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Abstract 
 
Alzheimer’s disease (AD) is the most common cause of dementia worldwide. Although extensive 

research has been done since the disease was first described in 1906, and the first disease 

modifying treatments have just become available, we still do not fully understand the 

pathophysiology of AD and the current treatments are far from satisfactory.  

 

AD can be inherited either as an autosomal dominant disorder or as a complex trait (also called 

sporadic AD). Sporadic AD corresponds to over 97% of the cases and is caused by interactions 

between genetic and environmental risk factors. But even though environment plays an important 

role, the heritability of sporadic AD is still notably high, ranging between 50-80%. Over 70 single 

nucleotide polymorphisms (SNPs) associated with the risk of sporadic AD have been identified, 

but they account for only about 35% of the phenotypic variation, which means that most genetic 

determinants are still unknown. The identification of these missing variants is an important strategy 

to fill in the gaps that still exist in our knowledge of AD. Characterizing new genes could bring 

insights into AD pathophysiology, improve diagnosis accuracy especially in the early and 

asymptomatic stages and help identify different treatment strategies.  

 

With the goal of identifying the missing genetic determinants, a genome-wide association study 

was performed in the Québec Founder Population, a well-characterized population isolate. Twelve 

genetic variants were found to be associated with AD risk. In this thesis, we explore in depth the 

role of variants found in the genes contactin 5 (CNTN5) and clusterin (CLU), throughout the AD 

spectrum. The objective is to confirm their role as risk/protective factors and to understand how 

they influence the pathophysiology of AD. 
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We report, for the first time in the literature, the rs1461684 G variant in the CNTN5 gene as a risk 

factor for AD which we confirm across different patient cohorts. Contactin 5 is a protein that acts 

on synaptogenesis and axonal arborization during neurodevelopment. Our results suggest that this 

gene is particularly involved in the early presymptomatic phase of the disease when the rs1461684 

G variant is associated with faster disease progression and decreased cortical gene expression, and 

contactin 5 protein levels progressively increase in the cerebrospinal fluid (CSF).  

 

Clusterin, on the other hand, is a neuroprotective apolipoprotein and one of the main cholesterol 

transporters in the brain. Variants in the CLU gene are recognized risk/protective factors associated 

with AD. We investigated the mechanism of action of the protective variant CLU rs11136000 T in 

different phases of AD. Our findings suggest that this variant’s protective role is more important 

in the later disease stages and is mediated by increases in cerebral gene expression. APOE-ε4 

carriers experience greater increases in gene expression, indicating a potential compensatory 

mechanism to enhance their cholesterol transport efficiency. 

 

In summary, this work describes a new genetic risk factor for AD and provides important new 

insights into the mechanism of action of the two studied genes CLU and CNTN5. Overall, our 

results highlight the importance of compensatory mechanisms that allow the brain to respond to 

injury or pathological harm and suggest that they play a meaningful role in AD pathophysiology. 

 

 

 
 



Résumé 
 
La maladie d’Alzheimer (MA) est la cause de démence la plus fréquente dans le monde. Bien que 

des recherches approfondies aient été menées depuis la première description de la maladie en 1906 

et que les premiers traitements modificateurs de la maladie viennent tout juste d’être disponibles, 

nous ne comprenons toujours pas pleinement la physiopathologie de la MA et les traitements 

actuels sont loin d’être satisfaisants. 

 

La MA peut être héritée soit comme une maladie autosomique dominante, soit comme un trait 

complexe (également appelé MA sporadique). La MA sporadique correspond à plus de 97 % des 

cas et est causée par des interactions entre facteurs de risque génétiques et environnementaux. 

Mais même si l'environnement joue un rôle important, l'héritabilité de la MA sporadique reste 

particulièrement élevée, comprise entre 50 et 80 %. Plus de 70 SNP associés au risque de MA 

sporadique ont été identifiés, mais ils ne représentent qu’environ 35 % de la variation 

phénotypique, ce qui signifie que la plupart des déterminants génétiques sont encore inconnus. 

L'identification de ces variantes manquantes est une stratégie importante pour combler les lacunes 

qui existent encore dans nos connaissances sur la maladie d'Alzheimer. La caractérisation de 

nouveaux gènes pourrait apporter des informations sur la physiopathologie de la MA, améliorer la 

précision du diagnostic, en particulier aux stades précoces et asymptomatiques, et aider à identifier 

différentes stratégies de traitement. 

 

Dans le but d'identifier les déterminants génétiques manquants, une étude d'association 

pangénomique a été réalisée dans la population fondatrice du Québec, un isolat de population bien 

caractérisé. Douze variantes génétiques ont été associées au risque de MA. Dans cette thèse, nous 
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explorons en profondeur le rôle des variants trouvés dans les gènes contactine 5 (CNTN5) et 

clusterine (CLU), tout au long du spectre de la MA. L'objectif est de confirmer leur rôle en tant 

que facteurs de risque/protection et de comprendre comment ils influencent la physiopathologie 

de la MA. 

 

Nous rapportons, pour la première fois dans la littérature, le variant rs1461684 G du gène CNTN5 

comme facteur de risque de MA, ce que nous confirmons dans différentes cohortes de patients. La 

contactine 5 est une protéine qui agit sur la synaptogenèse et l'arborisation axonale au cours du 

développement neurologique. Nos résultats suggèrent que ce gène est particulièrement impliqué 

dans la phase présymptomatique précoce de la maladie lorsque le variant rs1461684 G est associé 

à une progression plus rapide de la maladie et à une diminution de l'expression des gènes corticaux, 

et que les niveaux de protéine contactine 5 augmentent progressivement dans le liquide céphalo-

rachidien (LCR). 

 

La clusterine, quant à elle, est une apolipoprotéine neuroprotectrice et l’un des principaux 

transporteurs de cholestérol dans le cerveau. Les variantes du gène CLU sont des facteurs de 

risque/de protection reconnus associés à la MA. Nous avons étudié le mécanisme d'action de la 

variante protectrice CLU rs11136000 T dans différentes phases de la MA. Nos résultats suggèrent 

que le rôle protecteur de cette variante est plus important aux stades ultérieurs de la maladie et est 

médié par une augmentation de l’expression des gènes cérébraux. Les porteurs d'APOE-ε4 

connaissent une augmentation plus importante de l'expression génique, ce qui indique un 

mécanisme compensatoire potentiel pour améliorer l'efficacité du transport du cholestérol. 
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En résumé, ce travail décrit un nouveau facteur de risque génétique de la MA et fournit de 

nouvelles informations importantes sur le mécanisme d'action des deux gènes étudiés, CLU et 

CNTN5. Dans l’ensemble, nos résultats mettent en évidence l’importance des mécanismes 

compensatoires qui permettent au cerveau de réagir à une blessure ou à un préjudice pathologique 

et suggèrent qu’ils jouent un rôle significatif dans la physiopathologie de la MA. 
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General Introduction 
 

1 A review of the advances in the scientific knowledge of Alzheimer’s disease: from the 

first documented case to the dawn of the era of disease modifying treatments. 

 

1.1 From a “rare and peculiar disease” to the most common cause of dementia  
 
The first documented case of Alzheimer’s disease (AD) is well known in the medical literature. As 

reported by Alois Alzheimer, the psychiatrist in charge, Auguste Deter was a female patient, who, 

at the age of 51, started to present symptoms of memory loss and difficulty performing daily 

activities, accompanied by severe neuropsychiatric symptoms characterized by delusion, 

aggressive behavior, and agitation (1, 2). Auguste Deter was admitted for treatment at the Frankfurt 

Mental Hospital where, in the following years, her clinical picture progressively deteriorated until 

she became completely dependent (1, 2). She died due to septicemia at the age of 55 (2).  

 

At the time of Deter’s death, Alois Alzheimer had left Frankfurt and was working in Munich as 

part of Emil Kraepelin’s team. In addition to being a psychiatrist, Alzheimer was also an anatomist 

and, following on a previous agreement with Deter’s family, her brain was sent to him for detailed 

pathological examination. The post-mortem examination revealed an atrophic brain, 

atherosclerotic changes in large vessels, miliary foci throughout the cortex (which would later be 

known as amyloid-ß plaques), and numerous thick fibrils with unique silver staining impregnation 

located inside neurons (which would later be named neurofibrillary tangles) (1). Alzheimer 

concluded that Auguste Deter had a yet unidentified illness and that her symptoms were associated 
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with the pathological brain changes he had found (1). Nowadays it is recognized that Auguste 

Deter may have had the rare autosomal dominant form of the disease, possibly caused by a 

mutation in the presenilin 1 (PS1) gene (3).  

 

Alois Alzheimer presented the case of Auguste Deter for the first time in 1906 at the 37th meeting 

of South-West German Psychiatrists on a talk entitled “on a peculiar disease of the cerebral cortex” 

(4), which unfortunately generated very little interest in the audience (4). Despite the initial 

indifference to his findings, it is recognized today that Alzheimer’s work was pioneering, not only 

for identifying a new disease, but also for accurately linking the neurological symptoms to the 

pathological brain changes. His discoveries had an undeniable importance in the way we 

understand AD and to the progresses in research, diagnosis and treatment that we see today. In 

1910 Emil Kraepelin published the eighth edition of his Textbook of Psychiatry where he named 

this newly identified dementia Alzheimer’s disease after his pupil, and described it as a dementia 

with young age of onset (5).  

 

For many decades AD remained considered a rare disorder with young age of onset, while 

progressive memory loss in the elderly was known as “senile dementia” or “senility”. However, 

continuous progress in neuropathological and clinical research started to challenge these concepts 

revealing that senile plaques and neurofibrillary tangles were very common findings in the elderly 

and were associated with cognitive changes (5). In 1976, Robert Katzman published an editorial 

on Archives of Neurology asserting that there was enough evidence to conclude that senile 

dementia and AD were in fact the same disorder, and that AD was actually the most prevalent form 

of dementia at any age and the 4th or 5th cause of death in the United States (6). This finally 
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consolidated AD as the most common neurodegenerative dementia worldwide, contextualized the 

existing knowledge on AD and senile dementia and endorsed the importance of research focused 

on clarifying the etiology of AD and on searching for better diagnostic and treatment strategies. 

 

1.2  The pathophysiology of AD and the assessment of pathological hallmarks through 

in vivo biomarkers  

Significant progress has been made in the understanding of AD pathophysiology since the disease 

was first described more than a hundred years ago. Nonetheless, the miliary foci in the cortex 

(amyloid-ß plaques), and the thick fibrils inside neurons (neurofibrillary tangles) first described 

by Alois Alzheimer remain pathological hallmarks of the disease, while other processes such as 

neuroinflammation and cholesterol metabolism have also been recognized as prominent features 

of AD pathology. The combination of these pathological processes culminates with synapse and 

neuronal loss, which after an individual threshold will lead to cognitive decline (7). The amyloid 

cascade hypothesis, although controversial to some, is still the dominant view of the pathological 

progression in AD and it states that amyloid- (A) is the initial trigger that leads to neurofibrillary 

tangle (NFT) formation/accumulation and all the other downstream events that will cause 

neurodegeneration (8, 9). Although this view has been challenged in more recent years with a focus 

on tangle deposition serving as a primary event in the cascade (10), the presence of both amyloid 

plaques and neurofibrillary tangles are still required for the pathological diagnosis of AD (11).  

 

In the past decade, the field of AD biomarkers has made remarkable advances. Biomarkers are 

defined as parameters that can be objectively measured, in biological fluids and with positron 

emission tomography (PET) imaging, which reflect a normal or a pathogenic biological process or 
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the response to an intervention (12). Progress in biomarkers have allowed in-vivo assessment of 

the AD pathology described above which brought significant insights into the time course, natural 

history and interrelations of the different pathological and clinical manifestations of AD. The 

biomarkers available for each pathological feature will be described in this section as well. The 

typical progression of the main biomarkers in AD is shown in figure 4.  

 

1.2.1 Amyloid- 

The amyloid- (A) protein originates from the processing and cleavage of the amyloid precursor 

protein (APP). APP is a membrane protein highly expressed in synapses and neurons, and it has 

been shown to act on the formation and maintenance of synapses and dendrites (13). As part of its 

normal processing APP can undergo two different pathways, the amyloidogenic pathway and the 

non-amyloidogenic pathway (14) (Figure 1A). In both pathways, APP is cleaved in its 

transmembrane domain by -secretase (14). In the non-amyloidogenic pathway, APP is also 

cleaved by -secretase generating the sAPPα fragment and avoiding the formation of A (14). In 

the amyloidogenic pathway, APP is instead cleaved by ß-secretase generating A peptides that 

vary in length from 38-43 aminoacids (14), with the 42 aminoacids-long A peptide being the most 

toxic and prone to aggregation (15). These A monomers aggregate forming soluble oligomers 

that further aggregate into fibrils and finally into amyloid plaques that form deposits in the brain 

(14). The deposition of amyloid plaques usually follows a spatial distribution pattern with the first 

deposits seen in the neocortex, followed by the allocortex (16). With disease progression, 

diencephalic nuclei, striatum, and cholinergic nuclei of the basal forebrain are also affected, 

followed by brainstem nuclei and lastly the cerebellum (16).  



 26 

 

A pathology can be staged using The Consortium to Establish a Registry for Alzheimer's Disease 

(CERAD) system which is frequently used for diagnostic and research purposes (17). CERAD 

score is a semi quantitative measurement of NP density in the frontal, temporal, and parietal 

regions that leads to a pathological diagnosis of AD. A CERAD score of 0 indicates no plaques 

present and corresponds to a diagnosis of no-AD (17). CERAD 1 indicates the presence of sparse 

plaques and corresponds to a diagnosis of possible AD (17). On CERAD 2 there are moderate 

plaques present indicating a probable AD diagnosis and CERAD 3 shows frequent plaques 

corresponding to a diagnosis of definite AD (17). 

 

Figure 1: APP processing and brain deposits of neuritic plaque 

 

 

 
Figure 1: A) Schematic representation of APP processing and A plaque formation, showing the non-
amyloidogenic and the amyloidogenic pathways. Adapted from Chow et al., 2010. (14); B) Neuritic plaque 
(circle) in the frontal cortex of a human brain (Bielschowsky’s silver stain). Adapted from Moncaster et al., 2022 
(18). 
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Biomarkers of A: 

The soluble oligomeric form of A can be measured in the cerebrospinal fluid (CSF) and used as 

a biomarker. The deposition of A as plaques in the brain leads to its reduced availability in the 

CSF, thus CSF A levels decline with the progression of the disease (19). CSF levels of A1-42 

peptide and the A1-42/ A1-40 ratio have been extensively used as biomarkers as they have been 

shown to be significantly decreased in mild cognitive impairment (MCI) and AD (20, 21), and to 

inversely correlate with brain amyloid deposition seen on PET or autopsy (19, 21, 22). 

 

The fibrillary form of A deposited as plaques in the brain (Figure 1B) can be detected using 

positron emission tomography (PET) scans. The main tracers that bind to amyloid are 

[11C]Pittsburgh compound B ([11C]PIB), [18F]florbetapir, [18F]florbetaben, [18F]flutemetamol, 

and [18F]AZD4694. All radiotracers show comparable results (23, 24), but the [18F]-labeled 

radiotracers are more widely used due to their longer half-life. 

 
 

1.2.2  Tau 
 
Tau is a microtubule-associated protein that acts on the maintenance of neuronal structure and on 

intracellular transport (25, 26). It associates with tubulin to form microtubules playing an essential 

role in the formation and stabilization of the cytoskeleton (25). Tau also has an important role in 

the microtubule-dependent cellular transport of several substances such as neurotransmitters and 

organelles (26). In AD, abnormal phosphorylation of tau protein leads to its aggregation and 

accumulation inside neurons forming neurofibrillary tangles (NFT) (Figure 2A) (25). This 
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intracellular accumulation of NFT causes disruptions in microtubule structure and axonal transport 

which leads to synaptic damage and neuronal death (25, 26).  

Figure 2: The process of NFT formation and its deposition in the brain 
 

 

 

Figure 2: A) Schematic representation of tau phosphorylation and NFT formation. Adapted from Mamsa et al. (27); 

B) NFT (arrow) deposit in the frontal cortex of a human brain (Bielschowsky’s silver stain). Adapted from Moncaster 

et al. (18) 
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Tau pathology follows a consistent spatial pattern that can be measured by the Braak staging 

(Figure 3) (28). NFT begins to accumulate in the entorhinal and transentorhinal regions (Braak 

stages I-II), followed by the limbic region (Braak stages III-IV) and then spreading to the neocortex 

(Braak stages V-VI) (28).  

 

Figure 3: Braak staging for the progression of tau pathology in Alzheimer’s disease 

 
Figure 3: Progression of tau pathology as proposed by Braak and Braak (28). Adapted with permission from Jouanne 

et al.(29)  
 

Tau biomarkers:  

CSF levels of phosphorylated-tau (p-tau) can be used as biomarkers of tau pathology and in AD 

p-tau levels are significantly increased (30). Tau can be phosphorylated at various sites, but the 

forms used as biomarkers for AD are the ones phosphorylated at threonine 181 (p-tau181), 217 (p-

tau217) or 231 (p-tau231) (30). Brain deposition of p-tau (Figure 2B) can also be measured by 

PET scans. Several radiotracers that bind to tau have been developed and were shown to 

recapitulate p-tau spread in AD brain (31). 
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1.2.3 Neuroinflammation 
 

It has long been known that neuroinflammation plays a role in AD however, it was only more 

recently that it was recognized as one of the main pathological processes in the disease. This 

involvement is reinforced by the association between several polymorphisms in genes related to 

immunological activity and increased risk of AD (32-35).  

 

Many different components of the neuro-immune system have shown to be involved in AD. 

Microglial activation has a protective role by promoting A clearance, but this function seems to 

decrease with age (36). At the same time, increased levels of cytokines may be induced by A  

deposition and contribute to neurodegeneration (37-39). The complement system also plays an 

important role. A and tau have been shown to activate the complement system, which is initially 

beneficial in the removal of pathological proteins, but the chronic activation of the complement 

cascade can lead secondary neuronal injuries (40).  

 

The inflammatory system is incredibly complex, with many different cells, molecules and 

biochemical processes involved that interact with each other. Although its precise mechanisms in 

AD are not completely understood, it is accepted that neuroinflammation plays a crucial role in 

the progression of the disease. Most of the evidence available today indicates that 

neuroinflammatory processes have an initial protective role by clearing pathological proteins, but 

its continuous activation may lead to neuronal damage and contribute to neurodegeneration.  
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Biomarkers of neuroinflammation 

Classical markers of inflammation such as interleukin-1 (IL1), IL-6 and tumor necrosis factor 

(TNF) have been shown to be associated with amyloid plaques in the brain parenchyma in AD, 

whereas alterations in CSF concentration were shown to emerge before cognitive deficits in at-risk 

asymptomatic subjects (41). More recently, increased levels of astrocyte-specific glial fibrillary 

acidic protein (GFAP) in the plasma and CSF have been shown to serve as emerging new 

biomarkers of AD (30). However, GFAP is a biomarker not specific of AD pathophysiology and 

should not be used for diagnosis alone, but rather for staging (in combination with amyloid and 

phospho-tau markers), prognosis or as an indicator of treatment effect (30).  

 

1.2.4 Lipid metabolism: 
 

The brain is the organ with the highest concentration of cholesterol and phospholipids, which are 

mostly used to form myelin sheets or the membranes of neurons and astrocytes (42). In a normal 

healthy brain, lipid metabolism is independent from the periphery and cholesterol is essential for 

synaptic and dendritic formation, maintenance and function, both during development and adult 

life (42). Therefore, all steps involved in the synthesis, transport and storage of lipids need to 

operate properly to ensure brain health.  

 

APOE and its ε4 variant, remains the most important genetic risk factor ever identified for sporadic 

AD (43, 44). It is one of the main cholesterol transporters both in the periphery and in the brain. 

The presence of the APOE-ε4 allele leads to lower levels of apoE and a less effective cholesterol 

transport (45-47). Studies have shown that APOE gene expression is elevated in the reinnervation 



 32 

phase in a mouse model of hippocampal deafferentation (48-50), suggesting that its role as a 

cholesterol transporter is required after an injury in order to promote reinnervation and repair. 

Additionally, apolipoproteins J (clusterin), B and D, which are also essential for cholesterol 

transport in the brain, have also been shown to be associated with AD pathology and genetics (34, 

51-53). 

 

1.2.5 Neurodegeneration.  
 

Neurodegeneration is the process of progressive loss of synapsis and neurons that leads to brain 

atrophy and neurological symptoms (54). It is a general process that occurs in other 

neurodegenerative diseases as well as in AD. In AD, neurodegeneration is the final result of the 

pathophysiological processes described above, and it is associated with cognitive decline (55, 56).  

 

Biomarkers of neurodegeneration: 

Increased levels of neurofilament light chain (NFL) in the CSF or plasma can be used as 

biomarkers of neurodegeneration (30). Decreased brain volume in anatomic magnetic resonance 

imaging (MRI) and hypometabolism in fluorodeoxyglucose (FDG) PET are also biomarkers of 

neurodegeneration (30). Biomarkers of neurodegeneration are not specific to AD pathology as they 

can be seen in other neurodegenerative diseases as well, and should be used only for staging, 

prognosis or to indicate treatment effect (30).  
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Figure 4: Typical evolution of biomarkers in AD 
 

 

Figure 4: This figure shows the typical progression of biomarkers in an individual with only AD neuropathology. 

MTL: medial temporal lobe uptake on tau PET; N; neurodegeneration; C: clinical symptoms. Adapted from Jack et 

al. (30). 

 

 

1.3 The clinical presentation of AD and the evolution of diagnostic criteria. 
 

The identification of AD as a distinct entity and the most common cause of neurodegenerative 

dementia encouraged researchers to focus on better understanding the uniqueness of its clinical 

presentation, natural history and pathophysiology. Concurrent developments in neuropsychology, 

genetics, biochemistry, neuroimaging and neuropathology were crucial to improve the 

characterization of the disease. From the clinical perspective, progresses in neuropsychology and 

the development of standardized tests were fundamental to understand the clinical spectrum of 

AD. Several validated measurement scales such as the Mini-Mental State examination (MMSE) 
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(57), the Montreal Cognitive Assessment (MoCA) (58), the Clinical Dementia Rating (CDR) (59), 

the Alzheimer’s Disease Assessment Scale–Cognitive Subscale (ADAS-Cog) (60) and 

The Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) (61) among 

others were developed and are still widely used today. These measurements allowed a more precise 

identification of the clinical symptoms and their severity (for clinical and research purposes) and 

facilitated clinical-pathological correlations.  

 

The clinical presentation of the typical (most common) form of AD is characterized by deficit in 

episodic memory often accompanied by deficits in other cognitive domains such as executive 

function, attention, abstract thinking, language or visuospatial abilities (62). Neuropsychiatric 

symptoms like depression, anxiety, delusions, agitation and aggressiveness are also common (62).  

Symptoms are mild in the beginning and worsen progressively over a period of 7-15 years (62). 

At the end stage of the disease patients are fully dependent, unable to communicate and often 

bedridden (62) and usually die due to bronchopneumonia or ischemic heart disease (63).  

 

In addition to the typical form of AD, clinical-pathological analysis revealed other less common 

clinical syndromes that may be caused by AD pathology (which are referred to as atypical AD) but 

can also be due to other etiologies. Posterior Cortical Atrophy is a clinical syndrome characterized 

by early visuoperceptual-visuospatial symptoms with other cognitive domains being affected as 

disease progresses (64). In Primary progressive aphasia – logopenic variant the predominant 

clinical feature is language deficit characterized by deficits in word finding, phonemic paraphasia 

and circumlocution and it may also be accompanied by impairment in other cognitive domains 

(65). The Frontal Variant form comprises the dysexecutive and the behavioral variants of AD (66).  
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The dysexecutive subtype is characterized by deficits in areas such as planning, organizing and 

executing tasks and decision-making with little impairment of other cognitive functions or 

behavior symptoms (65, 66). The behavioral subtype presents with early changes in behavior and 

personality and common symptoms are disinhibition, apathy, impulsivity and agitation (65, 66). 

Motor Variant – Corticobasal Syndrome due to Alzheimer’s disease: Cortical basal syndrome is 

diagnosed by the presence of  two  major diagnostic criteria (a. limb rigidity or akinesia, b. limb 

dystonia, c. limb myoclonus) plus two minor diagnostic criteria (d. orobuccal or limb apraxia, e. 

cortical sensory deficit, f. alien limb phenomena) (67). Motor symptoms are asymmetric (67) and 

frontoparietal degeneration predominates in the contralateral hemisphere of the affected limb (65).  

 

Continuous progresses in the understanding of AD clinical presentation and neuropathology 

required the development of official diagnostic criteria to harmonize diagnosis in different centers 

across the world, allow earlier and more accurate recognition of the disease and enable 

comparisons of cases for clinical and research purposes. Significant developments in the field, 

especially in the area of biomarkers led to updates and new diagnostic criteria being developed 

throughout the years with a particular acceleration in the last decade(68).   

 

In 1984, the National Institute of Neurological and Communicative Disorders and Stroke and the 

Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) work group 

published their first diagnostic criteria for AD (69). At that time biomarkers were far from being 

considered a possibility, therefore it was stressed that the diagnosis of AD was made exclusively 

on a clinical basis (69). Neuropsychological tests were used to corroborate the diagnosis and to 

follow disease progression and laboratory tests were to be used only for the purpose of ruling out 
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other diseases (69). The rationale of this early diagnostic criteria was to classify AD according to 

the degree of certainty of diagnosis. The diagnosis of Definite AD was reserved for when there 

was clinical diagnosis of probable AD combined with histopathological confirmation of the disease 

(69), and therefore it was only done postmortem. Probable AD was diagnosed when there was a 

deficit in at least two areas of cognition with progressive worsening and absence of other diseases 

that could justify the symptoms (69). Possible AD was diagnosed when there were atypical 

features in the presentation or progression of the disease, when a single cognitive domain was 

affected, or when other diseases that could contribute to the dementia symptoms were present (69).   

 

Continuous clinical observation identified that some patients with cognitive decline did not fulfill 

the criteria for dementia or AD and did not always progress to dementia. This led to the 

development of the concept of MCI, which describes individuals who have a cognitive complaint 

that is noticeable and confirmed by objective tests but does not interfere significantly with daily 

activities (70). MCI is a heterogeneous entity that includes any cognitive decline not only memory 

and can be caused by different pathologies. MCI became a diagnosis widely used in clinical 

practice and it was shown that individuals with this diagnosis have a higher chance of progressing 

to AD or other dementias (71, 72).  

 

With the continuous progress in the understanding of pathophysiology, clinical presentation and 

biomarkers of AD, in 2011 the National Institute of Aging (NIA) and the Alzheimer’s Association 

(AA) released new diagnostic criteria that were compatible with the scientific knowledge at the 

time. In these new diagnostic criteria, AD dementia was still classified as probable or possible 

(73). However, the use of biomarkers (PET scan, CSF and MRI) and the presence of causative 
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mutations were incorporated as a way to enhance the certainty of AD being the underlying 

pathology (73). The use of biomarkers was not recommended for routine diagnosis, but rather for 

research purposes or when the clinician considered appropriate (73). These new criteria also 

recognized the importance of the non-amnestic forms of AD including them in the clinical 

presentation of the disease (73). 

 

The 2011 NIA-AA criteria introduced formal criteria for the diagnosis of MCI for clinical and 

research purposes. The clinical criteria required complaint of cognitive decline in one or more 

domains confirmed by a formal assessment, preserved independence and no significant 

impairment in activities of daily life, social and occupational functioning (74). For research 

purposes, biomarkers (PET, CSF and MRI) were recommended to assess the level of certainty of 

underlying AD pathology (74). In this case, MCI was classified as: MCI due to AD with high 

likelihood, MCI due to AD with intermediate likelihood and MCI unlikely due to AD (74). 

 

The most innovative aspect of the 2011 NIA-AA criteria, was the definition of a preclinical stage 

of AD (75). Created exclusively for research purposes, this classification recognized the fact that 

the pathophysiological process of AD began years before the clinical symptoms and categorized 

individuals in three stages according to the biomarkers present (75). Stage 1- Asymptomatic 

cerebral amyloidosis included individuals with biomarker evidence of amyloid accumulation with 

no evidence of neurodegeneration or clinical symptoms (75). Stage 2 - Amyloid positivity with 

synaptic dysfunction and/or neurodegeneration: this stage included individuals with evidence of 

amyloid accumulation as in stage 1 combined with markers of neurodegeneration (75). Stage 3: 

Amyloid positivity with evidence of neurodegeneration and subtle cognitive decline: this was the 
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latest preclinical stage before MCI where individuals presented biomarker evidence of amyloid 

deposition and neurodegeneration combined with subtle cognitive decline (75). Although at that 

time the field was already moving from a clinically predominant towards a more 

pathophysiological view that put dementia at the end of the disease spectrum, the official 

recognition of a preclinical stage accelerated this mindset change and provided a uniform 

framework for AD research in clinically asymptomatic subjects.    

 

In 2016, the American Academy of Neurology expanded on the biomarker classification of AD 

and proposed new research criteria that relied mostly on the presence of biomarkers and less on 

clinical symptoms. In this classification the biomarkers were divided into three categories: 1. 

biomarkers of Aß deposition (high ligand retention on amyloid PET or low levels of CSF Aß42), 2. 

biomarkers of tau pathology (increased levels of CSF p-tau and high ligand retention on tau PET) 

and 3. biomarkers of AD neurodegeneration (elevated CSF t-tau, low retention of [18F]-

fluorodeoxyglucose (FDG) PET, atrophy in AD relevant regions on MRI) (76). Subjects were 

classified as A+/−, T+/− and N+/− according to their biomarkers profile and then, depending on 

their clinical presentation (clinically normal, MCI or AD) they were further classified according 

to the likelihood of their symptoms be due to AD pathology, which depended on the combination 

of biomarkers present (76). This classification helped researchers better categorize patients 

according to symptoms and pathology and was important to improve our understanding of 

biomarker progression and their correlation with clinical diagnosis of AD and other dementias.   

 

A few months ago, due to rapid developments in the field of plasma biomarkers, The National 

Institute on Aging and the Alzheimer’s Association updated the 2016 research criteria moving even 
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further in the goal of diagnosing AD through biological markers rather than clinical symptoms. 

Amyloid and tau biomarkers are divided into Core 1 and Core 2 biomarkers where an abnormal 

Core 1 biomarker is sufficient to establish the diagnosis of AD, while a Core 2 biomarker is used 

to support a diagnosis when AD is suspected (30). These new criteria also add biomarkers of 

neuroinflammation and neurodegeneration which are classified as biomarkers non-specific of AD 

pathophysiology and are recommended to be used for disease staging, prognosis, and to assess 

treatment effect (30). Biomarkers of vascular brain injury and -synuclein were also included as 

indicators of copathology (30) (Figure 5). 

 

Figure 5: Biomarker evolution in a case of AD with the effect of coexisting pathology 
 

 
 

Figure 5: Example of the effect of copathology in a person with AD showing a leftward shift of neurodegeneration 

(N) and clinical symptoms (C) in comparison with a case of pure AD. This reflects that both N and C are more severe 

than expected for the degree of tauopathy, which is the result of coexisting pathologies. Adapted from Jack et al. (30) 
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1.4 Pharmacological treatment of Alzheimer’s disease 
 

For over 2 decades, treatments available for AD were only symptomatic. In 2019, a breakthrough 

led to the approval of the first anti-amyloid drug expected to be a disease modifying treatment, 

which was followed by the approval of two other similar drugs. Despite controversies related to 

approval, efficacy, cost and side effects, these drugs inaugurate a new era of AD treatment that will 

hopefully lead to treatments with a better efficacy and side effect profile, and to the development 

of treatments targeting different aspects of AD pathophysiology.  

 

1.4.1 Symptomatic drugs.  
 

One of the first systems affected by AD pathology is the cholinergic system. Early research 

demonstrated that loss of cholinergic neurons was significant, occurred in the early phases of the 

disease and correlated with memory loss (77-79). Therefore, the first drugs developed were 

cholinesterase inhibitors, which, as the name indicates, inhibit cholinesterase, the enzyme that 

metabolizes acetylcholine thereby increasing the availability of this neurotransmitter in the 

synapses (79). The three cholinesterase inhibitors available are rivastigmine, galantamine, and 

donepezil. These drugs are used for mild to severe stages and provide temporary improvement or 

stabilization of symptoms (79). Cholinesterase inhibitors are considered symptomatic drugs, and 

some studies have suggested that they are effective only in APOE-ε4 non-carriers (80). However, 

since until recently they were one of the only two classes of drugs available, they continue to be 

widely used.  
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Memantine is another symptomatic drug used in the treatment of AD and it is approved for the 

moderate and severe stages. Another process that occurs in AD is neurotoxicity due to excessive 

excitatory activation of the glutamatergic system (81). Memantine inhibits the NMDA 

glutamatergic receptor thereby preventing the effects of glutamatergic‐induced neurotoxicity (81).  

 

1.4.2 Disease modifying treatments.  
 

After decades of failed clinical trials, dealing with amyloid synthesis inhibitors, depolymerizing 

agents, vaccines, aggregation inhibitors …, the first anti-amyloid disease modifying drugs were 

finally approved by the FDA, but not by European agencies. All three drugs are human monoclonal 

antibodies that target slightly different forms of Aß: Aducanumab binds to aggregated forms of Aβ 

(oligomers and insoluble fibrils) (82), Donanemab binds to insoluble β-amyloid in amyloid 

plaques (83) and Lecanemab targets soluble Aβ protofibrils (84). They are all intravenous drugs, 

indicated for early stages of dementia and require confirmation of increased brain amyloid 

pathology by PET or CSF amyloid biomarkers. The most serious side effect is amyloid-related 

imaging abnormalities (ARIA) that occurs more frequently in APOE-ε4 carriers (82-84).  

 

1.5 The current state of knowledge in AD 
 

 
The developments in our knowledge of clinical presentation, pathophysiology and biomarkers of 

AD that were described in the previous sessions gives us enough evidence that the 

pathophysiological process begins decades before clinical symptoms and that we are becoming 

increasingly capable of recognizing this pathology in asymptomatic yet high-risk subjects. The 
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accelerated development of biomarkers has been essential in this process, and they exist in 

different forms such as PET scans, CSF biomarkers or plasma biomarkers. While PET scans offer 

the unique advantage of assessing not only the levels but also spatial distribution of 

neuropathology, they are expensive and need to be performed in specialized centers, therefore 

being more suitable for research purposes. CSF is less expensive and more widely available, but 

it is still an invasive procedure that many patients are not willing to do. The recent developments 

of more accurate blood biomarkers however are a great promise to facilitate access to AD 

biomarkers worldwide. At this point I believe that there is no doubt that soon AD we will be 

accurately diagnosed by biomarkers years before the onset of symptoms. This development, 

together with new progresses in disease modifying treatments will put us in a good position to 

finally be able to provide effective clinical management for AD and maybe, even prevention.  

 

2 Genetics and Alzheimer’s disease 
 

2.1 The importance of genetics for the study of health and disease. 
 
The understanding of human genetics has evolved greatly and has brought crucial developments 

to our knowledge of normal physiology and pathophysiology of disease. The identification of 

causative mutations of serious diseases for instance has been critical not only to help better 

understand the disease itself and improve treatment perspectives, but also to ensure early and 

accurate diagnosis allowing patients to make important life and reproductive decisions. More 

recently, advances in genetic therapy introduced innovative, life changing treatments to severe 

illnesses such as spinal muscle atrophy (85), sickle cell disease (86) and Hemophilia (87) among 

others.  
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In Alzheimer’s disease, the identification of causative mutations involved in amyloid processing 

helped solidify the role of APP and presenilin in the disease progress, both being correlated with 

Aβ generation (9). Additionally, it has allowed the identification of asymptomatic carriers and large 

family kindreds who have played a crucial role in AD research (88, 89). The APOE-ε4 allele, which 

is the most important genetic risk factor in sporadic AD (43, 44) has also helped our understanding 

of the disease. As a cholesterol transporter, APOE highlights the importance of cholesterol 

metabolism in the pathophysiology of AD underscoring the relevance of metabolic pathways 

outside of amyloid and tau pathology.  

 

In this section we will describe in detail the genetics of AD and how a thorough knowledge of the 

genetics factors involved could improve our understanding of the pathophysiology of the disease 

which is essential for the advancement of diagnostic and treatment strategies.  

 

2.2  Genetics of Alzheimer’s disease 
 
From the genetics perspective, AD can be divided into familial and sporadic forms. The familial 

form is rare accounting for about 1% of the cases and it is caused by autosomal dominant mutations 

with 100% penetrance (90). The sporadic form, which represents up to 99% of cases, is caused by 

a combination of environmental and genetic risk factors. Although the environmental risk factors 

play an important role in sporadic AD the heritability of the disease is still high and ranges between 

50-80% (91, 92). However, the genes identified so far account for only about 30% (92, 93) of this 

phenotypic variance with APOE-ε4 being the major contributor (about 20-25% of the 30%) and 
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all other variants combined playing a much smaller role in AD heritability (93). These numbers 

show that most of the risk variants involved in sporadic AD have not yet been identified. 

 

2.2.1 The autosomal dominant form of AD  
 
The familial form of AD is caused by fully penetrant autosomal dominant mutations in the genes 

APP, Presenilin-1 (PS1) and Presenilin-2 (PS2) (90, 94). This form of the disease normally begins 

at an earlier age, tends to have a more aggressive course and a higher frequency of non-cognitive 

neurological symptoms such as seizures and extrapyramidal signs (95). 

 

The identification of these autosomal dominant mutations has allowed preclinical diagnosis of 

asymptomatic subjects and the identification of large groups of mutation carriers and family 

kindreds that have played a unique role in AD research. Studies of these subjects have allowed 

follow-up of individuals since their asymptomatic stage which greatly helped the understanding of 

the natural history, the pathological and biomarker progression and the specific clinical features of 

this form of the disease.  

 

Of great importance it was the identification, in the Colombian family kindred of PS1 mutation 

carriers, of a 70-year-old woman who, despite having the dominant mutation only developed MCI 

in her seventies (three decades after the expected age) and did not develop high levels of tau 

pathology despite having abnormally high levels of amyloid (96). Although it is not confirmed, 

studies suggest that she did not develop AD due to the presence of two copies of the APOE3 

Christchurch mutation (96). If this fact is confirmed it could bring new treatment perspectives for 
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AD. Moreover, it highlights the importance of the study of genetics of AD and the inclusion of less 

represented racial groups.  

 

2.2.2 The sporadic form of AD 
 
The sporadic form of AD corresponds to about 99% of the cases and is inherited as a complex trait 

that results from interactions between genetic and environmental risk factors (97). The most 

important environmental modifiable risk factors for sporadic AD are low education, cardiovascular 

risk factors (hypertension, obesity, diabetes, smoking and dyslipidemia), physical inactivity, 

depression, traumatic brain injury, air pollution, visual and hearing loss, social isolation and 

excessive alcohol intake (98). But even though these factors play an important role, it has been 

demonstrated that the heritability of AD is very high, ranging between 50-80% (91, 92). Genome-

wide association studies (GWAS) involving hundreds of thousands of patients have identified 

polymorphisms in about 75 genome-wide significant loci associated with AD risk (99). However, 

the variants identified so far account for only about 30% of the global phenotypic variance (92, 

93), which means that a significant part of the risk alleles for sporadic AD remain to be identified. 

The identification of these missing variants could bring important insights into the 

pathophysiology of AD which is fundamental for the search for new diagnostic and treatment 

strategies.   

 

2.2.3 The APOE-ε4 variant and its role in sporadic AD 
 
The ε4 allele in the APOE gene is widely known as the most important genetic risk factor for 

sporadic AD (43, 100). Two SNPs in the APOE gene lead to 3 different alleles APOE-ε2, APOE-
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ε3 and APOE-ε4 which results in three isoforms of the apolipoprotein E (101). APOE-ε2 is 

considered protective while the presence of APOE-ε4 significantly increases the risk of AD by up 

to eight times in homozygote individuals (102). APOE-ε4 is the major AD risk factor in all 

populations but its role is more significant in the Caucasian than among other races (103, 104).  

 

Apolipoprotein E is the main cholesterol transporter in the brain. It forms HDL particles that have 

an essential role in the transport of cholesterol and phospholipids necessary for neuronal and 

synaptic turnover and processing. The presence of the APOE-ε4 allele leads to lower protein levels 

and less effective cholesterol transport therefore impairing one of the most important roles of 

apolipoprotein E in the brain (47). This protein reduction is not caused by reduced gene expression 

but more likely by faster rate of degradation of the ε4 variant (105). 

 

There is still not a consensus about the role APOE-ε4 plays in AD. One line of research states that 

APOE-ε4 increases A deposition and impairs its clearance therefore leading to increased amyloid 

load (46, 106). On the other hand, a significant amount of evidence supports an impairment in the 

role of APOE-ε4 as a cholesterol transporter. Cholesterol and phospholipids are the main 

components of neuronal membrane, synapses and myelin; therefore, cholesterol transport is 

essential for processes of neuronal and synaptic turnover and regeneration particularly following 

neuronal damage (48). The APOE-ε4 variant leads to lower protein levels and less effective 

transport of cholesterol and phospholipids in the brain (45, 47). This decreased efficacy in 

cholesterol transport may lead to a lower ability of the brain to promote neuronal remodeling and 

reinnervation following a pathological injury such as the one that occurs in AD (47). In fact, studies 

have shown that in mouse models of hippocampal deafferentation there is an increase in APOE 
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gene expression during the reinnervation phase (48, 49), likely to increase cholesterol uptake and 

delivery to reinnervating neurons. 

 

2.2.4 The search for the missing heritability of AD. 
 
As described above, the genetic polymorphisms identified so far explain only a small part of the 

phenotypic variability in AD, meaning that most genetic variants involved in the risk of AD have 

not yet been identified. Additionally, as we have shown, the study of genetics is an important 

strategy to improve our knowledge about a disease and its treatment and has played a crucial role 

in the developments we had in AD research so far.  

 

With the goal of identifying some of the unknown genetic risk factors of AD, the Poirier lab 

performed a GWAS in the genetically homogenous Quebec Founder Population (QFP) cohort, a 

well-characterized population isolate based in North America (107). The QFP is a unique 

population isolate from eastern Canada, for which genealogical information is available for almost 

four centuries. This population descends from the French settlers that founded Nouvelle France in 

the 17th and 18th centuries (107). The migration and isolated nature of the settlements created a 

founder effect giving rise to a population with large linkage disequilibrium blocks and low genetic 

heterogeneity which leads to a lower genetic noise that is highly advantageous for genetic studies 

(108).  

 

The original GWAS included at total of 751 pairs of Case/Control subjects from the QFP cohort 

matched for sex, age and especially region of birth and mapped 535,000 polymorphisms in all 

subjects. 
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This study identified polymorphisms in the following genes as risk factors for AD (p < 0.00001): 

APOE, CLU (ApoJ), CDK5-RAP2, HIVEP3, RGS17, ACAT2, PPP2R1A, Intergen/ODZ4, STIL, 

CNTN5, ZNF10.  

 

In a second stage replication analysis all risk factors identified in the QFP cohort were reassessed 

and validated in a French Case/Control population using France-based subsample from IGAP 

study (34). A total of 2032 AD cases and 5328 age-matched controls were included in the 

replication phase, and all variants identified in the QFP cohort were confirmed to be statistically 

associated with AD (p< 0.05).  

 

For this thesis, two of the variants identified by the GWAS were selected to a) confirm their role 

in AD and b) to understand how they are involved with the pathophysiology of the disease. For 

this purpose, we chose two variants located in the CNTN5 and in the CLU genes. No polymorphism 

in the CNTN5 gene had ever been associated with AD before, therefore by extensively studying 

CNTN5 in different populations, we aim to unravel its mechanism of action in AD pathophysiology 

and broaden our understanding of the disease. In contrast, CLU is an established risk gene for 

sporadic AD. Our goal is to use different population cohorts to provide more insights in the 

mechanism of action of this gene in the different phases of the disease. These genes were chosen 

for further studies also because they showed relatively high odds ratio in the QFP GWAS, and 

because they were significantly correlated with aspects of AD pathophysiology in preliminary 

studies (table 1).  
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Table 1: Effect of the top 12 risk variants: Impact of risk allele on classical pathological 
markers of AD  

 

2.2.5 The CNTN5 rs1461684 G variant 
 
Contactins are a family of proteins that contains 6 members, Contactin-1 to Contactin-6. These 

membrane proteins are cell adhesion molecules that play an important role during 

neurodevelopment by acting on processes such as neuronal migration, axon guidance, 

synaptogenesis, myelin formation and regulation of neurite outgrowth (109, 110).  

 

The CNTN5 gene codes for contactin 5 which is a membrane protein mainly involved in neurite 

outgrowth and axonal arborization (111) and synaptic formation (112). Contactin 5 has its peak 

expression in the first weeks after gestation and is mainly found in the olfactory bulb, cerebral 

cortex and in the thalamus (109). One possible association of contactin 5 with AD pathology is 

that, since contactins lack the intracellular region that would allow them to communicate across 

the membrane, contactin 5 binds to APP and its precusor-like variants (APLP1) in their 

cytoplasmic regions, thereby using amyloid-dependent signal transduction pathways to relay 

information across the membrane (113).  
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Single nucleotide polymorphisms and copy number variants in the CNTN5 gene have been 

associated with increased risk of neuropsychiatric disorders particularly the neurodevelopmental 

ones such as autism spectrum disorder (114, 115) and attention-deficit hyperactivity disorder 

(116). Only one other GWAS in AD reported a risk-associated polymorphism (rs10501927) in the 

CNTN5 gene but it did not reach genome-wide significance (117). Ours was the first GWAS so far 

to find a significant association between a CNTN5 variant (rs1461684 G) and AD risk. Our purpose 

in this thesis is to confirm the CNTN5 rs1461684 G variant as a risk factor for AD and to investigate 

what role the gene, variant and protein play in the pathophysiology of the disease. 

 

2.2.6 The CLU rs 11136000 T variant 
 
The CLU gene is already established as one of the main genetic risk factors of AD (118) with 

several variants been associated with disease risk or protection (33, 34, 117, 119). CLU codes for 

the clusterin (or ApoJ) protein which is a glycoprotein ubiquitously expressed in the brain and in 

most body tissues and with a wide range of physiological functions (120).  

 

Among the many physiological processes clusterin is involved in, the main ones are cholesterol 

transport and mobilization (121, 122), regulation of cell survival and apoptosis (123, 124), 

protection against oxidative stress (125, 126) and acting as a molecular chaperone (127). As a 

consequence of its ubiquitous presence and wide range of functions, clusterin has been associated 

with a variety of pathological processes such as cardiovascular diseases (128), different 

neurological disorders (129, 130), and promotion of tumorigenesis and chemoresistance (131-

133). 
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Several studies have confirmed the association of different CLU variants with risk of AD (33, 34, 

117, 134) and some variants are associated with increased risk (134), while others are associated 

with lower risk (34, 135). However, even though CLU polymorphisms have been consistently 

associated with AD in Caucasian populations (34, 117, 136) these associations are not always 

found among other populations such as Asians (119, 134, 137),  Hispanics (135, 138), and 

populations of African descent (135, 138).  

 

The precise mechanism of action of CLU in AD pathology has not yet been established and the 

main possibilities include: it is involved in Aß aggregation and clearance (139-141), it has a 

neuroprotective role by acting on oxidative stress and neuroinflammation (142, 143), it regulates  

cholesterol transport for membrane and synaptic remodeling (49). The variant identified in our 

GWAS is the rs11136000 T which is associated with a lower risk of AD (34, 135) (table 1). The 

purpose of this thesis is to provide further insights into the role of this important gene, the 

rs11136000 T protective variant and the clusterin protein in the pathophysiology of AD.  

 

3. Thesis Rational and Objectives  
 

As thoroughly explained in the previous sessions, there are still significant gaps in our knowledge 

of AD pathophysiology which hinder our ability to provide earlier diagnosis and develop better 

treatment and prevention strategies. Genetics play an important role in the sporadic form of AD 

and a detailed knowledge of the genetic background is an important pathway to better understand 

the pathophysiology of a disease. Since only a small part of the genetic variants associated with 
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the risk of AD are currently known, a GWAS was performed by our lab to uncover new genetic 

polymorphisms associated with AD. Twelve variants were identified in the QFP GWAS and for 

this thesis we chose to study in depth the variants identified in the CNTN5 and CLU genes. The 

general goal is to confirm the association of the CNTN5 polymorphism with risk of AD and to 

investigate the mechanism of action of both genes in AD pathophysiology throughout the different 

phases of the disease process.  

 

To accomplish these goals, we first aimed to confirm the association of the newly identified 

CNTN5 rs1461684 G variant with increased risk of AD by investigating the effect of this variant 

on the risk of developing AD in different population cohorts. We then proceeded to study the 

mechanism of action of the CNTN5 and CLU genes, the rs1461684 G and rs11136000 T variants 

and the contactin 5 and clusterin proteins throughout the different phases of the disease. We did 

that by investigating the association of the variants and their proteins with different clinical and 

pathological measurements of the disease in several patient cohorts that encompassed the different 

phases of the disease spectrum. The pathological aspects of AD were assessed both in living 

patients with the use of biomarkers and in brain samples from autopsied patients. Autopsied AD 

patients and controls from different cohorts were also used to assess the effect of the variants and 

the presence of AD on CNTN5 and CLU gene expression. Finally, we aimed to investigate the role 

of CNTN5 and CLU during the neuronal degeneration/reinnervation process that follows neuronal 

injury, to further understand the mechanism of action of these genes and their possible role in AD.  

For that we used a mouse model of hippocampal deafferentation and measured CNTN5 and CLU 

gene expression at different time-points for 40 days covering both the deafferentation and the 

reinnervation periods.  
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1. Preface 
 

The identification of genetic risk factors that influence the risk of AD is an important step to better 

understand the disease. However, it is essential to also understand the role these genetic variants 

play in the pathological process of AD in order to fill in the gaps that still exist in our knowledge 

of AD pathophysiology. 

 

In this chapter, we aim to investigate the role of the CNTN5 rs1461684 G variant in AD. Since this 

was the first time this variant was associated with AD, we started by confirming its role as a risk 

factor in different populations. We followed by looking into the role of the CNTN5 rs1461684 G 

variant and the contactin 5 protein in the different phases of AD. By using population cohorts that 

encompass the different stages of the AD spectrum (from cognitively unimpaired subjects to 

autopsy confirmed AD cases) we investigate the role of the CNTN5 rs1461684 G variant on gene 

expression, contactin 5 levels and clinical and pathological hallmarks of the disease. We also 

studied the association of CSF contactin 5 with different AD biomarkers and with disease 

progression. We believe that with this investigation we can describe a new genetic risk factor for 

AD and gain insights into its role in the disease.  
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2. Abstract 

Introduction: We investigate the CNTN5 rs1461684 G variant and the contactin 5 protein in 

sporadic Alzheimer’s disease (sAD). 

Methods: Contactin 5, sAD biomarkers, and synaptic markers were measured in the cerebrospinal 

fluid (CSF). Amyloid and tau deposition were assessed using positron emission tomography. 

Contactin 5 protein and mRNA levels were measured in brain tissue. 

Results: CSF contactin 5 increases progressively in cognitively unimpaired individuals and is 

decreased in mild cognitive impairment and sAD. CSF contactin 5 correlates with sAD biomarkers 

and with synaptic markers. The rs1461684 G variant associates with faster disease progression in 

cognitively unimpaired subjects. Cortical full-length and isoform 3 CNTN5 mRNAs are decreased 

in the presence of the G allele and as a function of Consortium to Establish a Registry for 

Alzheimer’s Disease stages. 

Discussion: The newly identified rs1461684 G variant associates with sAD risk, rate of disease 

progression, and gene expression. Contactin 5 protein and mRNA are affected particularly in the 

early stages of the disease  

3.  Introduction  

Alzheimer’s disease (AD) is one of the most important causes of cognitive decline in the elderly 

population (1,2). Pathologically, AD is characterized by progressive accumulation of amyloid 

plaques and neurofibrillary tangles, and by synaptic and neuronal degeneration and loss (3,4). 

Several genetic variants have already been identified as common risk factors for sporadic AD 

(sAD), with the most important one being the ε4 allele of the apolipoprotein E (APOE) gene (5,6). 

However, it is estimated that the single nucleotide polymorphism (SNP)–based heritability of sAD 
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ranges from 13% to 33%, indicating that a significant part of the risk alleles remains to be identified 

(5,7).  

The CNTN5 gene encodes the contactin 5 protein, which is a cell-surface protein with multiple 

isoforms that belongs to the contactin family. Contactins are a family of cell-adhesion molecules 

that contain six members: contactin 1 to contactin 6. These proteins play an important role in 

neurodevelopment through the regulation of neurite outgrowth, neuronal migration, axon 

guidance, synaptogenesis, myelin formation, neuron—glia interactions, and cell survival (8,9).  

Single nucleotide polymorphisms and copy number variants in the CNTN5 gene have been 

associated with increased risk for several neuropsychiatric disorders such as autism spectrum 

disorder (10,11), anorexia (12), and attention deficit hyperactivity disorder (13). In sAD, a risk-

associated polymorphism in the CNTN5 gene (rs10501927) was reported by Harolds et al. (14) but 

it failed to reach genome-wide significance (odds ratio [OR]: 1.18; P = 2.0 × 10−6, n = 11789). 

Using a unique population isolate from eastern Canada, we report here the presence of a distinct 

risk variant (rs1461684 G) in the CNTN5 gene, which is associated with increased risk for sAD in 

this cohort, as well as in other heterogenous genetic studies.  

In the present work, our objective is to characterize the role of contactin 5 (soluble in the 

cerebrospinal fluid [CSF] and membrane-bound to neurons in the frontal cortex) and its association 

with different pathological biomarkers of sAD in both the asymptomatic and symptomatic stages 

of the disease. In parallel, we examined the newly identified rs1461684 risk variant G throughout 

the spectrum of sAD. More specifically, we investigate the role of this common polymorphism 

(minor allele frequency [MAF]: 0.16) in the risk of developing sAD and its effect in the clinical 

and pathological progression of the disease using four different cohorts.  
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4. Methods 

This study used four different patient cohorts. All of them received local approval from the 

research ethics committee or institutional review boards of the participating centers.  

4.1  PREVENT-AD  
 

4.1.1 Study participants  
 
The Pre-symptomatic Evaluation of Experimental or Novel Treatments for Alzheimer’s Disease 

(PREVENT-AD) cohort is composed of cognitively unimpaired individuals over the age of 55, 

who have a first degree relative diagnosed with sAD (15). There are 373 active participants (or 

subset of participants) who are followed annually with clinical and cognitive assessments, blood 

and CSF biomarkers, structural and functional magnetic resonance imaging (MRI) and brain 

positron emission tomography (PET) scans to assess amyloid beta (Aß) and tau deposition. Data 

used in this article were obtained from data release 6.0 (2020, https://openpreventad.loris.ca/).  

4.1.2 CSF  
 
Lumbar punctures were performed in a subset of volunteers (n = 170) in the morning after an 

overnight fast using a Sprotte 24-gauge atraumatic needle. CSF samples were centrifuged within 

4 hours, cells and insoluble material were excluded, and samples were aliquoted and stored at -

80oC. The AD biomarkers phosphorylated tau (p-tau)181, total tau (t-tau), and Aß42 were 

measured following procedures developed by the BIOMARKAPD consortium (16), using 

validated Innotest enzyme-linked immunosorbent assay kits (P(181)-tau Cat.# 81581, T-tau Cat.# 

81579, and Aβ42 Cat.# 81583) from Fujirebio. CSF contactin 5 levels were measured using Olink’s 

proximity extension assay and the neurology panel. Synaptic markers were quantified in the CSF 

using immunoprecipitation followed by mass spectroscopy as described previously (17–20).  

https://openpreventad.loris.ca/
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4.1.3 Neuroimaging acquisition and processing  
 
18F-NAV4694 (Navidea Biopharmaceuticals) was used to quantify Aß accumulation. Scans were 

performed 40 to 70 minutes after injection in a subgroup of PREVENT-AD subjects (n = 129). 

Flortaucipir ([18F]AV1451) was used to measure tau deposition and scans were acquired 80 to 100 

minutes post injection as described previously (21). Standardized uptake value ratios (SUVRs) 

were obtained using the cerebellum as a reference region for Aß-PET and the inferior cerebellum 

gray matter for flortaucipir (21). AD-related tau deposition was assessed by averaging flortaucipir 

SUVR in the entorhinal cortex, fusiform, parahippocampal, and lingual gyri (21,22). 

4.1.4 Alzheimer Progression Score  
 
The composite Alzheimer Progression Score (APS) was developed by our team to map the 

progression of the disease in the absence of visible cognitive deficits in the PREVENT-AD cohort, 

for the purpose of prevention drug trials (23). The APS is a composite that incorporates multimodal 

imaging, neurosensory, cognitive, and CSF markers, based on an assumption that change in each 

of these arises from a single underlying latent process (i.e., AD pathogenesis). Its scores are scaled 

as a standard normal distribution, with higher scores denoting increasing severity. Constituent 

measures are summarized in greater detail in Leoutsakos et al. (24). 

4.1.5 Genotyping  
 
Automated DNA extraction from buffy coat samples was performed using the QIAsymphony DNA 

mini kit (Qiagen). Genotyping was performed using the Omni2.5-8 BeadChip (Illumina). PLINK 

(http://pngu.mgh.harvard.edu/purcell/plink/) was used to filter sex mismatches, filter missingness 

at sample level (< 5%) and SNP level (< 5%), assess sample heterozygosity, and filter SNPs in 
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Hardy–Weinberg disequilibrium (P > 0.001). Only post-imputed SNPs with an info score > 0.7 

were kept.  

4.2  COMPASS-ND cohort  
 

4.2.1 Study participants  
 
The Comprehensive Assessment of Neurodegeneration and Dementia (COMPASS-ND) study is 

enrolling 1650 memory-impaired/concerned subjects from 31 centers across Canada. Participants 

typically undergo comprehensive baseline evaluation including clinical and neuropsychological 

assessment, biospecimen collection, polymorphisms mapping, and MRI neuroimaging (25). Data 

are made available to investigators in the Canadian Consortium on Neurodegeneration in Aging 

(CCNA) as well as others through the Longitudinal Online Research and Imaging System (LORIS) 

database at https://ccna-ccnv.ca/national-platforms/. CSF collection and measurements are 

performed as described above for the PREVENT-AD cohort. No genotype information is available 

for this cohort at the moment.  

4.3  ROS-MAP  
 
The Religious Orders Study (ROS) was established in 1994, and it includes nuns, priests, and 

brothers from across the United States (26). The Rush Memory and Aging Project (MAP) 

started in 1997 and includes lay people from the state of Illinois. Participants from the 

cohorts were cognitively normal at enrolment and were followed annually with 

neuropsychological evaluation and blood test and consented to genotyping and brain 

donation (26). Post mortem evaluation was performed to assess AD pathology using 

Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) and Braak staging. ROS- 
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MAP datasets and protocols used in the present study are summarized in the supporting 

information 1.  

4.3.1 Tandem mass tag proteomic data  
 
Three hundred forty cortical prefrontal brain tissue samples from the community-based aging 

ROS-MAP cohort were analyzed by a mass spectrometry-based protein quantification approach, 

using isobaric multiplex tandem mass tags (TMT) as described previously by Ping et al (27). 

Briefly, TMT labeling with synchronous precursor selection (SPS)-MS3 for reporter ion 

quantitation was used to achieve comprehensive global quantitation of 100 mg (wet tissue weight) 

pre-frontal cortex from healthy controls and sAD cases. In total, 127,321 total unique peptides 

were identified from >1.5 million peptide spectral matches (PSMs), which mapped to 11,840 

unique proteins groups, representing 10,230 gene symbols, which map to ≈65% of the protein 

coding genes in the brain. Two major isoforms of CNTN5 expressed in the brain are available in 

the ROS-MAP dataset: the full length (O94779) wild type variant and the isoform type 3 (O94779-

4, missing amino acids 912–1100), which are particularly prevalent in the central nervous system 

(CNS).  

4.4  The QFP cohort  
 

The Quebec Founder Population (QFP) cohort is a population isolate from eastern Canada that 

descends from 3000 French settlers that founded Nouvelle France in the 17th and 18th centuries 

(28). The migration and the isolated nature of settlements created a founder effect, which resulted 

in a population with less genetic heterogeneity, large linkage disequilibrium blocks, and low 

genetic noise, which is highly advantageous for genetic studies (28,29), especially for genome- 

wide association study (GWAS) case/control studies in which age, sex, and especially place of 
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birth are used to control the sample’s demographic characteristics. Genealogical information for 

this population, for almost four centuries, is available in the BALSAC database (30). 

4.5 Statistical analyses  
 
Analyses of the demographics were done using analysis of variance (ANOVA) and the significant 

main effects were decomposed using Tukey’s post hoc test. The progression of CSF contactin 5 

levels over time was tested using mixed linear model adjusted for sex, age, and APOE ε4. The 

correlation of CSF or plasma contactin 5 with CSF biomarkers, synaptic proteins, and amyloid and 

tau PET in the PREVENT-AD cohort was assessed using linear regression adjusted for sex, age, 

and APOE ε4. For this analysis we used only data acquired at baseline visit. The effect of the 

CNTN5 variant on NAV4694 and flortaucipir SUVR retention in the PREVENT-AD cohort was 

assessed using linear regression adjusted for sex, age, and APOE ε4. ANOVA was used to assess 

the difference in APS scores and CSF contactin 5 according to CNTN5 genotype, the difference in 

CSF contactin 5 according to clinical diagnosis (cognitively unaffected, mild cognitive impairment 

[MCI], and AD), the levels of contactin 5 isoforms in the prefrontal cortex according to Braak 

stages and the difference in CNTN5 mRNA and proteins levels in asymptomatic and MCI subjects 

according to the number of CNTN5 rs1461684 G variants; all analyses were adjusted for sex, age, 

and APOE ε4 genotype. Changes in contactin 5 levels in the CSF of controls versus MCI and sAD 

subjects were decomposed using Tukey’s post hoc test. The association between contactin 5 

mRNA levels and Braak and CERAD stages in the ROS-MAP cohort was assessed using ordinal 

logistic regression and adjusted for age, sex, and APOE ε4. For this cohort, the exact age is not 

specified for participants over the age of 90. Because there is a significant number of participants 

older than 90, age was considered using age groups: < 80, 80 to 84, 85 to 89, > 90.  
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5. Results 
 

5.1 Demographics:  

Table 2 summarizes the demographic characteristics of the main cohorts used to analyze the impact 

of the CNTN5 variant on CSF protein level (PREVENT-AD) and on cortical protein and mRNA 

prevalence (ROS-MAP) at different stages of sAD’s spectrum. There was no difference in age, 

sex, education, and APOE ε4 status between the CNTN5 genetic subgroups.  

Table 2: PREVENT-AD and ROS-MAP cohort demographics  

 

 
 
 

5.2  PREVENT-AD cohort: contactin 5 protein levels in the CSF and plasma  
 
CSF contactin 5 levels were measured in cognitively unimpaired participants from the PREVENT-

AD cohort. Longitudinal measures of CSF contactin 5 showed a progressive increase in the levels 

of this protein over time, with significant alterations at follow-up visits at 12 (P = 0.025), 24 (P = 

0.018), and 48 months (P = 8 × 10−5; Figure 6).  

Abbreviations: APOE, apolipoprotein E; PREVENT-AD, Pre-symptomatic Evaluation of 
Experimental or Novel Treatments for Alzheimer’s Disease; ROS-MAP, Religious Orders Study 
Rush Memory and Aging Project.  
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CSF contactin 5 measures were contrasted with sAD pathological biomarkers in the same 

cognitively unimpaired subjects. A positive correlation was found between CSF contactin 5 and 

CSF Aß42 (r2 = 0.26; P = 0.00049), Aß40 (r2 = 0.13; P = 0.002), t-tau (r2 = 0.47; P = 1.4 × 10−11), 

and p-tau (r2 = 0.51; P = 6.6 × 10−12; Figure 7). There was a trend toward a positive correlation 

between CSF contactin 5 and tau deposition in the entorhinal cortex measured by PET (r2 = 0.23; 

P = 0.065) in these asymptomatic subjects.  

 

CSF contactin 5 levels were also positively correlated with synaptic proteins GAP43 (r2 = 0.50; P 

= 1.4 × 10−06), neurogranin (r2 = 0.37; P = 0.0004), Syt1 (r2 = 0.43; P = 2.7 × 10−05), and Snap 25 

long (r2 = 0.46; P = 1.6 × 10−05; Figure 6) in cognitively unimpaired subjects from the PREVENT-

AD cohort.  

 

No association was found between CSF and plasma levels of contactin 5 protein nor between 

plasma contactin 5 and CSF sAD biomarkers (not shown).  
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Figure 6: Cerebrospinal fluid (CSF) contactin 5 levels over consecutive 
assessments in cognitively unimpaired subjects from the PREVENT-AD 
cohort 
 

  

 

 

 

 

 

 

 

 

 

Contactin 5 protein was measured in the CSF using Olink’s proximity extension assay. Assessments were 

done at baseline and on follow-up visits. CSF contactin 5 is significantly increased on follow-up visits at 

12 (P = 0.025, n = 25), 24 (P = 0.018, n = 25), and 48 months (P = 8e-5, n = 15) compared to baseline 
(n = 33)  
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Figure 7: Association between CSF contactin 5 and sAD biomarkers or 

synaptic proteins in the PREVENT-AD cohort. 
 

 

 

 

 

 

Contactin 5 protein was measured in the CSF using Olink’s proximity extension assay. Global SUVR amyloid index (A) 

was measured with [18F]NAV4694 PET (n = 44). CSF AD biomarkers Aß 1-42 (B; n = 99), Aß 1-40 (C; n = 96), total 

tau (E; n = 113) and p-tau (F; n = 113) were measured by enzyme-linked immunosorbent assay according to the 

procedures from the BIOMARKAPD consortium of the EU Joint Program in Neurodegenerative Diseases. Tau deposition 

in the entorhinal cortex (D) was measured with flortaucipir PET (n = 48). The synaptic markers GAP43 (G; n = 45), 

neurogranin (H; n = 45), synaptotagmin-1 (I; n = 43) and SNAP-25 (J; n = 43) were quantified using selective reaction 

monitoring mass spectroscopy. Significant linear regressions are represented with a blue confidence region of the fitted 

line. R squares and P values are shown in the top left corners of each figure. Analyses were adjusted for age, sex and 

apolipoprotein E ε4. Aß, amyloid beta; AD, Alzheimer’s disease; BIOMARKAPD, Biomarkers for Alzheimer’s Disease 

and Parkinson’s Disease; CSF, cerebrospinal fluid; PET, positron emission tomography; p-tau, phosphorylated tau; sAD, 

sporadic Alzheimer’s disease; SUVR, standardized uptake value ratio  
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5.3   Effect of the CNTN5 rs1461684 risk G variant on clinical progression and on 
CSF contactin 5 protein levels in the pre-symptomatic PREVENT-AD cohort  

 

Searching for polymorphic variants affecting AD risk level in the QFP, a GWAS was performed in 

case and control subjects matched for sex, age, and especially place of birth (31,32). More than 

two thirds of the GWAS subjects saw their disease status confirmed by a pathologist at autopsy, 

thus reducing diagnostic uncertainties. Among the top variants found to be associated with AD in 

the QFP was the minor allele (G) of polymorphism rs1461684 (MAF 0.16), a variant found in 

intron 1 of the contactin 5 (CNTN5) gene. Table 3 summarizes results for the QFP and replication 

analyses obtained from the International Genomics of Alzheimer’s and Alzheimer’s Disease 

Genetics Consortium cohorts. This variant is distinct from the genetic polymorphism reported in 

the CNTN5 gene (rs10501927 variant) by Harold et al.’s original UK GWAS (14). While both 

CNTN5 SNPs are in linkage equilibrium (D’: 0.21, r2: 0.04, P = 0.006), the low r2 and modest D’ 

indicates that the SNPs cannot substitute each other. This is mostly likely due to the low prevalence 

of the rs10501927 variant found in the QFP.  

 

In the asymptomatic PREVENT-AD cohort, CNTN5 rs1461684 risk variant G is significantly 

associated with a much faster rate of progression compared to G-negative subjects as assessed by 

the APS in the cognitively unimpaired participants (Figure 8A, P = 0.01). Figure 8B illustrates the 

CSF contactin 5 protein levels measured as a function of CNTN5 rs1461684 G allele: no significant 

difference was detected. 
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Table 3 - CNTN5 risk variant in different cohorts  

 

 

 

 

Figure 8: Association between the CNTN5 rs1461684 G variant and Alzheimer Progression 
Score in the PREVENT-AD cohort.  

 

Abbreviations: ADGC, Alzheimer’s Disease Genetics Consortium; GWAS, genome-wide association study; 

IGAP, International Genomics of Alzheimer’s; na, not applicable; OR, odds ratio; QFP, Quebec Founder 

Population.  

 

A) Association between the presence of the rs1461684 G allele and the Alzheimer’s 

disease progression score in the PREVENT-AD cohort (P = 0.01, n = 418). B) 

Association between the presence of the rs1461684 G allele on cerebrospinal fluid 

(CSF) contactin 5 protein levels at baseline (non-significant, n = 103). Analyses 

were adjusted for age and sex  
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5.4  Effect of the CNTN5 rs1461684 G variant on PET biomarkers  
 
We investigated the effect of the CNTN5 rs1461684 G variant on 18F- NAV4694 and flortaucipir 

PET uptake in the asymptomatic PREVENT- AD cohort and found no significant association with 

either amyloid or tau deposition in these cognitively unaffected subjects (not shown).  

 

5.5  CSF contactin 5 levels in cognitively unimpaired, mild cognitively impaired, and 
sAD subjects  

 

Using PREVENT-AD cognitively unimpaired subjects, we contrasted CSF contactin 5 

concentrations with subjects from the COMPASS- ND cohort who have received a diagnosis of 

MCI and sAD. Figure 9 illustrates the modest cross-sectional reduction in CSF contactin 5 levels 

in MCI and sAD relative to the cognitively unimpaired subjects. Unfortunately, the COMPASS-

ND does not have a functional genetic component yet and we were unable to examine the effects 

of APOE ε4 or CNTN5 variants on CSF contactin 5 protein concentrations in these subjects. Of 

interest, the reduction was significant when the pre-symptomatic stage and MCI were contrasted, 

but not between MCI and AD stages, consistent with an early time-specific pathophysiological 

role.  
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Figure 9: Association between CSF contactin 5 and cognitive status in the PREVENT-AD and 
CCNA cohorts.  

 

 

 

 

 

5.6 Contactin 5 protein levels in the prefrontal cortex in the different 
stages of the AD spectrum  

 

Tissue levels of two contactin 5 protein isoforms were obtained from the ROS-MAP TMT 

proteomic database, which is described in detail in the Ping et al. (27). Cortical levels of the two 

major isoforms of contactin 5 expressed in the brain were obtained for some 288 subjects for which 

we also have corresponding CNTN5 genotype information, the full length (O94779) wild type 

variant and the truncated isoform type 3 (O94779-4) protein, which are particularly prevalent in 

the CNS. Stratification of the two contactin 5 protein variants by Braak stages reveals a modest 

(but not significant) reduction of cortical contactin 5 levels between stages 0 and the later 

pathological stages (Figure 10). This is consistent with the CSF CNTN5 changes reported in living 

patients with emerging cognitive deficits in the COMPASS-ND cohort described above. 

Contactin 5 protein was assessed using Olink’s proximity extension assay in 

subjects who are cognitively unimpaired (PREVENT-AD cohort: 

N = 105) or diagnosed with mild cognitive impairment (CCNA’s MCI: N = 28) or 

Alzheimer’s disease (CCNA’s AD: n = 14). CSF contactin 5 is significantly 

decreased in MCI (P < 0.0001) and AD (P < 0.02) relative to cognitively 

unaffected individuals.  
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Parallel analyses of the mRNA prevalence for the wild type and spliced isoform 3 variants were 

performed in the ROS-MAP subjects who underwent cortical RNA sequencing profiling. While 

we did not observe any significant changes across Braak stages (Figure 11 A, B), a significant 

reduction of the isoform 3 variant was observed as a function of CERAD staging (P = 0.027, Figure 

11 D).  

 

Finally, stratification of the CNTN5 mRNA variants (full length and isoform 3) as a function of 

rs1461684 G risk variant reveals a strong allele-dependent reduction of the mRNA prevalence of 

both isoforms in the cortex of asymptomatic and MCI (early stage, n = 152) cases (Figure 12 A). 

A concomitant modest reduction (trend only) of the protein concentrations was observed in G allele 

carriers (Figure 12 B). The small sample size of the asymptomatic group (n = 6) and of the 

homozygous G allele carriers (n = 3) greatly limits our genomic analysis in the early phase of the 

disease process in this cohort.  

Figure 10: Cortical contactin 5 protein levels at different Braak stages in the ROS-MAP 

cohort.  

 

 
 

 

Contactin 5 protein was assessed using tandem mass tags proteomic data in subjects 

from the ROS-MAP cohort. Normalized cortical contactin 5 (full length and isoform 3) 

ratios are not significantly affected by tau pathology accumulation (P > 0.05, n = 288)  
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Figure 11: Association between cortical CNTN5 mRNA splice variants and AD pathology 
(CERAD and Braak stages) in the ROS-MAP cohort.  
 

 
 
 

 

 

 

 
 
 
 
 
 
 
 

CNTN5 splice variants were obtained from the ROS-MAP RNAseq database. A) There was no association between 

ENST00000524871.6 full length mRNA and Braak stages (P = 0.2, n = 608). B) There was no association between 

ENST00000527185.5 isoform 3 variant prevalence and Braak stages (P = 0.2, n = 608). C) There was a weak association 

(trend) between ENST00000524871.6 full length mRNA and CERAD scores (P = 0.066, n = 615). D) ENST00000527185.5 

isoform 3 variant prevalence is associated with worse CERAD scores (P = 0.027, n = 615). E) There is a significant 

association between cortical levels of ENST00000524871.6 full length mRNA and enst00000527185_1 isoform 3 variant 

(r2 = 0.5756, P = 2e-16). Analyses were adjusted for age, sex, and apolipoprotein E ε4.  
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Figure 12: Association between the CNTN5 rs1461684 G variant and cortical CNTN5 
mRNA and proteins levels in asymptomatic and mild cognitive impairment (MCI) 
subjects from the ROS-MAP cohort  

 

 
 

 
 

 

A) Association between the presence of the rs1461684 G allele and CNTN5 mRNA prevalence for 

the full length (bottom: ENST524871, r2: 0.13, P < 0.003, n = 301) and isoform 3 (top: 

ENST524185, r2 = 0.07, P < 0.005, n = 301) variants. B) Association between the presence of the 

rs1461684 G allele and contactin 5 protein levels (full length O94779, P = 0.10, n = 103 and isoform 

O094779-4, P = 0.07). Analyses of variance were adjusted for age, apolipoprotein E ε4, and sex.  
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6. Discussion 
 
 In the present study, CNTN5 gene expression and protein (contactin 5) alterations were 

investigated in both the brain tissue and CSF throughout the sAD spectrum. Contactins represent 

major proteins involved in neuronal development, formation of dendrites, and synaptic contacts. 

Indeed, their roles in neuritogenesis, fasciculation of neurons, axonal and dendritic targeting, fine 

tuning of synapse formation, and synaptic plasticity have been demonstrated in multiple situations 

(33,34). Contactins are neural cell adhesion molecules that encode axon-target specificity during 

the patterning of the developing CNS, and also in response to neuronal injury and damage (35). 

 

CNTN5 is specifically implicated in the specification of dendritic arbors. Recent studies further 

examining the coreceptor function of contactins with the amyloid precursor proteins (APP) have 

shown that contactin 4 and contactin 5 can bind to APP and its precusor-like variants (APLP1) 

when they co-opt their cytoplasmic regions to relay information across the plasma membrane using 

amyloid-dependent signal transduction pathways (36,37). These observations suggest a significant 

interplay between the different contactins and APP metabolism during dendritic remodeling and 

synaptic formation during neuronal response to injury. This could explain, at least in part, the 

observed positive correlation between contactin 5, Aß42, and Aß40 in the CSF in the pre-

symptomatic phase of the disease (Figure 7).  

 

Figure 6 shows that cognitively unimpaired elderly subjects with a parental history of AD display 

a slow but steady longitudinal increase in contactin 5 protein level in the CSF over the course of 4 

years. These subjects typically carry a 2- to 3-fold risk of developing AD compared to subjects 

without a familial history (38). CSF t-tau and p-tau in these subjects display a significant 
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association with contactin 5 with correlation coefficients of 0.47 and 0.51, respectively. 

Interestingly, the associations do not translate into significant deposition in the brain when PET 

scanning was used for total brain amyloid (P = 0.89) and entorhinal tau depositions (P = 0.06; 

Figure 7). One possible interpretation for these discrepancies is the fact that CSF amyloid and tau 

changes precede by several years (sometime a decade) tangle deposition detected by PET imaging 

(39). However, the weak association observed between contactin 5 and PET tau in the entorhinal 

cortex (P = 0.06), the brain region typically used for the detection of AD-specific early tau 

deposition (40) is certainly consistent with the known spreading of tau pathological cascade. An 

upcoming second round of PET imaging in these subjects will most likely provide a more 

definitive answer to this question.  

 

Contactin 5 is known to play an important role in the formation of glutamatergic synapses in the 

rodent central auditory system during postnatal development and to interact with the E1 domain 

of APP/APLP1 in the presynaptic compartment (41). This prompted us to examine the possible 

association between contactin 5 and well-established soluble biomarkers of synaptic integrity in 

the CSF, namely GAP43, neurogranin, synaptotagmin-1, and SNAP-25. Figure 6 illustrates the 

highly significant associations between contactin 5 and all four synaptic biomarkers in the CSF of 

our cognitively unimpaired subjects: consistent with tau-mediated, contactin 5–associated 

modulation of synaptic pathology in the pre-symptomatic phase of the disease.  

 

These findings led us to examine the situation later in life, in subjects in which symptoms emerge 

(MCI) in response to markedly compromised synapses and, later when neuronal damage and 

cortical atrophy takes a toll (sAD). Cross-sectional analysis of the CSF contactin 5 level in 
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cognitively unimpaired subjects, MCI, and sAD cases reveals a disease-dependent reduction in the 

COMPASS-ND cohort. The modest but significant reduction of contactin 5 protein levels observed 

in the CSF (P < 0.01) of our living subjects and, in cortical tissue (trends only, ROS-MAP) of 

autopsied MCI and AD subjects markedly contrast with the t-tau and p-tau alterations observed in 

the CSF in the asymptomatic (pre-symptomatic?) stage of the disease in our cognitively 

unimpaired subjects with a parental history of AD.  

 

Together, these results suggest that the strong association between contactin 5 and tau/synaptic 

biomarkers prior to the emergence of symptoms serves as an index of early neuronal damage. As 

synaptic and neuronal structures become more compromised with emerging cognitive symptoms, 

contactin 5 levels in the brain decrease both in tissues and CSF, presumably in parallel to the 

ongoing neuronal loss.  

 

As we further examined the pre-symptomatic phase of the disease, the analysis of the rs1461684 

G risk variant in the asymptomatic PREVENT-AD cohort led to an interesting finding when used 

in conjunction with APS to map disease progression in the absence of obvious cognitive deficit 

(Figure 8). Presence of the G allele was found to be significantly associated with a faster rate of 

progression (P = 0.01) compared to G-negative subjects (Figure 8A), but it does not affect con- 

tactin 5 levels in the CSF. So, if the soluble form of contactin 5 found in the CSF is not affected 

by the presence of the G allele, what about the tissue concentration?  

 

In this context, we used the ROS-MAP cohort to explore the cortical expression of the two major 

mRNA isoforms of CNTN5 transcripts found in the CNS, that is, the full length 
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(ENST00000524871.6) and the isoform 3 (ENST00000527185.5), which is truncated at the 3′ end. 

Figure 11 summarizes the findings. Using CERAD and Braak staging, we examined CNTN5 gene 

expression throughout the AD spectrum. CNTN5 isoform 3 prevalence is associated with 

worsening on the CERAD scores (P = 0.027) but not on the Braak scores (P = 0.636; Figure 10 B, 

D). There was a modest association (trend only, P = 0.066) between CNTN5 full length mRNA 

prevalence and CERAD scores but no correlation with Braak staging (P = 0.437; Figure 10 A, C).  

 

When mRNA results from early-stage ROS-MAP subjects (asymptomatic + MCI) were pooled 

and stratified by rs1461684-G risk variant, we observed a strong allele–dose reduction of the 

CNTN5 isoform 3 (Figure 12A; P < 0.004) and full-length mRNA transcripts (P < 0.005) in 

cortical tissues. Using a similar approach to stratify cortical contactin 5 protein levels as a function 

of the G allele, we only found modest reductions (trends only, full-length P = 0.07, isoform 3 P = 

0.10) of tissue concentrations. As stated above, in contrast to the mRNA dataset, the ROS-MAP 

proteomic dataset that overlaps with the subjects enrolled simultaneously with the GWAS contains 

a relatively small number of subjects in the asymptomatic group for which we have rs1461684 

genetic information, thus explaining the small sample size.  

 

Together, these results indicate that CNTN5 gene expression contributes, at least in part, to the 

observed reduction of brain contactin 5 protein levels when amyloid-associated staging (CERAD) 

is used to map the disease progression in symptomatic subjects in ROS-MAP. The presence of the 

G allele contributes to a marked reduction of the CNTN5 full-length and isoform 3 mRNA variant 

in cortical tissue.  
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Isoform 3 lacks amino-acid sequence 912–1100. While speculative, one could suggest that G-allele 

mediated decrease in isoform 3 mRNA leads to a protein variant of contactin 5 that is missing a 

portion of the cytoplasmic region, which is required to relay information across the plasma 

membrane using the amyloid-dependent signal transduction pathways described previously (36, 

37). Whether the result is a cause, or a consequence of neuronal loss associated with the 

tau/contactin 5 interaction detected in the extracellular space remains to be elucidated. Additional 

molecular studies are now planned to examine the role of isoform 3 and its relationships to APP, 

amyloid, and tau metabolism.  

 

Altogether, these results suggest that CNTN5 plays a prominent role in the early phase of the 

disease, in the pre-symptomatic stage, when tangle pathology emerges but amyloid and tau 

deposition are still limited. The strong association of CSF contactin 5 protein with synaptic 

markers, especially pre-synaptic ones, is consistent with its neurodevelopmental role in the 

regulation of dendritic arborization remodeling and synaptic connectivity. We know that the brain 

is not static in the face of early neuronal loss and that compensatory mechanisms exist to limit the 

loss of synaptic input and to facilitate dendritic remodeling and synaptic reorganization from intact 

neuronal circuits. The presence of a relatively common CNTN5 risk variant that affects this cascade 

was found to significantly affect the disease progression on the APS scale in the pre-symptomatic 

phase, CNTN5 tissue mRNA prevalence in the early stage of the disease, affecting the CERAD 

scale in symptomatic subjects from ROS-MAP. 
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1. Preface 
 
We identified, for the first time, a variant in the CNTN5 gene as associated with increased risk for 

AD. Contactin 5 is a protein involved in axonal arborization and synaptic formation during 

neurodevelopment, but this protein is not known to be directly associated with the amyloid 

cascade, inflammatory pathways, or cholesterol metabolism. Therefore, we believe that it is crucial 

to continue to investigate contactin 5 in AD, to better understand the role the CNTN5 gene and its 

protein play in the pathophysiology of the disease.  

 

In this chapter, we investigate the associations between contactin 5 and apolipoproteins in the 

presymptomatic phase of the disease. Several apolipoproteins are known risk factors of AD and 

also play a role in synaptic and neuronal remodeling.  Our objective was to understand how these 

two different classes of proteins that share similarities in mechanism of action and as risk factors 

for AD interact in the extracellular compartment during the presymptomatic phase of the disease. 

We followed this investigation by measuring gene expression in pathologically confirmed AD and 

control patients, to understand if the associations found could be due to changes in gene expression.  

 

Finally, to understand if the mechanism of action of these proteins in AD could be associated with 

their role in processes of neuronal and synaptic formation and remodeling, we measured gene 

expression in the hippocampus of a mouse model of hippocampal deafferentation for an extended 

period that covered both the degeneration and reinnervation phases. 



2. Abstract 
 
Background:  Apolipoproteins and contactin 5 are proteins associated with Alzheimer’s disease 

(AD) pathophysiology. Apolipoproteins act on transport and clearance of cholesterol and 

phospholipids during synaptic turnover and terminal proliferation. Contactin 5 is a neuronal 

membrane protein involved in key processes of neurodevelopment.  

Objective: To investigate the interactions between contactin 5 and apolipoproteins in AD, and the 

role of these proteins in response to neuronal damage.  

Methods: Apolipoproteins (measured by Luminex), contactin 5 (measured by Olink’s proximity 

extension assay) and cholesterol (measured by liquid chromatography mass spectrometry) were 

assessed in the cerebrospinal fluid (CSF) and plasma of cognitively unimpaired participants 

(n=93). Gene expression was measured using polymerase chain reaction in the frontal cortex of 

autopsied-confirmed AD (n=57) and control subjects (n=31) and in the hippocampi of mice 

following entorhinal cortex lesions.  

Results: Contactin 5 positively correlated with apolipoproteins B (p=5.4x10-8), D (p=1.86x10-4), 

E (p=2.92x10-9), J (p=2.65x10-9) and with cholesterol (p=0.0096) in the CSF, and with cholesterol 

(p=0.02), HDL (p=0.0143) and LDL (p=0.0121) in the plasma. Negative correlations were seen 

between CNTN5, APOB (p=0.034) and APOE (p=0.015) mRNA levels in the brains of control 

subjects. In the mouse model, apoe and apoj gene expression increased during the reinnervation 

phase (p<0.05), while apob (p=0.023) and apod (p=0.006) increased in the deafferentation stage. 

Conclusions: Extensive interactions were observed between contactin 5 and apolipoproteins and 

cholesterol, possibly due to neuronal damage. The alterations in gene expression of 

apolipoproteins suggest a role in axonal, terminal and synaptic remodeling in response to 

entorhinal cortex damage.  
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3. Introduction 
 

Alzheimer’s disease (AD) is the most common form of degenerative dementia affecting over 33 

million people worldwide [1]. AD is defined by the presence of Aß plaques and pathologic tau [2] 

that leads to cognitive decline. While the majority of research has focused on the pathological 

processes that lead to Aß and tau deposition and neuronal death, less attention is given to the 

changes that occur in response to this pathological process in an attempt to promote compensatory 

changes and reinnervation.  

 

Current literature suggests that apolipoproteins play a central role in the compensatory response to 

neuronal damage, possibly due to their role in the transport and clearance of cholesterol and 

phospholipids during synaptic turnover and terminal proliferation [3]. The main apolipoproteins 

involved in cholesterol transport in the central nervous system are apolipoproteins E (APOE), B 

(APOB), D (APOD), and J (APOJ). All of them have been previously implicated in different 

aspects of AD pathophysiology [4-11]. The APOE-ε4 allele is well known as the most important 

genetic risk factor for sporadic AD [12, 13], and the CLU (also called APOJ) gene is also currently 

associated with risk of AD [14, 15]. Rare genetic variants in the APOB gene have been associated 

with increased risk for early-onset familial AD [6]. Furthermore, apoB was found to be higher in 

the cerebrospinal fluid (CSF) of AD patients and was strongly related to alterations in tau and 

phospho-tau, as well as changes in synaptic proteins in asymptomatic subjects at risk of dementia 

[7]. Similarly, apoD was found to be increased in the CSF [5] and in the hippocampus of AD 

patients [5, 16].  
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Contactin 5 is another protein recently associated with sporadic AD risk and pathology. Contactin 

5 is a neuronal membrane protein that plays crucial roles in the organization of axonal domains, 

axonal guidance, myelination, neuritogenesis, synaptogenesis and axo-glia interactions [17, 18]. 

Recently, it was shown that the rs1461684 G variant in the CNTN5 gene is associated with 

increased risk and a faster rate of progression throughout the AD spectrum [19]. Moreover, 

contactin 5 was found to increase progressively with age and to be associated with tau biomarkers 

and soluble synaptic proteins in the CSF [19]. 

 

In the present work, we sought to investigate the interplay between the soluble form of contactin 

5 and apolipoproteins in AD. Investigating the connections between these two classes of proteins, 

which are related to synaptogenesis and synaptic reorganization, may provide us with a better 

understanding of how neurons respond to pathological harm and increase our understanding of AD 

pathophysiology.    

4. Methods:  
 

4.1 Study Populations: 
 
Data were obtained from the Pre-symptomatic Evaluation of Experimental or Novel Treatments 

for Alzheimer’s Disease (PREVENT-AD) cohort and from the Quebec Founder Population (QFP) 

cohort. All procedures were approved by the McGill University Faculty of Medicine Institutional 

Review Board and complied with the ethical principles of the Declaration of Helsinki. 
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4.2 PREVENT-AD Cohort:  
 
The PREVENT-AD cohort includes over 365 cognitively unimpaired subjects who have a first-

degree relative with AD and therefore are at a higher risk of developing this dementia [20]. 

Participants are monitored annually with clinical and cognitive assessments, CSF and blood 

biomarkers and neuroimaging modalities (PET and MRI) [20]. Data used in the preparation of this 

article were obtained from the PREVENT-AD program (https://douglas.research.mcgill.ca/stop-

ad-centre), data release 6.0.  

 

A complete listing of the PREVENT-AD Research Group can be found in the PREVENT-AD 

database:https://preventad.loris.ca/acknowledgements/acknowledgements.php?date=2023-04-01.  

 

4.2.1 CSF  

Cerebrospinal fluid was collected from a subset of participants of the PREVENT-AD cohort. In 

this study, samples from 93 subject, for whom we had all necessary measurements, were used. 

Lumbar punctures were performed in the morning following an overnight fast using a Sprotte 24-

gauge atraumatic needle as described in Tremblay-Mercier et al (2021) [21]. CSF was centrifuged 

for 10 minutes at room temperature, cells and insoluble material were excluded, and aliquots were 

stored at –80oC.  

 

4.2.2 Proteins  
 

Apolipoproteins were measured using the apolipoprotein Luminex assay kit (10-plex magneto-

fluorescent immunoassays, cat# 12003081, BioRad, USA) as per manufacturer instructions. 

https://douglas.research.mcgill.ca/stop-ad-centre
https://douglas.research.mcgill.ca/stop-ad-centre
https://preventad.loris.ca/acknowledgements/acknowledgements.php?date=2023-04-01


 87 

Contactin 5 was measured using the neurology panel of Olink’s proximity extension assay as 

described before [19].  

 

4.2.3 Cholesterol  
 

CSF samples were homogenized briefly by sonication in butanol/methanol (3:1) and 4 M KOH in 

the presence of internal standards, followed by incubation at 37’C for 1.5hr. The second extraction 

was performed in heptane/ethyl acetate (3:1) and acetic acid (1%). The superior sterol-containing 

layer was vacuum dried and resuspended in 50uL of methanol (90%) and injected into RP-

UPLC/MS. The chromatographic system was a Waters ACQUITY UPLC equipped with a 

Phenomenex Kinetics C18 column (2.1×150mm 1.7um). The Mass spectrometer is AB Sciex 6500 

Qtrap. Data analysis software used is Analyst and Multiquant. 

 

4.2.4 Blood 
 

Blood samples were collected immediately after the lumbar puncture following an overnight fast. 

Blood was centrifuged for 10 minutes at 4oC, cells and insoluble material were saved, and plasma 

aliquots were stored at –80oC. Protein and cholesterol measurements were performed in plasma 

using the methods described above. 

 

 

 



 88 

4.2.5 DNA extraction and genotyping   
 

Genomic DNA was extracted from buffy coat using the Qiagen EZ1 DNA Kit. Genotype profiling 

of ApoE 112/158 single nucleotide polymorphisms (which determine the E2, E3, and E4 isoforms) 

was performed through PCR followed by pyrosequencing. PCR was used for amplification with 

the following primer pairs: ApoE 112: forward, 5′-ACGGCTGTCCAAGGAGCTG-3′, and 

reverse, biotin 5′-CACCTCGCCGCGGTACTG-3′; and ApoE 158: forward, 5′-

CTCCGCGATGCCGATGAC-3′, and reverse, biotin 5′-CCCCGGCCTGGTACACTG-3′. 

Genomic DNA (250–500 ng) was amplified with 20 pm of each primer, 1× PCR buffer kit 

(Qiagen), 0.4 mm dNTP, 1.0 mm MgCl2, DMSO, and 0.01 U of Qiagen Taq polymerase. A 

Biometra TProfessional Basic Thermocycler was used for amplification with the following 

conditions for 35 cycles: 30 s at 95°C, 30 s at 58.6°C, or 58.1°C for ApoE 112 or 158 respectively, 

and 1 min at 72°C. These 35 amplification cycles were preceded by a 2 min hot start at 95°C and 

were followed by a final 4 min extension to the last cycle at 72°C. PCR products were visualized 

on a 1.2% agarose gel. The polymorphisms were subsequently determined via an established 

pyrosequencing protocol with oligo sequencing for ApoE112 (5′-CGGACATGGAGGACG-3′) 

and ApoE 158 (5′-CGATGACCTGCAGAAG-3′). The analyzed sequence was as follows: 

TGT/CGCGGCCGCCT for ApoE112 and T/CGCCT/GGCAG for ApoE158. 

 

4.3  Quebec Founder Population Cohort: Autopsy-confirmed case/control subjects  
 
The QFP cohort is a Canadian population that descends from French settlers who founded 

Nouvelle France in the 17th and 18th centuries. A founder effect was created in this population due 

to the migration and isolated nature of the settlements, resulting in less genetic heterogeneity, large 
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linkage disequilibrium blocks and low genetic noise. QFP human brain tissue was obtained from 

the Douglas Bell Canada Brain Bank. This study had the approval of the Douglas Research Center 

institutional review board and was performed in conformity with the Code of Ethics of the World 

Medical Association (McGill/Douglas ethic approvals A05-B16-11B and IUSMD-02-34). The 

histopathological diagnosis of AD followed the NINCDS-ADRDA (National Institute of 

Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related 

Disorders Association) criteria [22].  

 

4.3.1 DNA extraction and genotyping.  
 

APOE4 allele determination was performed on brain tissue samples with DNeasy tissue extraction 

kit (Qiagen Hilden, Germany) and the pyrosequencing protocol described above. 

 

4.3.2 RNA extraction and quality control.   
 

RNA was extracted from frontal cortex tissues (n=88) using the Maxwell® 16 Tissue LEV Total 

RNA Purification Kit (Promega, WI, USA) on a Maxwell® 16 LEV Instrument (Promega, WI, 

USA). Then, cDNA was obtained by reverse transcription on a Multigene thermocycler (Labnet 

International Inc.) using the high-capacity cDNA RT kit (Applied Biosystems, CA, USA) and 

200ng of total RNA. The purity and integrity of RNA samples were estimated using the ratio of 

absorbance values at 260 and 280 nm evaluated on a Biotek Synergy H1 reader (Fisher Scientific, 

ON, Canada), and the RNA integrity number (RIN) determined with a Bio-Rad’s Experion 

instrument (Bio-Rad, CA, USA). The ratios of absorbance were all over 1.5, while RINs ranged 

from 2 to 8.4, with 84 % of samples over 5, the cutoff value representing very good total RNA 

quality [23] for microarray methodology. 
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4.3.3 Microarray.  
 
The purity and integrity of extracted RNA were estimated using, respectively, the ratio of 

absorbance values at 260 nm and 280 nm evaluated on a Biotek Synergy H1 reader (Fisher 

Scientific, ON, Canada), and the RNA integrity number (RIN) determined with a Bio-Rad’s 

Experion instrument (Bio-Rad, CA, USA) before processing with the Applied Biosystem Clariom 

D microarray according to the manufacturer’s protocols. Gene-level expressions of APOE, CLU, 

APOD, APOB and CNTN5 transcripts in the frontal cortex were estimated using the transcriptome 

analysis console (Applied Biosystem, USA) following standardization protocols. 

 

4.4  Animal Studies:  
 

4.4.1 Animals:  
 
All animal procedures were performed in conformity with the Canadian Guidelines for Use and 

Care of Laboratory Animals and were approved by the McGill University Animal Care Committee 

(approval DOUG-10032). Animals used were 2–3-month-old male C57BL/6J wild-type mice. All 

mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA), housed individually, and 

fed standard laboratory chow ad libitum. Animals were kept in a 12- h-light-dark cycle, with light 

onset at 07:00 and offset at 19:00. 

 

4.4.2 Unilateral entorhinal cortex lesions:  
 

Unilateral electrolytic lesions were performed on the entorhinal cortex of adult mice as previously 

described [24]. Animals were anesthetized with isoflurane and placed in a stereotaxic apparatus in 

a flat skull position. Lesion coordinates were determined from Lambda in the following positions: 

1) [AP: 0 mm], [L: –3 mm], [DV: –3 mm, –4 mm]; 2) [AP: 0 mm], [L: –3.5 mm], [DV: –3 mm, –
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4 mm]; 3) [AP: +0.5 mm], [L: –4 mm], [DV: –3 mm, –4 mm]; 4) [AP: +1 mm], [L: –4 mm], [DV: 

–3 mm, –4 mm]. A current of 1mA was applied at each coordinate for 10 seconds. For sham-

operated mice, which are used as the control group, the same steps were followed, but the electrode 

was lowered only 1 mm, and no current was applied. After surgery, subcutaneous physiological 

saline was given to prevent dehydration and animals were nursed throughout their recovery. 

Lesioned mice were sacrificed at 2, 7, 14, 21 and 40 days post-lesion (DPL) and sham-lesioned 

mice were sacrificed on the same day as surgery. Six mice were sacrificed at each time point. 

Animals were decapitated, the brain was quickly removed, hippocampi contralateral and ipsilateral 

to EC lesion was dissected and stored at –80oC.  

 

4.4.3 RNA extraction and quality assessment:  
 

RNeasy lipid tissue mini kit (Qiagen, Hilden, Germany) was used for RNA extraction. RNA quality 

was assessed at McGill Genome Centre. All RNA samples had RIN > 7.8 and 260/280 ratios > 2.1. 

 

4.4.4 Hippocampal CNTN5, APOE, CLU (APOJ), APOB and APOD 
mRNA levels:  

 

Hippocampal mRNA levels of CNTN5, APOE, APOJ, APOB and APOD were measured at 

different time points (n=6 animals per time point) by the McGill Genome Centre, using the Mouse 

ClariomTM D genechip assay (Affymetrix, Santa Clara, CA, USA).  
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4.5  Statistical Analysis:  
 
The differences in population distribution were assessed using the chi-square test. The difference 

in age between AD subjects and controls was measured using the Student’s t-test. The correlational 

analyses between contactin 5 and apolipoproteins or cholesterol were performed in the plasma and 

CSF using linear regression models corrected for age, sex and APOE4. The correlation between 

contactin 5 mRNA and apolipoprotein mRNA in the frontal cortex was measured using linear 

regression models. The Kruskal-Wallis test was used to evaluate the difference in mean mRNA 

levels between different days post-lesion in the lesioned mouse model. Significance level was 

considered at p<0.05.  

5. Results 
 

5.1 Demographics: 

  
Table 4 summarizes the demographic characteristics of the cohorts used. In the QFP cohort there 

were no differences in the proportion of males and females or in age between diagnostic groups, 

but AD subjects were more likely to be APOE 𝜺4 positive compared to controls (p = 0.01). 

 

Table 4: PREVENT-AD and QFP demographics 
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5.2 Associations in the CSF:  
 
Contactin 5 was found to positively correlate with apolipoproteins B (r2=0.62, p=5.4x10-8), D 

(r2=0.302 p=1.86x10-4), E (r2=0.370, p=2.92x10-9) and J (r2=0.386, p=2.65x10-9) in the CSF of 

cognitively unimpaired subjects from the PREVENT-AD cohort. (Figure 13). In contrast, CSF 

apolipoproteins A1, A2, C1, C3 and H (all with peripheral origin) displayed no association with 

contactin 5 (Figure 13).    

 

CSF cholesterol concentration (but not 25-hydroxycholesterol) positively correlated with contactin 

5 concentration (r2=0.1352, p=0.0096, Figure 14). 

 

Stratification by APOE genotype (E4 positive vs E4 negative) was used to assess the effect of the 

most important genetic risk factor for sporadic AD in the PREVENT-AD cohort (Figure 15). In 

APOE4 positive subjects, CSF contactin 5 positively correlated with apolipoproteins B (r2=0.431 

p=0.00005), D (r2=0.323 p=0.04), E (r2=0.620 p=0.0000003) and J (r2=0.466 p=0.000374). In 

APOE4 negative subjects, contactin 5 positively associated with apolipoproteins B (r2=0.168 

p=0.003), D (r2=0.311 p=0.002), E (r2=0.326 p=0.00002) and J (r2=0.437 p=0.0000004) (Figure 

15).  

 

A noteworthy observation is that the trajectory of CSF apoB levels show parallel rather than 

overlapping trajectories in those who are E4-positive compared to those who are E4-negative 

(Figure 15A). Other apolipoproteins (D, E and J) display parallel and overlapping slopes (Figure 

15B-D): suggesting different lipoprotein compartments from that of apoB. 
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Figure 13: Association between CSF Contactin 5 and apolipoproteins  
 

 

Contactin 5 protein was measured in the CSF using Olink’s proximity extension assay. Apolipoproteins were measured 

in the CSF using Luminex. Significant linear regressions are represented with a gray confidence region of the fitted 

line. Individual R squares and p values are shown in the top left corners of each figure.  

 

Figure 14: Association between CSF Contactin 5 and Cholesterol and between CSF 
Contactin 5 and 25-OHC.  

 

Contactin 5 protein was measured in the CSF using Olink’s proximity extension assay. Cholesterol and 25-OHC were 

measured using liquid chromatography mass spectrometry. Significant linear regressions are represented with a gray 

confidence region of the fitted line. Individual R squares and p values are shown in the top left corners of each figure.  
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Figure 15: Association between CSF Contactin 5 and apolipoproteins divided by the 
presence and absence of the APOE4 allele.  
 

 

Contactin 5 protein was measured in the CSF using Olink’s proximity extension assay. Apolipoproteins were measured 

using Luminex. Significant linear regressions are represented with a gray confidence region of the fitted line. 

Individual R squares and p values are shown in the top left corners of each figure.  

 

5.3  Associations in the plasma:  
  

In the plasma, contactin 5 positively correlated with peripheral cholesterol (r2=0.1934, p=0.02), 

HDL (r2=0.2339, p=0.0143) and LDL (r2=0.1267, p=0.0121) concentrations (Figure 16). However, 

in contrast to the CSF, there were no significant correlations between contactin 5 and 

apolipoproteins B, D, E or J in the plasma compartment (not shown).  
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Figure 16: Association between plasma Contactin 5 and cholesterol.  
 

 

Contactin 5 protein was measured in the plasma using Olink’s proximity extension assay. Cholesterol was measured 

using liquid chromatography mass spectrometry (LCMS/MS). Significant linear regressions are represented with a 

gray confidence region of the fitted line. Individual R squares and p values are shown in the top left corners of each 

figure.  

 

 

5.4  Gene expression in the frontal cortex in autopsy-confirmed AD and control 
cases: 

 
Figure 17 contrasts levels of APOE, APOB, APOD, and CLU mRNAs as a function of CNTN5 

mRNA prevalence in the frontal cortex of AD and control cases from the QFP cohort. There are 

no significant differences in cortical CNTN5 gene expression between AD and controls when 

adjusted for APOE4, sex and age (Figure 17A). Significant negative correlations were seen 

between CNTN5, APOB (r2=0.15, p=0.034) and APOE (r2=0.192, p=0.015) mRNA levels in the 

control group but not in the AD cases (Figure 17B).  
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Figure 17: mRNA levels of CNTN5 and apolipoproteins in the frontal cortex of AD and 
control subjects 
 

 

A) Contactin 5 mRNA levels in the frontal cortex of AD (n = 57) and controls (n = 31). mRNA was measured using 

qRT-PCR. p > 0.05. The demarcated lines represent the mean and SD. B) Association between contactin 5 and 

apolipoproteins mRNA levels in the frontal cortex of AD subjects and controls. mRNA was measured using qRT-PCR. 

Significant linear regressions are represented with a colored confidence region of the fitted line. Individual R squares 

and p values are shown in the top left corners of each figure.  

 

 

5.5  Gene expression in a mouse model of hippocampal deafferentation and 
reinnervation:  

 
Figure 18 illustrates the time course analysis of the hippocampal mRNA prevalence for cntn5, 

apoe, clu (apoJ), apob and apod as a function of deafferentation (0-10 days) and the ensuing 

reinnervation (10-40 days) process. The ipsilateral modifications are being contrasted with the 

outcomes from the control group (sham mice). A transient decrease in cntn5 mRNA levels (trends 

only, p=0.068) can be seen 7 days after the lesioning, which coincides with the peak of neuronal 

deafferentation in the hippocampus. In contrast, apoe and apoj gene expression increased at 7 DPL 

(p<0.05) in the early phase of the reinnervation process and remained elevated during the 
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reinnervation phase until 21 DPL (p<0.05). There were transient increases of apob and apod at 

2DPL (p=0.025 and p=0.006, respectively), which is indicative of the initial stage of the 

deafferentation process (p<0.05).  

 

Figure 18: Gene expression of Contactin 5 and apolipoproteins in a mouse model of 
entorhinal cortex lesion (ECL).  
 

 

 

The dots represent the values of either an apolipoprotein or contactin 5 divided by GAPDH (n = 6 animals per time 

point). The demarcated lines represent the median and the interquartile range. The p-value for each protein is on the 

top left corner of each figure. ∗ p < 0.05 as compared to day 0.  

 

6. DISCUSSION:  
 

We studied the interaction between contactin 5, apolipoproteins, and cholesterol in elderly 

individuals who were cognitively unimpaired but carrying a greater risk of developing AD. We 

observed extensive interactions between these molecules in both CSF and plasma. The recent 
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identification of several genetic risk factors for sporadic AD by GWAS that belong to key 

regulatory genes involved in cholesterol metabolism such as APOE4 and CLU (lipoprotein-

mediated cholesterol transport), PICALM, SORL1 and BIN1 (lipoproteins internalization), ABCA1 

and ABCA7 (intracellular cholesterol transport and mobilization) [25-27] further emphasize the 

importance of such interactions in the mature and aging brains.  

Indeed, all CNS-relevant apolipoproteins shown here to interact with contactin 5 had been 

previously associated with different aspects of AD pathology. For example, apoE is actively 

involved in cholesterol transport and ß-amyloid catabolism, whereas the APOE-ε4 variant shows 

lower affinity for lipids and leads to less effective lipoprotein-mediated cholesterol and amyloid 

transport and increased Aß production combined to decreased Aß clearance [28, 29]. In addition, 

APOE and APOA1 were shown to independently protect from amyloid precursor protein carboxy 

terminal fragment-associated cytotoxicity [30]. CLU (apoJ), another important genetic risk factor 

for AD is a major component of lipoprotein complexes (HDL-like) and has also been involved in 

amyloid transport and catabolism [31, 32]. Similarly, apoB and apoD participate in cholesterol 

transport as minor components of HDL-like particles, and both have been found to be elevated in 

the CSF of individuals with AD and to markedly associate with tau pathology [5, 7].  

Variants in the CNTN5 gene have been associated with increased risk for neurodevelopmental 

disorders such as attention deficit hyperactivity disorder [33] and autism [34, 35]. CNTN5 genetic 

variants have been associated with increased risk for AD (rs1461684 and rs10501927) [19, 26] and 

a faster rate of progression (rs1461684) [19] in the pre-symptomatic phase of the disease. The level 

of contactin 5 protein is elevated in the CSF of those who are “at-risk” but have not yet experienced 

cognitive impairment, while decreased levels have been reported in MCI and AD subjects [19], 
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similar to other contactin species [36]. Contactin 5 is also associated with CSF tau, phospho-tau 

levels, and synaptic markers, and to a lesser extent, to amyloid [19].   

Contactin 5 is a neuronal membrane protein that acts during neurodevelopment on neuronal 

migration, axonal guidance, myelin formation and synaptogenesis [37, 38]. It is particularly 

involved in axonal arborization, synaptic formation and remodeling [17, 18]. In the mice, cntn5 

expression pattern included strong expression in the cerebral cortex in layers II–V, hippocampus 

and mammillary bodies in addition to previously described brain nuclei of the auditory pathway 

and the dorsal thalamus [39]. Deletion of the cntn5 gene in mice leads to defects in the cortical and 

subcortical auditory pathways and loss of presynaptic inhibitory boutons in multiple brain areas 

[40, 41]. The association between contactin 5 and apolipoproteins seen in the CSF of these “at-

risk” subjects for AD is very significant because not only both families of proteins have been 

involved in the pathology of AD, but they share complementary functions as they are both involved 

in synaptic maintenance and remodeling in the CNS.  

Synaptic dysfunction and axonal loss are important early events in AD preceding cognitive decline 

[42]. Given the well-established mechanisms of action of contactin 5 and apolipoproteins in 

synaptic physiology, it is conceivable that in response to early synaptic damage, lipophilic 

contactin 5 is released in the extracellular space where it is taken up by lipid-rich lipoproteins and 

transported to target cells in the CNS and/or eliminated from the CNS. This is consistent with the 

finding that contactin 5 is also positively associated with cholesterol, HDL and LDL in the plasma 

as well as with cholesterol in the CSF. The soluble form of contactin-2, a contactin 5 analog, acts 

as a guiding molecule for the outgrowth of neurites and plays a role in axon extension initiation, 

axonal guidance and fasciculation [43, 44]. It is thus conceivable that contactin 5, which also acts 
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as a scaffold on inter-neurons where dendrites of direction-selective neuronal cells can fasciculate, 

requires both secretion and the presence of lipid-rich HDLs complex to provide reinnervating 

neurons with the necessary lipids for effective neurite outgrowth and axonal extension [41, 45, 

46]. 

To better understand the possible origin of the association between contactin 5 and apolipoproteins 

in the CNS, we measured and contrasted their gene expression in the frontal cortex of autopsy-

confirmed AD and control subjects. mRNA levels of CNTN5 negatively associate with APOB and 

APOE transcripts in control subjects, but not in AD. These findings show that the associations 

between these proteins in the CSF compartment are not due to changes in gene expression but are 

more likely a consequence of the neuronal damage that occurs in the early phase of the 

neurodegenerative process.  

To further investigate the role of contactin 5 and apolipoproteins during axonal sprouting and 

terminal proliferation in the mature CNS, we measured the gene expression of contactin 5 and 

apolipoproteins in a well-established model of rodent hippocampal deafferentation/reinnervation: 

the entorhinal cortex lesioning paradigm [47]. In this model, using wild-type animals, it is possible 

to examine without the interference of amyloid and tau pathology, the alterations in gene 

expression that occur in the hippocampus in response to a lesion to the entorhinal cortex and the 

resulting loss of input due to degeneration of the perforant pathway. It gave us the opportunity to 

observe how the gene expression alterations of these potential markers reacted to the synaptic loss 

that occurred in the initial 10 days and the consecutive terminal and synaptic restructuring that 

occurred in the 14-42 days window after the lesion.  
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Results show that apob and apod mRNA levels are increased early on during the deafferentation 

phase (2 DPL) while the gene expression of the major CNS cholesterol transporters apoe and apoj 

increases in the late phase of the deafferentation process and peak during the early stage of the 

reinnervation process, up to 21 DPL. This is consistent with previous literature that shows peak 

elevation of apoE mRNA levels between 7 and 14 DPL, during the early phase of the reinnervation 

process, when terminal and synaptic remodeling begins  [47, 48]. Contactin 5 mRNA levels display 

a time-dependent reduction in the 0-7 DPL window (p=0.06 at 7 DPL), with levels returning to 

normal after day 14. This transient reduction is identical to the time-course alterations reported for 

other synaptic markers such as GAP-43, synaptophysin and SNAP-25 [47, 49, 50]. These results 

suggest that the gene expression of apolipoproteins (and possibly contactin 5) does change in 

response to synaptic deafferentation, but the elevation at different time-points suggests each 

protein plays a different role in the deafferentation/reinnervation process.  

In summary, we show that extensive interactions exist between apolipoproteins and contactin 5 in 

asymptomatic subjects at high-risk of AD. Additionally, we show that following a lesion to the 

entorhinal cortex in a mouse model, significant alterations in gene expression of apolipoproteins 

occur at key moments in the reinnervating hippocampus. The precise role of contactin 5 and 

apolipoproteins in the pathophysiology of AD is not completely understood at this time, but these 

results suggest a possible active role in axonal, terminal and synaptic remodeling in response to 

entorhinal cortex damage due to experimental lesions or, to AD pathology in humans.  

Follow-up studies looking into the biochemistry of these proteins throughout the spectrum of AD 

pathology would be important to better understand the pathophysiology of the disease and more 

specifically how the brain reacts to this type of pathological damage.  
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Furthermore, in this initial work into the role of contactin 5 and apolipoproteins following neuronal 

damage, we aimed to investigate the earliest changes in gene expression. In the animal model of 

hippocampal deafferentation, that meant focusing on mRNA levels. However, to fully elucidate 

the role of these molecules on neuronal repair, it is crucial to also understand the changes that 

occur in protein level and function. Work is currently underway to investigate protein changes in 

the hippocampus in response to entorhinal cortex deafferentation.  
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1.  Preface:  
 
The GWAS performed in the QFP cohort identified twelve variants associated with AD. One of 

these variants was the rs11136000 T variant in the CLU gene. Although the CLU gene is a well-

known genetic risk factor in the Caucasian population (34, 117) and the rs11136000 T variant has 

already been described as a protective variant (34, 135) the mechanism by which the CLU gene, 

its rs11136000 T polymorphism and the clusterin protein are involved in AD pathophysiology is 

not fully understood.  

 

In this chapter we examine the role of the CLU rs11136000 T variant and the clusterin protein 

throughout the AD spectrum in different population cohorts to gain further insights into its role as 

a protective variant in AD 

 

In this study, we investigate the association of the CLU rs11136000 T polymorphism and the 

clusterin protein with AD biomarkers, synaptic markers, disease progression and cognition in a 

cohort of cognitively unimpaired subjects at high risk for AD. Then, to explore the effect of this 

CLU variant and its protein in the late stages of the disease, we used autopsied brains from the 

QFP and the ROSMAP cohorts to assess the effect of the variant and the diagnosis of AD on gene 

expression and protein levels.  
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2. Abstract:  
 
Introduction: The Clusterin (CLU) gene is one of the main genetic risk factors for Alzheimer’s 

disease (AD) and the clusterin protein is associated with neuroprotection and cholesterol transport. 

However, the precise role of CLU and clusterin in AD is poorly understood. Our objective is to 

study the CLU protective variant rs11136000 T and the clusterin protein in different phases of the 

disease to better understand their role in the pathophysiology of AD.  

Methods: Three different cohorts were used, encompassing the presymptomatic phase and the 

latest stage of AD. All subjects were genotyped for APOE and CLU. CSF clusterin, AD 

biomarkers, synaptic proteins, amyloid and tau PET were available for the cognitively unimpaired 

individuals. CLU mRNA and protein levels were measured in brain samples of AD and control 

subjects. 

Results: Clusterin CSF levels were positively associated with CSF AD biomarkers, synaptic 

markers and tau deposition. There was no effect of the protective rs11136000 T on AD biomarkers, 

synaptic markers or clusterin protein levels at this early stage. In the autopsied cases, cortical 

clusterin mRNA and protein levels were increased in rs11136000 T carriers and in AD subjects, 

particularly in APOE-ε4 carriers.  

Conclusion: The CLU rs11136000 T variant and the clusterin protein are associated with AD. 

Rs11136000 T likely decreases the risk of AD by increasing gene expression of its neuroprotective 

protein. The role of CLU rs11136000 T and clusterin are more prominent in the late stages of AD, 

particularly in APOE-ε4 carriers where it may act by restoring deficient cholesterol transport.  

Keywords: Alzheimer’s disease, Clusterin, CLU, apolipoproteins, APOE, APOE4, biomarkers, 

gene expression.  
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3. Introduction: 
 
Clusterin (CLU), also known as apolipoprotein J, TRPM-2 and pADHC-9, is a glycoprotein widely 

expressed in the brain and in peripheral tissues (1, 2). It has a broad scope of function in normal 

physiology acting on cholesterol transport (3, 4), control of apoptosis (5, 6), developmentally 

regulated programmed cell death (7), protection against oxidative stress (8, 9) and as a molecular 

chaperone (10). Due to its ubiquitous presence and multiple functions, clusterin has been 

implicated in several different diseases (11-17), with a particular focus on Alzheimer’s disease 

(AD) (2, 18).   

 

Genome Wide Association Studies (GWAS) have actually identified a number of different variants 

in the CLU gene as associated with the risk/protection of AD (18-22), and CLU is now considered 

one of the most important genetic risk factors for this dementia (23). But while this association is 

well established in Caucasian populations (18, 21), it is less consistent in other ethnicities such as 

Asians (24-26), Hispanics (22, 27) and populations of African descent (22). The variant most often 

associated with AD is the rs11136000, with the T allele being protective against the disease (28).  

 

Although the CLU gene is well accepted as a risk factor for AD, the precise role of its variants and 

of the clusterin protein in the pathophysiology of the disease is still poorly understood. Some 

studies have suggested that clusterin acts on Aß aggregation and clearance (29-31), while others 

have proposed that it plays a neuroprotective role by regulating neuroinflammation (32) and 

reducing oxidative stress (33). Clusterin is also considered as one of the main cholesterol 

transporters in the central nervous system (CNS), where it binds extracellular lipid complexes with 

APOE and APOA1 to form HDL-like particles that deliver cholesterol and phospholipids to 
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neuronal membranes expressing relevant cell-surface receptors (34). Previous research suggested 

that alterations in these apolipoproteins disrupt cholesterol transport and impairs the CNS’s 

compensatory response to damage, which is highly detrimental in the context of a pathological 

process such as AD (35-38).  

 

This research aims to study the CLU rs11136000 T variant and the clusterin protein in different 

phases of the AD spectrum. Our goal is to provide more insights into the role of this important 

genetic protective factor and its protein in the pathophysiology of AD before and after symptoms 

emergence.  

4. Methods:  
 

4.1 Study populations:  
 

Analyses were performed with data from three different patient populations cohorts: the Pre-

symptomatic Evaluation of Experimental or Novel Treatments for Alzheimer’s Disease 

(PREVENT-AD) cohort, the Quebec Founder Population (QFP) cohort and the Religious Orders 

Study and Rush Memory and Aging Project (ROSMAP). All procedures were approved by the 

McGill University Faculty of Medicine and Douglas Hospital Research Centre Institutional 

Review Boards and complied with the ethical principles of the Declaration of Helsinki. 

4.2 PREVENT-AD Cohort:  
 
The PREVENT-AD cohort is composed of cognitively unimpaired individuals who have a first 

degree relative with AD and therefore are at a higher risk of developing this dementia (39). Over 

370 participants are monitored annually with clinical and cognitive assessments, CSF and blood 
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biomarkers and neuroimaging modalities (structural and functional magnetic resonance imaging 

(MRI), and amyloid and tau positron emission tomography (PET) scans) (39). Data used in the 

preparation of this article were obtained from the PREVENT-AD program 

(https://douglas.research.mcgill.ca/stop-ad-centre), data release 7.0.  

A complete listing of the PREVENT-AD Research Group can be found in the PREVENT-AD 

database:https://preventad.loris.ca/acknowledgements/acknowledgements.php?date=2024-04-01.  

4.2.1 CSF:  
 
Lumbar punctures were performed in a subset of volunteers in the morning following an overnight 

fast, with a Sprotte 24-gauge atraumatic needle as described in Tremblay-Mercier et al (2021) (40). 

CSF was centrifuged for 10 minutes at room temperature, cells and insoluble material were 

excluded, and aliquots were stored at –80oC.  AD biomarkers (phosphorylated tau (p-tau)181, total 

tau (t-tau), and Aß42) were measured according to procedures developed by the BIOMARKAPD 

consortium, using validated Innotest enzyme-linked immunosorbent assay kits (P(181)-tau Cat.# 

81581, T-tau Cat.# 81579, and Aβ42 Cat.# 81583) from Fujirebio (41). Synaptic markers were 

assessed in the CSF using immunoprecipitation followed by mass spectroscopy as previously 

described (42-45). Clusterin was quantified in the CSF using enzyme-linked immunosorbent 

assays (ELISA) (BioVendor R&D, Brno, Czech Republic Cat.# RD194034200R) according to 

manufacturer’s instructions.  

4.2.2 Positron emission tomography (PET) acquisition and processing: 
 

PET scans were performed in PREVENT-AD subjects to measure brain amyloid and tau 

deposition. Aß level was measured by 18F-NAV4694 (Navidea Biopharmaceuticals, Dublin, OH, 

USA). Scans were acquired 40 to 70 minutes after injection and standardized uptake value ratios 

https://douglas.research.mcgill.ca/stop-ad-centre
https://preventad.loris.ca/acknowledgements/acknowledgements.php?date=2024-04-01
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(SUVRs) were obtained using the cerebellum as a reference region (46). Tau accumulation was 

quantified using Flortaucipir (18F-AV1451; Eli Lilly & Company, Indianapolis, IN, USA). Scans 

were acquired 80 to 100 minutes post injection and SUVRs were obtained using the inferior 

cerebellum gray matter as reference (46). Temporal Meta-ROI was calculated by averaging the 

brain regions that have the highest levels of tau-PET in AD (47). These regions are entorhinal 

cortex, parahippocampal, inferior temporal, middle temporal, fusiform gyri and amygdalae (47).  

 

4.2.3 DNA extraction and genotyping:   
 
DNA extraction from buffy coat samples was performed using the QIAsymphony DNA mini kit 

(Qiagen). CLU genotyping was performed by Omni2.5-8 BeadChip (Illumina). PLINK 

(http://pngu.mgh.harvard.edu/purcell/plink/) was used to filter sex mismatches, missingness at 

sample level (< 5%) and SNP level (< 5%), SNPs in Hardy–Weinberg disequilibrium (P>0.001) 

and assess sample heterozygosity. Only post-imputed SNPs with an info score>0.7 were kept. 

Genotype profiling of ApoE 112/158 single nucleotide polymorphisms (which determine the E2, 

E3, and E4 isoforms) was performed by PCR followed by pyrosequencing as previously described 

(35).  

4.2.4 Alzheimer Progression Score (APS): 
 

The Alzheimer Progression Score (APS) is a composite score that incorporates multimodal 

neuroimaging, neurosensory, cognitive, and CSF biomarkers in order to measure disease 

progression in the absence of visible cognitive deficits (due to the fact that PREVENT-AD subjects 

were cognitively unimpaired at enrollment). Scores are scaled as a standard normal distribution, 

with higher scores denoting increasing severity. The APS score is described in detail by Leoutsakos 

et al. (48).  
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4.2.5 The Repeatable Battery for the Assessment of Neuropsychological Status 
(RBANS): 

 
In the PREVENT-AD cohort, cognitive status is assessed and followed by RBANS scale. RBANS 

was developed with the purpose of detecting and characterizing early dementia in older adults as 

well as in younger individuals (49). RBANS tests assess five cognitive domains: immediate 

memory, visuospatial/constructional skills, attention, language, and delayed memory. Scores are 

calculated individually for each cognitive domain and then combined to provide a total score. The 

development and validation of the RBANS is described in detail by Randolph et al (1998) (49). 

4.3  The Quebec Founder Population (QFP) Cohort: 
 
The QFP cohort is a population isolate from eastern Canada that descends from the French settlers 

who founded Nouvelle France in the 17th and 18th centuries. This population is characterized by 

low genetic heterogeneity, large linkage disequilibrium blocks and low genetic noise which is a 

result of a founder effect, created by the migration and the isolated nature of the initial settlements 

(50). QFP human brain tissue was obtained from the Douglas Bell Canada Brain Bank. 

Histopathological diagnosis of AD was performed according to the NINCDS-ADRDA (National 

Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease 

and Related Disorders Association) criteria (51).  

4.3.1 DNA extraction and quality control:  
 
DNA extraction and allele determination for APOE and CLU were performed following the same 

protocol described above for the PREVENT-AD cohort.  
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4.3.2 RNA extraction and quality control and microarray: 
 
RNA was extracted from frontal cortex tissues using the Maxwell® 16 Tissue LEV Total RNA 

Purification Kit (Promega, WI, USA) on a Maxwell® 16 LEV Instrument (Promega, WI, USA). 

cDNA was obtained by reverse transcription on a Multigene thermocycler (Labnet International 

Inc.) using the high-capacity cDNA RT kit (Applied Biosystems, CA, USA) and 200ng of total 

RNA. Purity and integrity of extracted RNA samples were estimated using, respectively, the ratio 

of absorbance values at 260 nm and 280 nm evaluated on a Biotek Synergy H1 reader (Fisher 

Scientific, ON, Canada) and RNA integrity number (RIN) determined with a Bio-Rad’s Experion 

instrument (Bio-Rad, CA, USA). Gene-level expressions of CLU was assessed with the Applied 

Biosystem Clariom D microarray (Applied Biosystem, USA) according to the manufacturer’s 

protocols. 

4.3.3 Clusterin protein levels in the frontal cortex: 
 

Frontal cortex samples were homogenized mechanically with the Bead Ruptor 24 (Omni 

International, Tulsa, OK, USA) in ice-cold phosphate buffered saline with protease inhibitors. 

After 2 freeze-thaw cycles, homogenates were centrifuged at 4oC at 5000 rpm for 5 minutes and 

supernatants were frozen at -80oC until further use. Total protein concentrations were measured 

with the bicinchoninic acid assay (Thermo Fisher). Clusterin levels were assessed by ELISA (USA 

R&D Systems, Minneapolis, MN, USA, cat# DCLU00) according to manufacturer’s instructions.  

4.4  The ROSMAP cohort: 
 
The ROSMAP cohort is composed of the Religious Orders Study (ROS) which includes nuns, 

priests, and brothers from across the United States and The Rush Memory and Aging Project 

(MAP) that includes lay people from the state of Illinois (52). Participants were initially 
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cognitively normal and were followed annually with neuropsychological evaluation and blood 

tests and consented to genotype and brain donation (52).  

4.4.1 Cognitive assessment and diagnosis:  
 
Cognitive assessment was performed annually using the Mini Mental State Evaluation (MMSE). 

Clinical diagnosis was performed based solely on clinical assessment, blinded to postmortem data. 

Participants were classified as: no cognitive impairment, Mild cognitive impairment (MCI) (one 

impaired domain) with no other cause of cognitive impairment, MCI (one impaired domain) with 

another cause of cognitive impairment, AD with no other cause of cognitive impairment (NINCDS 

Probable AD), AD with another cause of cognitive impairment (NINCDS possible AD) and other 

dementias. 

4.4.2 Genotype:  
 
Genotyping was performed using Affymetrix or the Illumina Omniquad express gene chips either 

on peripheral blood mononuclear cells or on frozen brain tissues. Imputation was performed by 

Sanger Imputation Service as described for PREVENT-AD and using the same quality control 

filters. 

4.4.3 RNA-Sequencing data:  
 
Consolidated RNA-Seq data from the dorsolateral prefrontal cortex is available at 

https://www.radc.rush.edu/home.htm. The Broad Institutes’ Genomics Platform performed RNA-

Seq library preparation using the strand specific dUTP method with poly-A selection. Sequencing 

was performed on the Illumina HiSeq. Quantile normalization method was applied to FPKM first, 

and combat package was used to remove potential batch effect. 
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4.4.4 CLU Protein measurements: 
 
Protein levels were measured in the prefrontal cortex by a mass spectrometry-based protein 

quantification approach using isobaric multiplex tandem mass tags (TMT) as described previously 

by Ping et al. (53). Briefly, TMT labeling with synchronous precursor selection (SPS)-MS3 for 

reporter ion quantitation was used to achieve comprehensive global quantitation of 100 mg (wet 

tissue weight) pre-frontal cortex from healthy controls and AD cases. In total, 127,321 total unique 

peptides were identified from >1.5 million peptide spectral matches (PSMs), which mapped to 

11,840 unique proteins groups, representing 10,230 gene symbols, that map to ≈65% of the protein 

coding genes in the brain. Here, we used P10909 which is the main full-length clusterin isoform.  

4.5 Statistical methods:  
 
The differences in sex and APOE-ε4 presence between diagnostic groups was assessed using chi-

square tests. The difference in age between AD and controls for the QFP cohort was calculated 

using independent samples t-test. For the ROSMAP cohort, age was divided in four groups (<80, 

80-84, 85-89, ≥90) since the precise age above 90 years old is not available.  

Associations between clusterin level and other variants (CSF and PET biomarkers, synaptic 

proteins, RBANS and APS) were assessed by linear regression models corrected for age, sex and 

the presence of one or two allele of APOE-ε4. To assess the effect of either genotype or diagnosis 

on clusterin mRNA and protein levels ANOVA was used for normally distributed variants 

(corrected for age, sex and APOE-ε4 presence) and the Mann-Whitney U test for independent 

samples for variants that were not normally distributed. Significance level was considered at 

p<0.05.  
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5. RESULTS: 
 

5.1  Demographics:  
 
Table 5 summarizes the demographic characteristics of the cohorts used. In the QFP cohort there 

were no differences in the proportion of males and females or in age between diagnostic groups, 

but AD subjects were more likely to be APOE-ε4 positive (p = 0.012). In the ROSMAP cohort 

there was no difference in the proportion of males and females between diagnostic groups, but AD 

subjects were more likely to be older (>90 age group, p=2.8x10-11) and APOE-ε4 carriers 

(p=1.4x10-8).  

Table 5: Demographics table 

 

Abbreviations: APOE, apolipoprotein E; AD, Alzheimer’s disease; MCI, Mild cognitive impairment; CTL, controls; 

SD, standard deviation; PREVENT-AD, Pre-symptomatic Evaluation of Experimental or Novel Treatments for 

Alzheimer’s Disease; QFP, Quebec Founder Population; ROSMAP, Religious Orders Study Rush Memory and Aging 

Project. 
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5.2  Associations between CSF Clusterin levels, CSF and PET AD biomarkers and 
synaptic proteins in the asymptomatic PREVENT-AD cohort. 

 

CSF Clusterin levels were contrasted with the main CSF AD biomarkers, amyloid and tau 

deposition measured by PET and CSF synaptic proteins in cognitively unimpaired subjects at high 

risk for AD (Fig 19). Clusterin protein level was positively associated with Aß1-42 (p=0.0021, 

r2=0.19), t-tau (p=3.8 x 10-7 r2=0.30) and p-tau (p=7.7 x 10-7 r2=0.25) in the CSF. We also observed 

positive correlation between clusterin and the synaptic markers synaptotagmin-1 (p= 4.53 x 10-7 

r2=0.26), SNAP-25 (p=5.9 x 10-5 r2=0.19), GAP43 (p=5.46 x 10-4 r2=0.22) and neurogranin 

(p=0.0086 r2=0.15) in the CSF. CSF clusterin was positively correlated with tau deposition 

measured by PET in the entorhinal cortex (p= 0.008, r2= 0.23), temporal pole (p=0.01, r2=0.17) 

and the tau meta-ROI index (p=0.02, r2=0.20). Correlations between CSF clusterin and amyloid 

deposition were only observed in the hippocampus (p=0.02, r2=0.14). There were no correlations 

between CSF clusterin and amyloid deposition in the entorhinal cortex (p=0.62) or global SUVR 

amyloid index (p=0.36) in these asymptomatic “at-risk” PREVENT-AD subjects. 

 

To evaluate the effect of APOE-ε4 on the correlations between CSF clusterin and AD biomarkers 

and synaptic proteins, we stratified the correlations between APOE-ε4 carriers and non-carriers 

(Fig. 20). For APOE-ε4 positive subjects, positive correlations were seen between CSF clusterin 

and: t-tau (p= 0.01 r2= 0.19), p-tau (p=0.003, r2=0.21), synaptotagmin-1 (p=2.5 x 10-3 r2=0.23), 

PET temporal pole tau index (p=0.02, r2=0.32) and PET temporal meta-ROI Tau index (p=0.002, 

r2=0.6). For APOE-ε4 negative subjects, positive correlations were observed between CSF 

clusterin and: ßA1-42 (p=0.005,  r2=0.12), t-tau (p=2.75 x 10-6, r2=0.39), p-tau (p=1.5 x 10-4  

r2=0.23), synaptotagmin-1 (p=1.97 x 10-4  r2=0.23), SNAP-25 (p=8.16 x 10-5  r2=0.27), GAP43 
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(p=0.0009 r2=0.39) and neurogranin (p=0.003  r2=0.32). CSF clusterin negatively correlated with 

global SUVR amyloid index (p=0.049 r2=0.14).  

 

Figure 19: Associations between CSF Clusterin and: CSF Biomarkers, PET Biomarkers 
and synaptic proteins in the PREVENT-AD cohort.  
 

 

 
Clusterin protein was measured in the CSF using ELISA. CSF AD biomarkers Aß 1-42 (A, n=100), total tau (B, 

n=119) and p-tau (C, n=119) were measured by enzyme-linked immunosorbent assay according to the procedures 

from the BIOMARKAPD. The synaptic markers synaptotagmin-1 (D, n=115), SNAP-25 (E, n=117), GAP43 (F, 

n=49) and neurogranin (G, n=49) were quantified using selective reaction monitoring mass spectroscopy. Tau 

deposition was measured with flortaucipir PET: entorhinal cortex (H, n=52), temporal pole (I, n=52) and temporal 

meta-ROI (J, n=52). Amyloid was measured with [18F]NAV4694 PET: global SUVR amyloid index (K, n=52), 

entorhinal cortex (L, n=52) and hippocampus (M, n=52). Significant linear regressions are represented with a blue 

fitted line. R squares and p values are shown in the top left corners of each figure. Analyses were adjusted for age, 

sex, and APOE-ε4 presence.  



 124 

Figure 20: Associations between CSF Clusterin and: CSF Biomarkers, PET Biomarkers 
and synaptic proteins in the PREVENT-AD cohort, divided by the presence and absence 
of the APOE-ε4 allele. 
 

 

 

Clusterin protein was measured in the CSF using ELISA. CSF AD biomarkers Aß 1-42 (A, n: APOE-ε4- = 51, APOE-

ε4+ = 38), total tau (B, n: APOE-ε4- = 53, APOE-ε4+ = 39) and p-tau (C, n: APOE-ε4- = 53, APOE-ε4+ = 39) were 

measured by enzyme-linked immunosorbent assay according to the procedures from the BIOMARKAPD. The 

synaptic markers synaptotagmin-1 (D, n: APOE-ε4- = 53, APOE-ε4+ = 36), SNAP-25 (E, n: APOE-ε4- = 52, APOE-

ε4+ = 38), GAP43 (F, n: APOE-ε4- = 22, APOE-ε4+ = 19) and neurogranin (G, n: APOE-ε4- = 22, APOE-ε4+ = 19) 

were quantified using selective reaction monitoring mass spectroscopy. Tau deposition was measured with flortaucipir 

PET: entorhinal cortex (H, n: APOE-ε4- = 24, APOE-ε4+ = 20), temporal pole (I, n: APOE-ε4- = 24, APOE-ε4+ = 

20) and temporal meta-ROI (J, n: APOE-ε4- = 24, APOE-ε4+ = 20). Amyloid index was measured with 

[18F]NAV4694 PET: global SUVR amyloid index (K, n: APOE-ε4- = 24, APOE-ε4+ = 20), entorhinal cortex (L, n: 

APOE-ε4- = 24, APOE-ε4+ = 20) and hippocampus (M, n: APOE-ε4- = 24, APOE-ε4+ = 20). Significant linear 

regressions are represented with a gray confidence region of the fitted line. R squares and p values are shown in the 

top left corners of each figure. Analyses were adjusted for age and sex. 
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5.3  Effect of CLU rs11136000 genotype on CSF Biomarkers, PET Biomarkers and 
synaptic proteins in the PREVENT-AD cohort. 

 

In the cognitively unimpaired subjects of the PREVENT-AD cohort we did not see any effect of 

the CLU rs11136000 T genotype on CSF biomarkers, PET biomarkers or CSF synaptic proteins 

(Figure 21).  

 

Figure 21: Effect of CLU rs 11136000 T genotype on CSF biomarkers, PET biomarkers 
and synaptic proteins.  
 

 

Associations between CLU rs 11136000 T genotype and CSF Aß 1-42 (A, n=129), total tau (B, n=132), p-tau (C, 

n=132), synaptotagmin-1 (D, n=123), SNAP-25 (E, n=129), GAP43 (F, n=54) and neurogranin (G, n=53). 

Associations between CLU rs 11136000 T genotype and tau deposition in the entorhinal cortex (H, n=115), tau 

deposition in the temporal pole (I, n=115), temporal meta-ROI tau index (J, n=115), global SUVR amyloid index (K, 

n=115), entorhinal cortex amyloid deposition (L, n=115) and amyloid deposition in the hippocampus (M, n=115) 

measured by PET. Analyses were adjusted for age, sex, and APOE-ε4 presence.  
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5.4 Effect of time and genotype on CSF clusterin levels in PREVENT-AD:  
 
We did not observe any change in CSF clusterin levels over time or as a function of CLU 

rs11136000 T allele dose response in the asymptomatic PREVENT-AD cohort (supplemental 

figure 1).  

 

5.5 CLU genotype, protein levels and clinical assessments in the PREVENT-AD cohort. 
 
Cognitive performance was evaluated using the RBANS scale and disease progression was 

estimated by the APS progression score (Supplemental figure 2). There was no effect of CLU 

rs11136000 T genotype on RBANS scores at baseline (C). Individuals who are homozygous for 

the rs11136000 T variant had APS scores 0.46 units higher than non-carriers at 24 months (A, 

p=0.016). We did not observe any correlation between CSF clusterin levels and RBANS (D) or 

APS scores (B).   

 

5.6 Effect of genotype and disease on gene expression and protein levels in the 
autopsied QFP cohort.  

 
CLU mRNA and protein levels were examined in autopsy-confirmed AD subjects and controls 

from the QFP cohort. mRNA levels are increased in both rs11136000 T heterozygous (p=0.047) 

and homozygous (p=0.003) subjects compared to controls (Figure 22A).  A trend towards elevated 

mRNA levels was observed in AD subjects compared to controls (p=0.07) (Figure 22B).  

 

Protein levels were also increased in rs11136000 T homozygous subjects compared to a group of 

non-carriers and heterozygous (p=0.04, Figure 22C) and in AD patients compared to controls 

(p=0.024, Figure 22D).  
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Clusterin mRNA levels were found to be significantly higher in the APOE-ε4 positive AD subjects 

(p=0.007, Figure 22E), with a slight trend towards increased protein levels in the APOE-ε4-

positive AD patients (p=0.06, Figure 22F). 

 

Figure 22: Effect of CLU rs 11136000 T variant and AD on gene expression in the QFP 
cohort. 
 

 

CLU mRNA was measured by microarray and clusterin protein was measured by ELISA in the frontal cortex of 

autopsied-confirmed AD (n=56) and control (n=31) subjects. Histopathological diagnosis of AD was performed 

according to the NINCDS-ADRDA criteria. CLU mRNA is increased according to genotype (A, heterozygous, 

p=0.047; homozygous, p=0.003). There was a trend towards increased CLU mRNA levels in AD subjects (B, p=0.07). 

Clusterin levels were increased in homozygous subjects compared to non-carriers and heterozygous (C, p=0.04) and 

in AD patients (D, p=0.024). When divided by APOE-ε4 allele presence, mRNA (E, p=0.007) and clusterin (p=0.06 – 

trend) levels were increased only in AD subjects who were APOE-ε4 positive. Analyses were adjusted for age, sex, 

and APOE-ε4 presence.  
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5.7  Effect of genotype and disease on CLU gene expression and protein levels in the 
ROSMAP cohort.  
 

In the ROSMAP cohort, 8 mRNA isoforms were available (isoforms 3, 4, 9, 11, 13, 14, 16 and 19) 

for analysis. We observed increased mRNA levels in carriers of the rs11136000 T variant for all 

isoforms except isoform 4 (trend increase p=0.05) (Figure 23).  No differences were observed in 

cortical clusterin levels in this cohort, regardless of the variant’s presence (Figure 24A). Cortical 

clusterin levels were significantly increased in AD subjects compared to controls (p= 2.80 x10-05), 

but not in MCI (trend only, p=0.08) or subject with other dementias (p=0.4) (Figure 24B).  

 

Figure 23: Effect of CLU rs 11136000 T variant and AD on mRNA level in the ROSMAP 
cohort. 
 

 

 
RNA sequencing on the ROSMAP cohort was performed on the Illumina HiSeq. Rs1136000 T carriers: n=302, rs1136000 

T non-carriers: n=170. The presence of the rs11136000T allele was associated with increased levels of mRNA isoforms 03 

(A, p=0.014), 09 (C, p=0.018), 11(D, p=0.017), 13(E, p=0.044), 14 (F, p=0.007), 16 (G, p=0.011) and 19 (H, p=0.013). 

There was a trend association between rs11136000T allele presence and increased levels of mRNA isoform 04 (B, p=0.05). 

Analyses were adjusted for age, sex, and APOE-ε4 presence. 
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Figure 24: Effect of CLU rs 11136000 T genotype and clinical diagnosis on clusterin 
levels 
 

 

A) There was no effect of CLU rs 11136000 T genotype on clusterin levels (A, n=260). B) Clusterin levels were 

increased in AD (n=106, p= 2.80 x10-05), but not in MCI (n=84, p=0.08) or other dementias (n=7, p=0.4) compared to 

controls (n=145). Analyses were adjusted for age, sex, and APOE-ε4 presence.  

6. Discussion:  
 
Clusterin is a glycoprotein expressed throughout most body tissues with the highest levels being 

detected in the brain, liver, and testicles (1, 54). In addition to this ubiquitous presence, it also 

participates in a wide range of physiological processes: clusterin has been shown to be a molecular 

chaperone (10), to regulate cell survival and apoptosis (5), to protect against oxidative stress (8, 

55), to inhibit the complement cascade (32) and to participate in cholesterol transport and 

mobilization (3, 4). Therefore, it is not surprising that clusterin is involved in several different 

pathological processes with research suggesting that it promotes tumorigenesis and 

chemoresistance (11, 13), protects heart cells in different cardiovascular conditions (14, 15) and 

contributes to neuroprotection in neurological disorders (32, 56).  
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Clusterin is primarily a secreted protein but can occasionally be found intracellularly. While the 

pathways of synthesis and secretion of clusterin are known (57), the origins of intracellular 

clusterin are not clear. Current consensus is that intracellular clusterin is most likely to have exited 

the secretory pathway at some point or to have re-entered the cell after secretion (57). Different 

studies have proposed that it could stem from alternative splicing, impairments in trafficking or 

secretion, or reuptake of the secreted form (57). Although its precise origin is not clear, intracellular 

clusterin is thought to play an opposite role from the secreted form. Secreted clusterin has been 

shown to have mostly a protective role that promotes cell survival while intracellular clusterin is 

thought to induce apoptosis (58). 

 

The presence of clusterin in the CNS and its increased expression in AD was first reported by May 

et al. 1988 (59) under the name of pADHC-9 using differential cDNA library screenings. Since 

then, its role in AD has been extensively investigated, and several GWAS confirmed that CLU 

variants are important risk factors of AD (18, 21, 22). The possible roles of clusterin in the 

pathophysiology of AD include inhibition of Aß aggregation (30, 60), regulation of Aß transport 

and clearance (29, 31), neuroprotection against oxidative stress (33) and cholesterol transport for 

membrane and synaptic remodeling (35, 38). However, the precise mechanism of action of the 

CLU gene, its variants and the clusterin protein in the disease are not completely established, 

particularly when considering the different phases of the disease.  

 

We have assessed CSF clusterin level and its association with different AD biomarkers and 

synaptic proteins in cognitively unimpaired subjects at high risk for AD. We have found that CSF 

clusterin is strongly associated with CSF Aß, t-tau, p-tau, synaptic proteins and with tau deposition 
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measured by PET. However, in the preclinical phase of the disease we did not find change in CSF 

clusterin levels over time, and the rs11136000 T genotype was not associated with alterations in 

AD biomarkers, synaptic protein, cognitive measurements nor with CSF clusterin levels per se. 

These findings are in agreement with previous reports in the literature where CSF clusterin has 

been found to associate with AD biomarkers (61, 62) and synaptic proteins (63). Furthermore, CSF 

clusterin levels measured throughout the AD spectrum were found to be decreased in the early 

stages of the disease (62, 64) and increase in the presence of tau pathology and neurodegeneration 

(62, 65).  

 

Our findings align with existing literature, confirming the role of clusterin in Alzheimer's disease 

and its connections to AD pathology and synaptic dysfunction. However, they also suggest that the 

role of clusterin changes throughout the disease spectrum. It is somewhat modest in the preclinical 

phase of the disease but becomes more significant in the late AD stages. Participants of the 

PREVENT-AD cohort, although at higher risk for AD, were recruited while still cognitively 

unimpaired, often over a decade younger than the age of disease onset in their first degree relative. 

Therefore, although AD pathology begins one to two decades before the onset of clinical 

symptoms, it is possible that the individuals in the PREVENT-AD cohort were still too early in the 

disease spectrum for any substantial influence of the CLU variant to be detected or changes in CSF 

clusterin concentrations to be seen.   

 

Further investigations of rs11136000 T variant and clusterin protein were performed in the late 

stages of the disease using autopsy-confirmed AD and control subjects from two different post-

mortem cohorts, QFP and ROSMAP. In both cohorts, we observed that the rs1136000 T variant is 



 132 

associated with increased brain CLU mRNA levels in cortical areas. In the ROSMAP cohort, the 

rs11136000 T variant is associated with increased levels of all mRNA isoforms except isoform 4. 

Rs11136000 T variant is also associated with increased cortical clusterin protein levels in the QFP 

cohort. As reported before (2), cortical clusterin levels are significantly increased in AD patients 

compared to controls in both cohorts.  

 

These changes found in the later symptomatic stages of the disease are quite relevant. Most 

evidence suggests that clusterin protein and the CLU rs11136000T variant play a protective role 

in AD (28, 66). However, the precise roles of the protein and of the variant have not been 

established. Here, we show that clusterin is elevated in AD in the final stages of the disease, and 

that this elevation likely occurs due to increases in gene expression as suggested before in a pilot 

study (67).  

 

In the QFP cohort, stratification by APOE-ε4 presence shows that clusterin and CLU mRNA 

increases are restricted to the APOE-ε4 carriers, consistent with previous report in brain tissue 

(68). Clusterin and apolipoprotein E are the most important cholesterol transporters in the CNS. 

In the extracellular space, they interact with lipoproteins to produce HDL-like particles. These 

particles transport cholesterol and phospholipids crucial for neuronal membrane assembly, 

terminal and synaptic proliferation, and repair (38, 69). APOE-ε4, the most important genetic risk 

factor for AD, is associated with lower levels of apolipoprotein E in the brain and with less 

effective cholesterol transport (68, 70, 71). It has been shown that the gene expression of 

apolipoprotein E and clusterin increase in the hippocampus of mice one to two weeks after the 

initial insult in response to entorhinal cortex lesion and perforant path removal (35, 38, 69, 72). 
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The activation of this cascade during the early reinnervation phase, well passed the degenerative 

stage, suggests that the delayed response of both proteins is important in the process of terminal 

remodeling and neo-synaptogenesis following hippocampal deafferentation.  

 

According to our working hypothesis, the elevated clusterin expression seen in APOE-ε4 positive 

individuals is a compensatory mechanism. This mechanism aims to compensate, at least in part,   

for decreased levels of apoE found in E4 carriers (68) with newly generated clusterin, restoring 

cholesterol transport and enabling neurons to better respond to the damaging effects of Alzheimer's 

disease.  

 

The effects of CLU and APOE genotypes on clusterin levels show, from a biochemical point of 

view, how genetic interactions may influence the pathophysiology of AD. In fact, it has been 

described that CLU interacts not only with APOE but also with other genes such as ABCA7 and 

PICALM to influence AD risk level and hippocampal neurodegeneration (73-75). These 

interactions are relevant because they could explain the differences in risk associated with genetic 

variants among different ethnic populations. This is particularly relevant for the CLU gene which 

is consistently shown to be a genetic risk factor for AD in Caucasian populations, but not in other 

ethnicities. For example, in Asian populations, studies have found an association with risk (28) 

and others have not (25), while in populations of African descent and Hispanics, most studies 

found no association between CLU variants and risk of AD (22, 28). Based on our literature review 

and findings, it appears that the discrepancies in risk can be attributed to the interplay between 

CLU and other genetic variants, which exhibit varying prevalence in different populations.  
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In conclusion, our study shows that the CLU rs 11136000 T variant is protective against AD likely 

due to increased gene expression and that role of this variant is more important in the later phases 

of the disease and in APOE-e4 carriers. Due to its importance in the pathophysiology of AD, 

elucidating the role of CLU variants and the clusterin protein could provide new pathways for 

diagnostic and treatment approaches. Going forward, it would be important to further investigate 

the neuroprotective functions of clusterin and the interactions between CLU variants and other 

genetic risk factors for AD.  
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General Discussion 
 

1. Summary of results:  
 
In this thesis we investigated the rs1461684 G variant in the CNTN5 gene and the rs11136000 T 

variant in the CLU gene in different phases of AD. These variants were identified as risk and 

protective factors (respectively) for AD therefore, understanding their role in the disease could 

help us better understand the pathophysiology of AD. 

 

In manuscript 1 we describe, for the first time, the CNTN5 rs1461684 G variant as a risk factor of 

AD. The role of this variant as a risk factor for AD was identified in the GWAS of the QFP cohort 

and confirmed in different population cohorts. In this chapter, we also show that the rs1461684 G 

variant is associated with decreased gene expression in the earlier phases of the disease and with 

faster disease progression in the presymptomatic phase, suggesting that its role is more prominent 

in the early disease stages. This assumption is supported by the fact that the CSF level of the 

contactin 5 protein was associated with AD biomarkers (in the CSF and PET) in cognitively 

unimpaired subjects at high risk for AD. CSF contactin 5 level also progressively increases in these 

presymptomatic subjects over time but is decreased in MCI and AD subjects.  

 

In manuscript 2 we further investigate the role of this newly identified AD risk factor by looking 

into its associations with apolipoproteins which, similar to contactin 5, are also involved in 

processes of neuronal and synaptic formation and are also involved in AD. We show that CSF 

levels of contactin 5 are significantly associated only with apolipoproteins B, C, D and J, which 
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are the main cholesterol transporters in the brain. We also show that contactin 5 levels are 

associated with cholesterol levels both in the CSF and blood. More importantly we found that gene 

expression of contactin 5 (trend) and apolipoproteins B, C, D and J are changed in a mouse model 

of hippocampal deafferentation. These findings shown that these two classes of protein that have 

similarity in function are strongly associated in the early phases of AD and contribute to different 

phases of synaptic degeneration/reinnervation even in the absence of amyloid and tau pathology. 

These findings lead us to believe that both contactin 5 and apolipoproteins play a role in the brain 

response to pathological damage and that if their function is impaired it could lead to a lower 

ability of the brain to deal with the pathological harm caused by AD pathology.  

 

In manuscript 3 we further investigate the role of the CLU rs11136000 T variant which is already 

established as a protective factor against AD (34, 135). In this work we show that although CSF 

clusterin is associated with several biomarkers and synaptic markers in cognitively unimpaired 

subjects at high risk for AD, the variant itself is not associated with cognitive scores, disease 

progression biomarkers or clusterin levels. On the other hand, in the later phase of the disease 

(autopsied brain of pathologically diagnosed AD and control subjects), the presence of the variant 

and the diagnosis of AD are associated with increased gene expression. Moreover, the increased 

gene expression is more pronounced in APOE-ε4 carriers. These findings lead us to conclude that 

the CLU rs11136000 T protective variant has a more important role in the later disease phases and 

that its protective role is likely mediated by increases in gene expression. Additionally, the more 

pronounced increase in APOE-ε4 carriers is likely a compensatory mechanism to improve 

cholesterol transport, since Apoe4 is a less effective cholesterol transporter.  
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2. Discussion 
 
The sporadic form of AD is the most common form of dementia (144) and it is estimated to affect 

over 32 million people worldwide (145). Although significant progress has been made in the 

understanding of the pathophysiology of the disease, its diagnosis and treatment, a significant part 

of the underlying causes of AD are still unknown. The amyloid cascade hypothesis continues to be 

the dominant explanation for the pathological progression in AD. It states that Aß is the initial 

pathological trigger that causes neurofibrillary NFT formation/accumulation leading to all the 

other downstream events that will cause neurodegeneration (8, 9). However, different lines of 

evidence have challenged the amyloid cascade hypothesis in recent years and highlighted the 

importance of other pathological processes. 

 

It has long been shown, by postmortem studies, that a significant proportion of individuals with 

Aß pathology compatible with a diagnosis of AD were cognitively unimpaired before death (146, 

147). Additionally, Aß is known to reach a plateau early in the disease process (7, 148) and to not 

correlate well with cognitive decline in the dementia phase (7). On the other hand, it has been 

proposed, in more recent years, that tangle deposition is the primary event in AD pathological 

cascade in late onset AD (10). Several studies have found that tau pathology is present  in 

cognitively normal subjects before amyloid is detected (149-152) and that tau deposition correlates 

better than Aß with cognitive symptoms, especially in the dementia phase (152, 153). Another 

interesting line of investigation has suggested that it is actually the interaction between Aß and tau, 

rather than their individual or consecutive effects that drives AD pathological decline (154). More 

importantly, recent pathological studies have shown that the AD pathological factors currently 

known correspond to only about one third of the variation of the cognitive decline in AD (155). 
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This indicates, not only that a significant part of the neuropathology is still unexplained, but it also 

highlights the complexity that underlies the pathophysiology of the disease and the links between 

the pathological hallmarks, the phenomenon of aging and the clinical manifestations.  

 

In the study of the pathophysiology of AD, most research is focused on the pathological processes 

responsible for harming the brain. Research into the role of amyloid, tau and neuroinflammation 

for instance, center on how they lead to synaptic and neuronal injury/death and neurodegeneration. 

Significantly less research is dedicated to the processes that lead to increased vulnerability to the 

disease and to the factors that lead to an inability, in some individuals, to sustain and recover from 

a certain level of pathological harm without it leading to neurodegeneration. In a disease with the 

pathological and clinical complexity of AD, the ability of the brain to respond to pathological harm 

with compensatory changes to promote neuronal and synaptic regeneration and remodeling is an 

important process that demands more attention. 

 

This is one of the reasons why our team has focused our core research program on the 

presymptomatic phase of the disease as it has become clear over recent years that late onset AD, 

in its asymptomatic phase, can last between 10 to 20 years as opposed to the 8-12 years that is so 

characteristic of symptomatic dementia phase. It takes twice as long to reach onset than it takes to 

die from AD. What is happening to the brain in the asymptomatic phase? Is it passively losing 

neurons or, does it try to fight the neurodegenerative process that is slowly compromising its 

neuronal network integrity?      
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The brain is the organ with the highest concentration of cholesterol and phospholipids, which are 

essential for the formation of neuronal membrane, synapses and myelin. Moreover, of the top 12 

risk genes identified by GWAS in late onset AD, seven (APOE, ApoJ (CLU), ABCA1, ABCA7, 

BIN1, PCALM, SORL1) have been directly involved in lipid transport, binding, internalization and 

mobilization (99). APOE-ε4, the main genetic risk factor for the sporadic form of AD, is the most 

important lipid transporter in the brain, and a significant amount of evidence suggests that its role 

in the disease is associated with cholesterol and phospholipid transport. The presence of the ε4 

allele of the APOE gene leads to lower levels of apolipoprotein E and less efficient cholesterol 

transport (45-47), which was shown to lead to impaired ability of neurons to promote 

compensatory reinnervation, especially in the cholinergic system (80, 156).  

 

Studies performed in a rodent model of hippocampal deafferentation following entorhinal cortex 

lesions have shown that apoe gene expression is markedly increased in the compensatory 

reinnervation phase (48-50, 157), suggesting that the APOE gene and its protein play an active role 

in the reinnervation process after neuronal damage, even in the absence of AD pathology. 

Conversely, the normal plastic response was shown to be completely abolished in apoe knockout 

animals, leading to both serious synaptic damage and cognitive deficits with aging (158, 159) and 

lesioning (160). This last piece of evidence further highlights the importance of apoE levels as 

opposed to pure genotypic variance. 

 

Interestingly, APOE-ε4 has been shown to play a similar plasticity-related role in other human 

neurological diseases besides AD. The presence of the APOE-ε4 allele has been associated with 

worse cognitive performance and higher signs of neuronal injury in multiple sclerosis (161, 162) 
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and worse functional outcome following stroke (163) and traumatic brain injury (164, 165). A 

factor that all these conditions have in common is that they lead to brain damage unrelated to 

amyloid pathology and would require the brain to respond by promoting neuronal remodeling and 

repair for proper recovery. In all instances, the APOE genotype, with ε4 being the most severe, 

greatly affected both the recovery rate and its scope. 

 

CLU is another major genetic risk factor for AD and one of the main cholesterol transporters 

working in tandem with APOE in the mature brain. As illustrated in figure 25, clusterin associates 

with ApoE and lipids to form HDL complexes responsible for distributing cholesterol and 

phospholipids to different cell types in the brain. In the second manuscript of the thesis, we show 

that CLU and APOE gene expression are simultaneously increased in the experimentally 

deafferented rodent hippocampus during the reinnervation phase in the lesioned mice. This finding, 

which is supported by previous literature (45-47, 154), suggests a role of both genes during the 

reinnervation phase, likely due to their ability to mobilize and deliver the necessary lipids required 

for neuronal reinnervation and compensatory synaptic remodeling. It's important to note that the 

development of new terminals and synapses during compensatory synaptogenesis relies heavily 

on cholesterol and phospholipids, which account for approximately 75% of the dry weight of these 

membrane structures (166).  

 

In this very context, it is with little surprise that three of our QFP GWAS disease-associated genes 

(APOE, CLU (APOJ) and CNTN5) are actually dealing with lipid mobilization and distribution 

(APOE/CLU) as well as terminal remodeling (CNTN5) in response to neuronal damage throughout 

the Alzheimer’s disease spectrum.     
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2.1 Terminal/Synaptic marker: CNTN5  
 
In the first manuscript of this thesis we describe, for the first time, a CNTN5 variant as associated 

with significant increased risk for AD. The contactin protein family has an important role on 

neurodevelopment through the regulation of neurite outgrowth, axon guidance, synaptogenesis, 

neuron-glia interactions and cell survival (109, 110). More importantly, contactins have been 

shown to act in response to neuronal injury and promote terminal proliferation (167). Contactin 5 

is more specifically implicated in axonal arborization and synaptic formation (109). In 

presymptomatic AD, contactin 5 is strongly associated with pre-synaptic markers and phospho-tau 

production which, in animal models, serve as markers of terminal proliferation in response to 

experimental hippocampal deafferentation (168).  

 

One possible interpretation of the results could thus be that contactin 5 is, in fact, recruited to 

action after neurodevelopment, during adulthood, to promote axonal and synaptic repair following 

neuronal damage in presymptomatic AD. In this context, the decreases in gene expression observed 

in CNTN5 risk allele carriers may increase the risk of AD by impairing the CNS's ability to respond 

to underlying AD pathology.  

 

Neuronal remodeling and terminal sprouting require not only the presence of plasticity-related 

proteins but also a significant amount of lipids such as cholesterol and phospholipids. This 

prompted us to further explore the role of CNTN5 in association with clusterin (apoJ) and other 

apolipoproteins in the second manuscript. In a series of analyses, we show extensive correlations 

between CSF contactin 5 and the main apolipoproteins responsible for lipid transport in the brain 

but also with cholesterol. Neuronal contactin 5 is a lipophilic membrane protein that upon secretion 



 147 

and/or synaptic pruning is taken up in the extracellular space by lipid-rich lipoprotein complexes 

in order to be transported to target cells (Figure 24) or, eliminated from the CNS via the blood 

brain barrier into the blood stream. In this hypothetic model, it is plausible that, following a 

neuronal or synaptic damage, neuronal contactin 5 is released and associates with CNS 

apolipoproteins to signal or trigger a compensatory response involving lipid mobilization and 

distribution to neurons undergoing remodeling (figure 24). In such a model, the so-called glial 

scavenging receptors could serve as the cell surface receptors mediating the internalization of the 

CNTN5/HDL complexes. Studies are underway in our laboratory to examine this possibility.   

 

2.2 CLU: A Symptomatic Player with Little Presymptomatic Contribution  
 
In the third and last manuscript we further investigate the role of CLU (APOJ) and its protective 

variant rs11136000 T throughout the disease spectrum. In contrast to our initial working hypothesis 

which assumed that a protective variant must have an impact in the presymptomatic phase of the 

disease, we found a rather completely different picture. Our results show that the presence of this 

variant or the diagnosis of definite AD are both associated with increased levels of gene expression 

in the end stage of the disease. More importantly, the gene expression of CLU is more pronounced 

in APOE-ε4 carriers than non-carriers. The inverse relationship between apoE and ApoJ levels as 

the ε4 allele dose increases in the AD subjects is not new. Our team did report a similar 

phenomenon in the hippocampus of AD cases (45). At that time, we proposed that the reduction 

of apoE in ε4 carriers led to a compensatory increase of ApoJ designed to facilitate lipid transport 

throughout the brain in a situation of compromised efficiency. However, these original findings 

preceded the discovery of an Alzheimer specific protective variant in the CLU (APOJ) gene.    
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The current observation on the genetics of CLU leads us to conclude that the protective role of the 

rs11136000 T variant is mediated, at least in part, by increases in gene expression in the brain. The 

data also supports the important role of lipid transport in the brain since the increased CLU mRNA 

and protein levels are seen exclusively in APOE-ε4 carriers. As proposed before, it is likely to 

serve as a compensatory mechanism to increase cholesterol mobilization and distribution in the 

presence of the APOE-ε4 allele, which is characterized by ineffective cholesterol transport due to 

faster allele specific catabolism (105). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 149 

Figure 25: Apolipoprotein and cholesterol metabolism in the central nervous system 
 

 

Possible molecular pathway for the release of CNTN5 during neuronal damage (1) and its binding to lipoproteins, 

lipids, APOE, and CLU (2), followed by migration towards glial cells expressing scavenging receptors. 

Internalization via the scavenging receptor (3) could lead to signal recognition and glial involvement in the 

compensatory response. Adapted from: Picard C, Nilsson N, Labonté A, Auld D, Rosa-Neto P; Alzheimer's Disease 

Neuroimaging Initiative; Ashton NJ, Zetterberg H, Blennow K, Breitner JCB, Villeneuve S, Poirier J; PREVENT-AD 

research group. Apolipoprotein B is a novel marker for early tau pathology in Alzheimer's disease. Alzheimers 

Dement. 2022 May;18(5):875-887(51).    

 

2.3 The role of genetic research and the search for new genetic risk factors in AD. 
 

As extensively presented in this work, the knowledge of underlying genetic risk factors has played 

an important role in the understanding of the pathophysiology of AD (and other diseases). 

However, identifying new genetic risk factors has become increasingly difficult even with GWAS 

that encompasses hundreds of thousands of patients, and the new variants identified contribute 
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very little to the risk level of the disease. In that context, more effective methods to identify the 

remaining genetic risk factors will be required in the future.  

 

Most of the genetic risk factors identified so far are SNPs identified by microarray or PCR. 

However, other genetic mutations such as insertions, deletions or repeat expansions could also 

play a role in the risk of AD. The identification of such genetic changes requires more sophisticated 

technology such as whole genome sequencing which has been too expensive until recently. But 

with the increase affordability of such technologies, it would be interesting to also look into other 

types of genetic mutations, especially in coding regions, to assess their contribution for the risk of 

AD. Such an effort is currently underway in Europe and in the US, but it has met some significant 

roadblocks due to the shire quantity of data to be analyzed. The project is set to be completed by 

2027 (https://www.nia.nih.gov/research/dn/alzheimers-disease-sequencing-project-consortia). 

 

So far, most genetic studies (or scientific studies in general) are performed in Caucasian 

populations from Europe or North America. It is well-known that different genetic variants 

contribute to the risk of AD in different proportions in populations from different racial 

backgrounds. Even major risk factors such as APOE-ε4 and CLU are known to increase the risk 

significantly in Caucasian people, but less so in populations with other racial background such as 

Asians, Hispanics and populations of African descent. This fact could be due to different reasons 

such as the effect of environmental risk factors or the interaction between genetic variants that 

exhibit varying prevalence in different populations. Therefore, it is of great importance to perform 

genetic studies in more diverse populations in order to uncover different risk factors and better 

understand how interactions affect their role in the disease. 
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Epidemiological data has consistently shown that AD is more prevalent in woman than in men 

(144), but the precise mechanism for this difference is not completely understood. The main factors 

shown to play a role in this difference in risk are: variation in the distribution of modifiable risk 

factors such as cardiovascular risk factor, education and work history (144); higher life expectancy 

in women (169); the role of sex hormones (170); and, of course, genetics (144). Genetic variants 

found both in sex and non-sex chromosomes have been shown to play different roles in the risk of 

AD in men and women. APOE-ε4, the most important genetic risk factor for AD, has been shown 

to have stronger association with AD risk (171) and CSF tau levels (172) in women compared to 

men (144). Increased age leads to higher rates of X or Y chromosomal loss in neuronal cells (173) 

and X and Y aneuploidy has been associated with increased risk of AD (173). Additionally, X -

linked genes, some of which escape X-inactivation in women, have been shown to affect the risk 

AD (174). The precise mechanism by which genetic variants affect men and women differently is 

not completely understood and likely involves interactions with hormones and environmental and 

genetic risk factors. However, evidence is clear that genetic risk factors act differently according 

to sex, a factor that should be further investigated and should be taken into account in study designs 

for AD.  

3. Study Limitations:  
 

The most important limitation of this study is that most of the analysis were analysis of association, 

which, as we know, does not imply causation.  

 

For the three studies investigating the two variants plus the APOE genotype, the results relating to 

the effects of the variants (rs1461684 G and rs 11136000 T), the genes (CLU and CNTN5) and the 
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proteins (clusterin and contactin 5) on biomarkers of the disease, clinical manifestations, gene 

expression and most other measures tested, consisted mostly of statistical associations. However, 

we believe that even though association does not imply causation, the fact that we obtained 

significant results that were consistent across different independent cohorts, in different phases of 

the disease and in line with the existing literature gives significant strength to our findings and 

support our conclusions. Additionally, these findings provide strong background and justification 

to follow-up experimental studies that can be far more complex and expensive.  

 

We already discussed the issues of ethnicity and samples size before with our different cohorts. 

The focus on Caucasian populations (even in our clinical PREVENT-AD and autopsied QFP 

cohorts) is certainly the most important limitation of all. Some of the longitudinal cohorts we used 

in our different analyses such as the PREVENT-AD and the ROSMAP cohort have enrolled highly 

educated asymptomatic participants with master and Ph.D. level diplomas. Education was shown 

to significantly delay the onset of the disease and to cause a faster progression once symptoms 

emerge.  

 
 



Conclusion 
 
In this thesis we described a new genetic variant in the CNTN5 gene as associated with increased 

risk of AD. Investigating the role of this variant in different population cohorts and in an animal 

model of hippocampal deafferentation, we were able to find that this new gene is active in the early 

stages of the disease affecting AD pathological markers such as phospho-Tau, likely through 

decreases in gene expression. We also investigated the role of a known protective variant in AD, 

the CLU rs11136000 T variant and concluded that this variant likely decreases the risk of AD 

through increases in gene expression, its impact being detected only in the symptomatic phase of 

the disease. Moreover, our findings suggest that the increases in clusterin gene expression work as 

a compensatory mechanism to compensate for the decreased efficiency in cholesterol transport in 

APOE-ε4 carriers. Looking into the interactions between the two variants studied and their 

mechanism of action we propose that they likely play a role in the brain compensatory response to 

neuronal damage by facilitating neuronal remodeling and repair. Our studies lead us to believe that 

the compensatory responses to brain damage are an important process of AD pathophysiology that 

should be further explored, especially in the presymptomatic phase of the disease when tau and 

amyloid pathology are just beginning. 
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2. Supplemental Material Manuscript 3 
 
Supplemental Figure 1: Effect of time and genotype on CSF Clusterin levels in the 
PREVENT-AD cohort.  
 

 
A) There was no effect of time in CSF clusterin levels. B) There was no effect of CLU rs11136000 T genotype on 

clusterin levels at baseline (heterozygous, p=0.33; homozygous, p=0.48). Analyses were adjusted for age, sex, and 

APOE-ε4 presence.  
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Supplemental Figure 2: Associations between CLU rs 11136000 T genotype and CSF 
clusterin with cognition and disease progression. 

  
 
 

A) There is a small increase in APS scores in subjects homozygous for the rs 11136000 T genotype on visit 24 

(p=0.03); B) There was no association between APS scores and CSF clusterin levels at baseline (p=0.8); C) There was 

no effect of CLU rs11136000 T genotype on RBANS total index scores on baseline (heterozygous, p=0.38; 

homozygous, p=0.92). D) There was no association between RBANS total index scores and CSF clusterin levels at 

baseline (p>0.05). Analyses were adjusted for age, sex, and APOE-ε4 presence.  
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