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Agrip

A undanférnum &arum hefur aukin ahersla verid 16gd 4 ad skilgreina
Alzheimer-sjukddminn Gt fra liffraedilegum meelikvérdum, par sem breytingar i
heila hefjast einum til tveimur &ratugum adur en klinisk einkenni gera vart vid
sig. Klassisk meingerd sjukdémsins einkennist af amyloid skellum,
taugatrefjafleekjum og sivaxandi taugafrumudauda i heilavef. Akvednir lifvisar
gefa til kynna pessa klassisku meingerd, p.e. maelingar & magni amyloid beta
(AB), fosforylerudu tau (P-tau) og heildar-tau (T-tau) proétina i heila- og
maenuvokva.

P6 svo ad heefni pessara lifvisa til greiningar sjukdémsins sé &seettanleg, pa
breytist magn peirra litid & sidari stigum og syna par af leidandi veika fylgni
Vvid vitreena skerdingu. bad er pvi mikilvaegt ad skoda hvort adrir lifvisar geti
betur varpad ljési & onnur liffreedileg ferli sem liggja ad baki meingerdar og
kliniskra einkenna sjikdémsins. Adalmarkmid doktorsverkefnisins var ad
rannsaka tengsl valdra lifvisa i heila- og maenuvokva vid klassiska meingero
Alzheimer-sjukdébms og vitreena getu medal einstaklinga & for- eda
frumstigum heilabilunar.

Nylegar rannséknarnidurstédur gefa til kynna ad truflun i starfsemi
onaemiskerfis, lipidefnaskipta og Kkolvirkra taugafrumna, leiki hlutverk i
meinmyndun sjukdémsins. | pessari rannsokn voru lifvisar meeldir i heila- og
meenuvékva sem taldir eru endurspegla pessi tilteknu liffreedilegu ferli.
patttakendur voru valdir Gr gagnagrunni islensku MCI rannsoknarinnar. Su
rannsékn samanstdd af einstaklingum sem leitad hoéfou til Minnismottdku
Landspitala Haskdlasjukrahtiss og skorudu 24-30 stig & Mini-Mental State
Examination (MMSE) og 4 eda feerri stig & Informant Questionnaire on
Cognitive Decline in the Elderly (IQCODE) profunum i fyrstu heimsoékn. Fyrir
petta verkefni voru eingdngu peir valdir sem farid héfou i maenuvokvastungu.
Allir péatttakendur voru flokkadir i annad tveggja einkennasnida, eftir hlutfalli
T-tau og AB4, magns i heila- og meenuvokva. batttakendur med akvedin
hlutfallsgildi (T-tau/AB,, > 0,52), tilheyrdu Alzheimer-einkennasnidi og voru
par med taldir bera klassiska meingerd sjukdémsins.

Markmid rannsoknar | var ad skoda tengsl & milli lifvisa i heila- og
maenuvokva, sem gefa til kynna taugahrdrnun (neurofilament light [NFL]) og
virkjun énaemisvidbragds (chitinase-3-like protein 1 [YKL-40], S100 calcium-
binding protein B [S100B], glial fibrillary acidic protein [GFAP]), vid baedi



Alzheimer-einkennasnid og vitreena getu. P nidurstédur hafi gefid til kynna
aod greiningarhaefni lifvisana veeri léleg pegar kom ad pvi ad greina a milli
einkennasnida, pa fundust tengsl vid vitreena getu. bessi tengsl voru pé
adallega til stadar a medal peirra med Alzheimer-einkennasnid. Haerra NFL
magn tengdist verri Utkomu & yrtu atburdaminni en haerra magn af GFAP
tengdist verri Gtkomu i maelingu & hugraenum hrada.

Markmio rannséknar Il var ad bera kennsl a peer tegundir lipida i heila-
0g maenuvokva sem best greina a milli einkennasnida dsamt pvi ad meta
samband peirra vid meelingar sem endurspegla onnur ferli (amyloid skellur,
taugahrérnun, Onsemisvidbragd, yrt atburdaminni). Omidud lipidgreining i
heila- og maenuvbkva var framkveemd med massagreini tengdum vid
vokvaskilju. Alls greindust 1008 massatoppar og af peim voru atta valdir sem
taldir voru greina best a4 milli einkennasnida. Af pessum atta var pé adeins
haegt ad audkenna einn topp med mikilli vissu, p.e. pann sem samsvaradi
C18 ceramide. Nidurstédur syndu ad haerra magn af C18 ceramide tengdist
baedi leegra magni af AB4, 0g haerra magni af T-tau. Ad auki tengdist heaerra
magn af S100B heerra magni af C18 ceramide.

Markmido rannséknar Il var ad meta tengsl a milli virkni kolvirku
ensimanna acetylcholine (AChE) og butyrylcholinesterase (BuChE) og
meelinga annarra ferla (amyloid skellur, taugahrérnun, éneemisvidbrago og yrt
atburdaminni). Engin tengsl fundust a milli AB4, og ensimvirkni. Aftur & moti
tengdist heaerra magn tau prétina heerri virkni AChE, og i minna meeli, haerri
virkni BUChE. Einnig fylgdi heerra magn S100B og YKL-40 heerri virkni beggja
ensima.

A heildina litid gefa pessar nidurstédur til kynna moguleika 6likra lifvisa i
heila- og maenuvokva til pess ad betrumbeeta greiningu, meelingu a framvindu
og meodferd Alzheimer-sjukdéms & byrjunarstigum. C18 ceramide geeti
mdoguleika nyst til greiningar og medferdar, par sem haerra magn lipidsins
tengdist baedi klassiskri meingerd sjukdémsins og virkjun & énaemisvidbragdi.
Sama gildir um kolvirku ensimin, en heerri virkni peirra fylgdi baedi aukinni
taugahrérnun asamt virkjun a énaemisvidbragdi. NFL og GFAP geetu nyst til
meelingar & framvindu, en haerra magn peirra tengdist vitreenni skerdingu
medal einstaklinga sem baru klassiska meingerd Alzheimer-sjukdoms.

Lykiloro:

Alzheimer-sjukdoémur, heila- og maenuvokvi, lifvisar, 6neemisvidbragd, lipio,
kolvirka kerfid
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Abstract

The focus has shifted in recent years from clinical towards a biological
definition of Alzheimer's disease (AD), as pathophysiological changes
precede the clinical symptoms by decades. In vivo brain imaging and
cerebrospinal fluid (CSF) biomarkers have been at the center of this change.
The core biomarkers are amyloid beta (AB), phosphorylated tau (P-tau) and
total tau (T-tau), reflecting signature aspects of AD pathology (AB plaques,
neurofibrillary tangles and neurodegeneration). Although the diagnostic
accuracies of these markers are satisfactory, their levels reach a plateau at
later stages of the disease and do not associate well with the progression of
cognitive impairment. The discovery of novel biomarkers is therefore of
importance for a better understanding of different biological processes driving
the pathology and clinical manifestation of the disease. The overall objective
of the project was to evaluate the relationships of selected CSF biomarkers
with signature AD pathology and cognitive functions among individuals at the
symptomatic pre- or early stages of dementia.

Recent findings suggest that dysfunction in neuroinflammation, lipid
metabolism and cholinergic neurons play a critical part in the pathogenesis of
AD. In this study, we measured novel biomarkers reflecting these different
biological processes. Subjects were recruited from The Icelandic MCI study,
which included individuals referred to the Landspitali University Hospital
(LUH) Memory Clinic. The criteria for inclusion were a score between 24-30
on the Mini-Mental State Examination (MMSE) and a score of 4.0 or less on
the Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE) at
the first visit. For this project, only subjects who underwent lumbar puncture
were recruited from the cohort. All subjects were categorized as having a
CSF AD profile reflecting signature AD pathology or non-AD profile, based on
a cut-off point (0.52) between the ratio of T-tau and AB,4, values in CSF.

The aim of Paper | was to evaluate the association of CSF biomarkers
reflecting neurodegeneration (neurofilament light [NFL]) and inflammation
(chitinase-3-like protein 1 [YKL-40], S100 calcium-binding protein B [S100B],
glial fibrillary acidic protein [GFAP]) with CSF AD profile and cognitive
decline. Our results showed that although the markers did not accurately
differentiate between the two CSF profiles, they associated in different ways
with certain cognitive domains. These relationships were mainly observed
among subjects with a CSF AD profile, where higher levels of NFL
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associated with deficits in verbal episodic memory and higher levels of GFAP
with deficits in processing speed.

The aim of Paper Il was to identify lipid species best distinguishing
between CSF profiles (AD and non-AD), and to examine their relationships
with measures reflecting AD-related processes (neurodegeneration,
inflammation, impairment in verbal episodic memory). Untargeted CSF
lipidomic analysis was performed for the detection of mass-to-charge ratio
(m/z) features, by the application of ultra-performance liquid chromatography-
tandem mass spectrometry (UPLC-MS). Out of 1008 features detected, eight
were selected as best differentiating between the two CSF profiles. One out
of the eight features was assigned to a lipid species (C18 ceramide), as it
was the only one to be confirmed with high confidence. Lower levels of AR,
and higher levels of T-tau related to higher levels of C18 ceramide.
Additionally, a positive relationship was found beween levels of inflammatory
marker S100B and C18 ceramide.

The aim of Paper Ill was to assess the association between the activity of
cholinesterase enzymes acetylcholine (AChE) and butyrylcholinesterase
(BuChE) in CSF and measures reflecting AD-related processes (amyloidosis,
neurodegeneration, inflammation, impairment in verbal episodic memory).
CSF AChE and BuChE activity did not associate with amyloid status in the
brain. Higher levels of T-tau and P-tau related to higher activity of AChE, and
to a lesser extent, higher activity of BUChE. Higher levels of inflammatory
markers S100B and YKL-40 also related to higher levels of both AChE and
BuChE activity.

Overall, these results indicate the potential value of novel CSF biomarkers
regarding diagnosis, progression and treatment of AD at the early stages of
the disease. Higher levels of C18 ceramide related to AD pathology and
inflammatory processes, indicating a potential as a therapeutic target and an
additional diagnostic marker. The activity of ACh-degrading cholinergic
enzymes related to inflammatory and neurodegenerative processes. Proteins
NFL and GFAP, measured in CSF, are promising markers for cognitive
decline and progression among individuals with signature AD pathology.

Keywords:

Alzheimer’s disease, cerebrospinal fluid, biomarkers, inflammation, lipids,
cholinergic system
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1 Introduction

1.1 Overview of Alzheimer’s disease (AD) and other
dementias

Dementia is a term that covers different medical conditions, most commonly
found among older people. It is characterized by cognitive decline (e.g. loss
of memory, language, reasoning, visual and spatial abilities) to the extent of
impacting daily life and activities. Types of dementia include Alzheimer’s
disease (AD), vascular dementia (VD), Lewy body dementia (LBD) and
frontotemporal dementia (FTD). Mixed dementia is also common, which is a
combination of two or more types of dementias (Arvanitakis et al., 2019).

Approximately 50 million people worldwide were living with dementia in
2015. Furthermore, that number is predicted to double every 20 years to 130
million by 2050 (Prince et al., 2015). AD is the most common neurological
cause of dementia, accounting for 50-70% of total cases (Prince et al., 2014).
A key symptom of AD is a gradual decline in memory. Early signs include
difficulties remembering recent conversations, names or events. As the
disease progresses, other symptoms like impaired communication skills, poor
judgment, confusion, disorientation, mood changes and, finally, difficulty
speaking, eating and walking may emerge (Levenson et al., 2014).

Despite extensive research into the pathogenesis of AD, no attempts of
developing pharmacologic treatments for cure have been successful to date.
It is believed that for future treatments to be effective in haltering disease
progression, it will be crucial for administration to begin early in the disease
continuum. Until recently, only four drugs were approved by The U.S. Food
and Drug Administration (FDA) - rivastigmine, galantamine, donepezil and
memantine (Qaseem et al., 2008). The first three are cholinesterase
inhibitors (Birks, 2006) and the last one is a N-methyl D-aspartate (NMDA)
antagonist (Kishi et al., 2017). These drugs temporarily improve cognitive
symptoms but do not reverse the pathological damage. In June 2021, the
FDA approved for the first time in 18 years a new drug, Aduhelm
(aducanumab), which targets amyloid beta (AB) plaques. It is the first
approved drug with the purpose of treating the possible cause of the disease,
rather than only the symptoms. Although the drug has the ability to remove
AB plagques from the brain, its clinical efficacy has been questioned as it does
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not appear to effectively slow down cognitive decline among patients with
mild AD dementia (Musiek & Bennett, 2021).

1.2 Risk factors of AD

AD is caused by the interplay between genetics, lifestyle and environment.
The most common risk factors for AD are age, APOE genotype, gender,
educational level, cardiovascular disease and diabetes mellitus type 2 ("2016
Alzheimer's disease facts and figures," 2016).

Advanced age is the strongest risk factor for AD and is classified into two
types based on time of onset; early-onset AD (EOAD) and late-onset AD
(LOAD). The age of 65 is used as an arbitrary cut-off point for division of the
two categories (Ayodele et al., 2021).

1.3 Genetics of AD

Familiar EOAD cases have been associated with mutations inherited in an
autosomal-dominant manner. LOAD is a more complex disease and most
cases are sporadic, with no clear pattern of inheritance within families (Van
Cauwenberghe et al., 2016).

EOAD is associated with rare and dominantly inherited mutations in three
genes involved in AB generation - APP (Goate et al., 1991; St George-Hyslop
et al., 1987), PSEN1 (Sherrington et al., 1995; St George-Hyslop et al., 1992;
Van Broeckhoven et al., 1992) and PSEN2 (Sherrington et al., 1996). These
mutations correspond to less than 1% of all cases of AD and usually show
complete penetrance (Van Cauwenberghe et al., 2016). Symptoms typically
develop between 30 and 50 years of age (Bateman et al., 2011), much earlier
compared to sporadic LOAD. Mutations in PSEN1 are the most common
genetic cause of EOAD and are more frequent than APP and PSEN2
mutations (Theuns et al., 2000).

A complex interaction between genetics and environment is thought to
play a key role in the onset, progression and severity of LOAD. LOAD has a
strong genetic component and up to 60-80% of cases are estimated to be
attributable to genetic factors (Gatz et al., 2006). The APOE gene is the
major risk factor for the pathogenesis of LOAD. The gene encodes
apolipoprotein E (ApoE), the primary cholesterol carrier in the brain, and is
located on chromosome 19q13.2. APOE has three common alleles; APOE €2
(Cys112, Cys158), APOE €3 (Cysl112, Argl58), and APOE ¢4 (Argll2,
Argl58) (Zannis et al., 1982). The APOE ¢4 allele is associated with an
increased LOAD risk. Individuals carrying one copy of the €4 allele are about
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three times more likely to develop AD compared to those with two copies of
the €3 allele, while the risk is eight-to 12-fold higher for those with two copies
of the €4 allele compared to the same group (Verghese et al., 2011).

The €4 allele of the APOE gene is the most prevalent genetic risk factor
for LOAD and was, before the era of large-scale genome-wide association
studies (GWAS), the only one. With technological advances, a number of
regions within the genome that contribute to the risk of developing LOAD
have been discovered over the past decade. More than 20 genetic risk
genes, associated with inflammatory, lipid metabolism and endosomal vesicle
recycling pathways have been identified with GWAS (Karch & Goate, 2015).
The genes each contribute only minimally to increased risk, but can almost
double the chances of developing the disease when combined into a
polygenic risk score (Escott-Price et al., 2015). Many of these genes are
predominantly expressed by microglia, including the triggering receptor
expressed on myeloid cells 2 (TREM2), Phospholipase C-gamma 2 (PLCG2)
and CD33 genes. Those findings indicate that microglial activation plays a
critical part in the pathogenesis of the disease (Hansen et al., 2017; Jonsson
et al., 2013; Sims et al., 2017).

1.4 Signature AD pathology

The neuropathological features of AD were first described by the German
neuropathologist Alois Alzheimer at the beginning of the twentieth century
(Hippius & Neundorfer, 2003). Neuropathologically, AD is characterized by
the accumulation of AB protein into senile plaques (Gouras et al., 2010) and
intraneuronal tangles of hyperphosphorylated tau protein (Wang &
Mandelkow, 2016). Other pathological features include neuropil threads,
dystrophic neurites and the activation of astrocytes and microglial cells.
Cerebral amyloid angiopathy (CAA) frequently coexists with AD as well
(Greenberg et al., 2020). The downstream consequences of AR aggregation
include neurodegeneration such as synaptic dysfunction, neuronal loss and
brain atrophy (Serrano-Pozo et al., 2011) (Figure 1).
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Figure 1. The sequence of major pathogenic events leading to AD proposed by the
amyloid cascade hypothesis. The curved blue arrow indicates that AB oligomers may
directly injure the synapses and neurites of brain neurons, in addition to activating
microglia and astrocytes. Figure and figure text reprinted from (Selkoe & Hardy, 2016)
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The amyloid hypothesis, the most accepted theory of AD pathogenesis,
indicates that aggregation of pathological forms of AR in the brain is the
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fundamental pathological process, caused by an imbalance between the
production and clearance of AB. AB is generated from the amyloid precursor
protein (APP), a type | transmembrane protein, through two major steps of
cleavage by aspartic proteases. The amyloidogenic processing is initiated by
beta-site amyloid precursor protein cleaving enzyme 1 (BACE1), which cuts
of the bulk of the APP extracellular domain. This is followed by a cleavage
within the membrane by vy-secretase, releasing the protein into the
extracellular space (Chen et al., 2017). As the site of y-secretase cleavage
can vary, alloforms of different lengths can be formed. Typically, they have
between 39 to 43 amino acids. The most common alloform is AB4o (90%),
followed by ABs (10%) (Olubiyi & Strodel, 2012). Monomeric AR
spontaneously self-aggregates into various types of assemblies, including
soluble oligomers (2 to 6 peptides), which can cluster together into insoluble
fibrils, and eventually form plaques. Within plaques, AB4, is more abundant
than ARy, due to its higher rate of fibrillization and insolubility (Kayed et al.,
2003).

Strong support for a central role of the amyloid hypothesis of AD comes
from genetics. All known familial AD mutations (APP, PSEN1 and PSEN2)
are involved in AR generation. The APP gene encodes the APP protein
(Yoshikai et al., 1990). A mutation in the APP gene, discovered in the
Icelandic population, showed a strong protective effect against AD, further
illustrating the central role of APP in the disease (Jonsson et al., 2012). The
missense mutation (A673T) results in a decrease of AR accumulation.
Presenilins (PSENS), the proteins encoded by PSEN1 and PSEN2, constitute
the catalytic subunits of y-secretases (Vetrivel et al., 2006).

According to the amyloid hypothesis, AR aggregation triggers a chain of
events, including the formation of neurofibrillary tangles (NFTs) within
neurons, oxidation and inflammation, which eventually lead to neuronal
dysfunction and death. Tau is predominantly expressed in neurons, where it
is primarily localized in axons for the purpose of microtubule stabilization and
axonal transport. Functions of tau can be regulated by post-translational
modification. Tau binding to microtubules is, for example, regulated mainly by
phosphorylation. In AD, tau is hyperphosphorylated at numerous sites
(including serines, threonines and tyrosines), which results in reduced ability
to bind microtubules and enhanced tau aggregation. Under those conditions,
tau starts to self-assemble into oligomers, paired helical filaments (PHP) and
finally, NFTs (Wang & Mandelkow, 2016).
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The spatiotemporal progression of AR plaques and NFTs within the AD
brain is considerably consistent. The accumulation of AP starts in the
association cortices and spreads from the neocortex to the allocortex, from
there to the brainstem and finally, to the cerebellum (van der Kant et al.,
2020). The progression pattern of NFTs is different from AB plaques and is
typically divided into six stages, first described by Braak (1991).
Accumulation of tau initially develops within the (trans)entorhinal cortex (I-11),
spreads into the limbic areas (e.g. hippocampus, IlI-1V) and eventually into
the isocortex (V-VI).

1.5 Inflammation in AD

The discovery of AD risk genes linked to innate immune functions has
resulted in neuroinflammation being central to the research of AD. The
leading players of the innate immune system in the central nervous system
(CNS) are microglia and astrocytes. Under physiological conditions, microglia
serve various roles, including immune surveillance, control of synaptic
homeostasis, plasticity and trophic support. The processes of microglia
constantly survey their microenvironment, making contact with synapses and
axons, sensing the presence of pathogens and cellular debris (Ousman &
Kubes, 2012; Salter & Stevens, 2017). Similarly, the roles of astrocytes under
physiological conditions include maintenance of synaptic homeostasis,
trophic support, recycling of neurotransmitters and regulation of cerebral
blood flood. Astrocytic processes support the blood-brain barrier (BBB) and
synapses (Arranz & De Strooper, 2019).

Microglia are essentially involved in the pathogenesis of AD. Soluble A
oligomers and A fibrils act on microglial surface receptors, including Toll-like
receptors (TLR1, TLR2, TLR4 and TLR6), CD14, CD47, a6p1 integrin and
scavenger receptors (including CD36). The recognition of pathological
triggers activates phagocytic abilities of the microglia and enables the
internalization and degradation of AB. It also activates the nuclear factor-kB
(NF-kB) pathway, inducing to the secretion of pro-inflammatory cytokines.
This, in turn, promotes further the activation of glial cells, neuronal
dysfunction and upregulation of BACE1l, the APP cleaving enzyme
generating pathogenic AR (Leng & Edison, 2021). Smaller oligomers of A
have been found to be more toxic compared to fibrils, inducing stronger
microglial immune response (Yang et al., 2017).

Research suggests that astrocytes are pivotally involved in AD
neurodegeneration rather than just being innocent bystanders (Gonzéalez-
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Reyes et al.,, 2017). Figure 2 depicts a theoretical model of astrocyte
activation in AD (Arranz & De Strooper, 2019). The combination of secretion
of cytokines by activated microglia and AR activating the NF-kB pathway, can
possibly induce the Al reactive astrocyte phenotype and related neurotoxic
reactive cell states of astrocytes. Neurotoxic Al reactive astrocytes secrete
an unknown neurotoxin, leading to the loss of neurons and oligodendrocytes.
Astrocytic NF-kB activation results in the extracellular release of the
complement protein C3. The binding of C3 to the neuronal receptor C3aR
disrupts dendritic morphology and network function while binding to microglial
C3aR changes AR phagocytosis (Lian et al., 2015; Liddelow et al., 2017).
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1.6 Lipid metabolism in AD

Lipids are among the principal classes of biomolecules and are involved in
various biological functions such as energy storage and signaling, as well as
being the key component of membranes (van Meer et al., 2008). In general,
lipids have been defined as compounds soluble in organic solvents but
hydrophobic in nature (Currie, 1998). The LIPID MAPS classification system
was established in 2005 (Fahy et al., 2005) and has since become
internationally accepted. According to this system, lipids are divided into eight
categories which are comprised of fatty acyls, sphingolipids, saccharolipids,
glycerolipids, glycerophospholipids, polyketides, sterol lipids and prenol
lipids. Furthermore, each of these categories can be divided into
subcategories such as lipid class (e.g. ceramide) and lipid species (lipids
expressed as lipid class, total number of carbon atoms and total number of
double bonds) (Liebisch et al., 2013).

Lipid metabolism has been associated with AD and could possibly
contribute to the pathogenesis of the disease. Membrane lipids, for example,
are thought to play a role in the production of AB. As previously mentioned,
AB is generated by cleavage of the APP protein by secretases (Walter & van
Echten-Deckert, 2013). Lipids, as the main components of membranes, can
alter the cleavage of these secretases and subsequently the processing of
APP (Hartmann et al., 2007). AB peptides, implicated in AD, interact with the
cellular membrane and induce amyloid toxicity. The enzymes and APP can,
in turn, modify the lipid structure of membranes. Lipids are therefore likely to
be implicated in the pathogenesis and progression of AD (Walter & van
Echten-Deckert, 2013).

Ceramides are the core components of sphingolipid metabolism,
consisting of a sphingosine backbone tethered to a fatty acid chain varying in
length of carbon atoms (C14-C26) (Fanani & Maggio, 2017). They play
significant roles in maintaining the function and integrity of membranes as
well as affecting cellular processes including differentiation, proliferation,
inflammation and apoptosis (Cuvillier, 2002; Gomez-Munoz et al., 2016).
Changes in sphingolipid metabolism have been associated with normal aging
and neurodegenerative diseases such as AD (Stranahan et al,
2011). Cellular and animal studies indicate that ceramides can increase AB
production and contribute to AD pathogenesis (Jazvin§éak Jembrek et al.,
2015). Ceramides promote A3 production by post-translational stabilization of
BACEL1, thereby extending its half-life (Kalvodova et al., 2005; Puglielli et al.,
2003). AB (both soluble and insoluble assemblies) can also incite the
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hydrolysis of sphingomyelin (SM) into ceramide by sphingomyelinases
(SMases) (Grimm et al., 2005; Lee et al., 2004) through oxidative stress-
mediated mechanisms (Cutler et al., 2004). This creates a vicious cycle
resulting in increased production of ceramide, which in turn leads to elevated
immune response and, eventually, loss of neurons in AD. Ceramides of
longer chain lengths, particularly C18 ceramide, have been associated with
increased phosphorylation of tau via Protein phosphatase 2A (PP2A) activity
(Chalfant et al., 1999; Dobrowsky et al., 1993; Goedert et al., 1995; Gong et
al.,, 1994; Mukhopadhyay et al., 2009). Elevated levels of ceramide have
been observed in brain tissues of AD patients compared to a healthy control
group according to several post-mortem studies (Cutler et al., 2004; Filippov
et al., 2012; Han et al.,, 2002; He et al., 2010; Stranahan et al., 2011).
Although post-mortem studies are important, in vivo studies are critical for
further evaluating the roles of lipids in pathogenesis and progression of AD.
For example, very few studies have been performed for the evaluation of
ceramide levels with AD in cerebrospinal fluid (CSF).

1.7 The cholinergic system in AD

Cholinergic dysfunction is an early hallmark of AD, usually ascribed to an
early breakdown of cholinergic neurons. Cholinergic neurons are widely
distributed in the CNS, with almost all regions of the brain being innervated
by them (Armstrong et al.,, 1983; Woolf & Butcher, 2011). Studies have
shown a prominent loss of this type of neurons in the basal forebrain of AD
patients, particularly the nucleus basalis of Meynert (NBM). Other functions
outside of NBM appear to be spared, pointing to a preferential vulnerability of
the NBM in relation to AD.

The cholinergic hypothesis of AD originated from observations made by
Davies & Maloney (1976). They were the first to report the loss of cholinergic
neurons in brain tissue of AD patients at post-mortem. It was proposed that a
shortage of the neurotransmitter acetylcholine (ACh) in the brain and the
following reduction in neurotransmission at central cholinergic synapses
caused some of the cognitive impairment experienced by AD patients.
Although other components of AD pathology have received more attention in
recent years, treatments that target the cholinergic system still remain an
essential part of AD patient management. This has further validated the
cholinergic system as an essential biological target in the treatment of the
disease.

10
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The classical view of cholinergic neurotransmission (Fisher & Wonnacaott,
2012) is presented in Figure 3. The neurotransmitter ACh is synthesized from
choline and acetyl coenzyme A (acetyl-CoA) by the enzyme choline
acetyltransferase (ChAT) in the cytosol of cholinergic presynaptic neurons.
ChAT is then loaded into synaptic vesicles by the vesicular acetylcholine
transporter (VAT). Depolarization of the presynaptic neuron triggers the
release of ACh into the synaptic cleft, where it can bind to nicotinic (nAchRs)
or muscarinic (mAchRs) ACh receptors, propagating neurotransmission. The
transmission is subsequently terminated by the cleavage of ACh into choline
(Ch) and acetate by acetylcholinesterase (AChE). Choline is then transported
back to the presynaptic neuron through choline transporters (CHT).

<— CoA

Acetyl-CoA

VAT
—>
ChAT ACh
Ch
CHT
/
Ch
%.
Acetate \/ v
AChE nAchRs mAchRs

Figure 3. Schematic presentation of cholinergic neurotransmission. Reprinted from
(Wang et al.,, 2019) with permission from BMC Genomics in accordance with the
terms of Creative Commons Attribution 4.0 International License (https://
creativecommons.org/licenses/by/4.0/). No changes were made to the original figure.
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Butyrylcholinesterase (BuChE), like the related AChE, is a serine
hydrolase that rapidly affects the hydrolysis of the neurotransmitter (Darvesh
et al., 2003). At the time when the cholinergic hypothesis was first proposed
in 1976, the enzyme considered to be mainly involved in the regulation of
ACh was AChE, with BuChE thought to only have minor effect on the
regulation of ACh. However, more recent studies have found that BUChE can
also play a critical role in the regulation of ACh in the human brain (Darvesh
et al., 1998; Mesulam et al., 2002). Synaptic membrane-bound AChE is more
critical in regulating cholinergic neurotransmission, while BUChkE plays a
more important role in the control of extracellular ACh levels that modulate
the functional properties of glial cells (Darreh-Shori et al., 2013; Darvesh et
al.,, 2003; Lane & Darreh-Shori, 2015). BUChE is primarily localized to glial
cells but can also be found near neurons and endothelial cells (Darvesh et
al., 1998; Darvesh & Hopkins, 2003). It has been hypothezised that the close
proximity of synaptic AChE and glial BUChE facilitates the degradation of
ACh by BuChE when AChE becomes substrate-inhibited (Greig et al., 2001).
The excess substrate binding to the peripheral anionic site causes the
hydrolytic activity of AChE to decrease while it causes the hydrolytic activity
of BUChE to increase (Masson et al.,, 2002; Masson et al., 1999). Studies
have also indicated that both the enzymes may possibly be involved in
functions other than hydrolysis of ACh, such as neuroinflammation and in the
formation of AB plaques and NFTs (Lane et al., 2006).

A relationship between the dysfunction of the cholinergic system and AR
pathology has long been established. Perry et al. (1978) found the
diminishing activity of ChAT to be correlated with increasing numbers of
neuritic plaques in AD brains at post-mortem. Previous studies have reported
short-term oligomeric AR exposure to affect both ACh synthesis and release
of rat brain hippocampal slices and cultured neurons, thereby contributing to
cholinergic dysfunction (Hoshi et al., 1997; Kar et al., 1998; Kar et al., 1996;
Nunes-Tavares et al., 2012; Pedersen & Blusztajn, 1997; Pedersen et al.,
1996; Satoh et al., 2001). Interestingly, recent studies have suggested that
AB peptides can form highly stable and soluble complexes with ApoE and
cholinesterases, named BaBACs (Darreh-Shori et al., 2011a; Darreh-Shori et
al., 2011b; Kumar et al., 2016; Vijayaraghavan et al., 2013). BaBACs possibly
act as direct modulators of cholinergic signaling, promoting hyper-activation
of cholinesterases which leads to increased degradation of AD.

The cholinergic signaling system has also been associated with
inflammation, both in general and in neurodegenerative diseases like AD.
ACh is hypothesized to act as a suppressor on non-excitable cholinoceptive

12
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cells, including astrocytes and microglia, exerting long distant regulatory
effects through activation of nicotinic a7-ACh receptors (Pavlov et al., 2009;
van Westerloo et al., 2005). This is called the cholinergic anti-inflammatory
pathway (CAP). However, it has been difficult in the past to explain how ACh
molecules can possibly reach and act on the distantly located non-excitable
cells since extracellular ACh is very short-lived due to the abundant presence
of the very efficient ACh-degrading enzymes AChE and BuChE in CSF. A
previous study (Vijayaraghavan et al., 2013) offered a plausible explanation
for this dilemma. It showed compelling evidence that ChAT is not solely a
cytosolic enzyme but is also plentifully present in CSF and is secreted by
cultured human astrocytes (both under resting and stimulatory conditions).
Their hypothesis is that long-distance action of ACh is regulated through
maintenance of steady-state equilibrium between ACh hydrolysis and
synthesis, which in turn could regulate glial activation status.

1.8 Cognitive manifestation of AD

Deficits in episodic memory are the most prominent and salient early
symptoms of AD (Hodges, 2000; Tromp et al., 2015). This cognitive domain
refers to the recollection of previously experienced events (Tulving, 1983),
and is typically measured by verbal list learning tests involving subjects
recalling or recognizing words from a verbally presented list (Dubois et al.,
2014). Measures of delayed recall (the ability to recall information after a
period of time), have specifically been shown to be sensitive to early memory
changes in AD (Estévez-Gonzélez et al., 2003). Neuropathological studies
have reported the medial temporal lobe (MTL) structures (e.g. entorhinal
cortex and the hippocampus) to be critical for memory functions (Squire &
Zola-Morgan, 1991; Weissberger et al., 2017) as well as being susceptible to
early changes in AD (Braak & Braak, 1991; Scholl et al., 2016). The
entorhinal cortex and hippocampus, in particular, are important for the
encoding and the storage of new information (Du et al., 2001). It has also
been widely confirmed that MTL structures are mostly unaffected in the
normal aging brain, while significant neuronal loss can be found within these
structures at the earliest stages of diagnosed AD (Gallagher & Koh, 2011).

Other cognitive domains are also affected in AD as the neurodegenerative
changes, specifically characterized by NFTs, spread beyond MTL structures
to the association cortices of temporal, frontal and parietal lobes (Salmon &
Bondi, 2009). Impairment in executive functions (Guarino et al., 2019; Perry
& Hodges, 1999) and language abilities (Hodges & Patterson, 1995; Verma &
Howard, 2012) can occur relatively early in AD. Executive functions present a
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wide range of higher-level cognitive processes essential for goal-directed
behavior. Those include planning, problem-solving, inhibitory control and
multitasking (Diamond, 2013; Grafman & Litvan, 1999). Impairment in
language abilities are frequently measured by tests reflecting verbal fluency
(the ability to find and express words), confrontation naming (connecting a
label to a corresponding viewed stimulus) and semantic categorization
(classification of items based on meaning) (Henry et al., 2004; Nebes, 1989).
Deficits in other cognitive domains are also likely to appear during the course
of AD, for example in non-verbal memory (Smith & Bondi, 2013) and
processing speed (van Deursen et al.,, 2009; Warkentin et al., 2008).
Visuoconstruction (the ability to reproduce objects or pictures previously
viewed) is a part of non-verbal memory and is frequently affected. Processing
speed refers to the time it takes to process and respond to information
(Salthouse, 2000). The tests measuring this cognitive domain are commonly
simple and do not require higher-level thinking.

A small portion (6-14%) of AD patients do not initially express the
amnestic phenotype of the disease (Villain & Dubois, 2019). These cases are
categorized as atypical AD and are more frequently found among younger
patients under 65 years of age. Pathological changes are initiated in different
regions of the brain compared to typical AD, although pathological hallmarks
(AB plaques and NFTs) are the same (Graff-Radford et al., 2021). The most
common variants of atypical AD are posterior cortical atrophy (PCA) and
logopenic progressive aphasia (LPA). PCA is a syndrome characterized by a
progressive decline in visual and spatial processing, with atrophy most
prominently found in the occipital cortex and the parietal cortex (Crutch et al.,
2012). LPA, a type of primary progressive aphasia (PPA), is a syndrome
characterized by language impairment (e.g. difficulties finding words) caused
by atrophy in the left posterior temporal cortex and inferior parietal lobule
(Henry & Gorno-Tempini, 2010).

1.9 Clinical diagnosis of AD

The process of AD diagnosis differs between centers in clinical practice but is
generally followed by a certain set of criteria. One of the most used criteria
was published in 1984 by the National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer's Disease and
Related Disorders Association (NINCDS-ADRDA) in 1984 (McKhann et al.,
1984). In this criteria, AD was essentially defined as a clinical-pathological
entity. An individual with a gradual onset of cognitive impairment, typically
involving memory, which substantially affected daily activities, would be
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diagnosed as having dementia. After ruling out other potential contributing
factors, a degenerative disorder was confirmed and the label possible or
probable AD given. The criteria was mostly based on clinical assessment,
with laboratory tests only used to exclude other causes of cognitive decline.
Diagnosis of definite AD could only be made after death through post-mortem
identification of AB plaques and NFTs in brain tissue.

Between 1984 and 2011, considerable progress was made in
understanding AD-related pathological changes. In 2011, the National
Institute on Aging and the Alzheimer’s Association (NIA-AA) (McKhann et al.,
2011) redefined the criteria intended for routine diagnosis in clinical practice.
The major difference between the old and the new criteria was in regards to
the application of disease stages. The previous guidelines recognized only
the dementia stage of AD. In contrast, the 2011 criteria identified three
distinct stages - preclinical AD, mild cognitive impairment (MCI) and AD
dementia. MCI is considered a transitional state between normal aging and
dementia (Petersen, 2004). The condition is characterized by cognitive
decline beyond what is expected from normal aging, without interfering with
the ability to carry out daily activites. In addition, the term subjective cognitive
impairment (SCI) was introduced in 2014 by the Subjective Cognitive Decline
Initiative (SCD-I) international working group (Jessen et al., 2014). SCl is a
condition defined as a self-perceived decline in cognitive functions without
being verified by neuropsychological tests and commonly precedes MCI.

Like dementia, MCI is heterogeneous in its underlying pathology as well
as in clinical expressions. Approximately 10% of MCI cases convert annually
to AD on average (Mitchell & Shiri-Feshki, 2009). A proportion of individuals
with MCI will remain stable however and do not convert to AD or other types
of dementia (Winblad et al., 2004).

Numerous studies have demonstrated a discordance between the clinical
manifestation of AD and its pathological hallmarks. AR plaques and NFTs
have been detected in the brains of elderly cognitively unimpaired individuals,
and conversely, individuals with clinical symptoms of AD do not always have
the defining pathology on post-mortem examination. This is not surprising as
symptoms are clinical consequences rather than the etiology of a disease. It
is therefore of importance to base the diagnosis of AD not only on symptoms,
but also on biomarkers indicative of specific biological processes. It is
necessary for disease-modifying treatments to be successful, as they target
specific biological pathways. It is also essential to find biomarkers qualified to
monitor disease progression and treatment response (Jack et al., 2018).
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1.10 Types of biomarkers

The Biomarkers Definitions Working Group of the National Institutes of Health
(NIH) define a biomarker as “a characteristic that is objectively measured
and evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention”
("Biomarkers and surrogate endpoints: preferred definitions and conceptual
framework," 2001, p. 91).

Biomarkers can be categorized into different types ("Biomarkers and
surrogate endpoints: preferred definitions and conceptual framework," 2001),
according to their intended use. A diagnostic biomarker, for example, is used
to determine the presence of a disease, its subtype or a condition of interest.
Predictive biomarker identifies individuals who are more likely to respond in a
positive or negative way to a particular intervention. This type of marker can
be of importance in selecting the proper treatment for a patient. A prognostic
biomarker indicates the likelihood of a health outcome or disease
progression, irrespective of the treatment. Monitoring biomarker is repeatedly
measured for assessment of the status of a disease or a particular condition.
They can be of value to measure therapeutic effect or disease progression
while on treatment. A pharmacodynamic or response biomarker measures
changes in levels in response to an intervention.

1.11 Development of pathological and clinical events
leading to AD

Since the publication of the NIA-AA 2011 guidelines, more emphasis has
been on in vivo biomarker research. Studies have strengthen the idea that
imaging and CSF biomarkers are valid measurements for pathological
change in AD (Jack et al.,, 2018). The disease is now considered as a
continuum rather than three separated entities (Dubois et al., 2016). It has
become evident that cognitive impairment and change in biomarker values
gradually evolve (Fagan et al, 2014; Resnick et al., 2010), and the
appearance of clinical symptoms and pathology varies in time (Bateman et
al., 2012; Villemagne et al., 2013).

With the buildup of data regarding biomarkers for AD, Jack et al. (2010)
proposed a theoretical model describing the temporal course of the
pathological and clinical events leading to the disease. The model and the
biomarker staging are depicted in Figure 4. The model focuses on the five
most extensively researched biomarkers of AD pathology; decreased CSF
AB4», positron emission tomography (PET) amyloid imaging, increased CSF
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tau, decreased uptake on fluorodeoxyglucose-PET (FDG-PET), and
structural magnetic resonance imaging (MRI) measures of cerebral atrophy.

Both CSF A4, and amyloid PET imaging reflect AB plaque load in the
brain. The radioligands utilized in amyloid PET imaging, such as carbon 11
labeled Pittsburgh compound B (PiB) and the various F'® ligands, bind
explicitly to fibrillar AR (Bacskai et al., 2007; lkonomovic et al., 2008). A high
correlation has been found between PiB binding and fibrillar AR deposition,
both at antemortem and post-mortem examination (Bacskai et al., 2007;
Ikonomovic et al., 2008). Similarly, a high correlation has been found
between low concentrations of CSF AR with AR neuropathology at autopsy
(Clark et al., 2003; Strozyk et al., 2003). The validation of both CSF AB,4, and
amyloid PET as biomarkers for AR plaque load have further been established
by the very high concordance found between the two measurements (Fagan
et al., 2006; Grimmer et al., 2009; Jagust et al., 2009; Tolboom et al., 2009).

CSF tau, FDG-PET and structural MRI are all measurements of
neurodegeneration. Different forms of tau can be measured in CSF, such as
total tau (T-tau) and phosphorylated tau (P-tau). T-tau presents both
phosphorylated and non-phosphorylated tau. CSF tau is an indicator of
neuronal injury (T-tau) and NFTs (P-tau), with increased CSF levels believed
to be a direct consequence of tau accumulation in neurons. Decreased FDG-
PET uptake serves as a proxy for synaptic dysfunction. FDG-PET measures
brain glucose metabolism, with glucose mainly being utilized for synaptic
transmission in order to restore membrane potentials (Kadekaro et al., 1985).
The validation of the marker has further been confirmed by high correlations
with post-mortem measurements of the synaptic structural protein
synaptophysin (Rocher et al., 2003). Structural MRI uses strong magnetic
fields and radio waves for the production of detailed organs and tissues
images. It can provide measures of atrophy, which in the brain describes a
loss of volume within neurons, extracellular space, or glia. Atrophy on MRI is
not considered a good diagnostic marker for AD, but the degree of atrophy
correlates well with Braak staging at autopsy (Jack et al., 2002).

The highly accepted hypothetical model of AD (Figure 4) postulates that
the biomarkers become abnormal in a temporally ordered manner as the
disease progresses. Biomarker magnitude is depicted with sigmoidal curves,
where biomarker change happens first rapidly, then more slowly as the
disease progresses. Biomarkers of AR deposition (CSF AB4, or PET amyloid
imaging) become abnormal first, prior to neurodegeneration, and have mostly
reached a plateau by the time clinical symptoms appear. This is followed by
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changes in biomarkers of tau-mediated neuronal injury (CSF tau) and
dysfunction (FDG-PET), which also associate with the severity of clinical
symptoms. Structural MRI, measuring the rate of atrophy, is the last
biomarker to become abnormal. It though retains a closer relationship with
cognitive performance later into the disease than other biomarkers. All of the
biomarkers precede the development memory deficits and other clinical
symptoms.

Abnormal & —— AB : : —

—— Tau-meditated neuronal injury and dysfunction T :
Brain structure

—— Memory

—— Clinical function

Biomarker magnitude

Normal

Cognitively normal ' Mcl ' Dementia

Clinical disease stage

Figure 4. Dynamic biomarkers of the AD pathological cascade. AR is identified by
CSF AB42 or PET amyloid imaging. Tau-mediated neuronal injury and dysfunction is
identified by CSF tau or FDG-PET. Brain structure is measured by use of structural
MRI. Figure and figure text reprinted from (Jack et al., 2010) with permission from The
Lancet Neurology.

1.12 Research guidelines for the diagnosis of AD

The NIA-AA working group updated their research guidelines for the
diagnosis of AD in 2018 (Jack et al., 2018) from the previous one set in 2011
(McKhann et al.,, 2011). Within this framework, AD is defined as a
pathological process identified primarily by biomarkers. This is important as it
shifts the definition of AD from the clinical outcomes of the disease to the
biological construct. Emphasis on the biological construct will facilitate a more
precise understanding of the etiology of the disease and the series of events
leading to cognitive decline. This approach will most likely also be beneficial
for clinical trials as specific pathways can be targeted in selected patient
groups. In 2018, NIA-AA working group proposed the biomarker based
AT(N) framework. Biomarkers were divided into three classes, with each
having a positive or a negative outcome. The letter “A” stands for A
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deposition (CSF AB42, CSF AB4/ ABso or PET amyloid imaging), “T” for tau
pathology (CSF P-tau or PET tau imaging) and “N” for neurodegeneration
(CSF T-tau, FDG-PET or structural MRI). Negative outcome within each
class (AB'N) defines a normal biomarker profile. A'T'N" indicates AD
pathological change while A*T", with or without N*, presents AD. Biomarker
profiles with A" and T*/N", indicate non-AD pathology. Cognitive symptoms
are only used for staging purposes. An important aspect of the framework is
the flexibility to incorporate newly validated biomarkers.

Another widely known research criteria for AD comes from the
International Working Group (IWG), published in 2014 (Dubois et al., 2014).
Like the 2018 NIA-AA research framework, it emphasizes the use of
biomarkers. The difference lies in the dependence of clinical manifestation.
The diagnosis of AD depends on both the presence of cognitive decline and
signature AD biomarker profile (increased amyloid PET deposition or lowered
CSF amyloids, and elevated CSF T-tau or P-tau). Although biomarkers are
only part of the AD research criteria for as of now, it is expected that they will
be integrated into clinical criteria in the future.

1.13 Biomarkers in CSF

CSF is a clear bodily fluid that fills the subarachnoid space and the ventricles
in the brain. CSF acts as a liquid buffer for the protection of the CNS and can
be obtained via lumbar puncture. CSF is in direct contact with the brain and is
tightly separated from blood by the BBB. It is, therefore, a very informative
fluid in biomarkers discovery for neurodegenerative diseases (Blennow et al.,
2010) and can provide specific insight into disease pathogenesis (Blennow et
al., 2015).

1.13.1 Core AD biomarkers

The core CSF biomarkers reflecting signature AD pathology, AB, T-tau and
P-tau, have been extensively studied (ltther & Go6tz, 2011). Although the
diagnostic accuracies of these markers are generally satisfactory (Ferreira et
al., 2014), their levels reach a plateau during the symptomatic stages of the
disease and do not strongly follow the progression of cognitive decline (Jack
et al., 2010; Perrin et al., 2009; Zhou et al., 2009). This requires the discovery
of novel biomarkers for a better understanding of other AD-related
pathological processes which could aid diagnosis and better monitor the
progression of the disease.

19



Unnur Dilja Teitsdottir

1.13.1.1 AB

Under normal conditions, AR peptides are either cleared from interstitial fluid
(ISF) to the CSF or transported from ISF through the BBB (Spies et al.,
2012). In AD, overproduction or dysfunction in clearance of AB results in the
formation of neuritic plaques in the brain parenchyma (Ovod et al., 2017).
The plaques primarily consist of AB,, and work like a “sink” for the peptide,
reducing the levels of ARy, in both CSF and blood.

A decrease in CSF AR, levels in AD patients was first described by Motter
et al. (1995) and has been confirmed in numerous studies (Olsson et al.,
2016). An inverse relationship of CSF AR, levels with both amyloid PET
imaging (Fagan et al.,, 2006; Grimmer et al., 2009) and plaque load in AD
brains at autopsy (Strozyk et al., 2003; Tapiola et al., 2009) has also been
established.

AR species other than ARy, are present in human CSF, with AB4 having
the highest concentration (Portelius et al., 2007; Portelius et al., 2006). The
CSF AB42/AB4 ratio has proven to be a more accurate biomarker for AD in
comparison to CSF AB4 (Hansson et al., 2007; Lewczuk et al.,, 2004;
Wiltfang et al., 2007). Multiple studies have though reported no or minor CSF
AB4o concentration changes in AD (Olsson et al., 2016). It is not entirely clear
why the ratio improves the performance, but a likely hypothesis is that AB4g
can be used as a measurement of total AR levels and the ratio corrects for
individual differences in the production of Ap (Lewczuk et al., 2015).

1.13.1.2 P-tau

Studies have revealed a correlation between P-tau levels measured in
antemortem CSF samples and the amount of neocortical NFTs at autopsy
(Buerger et al., 2006; Tapiola et al., 2009). This indicates that P-tau reflects
the hyperphosphorylation of tau and its formation into tangles in the brain.

CSF levels of P-tau, unlike T-tau, do not alter in relation to acute brain
injury such as acute ischaemic stroke (Hesse et al., 2001). The levels are
also normal or only marginally increased in neurodegenerative disorders
such as Creutzfeldt—-Jakob disease (CJD), which is characterized with
neurodegeneration but no tangles (Riemenschneider et al., 2003; Skillback et
al., 2014b). Those findings support the idea that CSF levels of P-tau probably
reflect the state of tau phosphorylation and not only neurodegeneration.
Furthermore, CSF P-tau appears to be specific for AD, as higher levels are
mainly observed in AD and not in other tauopathies (neurodegenerative
diseases characterized by aggregation of tau proteins into NFTs in the brain)
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(Skillback et al., 2015). One possible explanation could be that the tau
release from neurons in AD is due to AB exposure (Maia et al., 2013; Sato et
al., 2018).

1.13.1.3 T-tau

Like P-tau, higher levels of CSF T-tau are not detected among patients with
non-AD tauopathies (Skillbéck et al., 2015). CSF T-tau is though regarded as
a general neurodegeneration marker, serving as a proxy for the intensity of
neurodegeneration or acute neuronal damage (Blennow & Hampel, 2003).
Indeed, CSF T-tau levels have shown to increase rapidly within days
following acute brain damage, before reaching normal levels weeks later
(Hesse et al., 2001; Zetterberg et al., 2006). The highest T-tau levels can be
found in diseases characterized by severe neurodegeneration. CJD, for
example, has 10- to 20-fold higher T-tau levels compared to AD
(Riemenschneider et al., 2003; Skillbdck et al, 2014b). Other
neurodegenerative disease reported to have elevated CSF levels of T-tau is
dementia with Lewy bodies (DLB) (Arai et al., 1997; Parnetti et al., 2008).
CSF T-tau is therefore considered a less specific biomarker for AD compared
to P-tau.

1.13.2 Neurodegeneration markers

1.13.2.1 NFL

Neurofilaments are major components of the neural cytoskeleton and are
classified into three types of subunits based on their molecular mass;
Neurofilament light (NFL), neurofilament medium (NFM), and neurofilament
heavy (NFH) (Lépinoux-Chambaud & Eyer, 2013). Although the precise
functions of neurofilaments are unknown, they are believed to be critical in
maintaining neuronal structure and enabling high-velocity nerve conductions
(Barry et al.,, 2012; Rao et al., 2003). NFL, the lightest chain of 68 kD
(Petzold, 2005), is mainly located in the axoplasm of large myelinated
neurons.

Axonal damage leads to cytoskeletal proteins, including neurofilaments, to
be released into the extracellular space and subsequently into bodily fluids
(CSF and blood) (Zetterberg, 2016). Increased CSF concentrations of NFL
have been associated with age (Vagberg et al., 2015) and neurodegenerative
diseases (Skillback et al., 2014a) including AD, FTD (Landqvist Waldé et al.,
2013; Pijnenburg et al., 2007; Sjégren et al., 2000) and amyotrophic lateral
sclerosis (ALS) (Zetterberg et al., 2007).
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Several studies have consistently found higher CSF levels of NFL in AD
patients compared to controls (Molinuevo et al., 2018). A large meta-analysis
by Olsson et al. (Olsson et al., 2016) found a large effect size for
differentiating between the two groups. One study also found higher CSF
NFL levels in AD compared to stable MCI as well as higher levels in both
study groups compared to controls (Zetterberg et al., 2016).

NFL appears not to be an AD-specific marker as levels of the protein is
also elevated in other neurodegenerative diseases. Higher CSF NFL
concentrations have, for example, been found in FTD compared to AD
(Skillbéck et al., 2014a). CSF NFL levels also correlate with changes in white
matter, brain atrophy and cognitive decline independently of AR pathology
(Mattsson et al., 2016; Zetterberg et al., 2016). The marker therefore has a
potential to be used as a non-specific biomarker for disease progression and
severity and as an aid in differential diagnosis of neurodegenerative
diseases.

A strong correlation can be found between levels of NFL in CSF and
blood, as demonstrated in numerous studies across different neurological
diseases (Bacioglu et al., 2016; Kuhle et al., 2016; Wilke et al., 2016). This
gives hope that plasma or serum NFL could be utilized as a non-invasive
biomarker, avoiding the risk involved in obtaining CSF samples by lumbar
puncture.

1.13.3 Inflammation markers

Increasing evidence reveal that inflammation plays a critical role in the
pathogenesis and progression of AD and other neurodegenerative diseases
(Ardura-Fabregat et al.,, 2017; Calsolaro & Edison, 2016). Studies have
shown toxic forms of AB to elicit an immune response through activation of
microglia and astrocytes (ElI Khoury et al., 2003; Medeiros & LaFerla, 2013;
Steardo et al., 2015). Furthermore, inflammation is also believed to contribute
to the formation of NFTSs, affecting dysfunction and loss of neurons (Heppner
et al., 2015). It is therefore of interest to explore glial activation markers in
relation to the diagnosis and monitoring of AD.

1.13.3.1 YKL-40

YKL-40, also known as chitinase 3-like protein 1, is one of four inactive
chitinases that bind to chitin but has no chitinase activity (Hakala et al.,
1993). It belongs to the glycosyl hydrolase family 18 and consists of 383
amino acids (Rehli et al., 2003). The protein is encoded by the CHI3L1 gene
in humans and is located on chromosome 1g31-g32 (Rehli et al., 1997; Rehli

22



Introduction

et al., 2003). Although the physiological role of YKL-40 remains unknown, it is
thought to play a role in tissue remodeling during inflammation (Craig-
Schapiro et al., 2010).

At the cellular level, YKL-40 is secreted by various types of cells including
neutrophils, synovial fibroblasts, chondrocytes and macrophages (Kirkpatrick
et al., 1997). Although YKL-40 is widely used as a glial activation marker, the
cellular source of expression in the brain remains uncertain. Some studies
have revealed an increased expression of YKL-40 in astrocytes in
neuroinflammatory conditions, such as multiple sclerosis (MS) and traumatic
brain injury (TBS) (Bonneh-Barkay et al., 2010; Cant6 et al., 2015). On the
other hand, other studies have reported increased expression of the protein
in macrophages/microglia in the same conditions (Canté et al., 2015;
Hinsinger et al., 2015). For AD specifically, the expression of YKL-40 has
been related to both microglia and astrocytes as well as, occasionally,
neurons (Bonneh-Barkay et al., 2012; Craig-Schapiro et al., 2010; Mattsson
etal., 2011).

YKL-40 is upregulated in the brain in multiple pathological conditions such
as cardiovascular disorders (Rathcke & Vestergaard, 2009), diabetes
mellitus, inflammatory diseases, cancer (Johansen, 2006) and neurological
disorders including AD, ALS, MS (Comabella et al., 2010) and TBS (Bonneh-
Barkay et al., 2010). YKL-40 has frequently been found surrounding amyloid
plaques in AD brains (Craig-Schapiro et al., 2010). Increased YKL-40
expression has also been found to associate with higher tau pathology
burden, linking glial activation to neurodegeneration (Querol-Vilaseca et al.,
2017).

Higher CSF YKL-40 levels have been reported to be higher in AD
compared to controls (Molinuevo et al., 2018) as well as in preclinical late AD
vs. early AD stages (Alcolea et al., 2017). The degree of increase was though
found to be modest compared to neurodegeneration markers NFL and T-tau
in a large meta-analysis performed by Olsson et al. (Olsson et al., 2016).
Difference in CSF YKL-40 levels have been observed in AD compared to
DLB, Parkinson’s disease (PD) (Wennstrom et al., 2015) and FTLD (Baldacci
et al., 2017), albeit an early study did not find difference between disease
groups (Mattsson et al., 2011). Studies have found a strong association of
CSF YKL-40 with tau protein levels, but not with AB4, (Alcolea et al., 2014;
Alcolea et al., 2015b; Antonell et al., 2014; Craig-Schapiro et al., 2010). A
strong association has also been found between CSF levels of YKL-40 and
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NFL (Melah et al., 2016), further establishing a connection between the
activation between glial cells and neurodegeneration.

1.13.3.2 S100B

S100 calcium-binding protein B (S100B) belongs to a highly homologous
family of calcium-binding proteins. The human gene encoding the S100B
protein, maps to chromosome 21g22.3 (Allore et al., 1988). S100B carries
two Ca’*-binding sites of the EF-hand (helix-loop-helix) type (Donato, 2001;
Heizmann et al., 2002), with the binding of calcium triggering conformational
changes allowing interaction with tharget proteins (Donato, 2003). In CNS,
S100B is primarily expressed in astrocytes but also in other types of glial
cells such as oligodendrocytes, Schwann cells, ependymal cells, retinal
Muller cells, enteric glial cells, as well as in definite neuron subpopulations
(Brockes et al., 1979; Didier et al., 1986; Ferri et al., 1982; Ludwin et al.,
1976; Rickmann & Wolff, 1995; Yang et al., 1995).

S100B exerts both intracellular and extracellular functions. As an
intracellular regulator, it has been implicated as having roles in the regulation
of many diverse processes such as calcium homeostasis, interaction with
elements of the cytoskeleton, protein phosphorylation and degradation.
S100B can also act as a cytokine by secretion into the extracellular space. Its
release can be triggered by various molecules including glutamate, serotonin,
TNF, IL-13, AB and lysophosphatidic acid. Extracellular S100B mediates both
paracrine and autocrine effects on neurons and glia by interaction with
receptor for advanced glycation end products (RAGE) and likely other
receptors (Donato, 2003). The effect of extracellular S100B can be either
trophic or toxic, depending on its concentration. In nanomolar concentrations,
the protein is neuroprotective by inducing neurite outgrowth and triggers
proliferation, while in micromolar concentrations, it has neurotoxic effects
(Huttunen et al., 2000; Selinfreund et al., 1991; Tramontina et al., 2002). High
levels of extracellular S100B have been detected in various conditions
including brain trauma, ischemia and neurodegenerative, inflammatory and
psychiatric diseases (Rothermundt et al., 2003).

Very few studies have evaluated CSF S100B levels in relation to AD.
Studies by Nooijen et al. (Nooijen et al., 1997) and Jesse et al. (2009) did not
find any significant differences in levels of the protein between AD patients
and non-demented controls. In both studies, higher levels of the protein were
though detected in patients with CIJD compared to both the study groups.
Interestingly, Peskind et al. (Peskind et al., 2001) did find higher levels of
CSF S100B in patients with mild to moderate AD compared to healthy older
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controls and patients with advanced AD. Few studies have explored the
association between S100B and core AD markers in CSF. Hov et al. (Hov et
al., 2017) detected a relationship between S100B and P-tau, but not ARy,
among elective surgery patients free from dementia and delirium.

1.13.3.3 GFAP

Intermediate filaments (IF), along with microtubules and microfilaments,
make up the cytoskeleton of most eukaryotic cells. Glial fibrillary acidic
protein (GFAP), a class-lll IF, is a key component of the astrocyte’'s
cytoskeleton in addition to vimentin, nestin and synemin (Yang & Wang,
2015). The protein is encoded by the GFAP gene, located on chromosome
17921 in humans (Bongcam-Rudloff et al., 1991). GFAP is almost exclusively
present in astrocytes and is highly expressed in the CNS (Yang & Wang,
2015). IFs play pivotal roles in providing support for the plasma membrane
and the cytoskeleton. The exact function of GFAP is though poorly
understood. Astrocytes react to toxic and traumatic insults by a change in
morphology and function (reactive astrogliosis) (Burda & Sofroniew, 2014).
Those changes include hypertrophy, increased proliferation and production of
IFs such as GFAP (Sofroniew & Vinters, 2010). GFAP is therefore commonly
used as a marker of reactive astrocytes. Diseases that express increased
GFAP messenger RNA (mRNA) and protein levels include AD, scrapies and
CJD (Middeldorp & Hol, 2011).

Expression of GFAP has been associated with amyloid plaque load in AD
(Hanzel et al., 1999). A strong association between GFAP mRNA levels and
the density of neuritic plagues was found in the frontal neocortex of the AD
brain (Le Prince et al., 1993). Another study (Pike et al., 1995) demonstrated
a significant increase in GFAP mRNA levels in relation to the elevation of AR
deposits density. GFAP expression has also, to a lesser extent, been
associated with the number of NFTs in the entorhinal cortex (Beach et al.,
1989; Muramori et al., 1998; Porchet et al., 2003).

Studies exploring the relationship between levels of GFAP and AD in CSF
are few, with results being inconsistent. Andreasen et al. (2001) and Rosén
et al. (2011) did not find a significant difference in levels between AD and
controls. In contrast, other studies (Abu-Rumeileh et al., 2019; Fukuyama et
al., 2001; Ishiki et al., 2016; Jesse et al., 2009) have found higher levels in
patients with AD compared to controls. Ishiki et al. (2016) also found higher
levels of CSF GFAP in FTD compared to AD. GFAP has been recently
measured in plasma and serum, where increased levels were found in
different neurological conditions, including AD (Chen et al., 2020; Elahi et al.,
2020; Heller et al., 2020).
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2 Aims

The general aim of this thesis was to examine the relationships of selected
CSF novel biomarkers with a CSF profile reflecting signature AD pathology,
AD-related biological processes (brain amyloid status, neurodegeneration,
inflammation) and cognitive functions among subjects at the symptomatic
pre- or early dementia stages.

Specific aims were:

. to evaluate the association of CSF glial and neurodegeneration
markers with a CSF AD profile, AD-related biological processes and
different cognitive domains (Paper I).

Il to identify CSF lipid species associating with CSF AD profile (Paper
).

M. to explore the relationships between selected lipid species and
measures reflecting AD-related biological processes and impairment
in verbal episodic memory (Paper II).

V. to examine the association between the activity of cholinergic
enzymes and measures reflecting AD-related biological processes
and impairment in verbal episodic memory (Paper ).
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3 Materials and methods

3.1 Study design

Individuals, who were referred to the Landspitali University Hospital (LUH)
Memory Clinic over a four-year period, were potential candidates for The
Icelandic MCI study. The design of the study is presented in Figure 5. At first
visit, each candidate’s cognitive status was evaluated. All those who scored
24-30 points on the Mini-Mental State Examination (MMSE) (Folstein et al.,
1975) and 4.0 points or less on the Informant Questionnaire on Cognitive
Decline in the Elderly (IQCODE) (Jorm, 2004), were invited to join the study.
The criteria for excluding candiates included i) cognitive impairment as a
consequence of a pre-existing condition, ii) complications due to issues
regarding health or social status, and iii) residency outside the Reykjavik
Metropolitan Area.

In entering the study, each subject underwent standard clinical and
neuropsychological assessment, brain imaging with MRI for the estimation of
medial temporal lobe atrophy (MTA) and white matter lesions, and an
electroencephalography (EEG) recording (Johannsson et al., 2015; Snaedal
et al., 2012). Furthermore, lumbar puncture for collection of CSF was carried
out, although optional by the requirement of the National Bioethics
Committee.

These investigations, except for the EEG recordings, formed the basis for
the diagnosis of each subject. Only subjects with SCI or MCI diagnosis at
baseline had an annual re-evaluation of diagnosis based on
neuropsychological assessment of their cognitive status. If the diagnosis at
first follow-up was stable (SCI/MCI), the subject had a second follow-up
planned a year later.

The clinical diagnosis of AD was both dependent on the NIA-AA criteria
for probable AD dementia (McKhann et al., 2011), as well as evidence of AD
pathology based on MTA score and core CSF markers, if available. Subjects
with LBD required the consensus criteria of McKeith (McKeith et al., 2017).
Diagnosis of MCI was based on the Winblad criteria (Winblad et al., 2004).
None of the subjects had been treated with cholinesterase inhibitors, such as
donepezil, galantamine and rivastigmine, before joining the study.
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Figure 5. Design of The Icelandic MCI study.

3.2 Study cohort

A total of 218 subjects were recruited into The Icelandic MCI study.
Recruitment of subjects took place over a four-year period, from April 2014 to
June 2018 (Figure 6). Only subjects who had undergone lumbar puncture for
the collection of CSF, were eligible for selection for this PhD project (n=76).
Final sample selection was slightly different between Paper | (n=52), Paper I
(n=60) and Paper lll (n=46). The reason was mainly twofold. First, CSF
analytes were measured at different time points, during or after the enrolment
period. Cholinergic enzyme activity assays were performed first (exclusively
used for Paper Ill) and lipidomics analysis second (exclusively used for
Paper 1), before the end of enrolment. Protein levels were measured last,
after the end of enrolment. Second, 16 subjects were excluded for Paper |
because of incomplete neuropsychological assessment across different
cognitive domains. Only in Paper | were data from more than one cognitive
domain (verbal episodic memory) used.
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Enrolment into prospective study on MCI over a
four year period (April 2014 - June 2018), n=218

Exclusion, n=4
* Blood-contaminated CSF
samples, n=3

* Extremely high CSF GFAP
value (51 x IQR), n=1

Paper I

Paper 11

Paper I11

Enrolment period:
*  April 2014 - June 2018

Exclusion, n=162

+  Without CSF sample,
n=146

* Incomplete
neuropsychological
assessment, n=16

Enrolment period:
*  April 2014 - December 2017

Exclusion, n=146
*  Without CSF sample, n=146

Exclusion — enrolled into
the study after selected
enrolment period, n=8

Enrolment period:
* April 2014 - March 2017

Exclusion, n=115

*  Without CSF sample, n=113

* Extremely high CSF P-tau
value (11 x IQR), n=1

* Extremely high CSF BuChE
value (10 x IQR), n=1

Exclusion — enrolled into
the study after selected
enrolment period, n=53

Sample characteristics

(n=52)

Female: 37%
Age.y: 70
Education, y: 13
MMSE, score: 28
IQCODE, score: 3.6

Clinical diagnosis:
Stable SCI/MCI (2 years), n=21
* SCI/MCI - no follow-up, n=9
* MCI-AD, n=2
* MCI-Parkinsonism, n=1
* MCI-Vascular dementia, n=1
= AD,n=16
« Parkinsonism, n=2

CSF profile:
* AD, n=28
* Non-AD, n=24

Sample characteristics

Sample characteristics

(n=60)

Female: 47%
Age, y: 70
Education, y: 13
MMSE. score: 28

IQCODE, score: 3.5

Clinical diagnosis:
Stable SCI/MCI (2 years), n=22
SCI/MCI - no follow-up, n=10
* MCI-AD, n=1
* MCI-Parkinsonism, n=2
¢ MCI-Vascular dementia, n=1
¢« AD, n=20
+ Parkinsonism, n=4

CSF profile:
*« AD, n=34
* Non-AD, n=26

(n=46)

Female: 54%
Age.y: 71
Education, y: 13
MMSE, score: 28
IQCODE, score: 3.5

Clinical diagnosis:

» Stable SCI/MCI (2 years), n=15
*  SCI/MCI - no follow-up, n=7
* MCI-AD, n=1
*  MCI-Parkinsonism, n=1
*  MCI-Vascular dementia, n=0
« AD,n=18
+ Parkinsonism, n=4

CSEF profile:
* AD, n=30
* Non-AD, n=16

Figure 6. Overview of sample selection and sample characteristics for each paper.
Numbers for age, education, MMSE and IQCODE present a median value.
Parkinsonism in this project included LBD, PD and corticobasal degeneration (CBD).
Abbreviations: IQR Interquartile range.
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3.3 Measurements in CSF

3.3.1 Collection and storage

Lumbar puncture was performed in the morning for the collection of CSF. A
22-gauge spinal needle was inserted into the L3/4 or the L4/5 interspace.
Samples, uncentrifuged, were stored at -80 °C in 2 ml polypropylene tubes
(Sarstedt 72.694.006) within one hour after collection. Part of the samples for
each subject was sent to a medical laboratory in Germany for the
measurement of the core CSF AD markers ABs, P-tau and T-tau. For
analysis of other proteins, the 2 ml tubes were thawed (first freeze-thaw
cycle) and the CSF aliquoted into 0.5 ml tubes (Sarstedt 72.730.105), before
stored again. Proteins NFL, S100B and AChE were measured following two
freeze-thaw cycles and YKL-40, GFAP and BuChE following three freeze-
thaw cycles.

3.3.2 ELISAs

Commercially available sandwich enzyme-linked immunosorbent assays
(ELISAs) for measuring levels of proteins, were performed according to
manufacturer's instructions. Levels of T-tau (IBL International, Hamburg,
Germany), P-tau181 (INNOTEST, Gent, Belgium) and ABs, (IBL
International, Hamburg, Germany), were measured in the I1SO 15189
accredited medical laboratory MVZ Labor P.D. Dr. Volkmann und Kollegen
GbR (Karlsruhe, Germany). Levels of NFL (Uman Diagnostics, Ume3,
Sweden), YKL-40 (Quantikine ELISA Human Chitinase-3—like 1; R&D
systems, MN, USA), S100B (BioVendor GmbH, Heidelberg, Germany) and
GFAP (BioVendor GmbH, Heidelberg, Germany) were measured in a
laboratory at the University of Iceland (Ul). Samples were run in dublicates.

Intra-assay coefficient of variation (CV) is a measure of variance between
sample replicates within the same batch (plate) while inter-assay CV is a
measure of variance between sample replicates run on different batches. The
core CSF AD markers measured at the medical laboratory in Germany have
intra-assay and inter-assay CVs generally below 10%. All protein assays
performed at the Ul had mean intra-assay CV <10% and inter-assay CV
<15% (Table 1).
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Table 1. Intra-assay and inter-assay CV (%) calculations for measurements in CSF

Intra-assay  Inter-assay =~ Number of

Protein CV (%)* CV (%) batches
S100B (pg/ml) 4.3 13.6% 2
GFAP (ng/ml) 3.0 1.5% 2
NFL (ng/ml) 1.6 6.5° 3
YKL-40 (ng/ml) 3.3 9.6" 3
AChE (nmol/min/ml) 2.1 - 1
BuChE (nmol/min/ml) 2.2 - 1
ABa2 (pg/ml)t <10.0 <10.0 N/A
P-tau (pg/ml)’ <10.0 <10.0 N/A
T-tau (pg/ml)* <10.0 <10.0 N/A

Abbreviations: CV Coefficient of variation, N/A Not available

TAB42, P-tau and T-tau proteins were measured by the medical laboratory MVZ Labor P.D. Dr.
Volkmann und Kollegen GbR (Karlsruhe, Germany). *CV (%) for each set of replicates was
calculated by dividing the standard deviation of the set by its mean and multiple by 100 to
produce a percentage. Intra-assay CV (%) was then calculated by averaging the sample CVs
(%). ®Both kits for S100B and GFAP included two quality controls (QCs), with a known
concentration of the protein of interest (high and low). CV (%) for each QC was calculated by first
finding the mean of replicates within both batches. Next, the standard deviation between means
of each batch was divided by the mean between batches and multiplied by 100. Finally, inter-
assay CV (%) was calculated by averaging the CV's (%) for the high and low QCs. "No QCs were
provided with the kits for NFL and YKL-40. Instead, the calculations of inter-assay CV was based
on three different subject samples. Sample nr. 36 was run on batches 1 and 2, sample nr. 152
on batches 1 and 3, and sample nr. 175 on batches 2 and 3. For each subject sample, mean of
replicates were calculated between batches. Subsequently, the standard deviation between
batches was divided by the mean of the batch means multiplied by 100. For inter-assay CV(%),

the average of the subject sample CVs (%) were calculated.
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3.3.3 Enzyme activity assays

AChE and BuChE activities were measured for Paper Ill, using a modified
Ellman‘s colorimetric method (Darreh-Shori et al., 2002; Ellman et al., 1961)
at Karolinska Institutet (KI), Sweden. The assays were performed in 384-well
plates (Thermo Scientific Nunc Maxisorb, Cat no 464718). For both
measurements, the CSF samples were diluted 4X with dilution buffer, pH 7.4
(Tris-buffered saline (TBS; 10mM Tris—HCI); 0.1% Bovine serum albumin
[BSA]; 1mM Ethylenediaminetetraacetic acid [EDTA] and 0.05%Triton X-
100). All samples were run in triplicate (50 ul per well of diluted sample). The
reaction was started by adding 25 pl of reagent mixture into each well. The
mixture contained the substrates Acetylthiocholine iodide (ATC; final
concentration 0.5 mM, Sigma 01480) or Butyrylthiocholine iodide (BTC; final
concentration 5.0 mM, Sigma-Aldrich B3253), the selective inhibitors 1,5-
bis(4-allyldimethylammoniumphenyl)pentan-3-one dibromide (BW284C51;
final concentration 1.0 pM, Sigma) or Ethopropazine (EPP; final
concentration 0.1 mM, Sigma), Ellman’s reagent 5,5'-dithio-bis(2-nitrobenzoic
acid) (DTNB; final concentration 0.4 mM, Sigma-Aldrich D8130) and
sodium/potassium phosphate buffer (50 mM, pH 7.4). The AChE substrate
ATC and BuChE inhibitor EPP were used as a part of the reagent mixture for
measurement of AChE activity, while BUChE substrate BTC and AChE
inhibitor BW284C51 were used for measurement of BUChE activity. A
microplate spectrophotometer reader was used for monitoring the reaction for
at least 10 minutes at 412-nm wavelength, using SOFTmax PRO software
(version 2.6.1 for PC; Molecular Devices Corp.). Reaction rates were
calculated based on the linear portion of the reaction curves as changes of
absorbance per minute. The intra-assay CV (%) for both assays were below
3%, with all samples measured in one batch (Table 1).

3.3.4 Subject grouping based on CSF measures

Subjects were classified as having a CSF AD or a non-AD profile, based on
the ratio of T-tau and AB,4, values. The cut-off point of 0.52 was choosen
based on results from a large memory clinic cohort study (Duits et al., 2014),
where different methods of classification were compared. CSF AD profile,
reflecting signature AD pathology, was defined as T-tau/AB,, ratio > 0.52.
This method of calculation is very similar to the Hulstaert regresson formula,
(1240 + 1.18*T-tau)/ AB4,, which was recommended for classification by the
medical laboratory measuring the core CSF AD markers. The Hulstaert
formula gives approximately the same results as the ratio between T-tau and
AB4, with a cut-off point of 0.52. Identical categorization of subjects into CSF

34



Materials and methods

profile groups resulted from the use of both of the methods. The classification
into CSF profiles was independent of clinical diagnosis, but the clinical
diagnosis of AD was partly based on CSF AD profile. Therefore, a full
concordance existed between CSF AD profile and AD clinical diagnosis.

For Paper lll, three different CSF biomarker profiles were created, one for
each core CSF AD marker (AB42, T-tau and P-tau). For each profile, subjects
were dichotomized into two categories based on protein levels; abnormal
(positive) or normal (negative). The specific cut-off points were established by
the medical laboratory performing the assays, with abnormal values being
defined as AB4, < 375 pg/ml, T-tau > 445 pg/ml and P-tau > 61 pg/ml.

3.4 Lipidomic profiling
Lipidomic profiling was performed for Paper II.

3.4.1Preparation of samples and UPLC-MS analysis

CSF sample extraction was performed as described in Bird et al. (Bird et al.,
2011). C12 ceramide and C17 sphingomyelin (SM d18:1/17:0), purchased
from Avanti Polar Lipids (Alabaster, AL, USA), were used as internal
standards and added to 30 pl of CSF prior to lipid extraction. Dried lipid
extracts were resuspended in 300 pyL of ACN/IPA/H20 (65:30:5 v/v/v) and
stored at —-80 °C befure further analyses. Reference samples C18 SM
(d18:1/18:0) and C18 ceramide (d18:1/18:0) were run alongside other
samples as both SMs and ceramides have been related to AD in the
literature (Haughey et al., 2010). Ultra-performance liquid chromatography-
tandem mass spectrometry (UPLC-MS) lipidomic analysis were performed as
described in Kotronoulas et al. (2020). The analytical instrumentation used
was an ACQUITY UPLC system (UPLC ACQUITY, Waters Corporation,
Milford, MA) coupled to a traveling-wave ion mobility (IMS) qTOF mass
spectrometer (Synapt G2 HDMS, Waters Corporation, Manchester, U.K.).
The chromatographic gradient separation was performed on an ACQUITY
CSH C18 column (2.1 mm x 150 mm, 1.7 um particle size, Waters
Corporation) at 60 °C. Mobile phase A was H20/2-isopropanol (80:20) and
mobile phase B 2-isopropanol/ACN/H20 (90:9.1), both with 0.05% of formic
acid and 5 mM ammonium formate. Injection volume was 10 uL, flow rate
was 0.4 mL/min, and the run time was 17 min. The following gradient pattern
(solvent B) was used: 0 min, 40%B; 1 min, 40%B; 3 min, 60%B; 10 min,
100%B; 13.5 min, 100%B; 14 min, 40%B; 17 min, 40 %B. Both positive (+)
and negative (-) electrospray ionization (ESI) modes were acquired. The
capillary and cone voltage were 2.5 kV and 30 V, respectively. The source
and desolvation temperature were 120 and 500 °C and the desolvation gas
flow was 800 L/h. During High Definition MSE (HDMSE) experiments, the
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collision energy in the trap cell was off. It ranged from 20 to 30 eV for the
positive mode and from 25 to 40 eV for the negative mode in the transfer cell.
The MS-Dial program was used for further analysis of the resulting MS data.

3.4.2 Spectral processing

The Reifycs Abf Converter tool was applied for convertion of Waters RAW
files to ABF format. ABF files from all subjects and pooled samples (either
positive or negative controls) were loaded into the MS-Dial application
(Tsugawa et al., 2015). Sample alignment and peak detection was performed
in MS-Dial. Selected mass-to-charge ratio (m/z) peaks, hereafter referred to
as m/z features, were manually curated to minimize the effect of sample drift.
All m/z features were normalized by internal standards for reduction of
variations between samples due to sample handling and processing.
Annotations of m/z features were performed with MS-Dial and compared to
MS/MS spectra in the LipidBlast Library (Kind et al., 2013). A total of 1013
m/z features were identified based on their peak mass. Five of the m/z
features had more than 5% missing values and were therefore dropped from
the analysis. The final dataset included 1008 features, with remaining missing
values (5% or less) imputed by the smallest number of that particular feature.

Annotations of lipids are commonly reported in a specific manner and at
various levels (Liebisch et al., 2013). At the lipid species level the lipid class
is reported first, followed by the total number of carbon atoms and lastly by
the number of double bonds (e.g. ceramide 36:1). The specific structure of a
lipid species can also be analyzed in more detail. For example, one possible
structure of ceramide 36:1 is C18 ceramide (d18:1/18:0). The first part of the
parenthese (d18:1) refers to a sphingosine base of 18 carbons with one
double bond, and the second part (18:0) to a fatty acid chain with 18 carbons
and no double bond.

3.5 Neuropsychological tests

A detailed neuropsychological assessment was performed by licensed
psychologists under the supervision of a clinical neuropsychologist. Specific
tests were selected from the assessment for the evaluation of five cognitive
domains frequently associated with aging and AD (Figure 2). It should though
be emphasized that there is an overlap between tests across domains and
that domains are not entirely independent from one another.

Two tests were used for the assessment of verbal episodic memory. The
first, Rey Auditory Verbal Learning Test (RAVLT) (Lezak et al., 2004), was
composed of 15 nouns read to the subject for five consecutive trials. Each
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trial was followed by a free-recall test. After a 30 min delay, subjects were
asked to recall the words without hearing the list again. Finally, a list of the 15
nouns previously presented to the subject as well as 30 new ones, were read
again (recognition). The subject was then required to identify the previously
heard nouns from the list. The second test was an orally presented story
(Wechsler, 1987), which included 25 ideas. The story was read aloud and the
subject asked to recall it without any hints (immediate free recall). The
subjects were then asked to recall the story again 30 min later (delayed free
recall).

The Rey-Osterrieth complex figure (ROCF) is a test widely used for the
assessment of non-verbal episodic memory (Lezak et al., 2004) and requires
the subject to reproduce a complex geometrical figure. First, the figure is
copied free-hand and second, from memory (both immediately and after a 30
min delay).

Verbal fluency tests typically evaluate either semantic or phonemic
fluency (Shao et al., 2014). For the former category, subjects were asked to
generate as many animal names as possible within 60 seconds. For the
latter, subjects were asked to name as many words starting with the letters H
and S within same time limits.

Two subtests were utilized for the assessment of processing speed. Part
A of The Trail Making Test (TMT-A) (Tombaugh, 2004) consists of 25
numbered circles randomly positioned on a piece of paper. The task of the
subject is to draw a line between the circles in ascending order. Word
reading, the most simple part of the Stroop test, was also used for the
evaluation of processing speed (Stroop, 1935). The task requires subjects to
read colored names out loud, written in black ink, in the fastest time possible.

The Digit Symbol Substitution Test (DSST), part B of TMT and Stroop
4th/3rd parts were administrated for the evaluation of executive functions.
DSST (Wechsler, 1955) is a test consisting of digit-symbol pairs. A key
containing digits from 1 to 9 is shown to the subject. Under each digit is a
corresponding geometric symbol. The task of the subject is to copy the
symbols into spaces below rows of digits. The number of correct symbols
within 120 seconds is counted. TMT-B includes both numbered circles (1-13),
just as in TMT-A, as well as circles containing letters (A-L). The subject is
required to draw lines between the circles, alternating between numbers and
letters in an ascending pattern (1-A-2-B-3-C, etc.). Part 3 of the Stroop test
requires subjects to name colors of squares, while part 4 requires naming
color of words when colors and words don’t match. The ratio between part 3
and part 4 was calculated for the purpose of controlling for speed.
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Table 2. List of neuropsychological tests administrated. Reprinted from (Teitsdottir et
al., 2020) with permission from Alzheimer's Research & Therapy.

Cognitive domain

Neuropsychological
test

Scores (range)

Verbal episodic
memory

Non-verbal episodic
memory

Language

Processing speed

Executive functions

RAVLT immediate
recall

RAVLT delayed recall

RAVLT recognition —
false positives

Story immediate recall

Story delayed recall

ROCF immediate
recall

ROCF delayed recall

Verbal fluency animals
Verbal fluency H+S

TMT-A

Stroop test, part |
DSST

TMT-B

Stroop 4"/3" part

Free recall - the sum of the
number of words recalled from
trials 1 through 5 (0 to 75)
Delayed free recall -number of
words recalled after 30 minutes
delay (0 to 15)

Recognition - number of words
recognized from a list of 45
words. Number of false positives
subtracted from the score (-30 to
15)

Recall of a story containing 25
ideas (0 to 25)

Recall of a story containing 25
ideas again after 30 minutes
delay (0 to 25)

Complicated drawing reproduced
(0 to 36)

Complicated drawing reproduced
again after 30 minutes delay (0 to
36)

Number of animal names
produced in 60 seconds

Number of words that begin with
H/S in 60 seconds

Time in seconds to connect a set
of 25 numbered dots in sequential
order

Time in seconds to read a set of
color words written in black
Number of symbols correctly
produced in 120 seconds

Time in seconds to connect 25
targets, alternating between
numbers and letters

Part 3 — Time in seconds it takes
to name squares of given colors
Part 4 — Time in seconds it takes
to name the color of a word

Abbreviations: RAVLT Rey Auditory Verbal Learning Test, ROCF Rey—Osterrieth complex figure,
DSST Digit symbol substitution test, TMT Trail Making Test
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3.6 Statistical analysis

Mann-Whitney U and Kruskal-Wallis tests were used for comparisons
between independent groups when the dependent variable was continuous
and chi-square tests when it was categorical. Raw values of CSF protein
levels (Paper | and Paper Ill) were naturally log-transformed to make
distribution conform to normality. Raw values of CSF measures in Paper I
(m/z features and proteins) were both log2-transformed and autoscaled.
Autoscaling (value subtracted by mean and divided by standard deviation)
lead to each measure having average and standard deviation of 0 and 1,
respectively. In Paper |, calculations for composite scores were done by
converting the scores of each neuropsychological tests into z-scores,
averaging them for each cognitive domain and subsequently converting them
again into z-scores. Z-scores for tests based on time of reaction were
reversed (TMT, Stroop test, DSST) before the calculations of composite
scores for the purpose of score consistency (higher scores equalizing better
performance).

In Paper Il, the sample was divided into discovery and validation sets for
the purpose of selecting the m/z features best distinguishing between CSF
profiles (AD and non-AD). A bootstrap sampling method (Efron & Gong,
1983) was utilized for creating the sets. For the creation of a discovery set, a
random sample was drawn with replacement (n=60) from the original one
(n=60). On average, a bootstrap sample includes approximately 63% of the
original observations (Chernick & Labudde, 2011). The discovery set,
therefore, included on average 38 subjects (63%), while the rest of the
subjects (n=22) made up the validation set (37%). Comparisons of the levels
of each m/z feature between the two profile groups were done by the use of
Mann-Whitney U tests. The comparison

s were performed for both discovery and validation sets, with the
significance level set at 0.05. The whole procedure (creation of sets and
comparisons of feature levels between groups) was repeated 1000 times with
the goal of increasing the stability of feature selection. The m/z features most
often distinguishing between profile groups within both sets at each
repetition, were selected for a more precise identification. The selection of the
optimal percentage as a cut-off point was based on the distribution of
significant m/z features after 1000 bootstrap replications. The cut-off point of
20% was chosen, as frequencies of m/z features started to slowly increase
below that point.
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The area under curve (AUC) method (DeLong et al., 1988) is used in
Paper | for evaluating the ability of CSF protein levels and outcomes on
neuropsychological tests to discriminate between the two CSF profiles. AUC
values range from 0 to 1, where 0.5 corresponds to distinguishability being
equal to random chance and 1 to perfect.

Pearson’s correlations and linear regression models were applied for
estimation of relationships between continuous variables. In Papers | and lll,
least absolute shrinkage and selection operator (LASSO) regression
(Tibshirani, 1996) was utilized as it is especially useful when dealing with
highly correlated predictors (multicollinearity). Large variance due to
multicollinearity is reduced by introducing a penalty, in exhange for a bias of
a tolerable amount. This regression method also performs a variable
selection as some coefficients shrink towards zero. Stable selection was
performed in combination with LASSO regression, by fitting the model on
subsamples drawn from it instead of the whole sample. This approach is
advantageous, as resampling the data reduces the danger of overfitting when
handling small sample size. The R package glmnet and stabs were used to
perform LASSO model fitting and stable selection (Hofner et al., 2015;
Meinshausen & Buhlmann, 2010). A cut-off value of 75% (the frequency of a
variable selected into a model) and a per-family error rate (PFER) of 1 were
set for stable selection. Number of subsamples were drawn from the original
sample (n=100), each containing half the size of the original one. Scatter
plots were used for the display of relationships between continuous variables.
Before the calculations of Pearson‘s r coefficients in Paper |, composite
scores for cognitive domains were adjusted for age and education. A linear
regression model was created for each cognitive domain, with age and
education as independent variables and composite z-score as the dependent
variable. Subsequently, the residual (observed minus predicted score) for
each subject was calculated.

The aim of the study was on discovering relationships, rather than
confirmation. Therefore, values of significance were not adjusted for multiple
comparisons. The statistical sofware R was used for all statistical analyses
(version 3.6.1, The R Foundation for Statistical Computing).

3.7 Ethical approval

All procedures performed in The Icelandic MCI study were approved by the
National Research Ethics Committee of Iceland (VSN-14-028). Written,
informed consent was obtained from all subjects. The study was conducted in
accordance with the current version of Helsinki Declaration (published in
2013).
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4 Results and discussion

4.1 Accuracy of inflammatory and neurodegeneration CSF
markers in distinguishing between CSF profiles

The first objective of Paper | was to evaluate the ability of CSF inflammatory
(YKL-40, S100B, GFAP) and neurodegeneration (NFL) markers to distinguish
between CSF AD (n=28) and non-AD (n=24) profiles. Accuracies for
differentiating between the two CSF profiles were based on univariable ROC
analyses. Results showed discrimination abilities for the novel CSF markers
GFAP (AUC=0.64, CI=0.48-0.79), YKL-40 (AUC=0.63, CI=0.47-0.78), NFL
(AUC=0.62, CI=0.45-0.78) and S100B (AUC=0.61, CI=0.46-0.77) to be poor
(AUC < 0.70). For comparison, the discrimination ability of
neuropsychological tests reflecting five different cognitive domains (verbal
episodic memory, non-verbal episodic memory, language, processing speed
and executive functions), were also calculated. Out of all measurements
(CSF and tests), the tests reflecting verbal episodic memory (composite
score, RAVLT immediate recall, delayed recall and recognition, Story
immediate and delayed recall) distinguished the best between the profiles
(AUC > 0.70). The highest AUCs were detected for the composite score
(AUC=0.80, CI=0.69-0.92) and RAVLT delayed recall (AUC=0.80, CI=0.68-
0.93).

LASSO logistic regression was also performed for the selection of a set of
variables best distinguishing between the two CSF profiles. The four novel
CSF markers and the five composite tests reflecting each cognitive domain
were eligible for the selection. Stability selection was applied, by fitting the
model on 100 subsamples drawn from the whole sample. The cut-off value
for selecting a predictor was set at 75% (number of times a variable is
selected into the model). Only the composite test for verbal episodic memory
reached this criteria, selected 96 times out of 100 (96%) into the model as a
predictor. The selection frequency for all other possible predictors was much
lower (£20%).

Our results indicated that the inflammatory (YKL-40, S100B, GFAP) and
neurodegeneration (NFL) markers performed poorly in differentiating
between the CSF AD and non-AD profiles. In comparison to both CSF
markers and all cognitive measures, neuropsychological tests reflecting
verbal episodic memory did show the highest accuracy in distinguishing
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between the different CSF profiles. These results are in accordance with
previous studies. A meta-analysis (Weissberger et al., 2017) reported that
tests reflecting immediate and delayed memory did consistently differentiate
with high accuracy (above 80%) between AD and healthy control groups,
especially those that were based on list recall. It is likely that the slighty
higher accuracy is due to these studies being based on clinical diagnosis of
AD, while our study focused on a CSF profile reflecting AD pathology,
independent of diagnosis.

4.2 Associations between CSF markers reflecting different
AD related processess

The second objective of Paper | was to examine the relationships between
CSF markers and measures reflecting different AD related processes. Figure
7 presents a Pearson’s r correlation matrix between the CSF markers, age
and length of education. Biomarkers NFL, T-tau, YKL-40 and S100B all
positively correlated with each other. Of the CSF markers, GFAP only
correlated significantly with S100B (r=0.53, p <0.001). None of the variables
correlated significantly (p <0.05) with AB4,. Positive, significant correlations
were found between age and CSF markers, with the exception of AR,,.
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Figure 7. Correlation matrix of CSF markers and demographic variables. The
numbers inside the squares present Pearson‘s r correlation coefficient. A colored
square presents a statistical significance (p < 0.05). Values of CSF markers were
natural log-transformed. Reprinted from (Teitsdottir et al., 2020) with permission from
Alzheimer's Research & Therapy.

In our study, both NFL and YKL-40 levels correlated with T-tau, a
neurodegeneration marker, but not with AB,4,, an indicator of amyloid plaques
in the brain. These results further point to these proteins reflecting biological
processes independent of AB pathology (Alcolea et al., 2015a; Gangishetti et
al., 2018; Mattsson et al., 2016; Olsson et al., 2019; Pereira et al., 2020). In
comparison to NFL and YKL-40, CSF markers S100B and GFAP have much
less been studied in relation to core AD markers. Our results showed S100B
strongly associating with CSF levels of NFL and T-tau, but not with AB4,. Two
previous studies (Christl et al., 2019; Hov et al., 2017) have also reported no
relationship between S100B levels and ARy, levels. Results regarding the
association between S100B and neurodegeneration markers have though not
been as consistent. One of the studies (Hov et al., 2017), conducted among
elective surgery patients free from dementia and delirium, reported
association with P-tau, while the other (Christl et al., 2019), conducted among
AD patients and healthy controls, did not find any relationship with tau. In
contrast with our results for the other novel markers, GFAP did neither
correlate with the CSF levels of T-tau nor AB,4,. This is in accordance with the
results from another study (Ishiki et al., 2016) based on a sample comprised
of dementia cases and healthy controls.
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Overall, CSF NFL, YKL-40, S100B, and GFAP all performed poorly in
differentiating between the CSF AD and non-AD profiles and did not correlate
with CSF AB,, levels. These results are in line with previous findings that
have indicated markers NFL, YKL-40, S100B, and GFAP to be non-AD
specific.

4.3 Selection of CSF markers best predicting outcomes on
tests reflecting cognitive domains

The third objective of Paper | was to evaluate the association between the
novel CSF markers with the composite scores reflecting each of the five
cognitive domains. LASSO linear regression with a stability selection was
applied for identifying a set of measures (CSF markers and demographic
variables) most reliably predicting composite scores of each domain. Two
LASSO regression analyses were performed for each cognitive domain. The
first analysis included all subjects (n=52), and the second only those with a
CSF AD profile (n=28). Selection criteria was set at 75%. The variables
reaching that criteria were considered reliable predictors. The results for each
cognitive domain are presented in Figure 8. Only GFAP (78%) reached the
selection criteria as a reliable predictor for executive functions, when all
subjects were part of the analysis (Figure 8a). Similarly, only age (95%) was
selected as a predictor for non-verbal memory (Figure 8b). For both cognitive
domains, no variables reached the criteria when only those with CSF AD
profile were included. In contrast, GFAP (87%) and age (81%) were selected
as predictors for processing speed (Figure 8c) and NFL (80%) for verbal
episodic memory (Figure 8d) only among those with a CSF AD profile. No
potential predictors reached the selection criteria for predictions of score
reflecting language (Figure 8e).
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predicting composite z-scores reflecting a) executive functions, b) non-verbal episodic
memory, c) processing speed, d) verbal episodic memory, and e) language. Reprinted
from (Teitsdottir et al., 2020) with permission from Alzheimer's Research & Therapy.

45




Unnur Dilja Teitsdottir

The associations between the CSF measures and the cognitive domains
selected by the LASSO regression-stability selection method, were further
explored. Pearson’s r correlation analysis was performed among subjects
within each profile group. It is well known that age and level of education can
affect performance on cognitive tests (Ganguli et al., 2010). The composite z-
scores of each cognitive domain were, therefore, adjusted for these two
covariates prior to the correlation analysis. A significant correlation was
detected between the levels of CSF NFL and verbal episodic memory
performance among subjects with a CSF AD profile (r =-0.43, p=0.02), but
not among those with a non-AD profile (r =-0.05, p=0.82). Similarly, a
correlation was found between CSF GFAP levels and performance on
processing speed among subjects with CSF AD profile (r=-0.68, p<0.001),
but not those without (r=0.02, p=0.94). Weak correlation was observed
between GFAP and executive functions performance within the whole cohort
(r=-0.37, p=0.01).

Overall, the results indicate that the novel CSF markers exhibited different
patterns of association with certain cognitive domains. These patterns were
primarily detected among subjects with a CSF AD profile. Within that profile,
higher levels of the neurodegeneration marker NFL related to worse verbal
episodic memory performance while higher levels of inflammatory marker
GFAP related to worse performance on processing speed. In addition, a
relationship between higher levels of GFAP and worse executive functions
performance was observed within the whole cohort. These results are
particularly interesting as neither NFL nor GFAP did distinguish between CSF
AD and non-AD profiles.

Our results, regarding the relationship between NFL and cognitive decline
are in line with results from a recent review (Ramani et al., 2021). The review,
based on 37 research studies, reported that higher levels of NFL associates
in general with worse cognitive performance across various neurological
diseases. Out of 37 articles, 16 included AD or FTD patients with different
types of biofluid samples (serum, plasma, CSF). NFL consistently associated
with worse cognitive functions, regardless of the type of biofluid collected. In
majority of the studies, the relationship between the protein and global
cognition was estimated, by the use of MMSE. Only four of the studies
evaluated NFL levels in relation to different cognitive domains in AD. The
results of these studies indicated associations between the protein with
various domains including memory, language, speed processing and
executive functions. As well as correlating with cognitive decline, studies
have shown NFL to associate with brain atrophy, strengthening the case for
the protein as a progression marker. Higher CSF levels of NFL correlated
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with lower hippocampal and whole-brain volume as well as larger ventricular
volume over time in individuals with MCI (Zetterberg et al., 2016). Association
of NFL with hippocampal and ventricular volumes has also been reported in a
cohort (controls, MCI and AD), regardless of AB load status in the brain
(Mattsson et al., 2016).

T-tau, a neurodegeneration marker like NFL, did not reach criteria as a
reliable predictor for any of the cognitive domains. This is not surprising,
considering that T-Tau levels reach plateau in the early stages of the disease
and is therefore not a great marker of disease progression (Jack et al., 2010).
A recent in vivo study by Pereira et al. (Pereira et al., 2020) reported that
amyloid-related synaptic changes occurred first in AD, followed by tau-related
axonal degeneration. Indeed, their results suggested tau to be contributor to
increasing NfL levels. This further implicates that axonal degeneration,
indirectly measured by CSF NFL levels, is a downstream event of tau
pathology. This hypothetical cascade of events is also supported by findings
from animal studies (Koffie et al.,, 2009; Spires-Jones & Hyman, 2014;
Zempel et al., 2010). AB plaques are thought to induce reduction in number
of postsynaptic spines and presynaptic vesicles. As synaptic alterations
become more prominent, tau becomes hyperphosphorylated, dissociates
from microtubules and assembles into NFTs. Furthermore, this structural
change is followed by neurofilament dissociation from microtubules, axonal
degeneration and finally, cognitive decline.

Very few studies have evaluated the relationship between GFAP levels
and cognitive decline in CSF. Two studies tested the relationship between
CSF GFAP levels and MMSE scores, one among AD patients (Darreh-Shori
et al.,, 2013) and the other among dementia patients and healthy controls
(Ishiki et al., 2016). Unlike our study, neither observed a relationship between
the protein and cognitive decline. A possible explanation is that we evaluated
different cognitive domains, not only global cognition. In comparison to CSF,
the relationship between GFAP and AD has been better explored in blood.
The relationships between the protein and cognitive domains have, for
example, been examined in serum. Verberk et al. (Verberk et al., 2021) found
baseline serum GFAP levels to be related to greater rate of decline in
memory, processing speed and executive functions in a memory clinic cohort
presenting cognitively normal individuals. These results are in accordance
with our results, as we found an association between higher levels og GFAP
and processing speed. Higher serum baseline GFAP levels have also been
associated with faster decline in hippocampal volume and cortical thickness
in a cohort of older individuals (Rajan et al., 2020), further indicating the
potential of the protein as a progression marker.
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4.4 Selection of lipid species best distinguishing between
CSF profiles

An untargeted lipidomic analysis was performed on CSF samples from
subjects in Paper I, with the purpose of selecting those lipid species best
differentiating between CSF AD and non-AD profiles. Mann-Whitney U non-
parametric tests were used for the selection of the m/z features best
discriminating between the two CSF profiles (AD and non-AD). Eight out of
1008 features did significantly differ in levels between the two profiles within
both the discovery and validation sets in 20% (200 of 1000) of the boostrap
replicates. Vast majority of the features (n=969) reached significance in less
than 2% of the replicates. Each of the eight features was assigned a lipid
species annotation by the use of the LipidBlast spectral library. The chemical
structure of seven out of the eight annotated lipid species could not clearly be
confirmed based on comparison of MS/MS fragmentation spectra to the
LipidBlast reference spectra. In contrast, the structure of C18 ceramide was
confirmed by a comparison to a reference standard. Two reference standards
were run, with one being C18 ceramide (d18:1/18:0). Comparison of CSF
C18 ceramide levels between different CSF profiles are presented in Figure
9. Levels were elevated among those with a CSF AD profile compared to
those with a non-AD profile (p=0.002).
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Figure 9. Levels of CSF C18 ceramide compared between different CSF profiles
(non-AD and AD). **p<0.01 significance by use of Mann-Whitney U non-parametric
test. Values were converted to arbitrary units (A.U.), log2-transformed and
autoscaled. Reprinted from (Teitsdottir et al., 2021) with permission from Journal of
Alzheimer's Disease.

This is, to the best of my knowledge, the first time higher levels of C18
ceramide have been associated with CSF profile reflecting signature AD
pathology. Very few studies have been conducted comparing CSF ceramide
levels between AD patients and healthy controls or other disease groups. A
study by Satoi et al. (Satoi et al., 2005) found a significantly higher levels of
ceramide among AD patients compared to patients with other neurological
diseases. Fonteh et al. (Fonteh et al., 2015) also found a slightly higher levels
of ceramides in supernatant CSF fluid among AD compared to MCI and
controls, although the difference did not reach significance.

4.5 Association between selected lipid species and AD
related CSF markers

The second aim of Paper Il was to examine the relationship of CSF markers
reflecting signature AD pathology (AB.2, T-tau, P-tau), inflammation (YKL-40,
S100B, GFAP) and neurodegeneration (NFL) with CSF C18 ceramide. The
estimations were performed using linear regression (Table 3). Unadjusted
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standardized beta (st. B) coefficients were calculated as well as adjusted for
covariates age, gender and education. After adjustment of covariates, a
negative relationship was found between AB,;, and C18 ceramide levels (st.
=-0.36, p=0.007) while a positive relationship was found between levels of
T-tau and the same lipid species (st. $=0.41, p=0.005). No statistically
significant association was found between either levels of P-tau or NFL and
C18 ceramide. Of the inflammatory markers, C18 ceramide only positively
related to S100B (st. =0.51, p=0.001) after adjustment of covariates. The
same CSF markers that significantly associated with C18 ceramide, also did
so when linear regression was not adjusted for covariates, although the
associations were not as strong. Test scores reflecting verbal episodic
memory (RAVLT, Story) did not significantly relate to levels of C18 ceramide.
As one subject did not take the RAVLT test, the linear regression analyses
for the subtests were only based on 59 subjects. This did though not skew
results as the outcome was approximately the same when calculated without
that particular subject.
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Table 3. Linear regression models, unadjusted and adjusted for covariates, examining
the association of CSF markers and cognitive scores with levels of CSF C18
ceramide. Reprinted and modified from (Teitsdottir et al., 2021) with permission from
Journal of Alzheimer’s Disease.

CSF C18 ceramide (A.U.)?

Unadjusted model Adjusted model*
St. B p St. B p
Demographics
Age, yrs -0.02 0.902 -0.05 0.765
Education, yrs -0.05 0.688 -0.07 0.596
CSF proteins®
ABaz (pg/ml) -0.35 0.006 -0.36 0.007
T-tau (pg/ml) 0.30 0.018 0.41 0.005
P-tau (pg/ml) 0.17 0.188 0.21 0.129
T-tau/ABa2 0.44 <0.001 0.52 <0.001
NFL (ng/ml) 0.03 0.835 0.05 0.782
YKL-40 (ng/ml) 0.11 0.411 0.25 0.194
S100B (pg/ml) 0.37 0.004 0.51 0.001
GFAP (ng/ml) 0.22 0.087 0.26 0.087
Verbal episodic memory
Composite z-score” -0.18 0.172 -0.28 0.120
RAVLT immediate recall, score” -0.02 0.893 -0.01 0.928
RAVLT delayed recall, score” -0.18 0.339 -0.29 0.095
RAVLT recognition-fp, score” -0.16 0.240 -0.20 0.223
Story immediate recall, score -0.13 0.356 -0.14 0.345
Story delayed recall, score -0.13 0.305 -0.15 0.335

Abbreviations: A.U. Arbitrary units, RAVLT Rey Auditory Verbal Learning Test, St.8 Standardized
beta coefficients. *Adjusted for age, gender and years of education. *Values log2-transformed
and autoscaled. "Analysis was only based 59 subjects, with one subject not having a score

The statistically significant relationships between CSF markers and C18
ceramide are presented in Figure 10. Relationships between the CSF
markers with C18 ceramide were also evaluated within each CSF profile
group by calculations of Pearson’s coefficients, but none reached
significance (p>0.05).
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Figure 10. Scatter plots presenting Pearson’s correlations between CSF levels of a)
AB42, b) T-tau, c) T-tau/ABa42, d) S100B and CSF C18 ceramide. All CSF values were
log2-transformed and autoscaled. Reprinted from (Teitsdottir et al., 2021) with
permission from Journal of Alzheimer's Disease.

The potential of ceramide species as CSF biomarkers in AD has not been
much researched, including their association with core markers. One study
by Mielke et al. (Mielke et al., 2014), examined those relationships in a cohort
of cognitively healthy individuals aged 36-69 years (n=91) with a parental
history of AD. In that study, C18 ceramide correlated positively with all
measured AB species, except for AB4. In contrast, our study showed that
higher levels of C18 ceramide associated with lower levels of AB4,. This
could possibly be explained by difference in sample composition. Our sample
included subjects at the symptomatic pre- or early stages of dementia and
the higher correlation between A4, and C18 ceramide could be due to
progression of disease severity. Our results also showed higher levels of the
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lipid species associating with higher levels of T-tau, but not with P-tau. This
was in accordance with the results from the study by Mielke et al (2014).
Interestingly, these collective results are in contrast with results from cellular
studies, which have found a relationship between C18 ceramide and P-tau
(Chalfant et al., 1999; Dobrowsky et al., 1993; Goedert et al., 1995; Gong et
al., 1994; Mukhopadhyay et al., 2009).

Surprisingly, we did not detect a relationship between C18 ceramide and
NFL levels. NFL is a marker of both axonal degeneration and white matter
changes, while the precursor of ceramide, SM, is abundant in the myelin
sheath of neurons. Our hypothesis is that C18 ceramide could be a marker of
apoptosis, rather than axonal degeneration. Previous studies suggest that
ceramides could play a role in neuronal apoptosis, acting as second
messenger in activating the apoptotic cascade, ultimately leading to neuronal
death (Jazvins¢ak Jembrek et al., 2015).

We found a positive relationship between the levels of the lipid species
and S100B. In comparison, we did not detect association between C18
ceramide and YKL-40 or GFAP, which are also inflammatory markers. One
possible explanation could be that both ceramides and S100B have been
associated with the induction of neuronal apoptosis (Donato et al., 2009;
JazvinS¢ak Jembrek et al., 2015). At high concentrations, extracellular S100B
can contribute to neuronal death through activation of RAGE. Excessive
stimulation of neurons expressing RAGE causes hyperactivation of the
Ras/MEK/ERK pathway, which subsequently can lead to apoptosis (Fano et
al., 1993; Huttunen et al., 2000). S100B can also contribute to neuronal death
through activation of RAGE as it can lead to release of nitric oxide by
microglia and astrocytes (Adami et al., 2001; Hu et al., 1997).

The relationship between ceramides and cognitive functions have not
been much researched, especially not in CSF. We did not observe an
association between C18 ceramide and verbal memory performance, which
is in accordance with results from the previously mentioned study by Mielke
et al. (2014). They, on the other hand, found a relationship between longer
carbon chain species (C20, C22, and C26) and the same cognitive domain.
The relationship between ceramide species and cognitive functions have
been better explored in blood. Previous studies have suggested that higher
levels of long ceramide species (C14 — C24) in plasma or serum relate to
worse memory in health (Mielke et al., 2010a), MCI (Mielke et al., 2010b) and
in diseases including Parkinson’s disease dementia (PDD) (Xing et al., 2016)
and coronary artery disease (CAD) (Chan et al., 2018; Saleem et al., 2013).
Only the research by Chan et al. (Chan et al., 2018), observed an association
between plasma C18 ceramide and memory.
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4.6 Associations between activity of cholinergic enzymes
and AD related CSF markers

The first objective of Paper Ill was to evaluate the relationships between the
activity of the ACh-degrading enzymes of the cholinergic system (AChE and
BuChE) and CSF markers reflecting the state of brain amyloidosis,
neurodegeneration and inflammation. Three different biomarker profiles were
created for each core CSF AD marker (AB4,, T-tau, P-tau). Subjects were
divided into two categories, reflecting either abnormal (positive; +) or normal
(negative; -) protein levels.

No differences were observed in AChE (p=0.35) or BUChE activity
(p=0.92) between the AB4, based profile groups. In contrast, AChE activity
was higher among subjects with T-tau+ (p=0.008) or P-tau+ profiles
compared to those without. No differences were detected between T-tau
(p=0.11) or P-tau profiles regarding BuChE activity. When subjects were
divided into CSF AD and non-AD profile groups, a slightly higher levels were
observed amond the AD group (p=0.03). No statistical difference was found
between the profile groups regarding BuChE levels (p=0.52). Pearsons‘r
correlations were also calculated for the estimation of associations between
the CSF markers of amyloidosis, neurodegeneration, inflammation and
activity of the cholinergic enzymes (Figure 11). T-tau (r=0.46, p=0.001) and
P-tau (r=0.45, p=0.002) levels positively corelated with AChE activity.
Inflammatory markers S100B (r=0.43, p=0.003) and YKL-40 (r=0.32, p=0.03)
showed a postive association with activity of AChE. Similarly, both S100B
(r=0.47, p<0.001) and YKL-40 (r=0.38, p=0.009) positively related to BUChE
activity.
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Figure 11. Scatter plots presenting Pearson’s correlations between levels of AChE
activity and a) T-tau, b) P-tau, c) S100B, d) YKL-40 and BUChE activity and levels of
e) S100B and f) YKL-40 in CSF. Values of CSF proteins (T-tau, P-tau, YKL-40 and
S100B) were natural log-transformed.
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LASSO linear regression with a stability selection was employed for the
selection of variables best predicting the activity of each cholinergic enzyme
(Figure 12). Variables which were selected more than 75% of the time into
the regression model, were considered reliable as predictors. The potential
predictors included the seven CSF markers (AB4, T-tau, P-tau, NFL, YKL-40,
S100B, GFAP) as well as gender, age and length of education. None of the
variables reached the selection criteria for either AChE (Figure 12a) nor
BuChE activity (Figure 12b). Nonetheless, S100B was the CSF marker with
the highest selection frequency, both for prediction of AChE (68%) and
BuChE (73%) activity. The variables with the next highest selection frequency
for the prediction of AChE activity, were education (68%), T-tau (45%) and P-
tau (40%). All other variables had frequency below 25%. For BUChE, the next
potential predictors were gender (64%), YKL-40 (61%) and education (38%).
All other variables had a selection frequency below 15%.
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Figure 12. LASSO linear regression—stability selection analyses for prediction of
CSF enzyme activities of a) AChE and b) BUChE. The cut-off selection value was set
at 75% and the per-family error rate (PFER) at 1.

Results from previous studies examining the relationship between AR,
levels and AChE activity in CSF have been inconsistent. An association
between AR, levels and AChE activity was not observed here, which is in
accordance with some (Darreh-Shori et al., 2006; Johansson et al., 2013),
but not all (Garcia-Ayllon et al., 2008) studies. In comparison, a clearer
relationship has been established between AR pathology and cholinergic
abnormalities through in vitro and post-mortem studies. AChE activity has
been found to be decreased in the AD brain, although the activity is
frequently increased in regions around AR plaques and NFTs (Mesulam &
Asuncion Moran, 1987; Perry et al., 1980; Ulrich et al., 1990). Furthermore,
studies have revealed that ACh synthesis is reduced by 40-50% in cultured
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cholinergic neurons when exposed to high nanomolar concentration of AR,
(Hoshi et al., 1997; Kar et al., 1998; Nunes-Tavares et al., 2012; Pedersen et
al.,, 1996). As with AChE, we did not detect relationship between BuChE
activity and AR, levels. Those results are in accordance with previous
studies (Darreh-Shori et al., 2006; Gabriel et al., 2017). In summary, more
research is needed for a better understanding the interactions between AB
and the cholinergic system, especially in vivo as the biochemical environment
is very complex.

Very few studies have evaluated the relationship between tau levels and
cholinesterase activity in CSF. Our study did find an association between
either T-tau or P-tau and AChE activity. The results are in line with findings
from a previous study (Johansson et al., 2013), where a positive relationship
was also found between levels of tau and AChE activity in CSF among
dementia patients and healthy controls. Furthermore, these results are in line
with post-mortem and animal studies. NFTs in the NBM of the basal forebrain
have been associated with cholinergic neuronal loss (Braak & Del Tredici,
2013; Geula & Mesulam, 1995; Mesulam, 2013). P-tau is also thought to play
a role in the regulation of AChE expression (Silveyra et al., 2012). For
example, over-expression of mutant P-tau in the brains in transgenic mice led
to increased AChE activity, suggesting that abnormally high tau
phosphorylation was the cause of increased AChE expression around NFTSs.
In contrast, we did not find a relationship between tau and BUChE activity.
That is in accordance with a study by Gabriel et al. (Gabriel et al., 2017),
which did not detect a relationship within a group of AD patients. The
difference in our results between the two enzymes could possibly be due to
difference in localizations. Tau is mainly expressed in neurons and AChE is
predominantly anchored to neuronal synapses, while BUChE is mainly
secreted by glial cells as a soluble enzyme (Giacobini, 2003; Wright et al.,
1993). Surprisingly, an association was not found between NFL, a marker of
axonal degeneration, and the cholinergic enzymes. NFL has, to the best of
my knowledge, not been studied in regards to cholinergic activity in CSF
samples from a memory cohort.

The neurotransmitter ACh can also affect regions more distal from the
synaptic cleft and is therefore not only important to neurons (Nizri et al.,
2006). Through the activation of a7 nicotinic ACh receptors, expressed on
glial cells like astrocytes and microglia, the neurotransmitter inhibits pro-
inflammatory responses (Nizri et al., 2006). Although both AChE and BuChE
are ACh-degrading enzymes, BuChE plays specifically important role in
function of glial cells (Lane & He, 2013). CSF BuChE activity has been found
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to associate positively with CSF S100B and GFAP in AD (Darreh-Shori et al.,
2013). This could possibly be explained by lowering levels of extracellular
ACh associating with higher BuChE activity, enhancing the reactivity of glia.
This process could have a protective role in the beginning, but with a
prolonged activation, could gradually lead to neuronal dysfunction and loss,
further eliciting inflammatory responses (Lane & Darreh-Shori, 2015). In the
same study, no association was found between activity of AChE and levels of
S100B and GFAP. In our study, higher levels of S100B, and to a lesser
extent YKL-40, related to higher activity of both cholinergic enzymes. YKL-40,
as to the best of my knowledge, has not been evaluted in relation to
cholinergic enzymes. Interestingly, in this study no relationship was detected
between GFAP levels and the cholinergic enzymes. The different
relationships between the enzymes and the inflammatory markers could
possibly be explained by different cellular functions. GFAP (Yang & Wang,
2015) is an intracellular protein while both YKL-40 (Bonneh-Barkay et al.,
2012) and S100B (Donato et al., 2009) can be secreted into the extracellular
matrix in response to glial activation. Increase in levels of CSF GFAP could
possibly take place at later stages in the pathogenic cascade.

4.7 Associations between CSF cholinergic enzymes and
verbal episodic memory

The second objective of Paper Il was to evaluate the relationship between
the activity of the cholinergic enzymes with a composite z-score reflecting
verbal episodic memory functions. As two subjects did not take the RAVLT
test, analysis was based on 44 instead of 46 subjects.

A weak, negative correlation was detected between CSF AChE activity
and the verbal episodic memory score (r=-0.34, p=0.02). No significant
relationship was found between BuChE activity and the same score (r=-0.19,
p=0.21).

LASSO linear regression with a stability selection was performed for the
identification of a set of variables predicting the performance on verbal
episodic memory (Figure 13). The potential predictors included the CSF
markers (AChE, BuChE, AB,,, P-tau, T-tau, NFL, YKL-40, S100B, GFAP)
and demographic measures (gender, age, length of education). Age was the
only variable to reach the selection criteria, with frequency of 919%.
Neurodegeneration markers NFL (61%) and P-tau (55%) were selected into
the model more than half of the time. All other measures were selected much
less frequently (<30%), with both AChE (8%) and BuChE (0%) having
selection frequency below 10%.
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Figure 13. LASSO linear regression—stability selection analysis for the assocation
between various measures, including cholinergic enzymes, and verbal episodic
memory performance. The cut-off selection value was set at 75% and the per-family
error rate (PFER) at 1.

It is unknown how structural and functional changes in the cholinergic
system relates to memory function at the symptomatic pre-dementia stages
(SCI or MCI) (Peter et al., 2016). At the stages of moderate to advanced AD,
severe neurofibrillary degeneration and loss takes place within the basal
forebrain, particularly in the NBM. In contrast, more subtle changes have
been observed at the MCI stage, characterized by alterations in function
rather than loss of cholinergic neurons (Schliebs & Arendt, 2011). In line with
results from this study, histological studies have found that at least 30% of
cholinergic neurons in the basal forebrain have deteriorated before cognitive
impairment is apparent (Schliebs & Arendt, 2006) and at the MCI stage only
around 15% loss in volume is detected compared to healthy individuals
(Peter et al., 2016). The results of our study are in accordance with those
findings as our sample included subjects at the pre- or early stages of
dementia and AChE activity only weakly associated with score on verbal
episodic memory. When other factors were simultaenously considered,
neither AChE nor BUChE proved to be a reliable predictor for the function of
verbal episodic memory. Previous research has shown higher levels in NFL
to be associated with worse cognitive functions in both AD and other
neurodegenerative disease (Olsson et al., 2019; Zetterberg et al., 2016). In
this study, NFL did not correlate with cholinergic enzymes, showcasing
further the lack of the cholinergic system in contributing to memory
impairment in the early stages of dementia.
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4.8 Strengths and limitations

A strong aspect of this study was the use of biomarkers for the definition of
AD. Clinical diagnosis was partly based on neuropsychological battery,
meaning that an intrinsic relationship existed between the two factors. The
use of biomarker-based profiles was therefore essential in exploring the
relationships of novel biomarkers with AD pathology and cognitive functions
separately. Another strength was the cognitive evaluation of each subject by
the use of an extensive neuropsychological battery. Cognitive impairment is
commonly evaluated by brief, cognitive screening tools like the MMSE test. In
contrast, the focus of this project was on the evaluations of different cognitive
domains. Each cognitive domain was based on scores from two or more
subtests, increasing the range of possible scores and decreasing the
likelihood of skewed results based on ceiling or floor effects. Third, various
analytes, reflecting different biological processes, were measured in the
same CSF samples. Finally, the subjects all came from a clinical setting
cohort. This gave realistic information based on a relatively heterogeneous
memory clinic population.

There are several limitations to the project. The sample size was relatively
small for all studies, and hence, the present findings need to be validated in a
larger study. This was specifically a limitation for Paper Il as a vast number of
features were compared to the number of subjects, resulting in decreased
statistical power and a higher risk of type-ll errors. Multiple comparisons
corrections were, therefore, not performed for comparing m/z feature levels
between profile groups. Instead, the procedure of creating discovery and
validation sets was repeated 1000 times, for the purpose of enhancing the
robustness of feature selection. Furthermore, a univariable analysis (Mann-
Whitney U test) for the selection of features was used as the sample was
relatively small. The validation sets only included about 22 subjects, and
therefore it was not possible to have more than one independent variable
(lipid species) in the statistical model. With a bigger sample, it would be
possible to use more advanced statistical methods (e.g. multivariable LASSO
regression) for the detection of disease-specific lipid patterns.

The small sample size also affected the inclusion of data regarding
cognitive domains. The main aim of Paper Il was feature selection, and with
features outnumbering subjects, it was of utmost importance to utilize all
available data. Almost a full record of scores for subtests reflecting verbal
episodic memory existed, but subtests reflecting other cognitive domains
contained more missing values. Therefore, information about those cognitive
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domains was not included in the analyses, as it would have decreased the
number of available subjects. The same limitation also applied for Paper IIl.
The sample size was smaller compared to the two other papers, due to
cholinergic enzyme activity not being measured in samples of all enrolled
subjects (Figure 6). For the purpose of not losing more subjects, only
information about verbal episodic memory was included.

This cross-sectional analysis would certainly have benefited from having a
healthy control group. Inclusion of healthy individuals could have increased
the range of values for each CSF marker, and in turn, lead to a better
estimation between variables. The lack of a healthy control group in this
study is though, in my view, not a major limitation as the primary aims were to
explore relationships between different variables in a clinical setting. Second,
the project did not include subjects with moderate to severe AD as well as
having very few subjects with other types of dementias. A more diverse
cohort would have given the opportunity to explore better how the CSF
markers related to disease progression, both in AD and other dementias.

No genetic data exists for The Icelandic MCI study. This type of data
would have given the chance to explore relationships between different
measures (e.g. different biomarkers or biomarkers and cognitive domains) by
genotype. Information about APOE and BCHE genotypes would have been
of particular interest. Studies have consistently found the APOE &4 allele to
be associated with lower CSF levels of AB,, in a dosage-dependent manner
(Lautner et al., 2017; Mehrabian et al., 2015). Studies have also revealed
reduction in BUChE activity among individuals carrying both the BCHE-K and
the APOE &4 alleles (Lane & Darreh-Shori, 2015).

The CSF samples were not centrifuged. According to a recent consensus
update from The World Federation of Societies of Biological Psychiatry
(WFSP) (Lewczuk et al., 2018), centrifugation of CSF (at 2,000 x g) for 10
min at room temperature (Reijs et al., 2015) can be considered before
analysis or storage but is not essential, except when CSF sample is blood-
contaminated. None of the CSF samples used for this project were visibly
blood contaminated.
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5 Summary and conclusion

A shift from clinical towards biological definition of AD has occurred in recent
years. This is due to symptoms (e.g. memory impairment) neither being
sensitive nor specific for neuropathological changes that characterize the
disease. It is therefore of importance to examine the relationships between
novel biomarkers with signature AD pathology and symptoms separately.
Such an approach can both strengthen understanding of the underlying
pathological processes of AD and the sequence of events leading to clinical
expression.

The general aim of the project was to examine the relationships of
selected CSF novel biomarkers with a CSF profile reflecting signature AD
pathology and cognitive functions, independent of diagnosis, among subjects
at the symptomatic pre- or early dementia stages. In Paper |, CSF
biomarkers reflecting neurodegeneration (NFL) and inflammation (YKL-40,
S100B and GFAP) were compared in relation to core CSF AD markers and
cognitive functions. While these findings suggest that these CSF markers did
not accurately differentiate between CSF profiles (AD and non-AD), they
exhibited different patterns of association with tests reflecting certain
cognitive domains. This pattern was mainly observed among subjects with a
CSF AD profile. Within that profile, higher levels of the neurodegeneration
marker NFL associated with worse performance on verbal episodic memory
while higher levels of inflammatory marker GFAP associated with worse
performance on processing speed. Furthermore, higher levels of GFAP
associated weakly with worse performance on executive functions within the
whole cohort. In Paper Il, untargeted lipidomic analysis was applied for the
identification of CSF lipid species related to signature AD profile. Of those
1008 m/z features detected, eight were selected as possible markers. Out of
those eight, only one feature was fully confirmed as the lipid species C18
ceramide. The results indicated that levels of C18 ceramide were higher
among subjects with a CSF AD profile compared to those with a non-AD
profile. A positive association was also observed between the levels of
inflammatory marker S100B and C18 ceramide. No relationship was detected
between C18 ceramide and verbal episodic memory. In Paper I, the
relationships of ACh-degrading enzymes AChE and BuChE with CSF
markers reflecting different pathological processes and verbal episodic
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memory were explored. The results indicated no difference in enzyme activity
when subjects with abnormally low CSF AR, levels were compared to those
with normal levels. In contrast, higher activity of AChE was measured
amongst subjects with abnormally high T-tau or P-tau levels compared to
those with normal levels. Furthermore, higher levels of inflammatory markers
S100B and GFAP both related to higher AChE and BuChE activity. When
other factors (CSF markers and demographic measures) were
simultaneously entered into the model, S100B emerged as the most reliable
predictor of the activity of both enzymes. Although AChE activity slightly
correlated with worse episodic memory score, the enzyme did not prove to be
a good predictor when other factors had been accounted for.

Overall, our results indicate how CSF markers, reflecting different
biological processes, relate in different ways to AD pathology and cognitive
functions at the pre- or early stages of dementia. First, C18 ceramide
associated with both signature AD pathology and inflammation. These results
suggest that ceramide metabolism could potentially contribute to AD
pathology during the early symptomatic stages. Furthermore, ceramides
could possibly act as therapeutic targets, with treatments aiming at
decreasing ceramide synthesis to prevent or slow down AR pathology,
neuronal loss and neuroinflammation. Second, our results showed the activity
of ACh-degrading cholinergic enzymes to be related to neurodegenerative
and inflammatory processes. As the cholinergic system is the main
therapeautic target in the treatment of symptomatic AD, a better
understanding of its key players and how they relate to both pathology and
cognitive functions, is essential. Interestingly, neither C18 ceramide nor the
cholinergic enzymes associated with verbal episodic memory. A possible
explanation could be that changes in ceramide levels and cholinergic activity
occur at the earlier stages of the disease. Finally, higher levels of NFL
associated with lower score on verbal episodic memory while higher levels of
GFAP associated with lower score on processing speed, among individuals
with a signature AD pathology. These results indicate that the proteins could
possibly be utilized as progression markers, monitoring subtle cognitive
changes among individuals with AD pathology. NFL has particularly shown a
promise as a robust marker of progression, both in CSF and blood, as its
levels correlate with both brain atrophy and cognitive decline.
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