPFC anchippocampal formation as well as a counterstain for immunohistochemically
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s t a i -syeudleinthnd pTDR3 sections as previously descril{ehmodatet al.,
2017)

Histochemical staining to visualize AChE and BChE activities was performed
using a modifiedDarvesh et al., 201®arnovskyRoots metho@Karnovsky and Roots,
1964) All reagents were purchased from SigAddrich (St. Louis, MO, United States).
Tissue sections were rinsed in 0.1 M maleate buffer (MB; pH 7.4) for 30 min, then placed
in 0.15% HO2in MB for 30 min to quench endogenous peroxidase activity. Following a
30 min rinse in MB, the sections were incubated in the KarneRslgts solution
between 3and120 h depending on the fixation time of individual cases. The solution
contained 0.5 mMadium citrate, 0.47 mM cupric sulphate, 0.05 mM potassium
ferricyanide, 0.8 mM butyrylthiocholine iodide (BChE substrate), and 0.01 mM BW 284
C 51 [1,5bis (4allyl dimethylammoniumphenyl) pents8ione dibromide] (AChE
specific inhibitor) in MB at pH 6.8r8.0. A pH of 6.8 was used to visualize
cholinesterase activity associated with neuropathological structures while a pH of 8.0 was
used to visualize cholinesterase activity associated with normal neural structures
including neurons and glia for parceltatiof cytoarchitecturéGeula and Mesulam,
1989a) Sections were rinsed for 30 min in fiHbefore being placed in 0.1% cobalt
chloride in dHO for 10 min. Following a rinse for 30 min in PB, the tissue was incubated
in 1.39 mM DAB in PB for 5 min. Secbofi ons
0.15% HO2in PB per mL of DAB solution. To stop the reaction, sections were rinsed in

0.01 M acetate buffer (pH 3.3) for 30 min.
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Histochemical procedures for the visualization of AGtuHvity were like that of
BChE except 0.4 mM acetylthiocholine iodide (AChE substrate) was used in the presence
of 0.06 nM ethopropazine (BChképecific inhibitor).

Control experiments were carried out to ensure specificity of AChE and BChE
staining as dscribed previouslyDarvesh et al., 2010l sections were mounted on

slides and coverslipped for examination with brightfield microscopy.

2.5.4. Data analysis

Sections containing the rPFC and hippocampal formation were analyzed and
photographed th a Zeiss Axio Scan.Z1 slide scanner with Zen 3.1 Blue Edition
software (Carl Zeiss Canada Ltd, Toronto, Canada). Photomicrographs were colour
balanced, brightness adjusted and assembled using Adobe Photoshop (CS 5, Version
12.0, San Diego, CA, United &es).

Regions of interest were parcellated using sections stained for Nissl substance
with thioninand cholinesterase activity at pH 8.0. After, the abundance, morphology and
di stribution of pat hsyriucemypyTDH43,andfoe AChEvdnd h A b
BChE activity at pH 6.8 was examined in the rPFC of the middle frontopolar @igus
2.1), herein referred to as rPFC, dentate gyrus (DG), hippocampus (cornu Ammonis
(CA1-3)), subicular complex (subiculum, presubiculum (PrS), and parasubiculum (PaS)),
and entorhinal cortex (EC). Unless specified, descriptions of pathological load in the
hippocanpal formation are typically provided for the region identified as the
hippocampal bodyDing and Van Hoesen, 2013 cases where both the hippocampal

body and hea(Ding and Van Hoesen, 201%kre present, we found the hippocampal
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Figure 2.1 Photomicrographs of theedid (a) and coronal (b) views of the middle
frontopolar gyrus (MFPG) in the frontal lobe of the human brain, and the rostral

prefrontal cortex (rPFC) at the level of the MFPG (c, d) stained for Nissl substance with

thionin (c, e) and acetylcholinesterase (& d, f) to demonstrate cytoarchitecture of the

region. Note, the granularity of the cortex and sublaminated layer Ill as distinct

characteristics of the rPFC (e), and moderately stained AfOBHve fibers in layers I,

I, lland V (f). Scalebars=¢ m (a, b)), 1 mm (d), and 250 ¢
corpus callosum, cc; cingulate gyrus, CG; inferior frontopolar gyrus, IFPG; middle

frontopolar gyrusMFPG; medial orbital gyrus, MOrG; rostral gyrus, RoG; superior

frontopolar gyrus, SFPG; straight gyr&G; white matter, WM
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head generally reflected a similar pathological deposition as in the hippocampal body.
Regional abundance of Ab, AChE, and BChE p
and neurites, and pTB#3 cytoplasmic inclusions and dystrophiuntes was analyzed
and scored for each case using a sguaintitative neuropathological approach as
described previously: 0, no pathology; 1, sparse pathology; 2, moderate pathology; 3,
frequent pathologyHamodat et al., 2017)

Mean neuropathol ogi,andBChE glagueg tau NFbsrandAb , A
pTDP-43 cytoplasmic inclusions were compared between the CNOO and AD groups in
each region of interest via an independetedt. Significant differences between mean
neuropathological scores were denoted as follows: §&50*p<0.01; **p<0.001.
Mean neuropathological scores were also compared between sexes in the CNOO and AD
groups, as well as between the CNOO and AD groups within each sex (Supplementary
Information, Supplementary Tabl@sl-A.4). All statistical compasions were performed

using SPSS (IBM Corp, Armonk, NY, United States).

2.6. Results
Sections stained for Nissl substance using thionin, as well as AChE activity at pH
8.0 was used to parcellate the rPFC (RBid), and hippocampal formation (Fig.22 This
permi tted the neur op atARRE andBChEpokitivesptaguesi taug o f A
N F T ssynudlein Lewy bodies, and pTBR neuronal cytoplasmic inclusions (NCls)

within each region of interest.
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Figure 2.2Photomicrographs of horizontal (a) and coronal (b) views of the hippocampal
formation in the temporal lobe of the human brain. Sections stained for Nissl substance
with thionin (c, e, g, i, k, m, 0, q, s) and acetylcholinesterase (d, f, h, j, |, n) depictt

the hippocampal formation (c, d) and lamination of each subregion including dentate
gyrus (e, f)cornuAmmonis (CA) 1 (g, h), CA2 (i, j), CA3 (k, 1), subiculum (m, n),
presubiculum (o, p), parasubiculum (g, r), and entorhinal cortex (s, t).tNet@mnbria

has been removed in (a) to identify the rounded protrusions of the margo denticulatus of
the dentate gyrus (mdDG) . Scale bars = 1 ¢
alveus, al; Cornu ammonis, CA; CA3 (hilar extent), CA3h; dentatesg DG; entorhinal
cortex, EC; fimbria, fi; hippocampus, HI; lateral ventricle, LV; margo denticulatus of the
dentate gyrus, mdDG; parasubiculum, PaS; parahippocampal gyrus, PHG; polymorphic
layer, PL; presubiculum, PrS; subiculum, S; splenium of ®gallosum, scc; stratum
granulosum, SG; stratum lacunosamoleculare, SEM; stratum lucidum, SLu; stratum
moleculare of the dentate gyrus; SMG; stratum oriens, SO; stratum pyramidale, SP;
stratum radiatum, SR; uncus, un; white matter, WM.
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2.6.1. Parcellation of the rostral prefrontal cortex (rPFC)

Cytoarchitectural organization of the rPFC in humans was first described by
Brodmann(Brodmann, 2006)then adopted and further subdivided by Oregal
(Onguretal.,,2003) Brodmannds area 10, or frontopol
is comprised of the anterior quarter of the superior and middle frontal gyri on the lateral
aspect of the brain, bounded by the callosomarginal gyrus nyeainmllthe superior
rostral sulcus inferomediallfFig 2.1a, bBrodmann, 2006)Onguret al.roughly adopted
Brodmanndéds area 10 but extended it further
three regions: 10m occupying the most caudal medialdrsnrface, 10r rostral to 10m,
and 10p occupying the frontal pgl@ngir et al., 2003Niss| substance staining of alll
three regions reveals a neocortex with relatively thick granular layers and a sublaminated
layer Ill. The subdivisionsof &rd manndéds area 10 differ in th
layers Il and IV, and in the development of layer Ill regarding the number of large
pyramidal neurongOngir et al., 2003We examined 10p, based on Ongtiald s
description of a six layerezbrtex with thick layers Il and IV and a weleveloped
sublaminated layer Il (Fig2.1cande) with moderately stained ACHgositive fibers in

layers I, Il, Il and V (Fig2.1d andf; Ongir et al., 2003)

2.6.2. Parcellation of the hippocampal formation

Parcellation of the hippocampal formation (R2ga, b) was originally described
by Ramoén y CajalCajal, 1995)except for the parasubiculum, which was first described
by BrodmannBrodmann, 2006)Later, parcellation of the hippocampal formation was
extended by Insausti and Amotaisausti and Amaral, 201,2nsausti et al. (Insausti et

al., 20T7), and Ding and Van Hoes¢bing and Van Hoesen, 2015ections stained for

50



Nissl substance (Fig.2c), and AChE at pH 8.0 (Fig.2d) were used to demarcate
regions of the hippocampal formati¢@idarvesh et al.,998; Ding and Van Hoesen, 2015;
Green and Mesulam, 198&hich is comprised of the DG, hippocampus, subicular
complex, and EC.

The DG consists of the molecular, granular, and polymorphic layers2(Fey.
andf). The superficial, medial aspect of th&s known as margo denticulatus (Fig.
2.2aandc; Klingler, 1948) The margo denticulatus is a tgpaphical feature of the DG,
so hamed because of the tetike or serrated projections that protrude along its medial
surface (Fig2.2a). It is important to distinguish margo denticulatus from the hilar aspect
as we observed differential distributionpEthology in the DG.

The hippocampus is divided into layers consisting of the alveus fiber tract,
stratum oriens, stratum pyramidale, stratum lucidum, stratum radiatum, and stratum
lacunosurrmoleculare from the most superficial to deepest layer (F2g-12Ding and
Van Hoesen, 2015; Insausti and Amaral, 2082)atum pyramidale was originally
subdivided into four regions, namely CAXLorente De N6, 1934 plthough more
recent examination of the cytoarchitecture and connectivity in the region has suggested it
should be divided into three regions, GB1Fig. 22c, d Insausti and Amaral, 201,2)
which we adopted herein.

The subicular complex is comprised of the subiculum, presubiculum, and
parasubiculum (Fig2.2c andd) We adopted the division of the subiculum into molecular
(1), pyramidal (II) and polymorphic (l)icell layers (Fig2.2m andn; Bakst and Amaral,
1984; Kolayashi and Amaral, 1999)aminar distribution in the presubiculum (F&20

andp) has also been iterative with the most recent understanding resulting4n a six
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layered structure divided into a molecular layer (1), rounded pyramidal layers (Il gnd 11l
lamina dissecans (IV), deep layers V and VI (Rigi andj; Insausti et al., 2017Yhe
parasubiculum (Fig2.2gandr) is identical in layer compositiaio the presubiculurwith
the exception of a discontinuous lamina dissecans at this(legalsti et al., 2017)

Finally, the EC (Fig2.2c, d) was originally designated as a singular region, area
28, by BrodmaniiBrodmann, 2006) Lat er, Brodmanndés parcell ¢
adopted and expanded by Green and Mes(@&meen and Mesulam, 1988nd Insausti
et al. (Insausti et al., 20175ectons stained for Nissl substance with thionin (Rigc)
and for AChE activity (Fig2.2d) correlated with Brodmann area Z&odmann, 2006)
also known as the caudal limiting subfield, which is bordered medially by the lower lip of
the hippocampal fissure and laterddly the posterior transentorhinal cor{gmxsausti et
al., 2017) At this level, the EC is composed of five layers (Rigs, t). A thick
molecular layer | surrounds layer Il which is composed of distinct cell islands containing
pyramidal neurons and stellate céllssausti et al., 2017; Witter et a2017) Layer Il is
a radially oriented external pyramidal lagarsausti et al., 2017)n this extent of the
EC, lamina dissecans (IV) is absémisausti et al., 2017jhus layers Il and V are fused
together. Layer V, the internal pyramidal layer, is comprised of larger, radially oriented
pyramidal neurns with sublaminar layers Va and b indistinguishable at this level while
Vc increases in widtfinsausti et al., 2017A homogenous layer VI contains a mixture

of multipolar and pyramidal neurof&8anto et al., 2008; Insausti et al., 2017)

2.6.3. Rostral Prefrontal Cortex Pathology
Overall, a frequent abundance of ADb pl a

CNOO and AD cases (Tah®3), with the greatest deposition of plaques observed in
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Table 2.3Statistical analysis of the mean neuropathological aggregate scores in regiongsif ialated to cognitive function in

compared

cognitively normal octogenarians and ol der (CNOO)
Ab Pl aques Tau Neurofibrillary Tangles pTDP-43 l\:ﬁglrlj)sr}g:]gytoplasmm AChE Plaques BChE Plaques
CNOO AD CNOO AD CNOO AD CNOO AD CNOO AD
Region Mean Mean p value Mean Mean p value Mean Mean p value Mean Mean p value Mean Mean p value
Score (SD) Score (SD) Score (SD) Score (SD) Score (SD) Score (SD) Score (SD) Score (SD) Score (SD) Score (SD)
rPFC? 3.00(0) 3.00(0) 1 0.70(0.68) 2.10(0.88)  <0.001*** 0(0) 0.40(0.97) 0.223 2.20(1.32) 3.00(0) 0.087 2.30(1.25) 3.00(0) 0.111
DG 1.78(1.48) 2.50(0.85) 0.222 1.67(0.87) 2.40(0.84) 0.079 0.89(1.36) 1.10(1.37) 0.741 1.13(1.36) 2.22(0.97) 0.072 0.89(1.27) 3.00(0) 0.001**
CAl1l 1.44(1.33) 2.50(0.85) 0.063 2.78(0.67) 3.00(0) 0.347 0.89(1.27)  1.10(1.29) 0.724 1.00(1.32) 2.00(0.94) 0.073 0.89(1.17) 3.00(0) <0.001***
CA2 0.44(0.72)  0.90(0.99) 0.275 1.78(1.09) 2.50(0.71) 0.102 0(0) 0.50(0.71) 0.052 0.14(0.38) 1.13(0.35) <0.001*** | 0.22(0.44) 1.40(1.08) 0.008**
CA3 1.11(1.45) 1.10(0.99) 0.985 1.11(0.78) 2.50(0.85) 0.002** 0.33(0.5)  0.50(0.71) 0.565 0.29(0.49) 1.25(0.71) 0.01* 0.78(0.97) 1.60(1.08) 0.1
S 1.78(1.39) 2.70(0.68) 0.098 2.22(0.97) 3.00(0) 0.043* 0.78(1.09) 1.20(1.31) 0.46 1.11(1.45) 2.10(0.74) 0.094 0.78(0.97) 2.70(0.48)  <0.001***
Prs 2.33(1.32) 3.00(0) 0.169 1.89(0.78) 2.80(0.42) 0.005** 0.44(0.53) 0.50(0.97) 0.881 1.22(1.39) 2.60(0.84) 0.023* 1.56(1.24) 3.00(0) 0.008**
Pas 1.78(1.30) 3.00(0) 0.023* | 1.89(0.93) 2.67(0.71) 0.063 0.22(0.44) 0.50(0.93) 0.457 0.78(1.09) 2.50(0.93) 0.003** 1.00(0.87) 2.78(0.44) <0.001**=*
EC 2.33(1.32) 3.00(0) 0.169 2.78(0.67) 3.00(0) 0.347 0.33(0.50) 1.20(1.40) 0.093 1.11(1.27)  2.40(0.84) 0.017* 1.44(1.13) 3.00 (0) 0.003**

o)
w

8Regions: CA, cornu Ammonis; DG, dentate gyrus; EC, entorhinal cortex; PaS parasubiculum; PrS, presubiculum; rPFC, rostral
prefrontal cortex; S, subiculum
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laminar layers IHV, and lesser deposition in remaining layers (Fig. 2.3a and b).
Additional ly, t hrpesitive@dlOr@ compriseel of selvematl A D
morphologically distinct neuronal subtypes (e.g., multipolar and bipolar neurons) located
predominantly in the middleaminar layers (IHV; Fig. 2.3b).

The rPFC was spared of tau NFTs in all but two CNOO cases and was variably
affected in all AD cases. Thus, a significant difference in deposition was noted between
the two groups (p = 0.001; Table 2.3). In CNOO and ABes with tau neuropathology,
NFT deposition was most abundant in layersvllwith sparse deposition in remaining
layers (Fig. 2.3c, d). NTs were deposited in a similar pattern to NFT deposition in both
groups. Tau neuritic plaques, consisting of taueggates in dystrophic neurites (DNs)
surroundi n@eecd., 2018)aayeypresent in one AD (layer V) and one
CNOO (spanning IlV) case (not shown). Tgoositive thorashaped astrocytes
morphologically consistent with agirrglated tau astrogliopathy (ARTA®pvacs et al.,
2016b)were observed in the white matter at the level of the middhedpmlar gyrus of
two CNOO cases (Fig. 2.4a).

U-Synuclein and pTDR3 deposits were not observed in the CNOO rPFC. Sparse
Ussynuclein aggregates, including extracellular Lewy blikly inclusions, d_ewy body
and a Lewy neurit@Alafuzoff et al., 2009; McKeith et al., 20Q5¥ere observed in two
AD cases (not shown). Two AD cases had p#3NClIs and DNs, one sparse and one

frequent in abundance (Table 2.3; not shpwn
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Figure22.3Ph ot omi crographs of neuropathol ogical
(a, c, e, g) and cognitively normal octogenarian and older (b, d, f, h) rostral prefrontal
cortex, samyoid(aebd tad (o, d), abetylcholinesterase (e, f), and
butyrylcholinesterase (g, h). Note, plagues are denoted by white asterisks, tau

neurofibrillary tangles by arrows, tau neuropil threads by arrowheads, and intraneuronal
pb-amyl oid by an open arrowhead. Scale bars
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Figure 2.4Photomicrographs of tau staining of thatmapedastrocytes (arrows)
morphologically consistent with agirrglated tau astrogliopathy in the white matter of

the rostral prefrontal cortex at the level of the medial frontopolarsgia). The thomn

shaped astrocytes were not stained for acetylcholinesterase (b) or butyrylcholinesterase
(b) i n the same region. Scale bar = 100
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AChE- and BChEpositive plaque load in the rPFC was not significantly different
in CNOO compared to AD sas (Tabl&.3). All cases with cholinesterag®esitive
plaques had frequent deposition in layersvi{Fig. 2.3e-h). Remaining layers of the
rPFC also had frequent cholinesterpssitive plaque deposition, albeit to a lesser degree
thanin layers II+V, in AD cases and sparse to moderate cholinest@@sgve plague
deposition in CNOO cases. Of cases that ha
not have cholinesteragmsitive plaques. Additionally, AChE and BChE activities did not
appear to assotiae  w i-poditiveAdurons as noted above in three CNOO cases (Fig.
2.3f andh). Likewise, of the cases with ARTAG, neither AChE nor BChE activity

associated with tau thoishaped astrocytes in the white matter (Bigb andc).

2.6.4. Dentate Gyrus Pathology

I n the DG, Ab plaques were predominant |
CNOO and AD cases with deposition in remaining layers ranging from absent to sparse.
The margodenticulass of t he DG had a greater abundan
deposiion elsewhere in the DG in all AD cases (Ridha) and in three CNOO cases (Fig.
25b) . ADb pl agues usnvera pnirearilycanfimpd to theemoledularu | a t
layer, although in AD cases with frequent plaque abundance, plaque deposition
occasiondy extended into the granular and polymorphic layers.

Tau NFT deposition in the DG of AD and CNOO cases was not significantly
different although CNOO cases tended to have a lower tau neuropathological burden (p =
0.079; Table2.3). There vas no distinct laminar distribution of NFTs that unified AD or
CNOO cases. However, NT distribution was consistently greater in the molecular and

polymorphic layers than in the granular layer of all cases gFg.andd). Taupositive
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Figure25Ph ot omi crographs of neuropathol ogical
(a, c, e, g) and cognitively normal octogenarian and older (b, d, f, h) dentate gyrus (DG)
andcornuAmmonis 13 (CA1:3) st a ramyodd (af b), taijcod),
acetylcholinesterase (e, f), and -@wldidyr yl ch
plaques at the surface of the margo denticulatus of the dentate gyrus (mdDG,; a, b) is not

fully recapitulated by cholinesterase stainingnjeScale bar 2 mm.
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neuritic plaques were commonly observed in the molecular and polymorphic layers in
AD cases but were less abundant in CNOO cases (not shown).

USynuclein pathology was absent in the AD and CNOO DG, except for a single
Ussynucleinpositive astrocytistarlike inclusion, as shown previous{Jerada et a
2000) in the polymorphic layer of a CNOO case (not shown).

In the DG, pTDP43-positive NCls were predominantly observed in the granular
layer with infrequent, sparse NCIs in the molecular or polymorphic layers2bay.c,

f). Scattered to spargaNs were identified in all layers of the DG.

AChE-positive plague pathology in the DG was not observed in all cases due to
dark, AChEpositive neuropil in this region (Fig.5f). However, in cases where
pathology could be discerned, ACipBsitive plagudourden was not significantly
different between AD and CNOO cases (p = 0.072; T2Ble In those cases, the
molecular layer had the greatest abundance of A@idtive plaques (Fid2.5eandf).
Remaining layers had no or sparse Agiusitive plaques. Few ACRpositive plague
deposits were noted at the margo denticulatus, particularly in the superficial aspect of the
molecular layer (Fi@.5e andf).

BChE-positive plaque load was significantly higher in the DG of AD cases
compared to CNOO cases (p = 0.001; Ta&i#g. Like AChE, the molecular layer had the
greatest deposition of BChaositive plaques, with absent or sparse B{bEitive
plaques in remaing layers (Fig2.5g andh). BChEpositive pathology also did not

recapitul ate ADb plaque dep®&8gandh)on i n t he
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